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Introduction

According to ACI 318 (American Con-
crete Institute [ACI], 2014) and based on the 
reinforcement ratio, the flexural reinforced 
concrete beams can be classified to balanced 
reinforced, under-reinforced, and over-rein-
forced sections. When the tensile reinforce-
ment ratio is less than the balance reinforce-
ment ratio, the under-reinforced failure 
occurs by the yielding of steel before the 
crushing of concrete. This mode of failure is 
characterized by significant deflection and 
wide cracks. Balanced failure occurs by the 
yielding of steel in tension and crushing of 
concrete in the compression zone at the same 

time. However, the over-reinforced failure 
occurs suddenly by crushing of concrete 
in the compression zone before yielding of 
steel reinforcement in tension zone with little 
deflection and few cracks.

To avoid the brittle compression failure, 
many codes limit the use of over-reinforced 
sections (Ziara, Haldane & Hood, 2000; Sid-
diqi, 2016). However, a high tensile reinforce-
ment ratio is often used to decrease the size 
of the beam and to provide adequate stiffness 
(Whitehead & Ibell, 2004; Ahmed, Farghal, 
Nagah & Haridy, 2007; Ali & Tarkhan, 2015; 
Mohamed, 2018; Deng, Zhang, Ma, Li & 
Sun, 2021). By reducing the beam’s size, the 
formwork dimensions reduce and save time, 
material, and labor during construction. Fur-
thermore, reducing the beam’s size boosts 
the structure’s efficiency by providing more 
rentable space. In recent years, the construc-
tion industry that requires the use of over- 
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-reinforced sections in large projects, such 
as high-rise buildings and bridges has been 
employed (Ali & Tarkhan, 2015).

To change the failure mode of concrete 
from brittle to ductile failure for over-rein-
forced concrete beams, there are different tech-
niques used in previous studies to improve the 
ductility of concrete in the compression zone, 
such as using a steel plate bolted with a com-
pression zone of concrete (Alasadi, Shafigh  
& Ibrahim, 2020), addition confinement in the 
compression zone (Priastiwi, Imran, Nuroji  
& Hidayat, 2014; Tee, Al-Sanjery & Chiang, 
2017), a block or precast block can be cast 
in compression zone (Liu & Wu, 2007; Wu, 
2008), and using ductile materials, this can 
do by replacing the concrete in the compres-
sion zone with a layer of material that has both 
high strength and ductility.

A few studies have been carried out to 
use ductile materials in the compression 
zone. Thus, this paper aimed to study the 
effect of using ductile materials in compres-
sion zone on the flexural performance of 
over-reinforced concrete beams as well as to 
study the mechanical properties of the mate-
rials. The ductile materials used in this study 
were steel fiber reinforced concrete (SFRC), 
slurry infiltrated fiber concrete (SIFCON), 
and ultra-high performance fiber reinforced 
concrete (UHPFRC). To achieve the goal of 
the study, four composite beams were cast 
and tested to investigate the flexural capacity, 
failure modes, crack patterns, load-deflection 
relationships, ductility index, and toughness.

Background
Steel fiber reinforced concrete (SFRC)

This type of FRC is made of cement, fine 
and coarse aggregates, water, and steel fibers 
that are actually randomly distributed in the 

concrete. The purpose of randomly distrib-
uted discontinuous steel fibers is to bridge 
across the cracks that formed inside concrete 
to provide ductility after cracking through 
the pullout resistance of steel fibers (Koba-
yashi, 1976). The SFRC has a higher strain 
capacity than normal concrete (NC), making 
it ideal for usage in members that are sub-
jected to large plastic deformation demands. 
Also, SFRC has durability and serviceability 
more than NC (Germano, Plizzari & Tiberti, 
2013). The FRC has many applications, such 
as applications in ground slabs, precast mem-
bers, and shotcrete tunnel linings (Orouji, 
Zahrai & Najaf, 2021).

Slurry infiltrated fiber concrete 
(SIFCON)

This type of concrete is different from 
traditional FRC in respect of composition 
and fabrication. The fiber content in FRC 
usually ranges from 1 to 3% by volume, 
whereas fiber content in SIFCON typically 
ranges from 5 to 20% by volume (Balaji  
& Thirugnanam, 2018).

The SIFCON matrix has a high cement 
content. It may contain fine or coarse sand, 
as well as mineral and chemical admixture, 
but no coarse aggregates. Therefore, the  
SIFCON matrix is either cement paste or 
flowing cement mortar as opposed to the tra-
ditional FRC (Salih, Frayyeh & Ali, 2018). 
Also, SIFCON production differs from FRC, 
in SIFCON fibers are placed in a casting 
mold, and then a slurry of cement is infiltrated 
over the rich fiber layers. Fibers are placed 
in the mold by hand or with the use of fiber- 
-dispersing units (Shelorkar, 2021). Vibra-
tion is often required to achieve proper slurry 
infiltration of the fiber bed (Khamees, Kad-
hum & Alwash, 2020). While in FRC, fibers 
are added to the dry or wet concrete mix. 
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Ultra-high performance fiber 
reinforced concrete (UHPFRC)

This type of concrete is a cementitious 
composite with a high cement content, small 
aggregate size, and binder (pozzolana, fly 
ash, silica fume, reactive powder) as well as 
a low water to cement ratio. 

Because of the low water to cement 
ratio, UHPC mixes are characterized by 
low workability. One method to improve 
the workability of UHPC is using a super- 
-plasticizer. Furthermore, using silica fume in 
UHPC can fill spaces between coarser parti-
cles due to its smaller size and spherical form, 
so enhancing the strength properties via poz-
zolanic reactions. Despite enhancing the stiff-
ness and strength, the failure mode of plain 
UHPC is very brittle; therefore, post-crack-
ing behavior is limited (Qadir, Faraj, Sher-
wani, Mohammed & Younis, 2020). Fibers 
can change the failure mode of plain UHPC 
from brittle to ductile mode and increase the 
tensile strength, toughness, and deformation 
ability of the resultant composite, the name  
of this type of concrete is UHPFRC (Khalil  
& Tayfur, 2013).

Experimental program
Materials preparation

All materials used were conformed to 
the requirement of the American Association 
State Highway and Transportation (ASTM) 
standards. The NC mix consists of cement, 
sand, gravel, and water in addition to a super- 
-plasticizer. The SFRC mix differs from 
the NC mix by containing steel fibers. The  
UHPFRC and SIFCON mix consist of 
cement, quartz sand, water, super-plasti-
cizer, and steel fibers. Furthermore, mineral 

admixtures such as silica fume are used as  
a partial replacement (10%) of cement weight 
in the UHPFRC mix. 

The materials used throughout the work 
are Portland cement 42.5 grade, natural 
sand as fine aggregate with a maximum 
size of 4.75 mm, crushed coarse aggregate 
(gravel) with a maximum nominal size of 
14 mm, high-performance super-plasticizer 
concrete admixture, densified silica fume 
with grading below 1 μm, and quartz sand 
with small grading 0.3–0.7 mm to ensure 
complete infiltration of the slurry over the 
dense steel fiber (Abeer, Dawood & Ghalib, 
2020). Finally, hooked-end steel fiber with 
volume fractions of 1.5, 1.5 and 7.5% were 
used in the SFRC, UHPFRC, and SIFCON 
mixes, which has a length of 30 mm and 
diameter of 0.5 mm with an aspect ratio 
(l/d) of 60 and ultimate tensile strength of 
1,200 MPa based on the manufacturer com-
pany requmdations. 

Compressive strength and stress–strain 
relationship

The uniaxial compressive strength of NC 
and ductile materials was determined by the 
compressive test of cylinder specimens of 
size 100 × 200 mm. Cylinder specimens for 
each material were cast from the same batch 
of beams. The stress–strain relationship and 
crack pattern of NC and ductile materials 
under the uniaxial compressive test are 
shown in Figure 1. 

As depicted in Figure 1, the presense of 
hooked-end steel fiber (Vf 1.5%) with NC 
increased the strain capacity of concrete 
from 0.0032 to 0.0080 as well as increased 
compressive stress, which means the duc-
tility and toughness of SFRC were higher 
than those of NC. The UHPFRC and  
SIFCON showed high strength and strain 
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capacity when compared to NC. Noting 
that despite using the same Vf 1.5% of steel 
fiber, UHPFRC exhibited strain capacity 
less than SFRC, which was 0.0045. This 
may be related to the fact that the behav-
ior of UHPC is more brittle, which led to 
reduced deformation ability in compari-
son to SFRC. While SIFCON exhibited 
strain capacity greater than other types of 
FRC, which was 0.01263. This is attrib-

uted to the high content of steel fibers in  
SIFCON, which led to increased deforma-
tion ability.

Details of reinforcement

Figure 2 shows details of the over-rein-
forced beam. Based on the cross-section 
assumption, the critical thickness of partial 
replacement of NC with ductile materials 
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FIGURE 1. Uniaxial compression stress–strain relationships for different concrete types

FIGURE 2. Details of reinforcement and cross-section of over reinforced concrete beams: (a) beam 
reinforcement; (b) cross section of reference beam; (c) cross section of composite beams
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layer in the compression zone was around 
30 mm (more than 10% of the beam depth), 
based on findings by Deng, Ma, Ye and Li 
(2021).

Table 1 illustrates the mechanical proper-
ties of deformed steel rebars that conformed 
to the requirements of ASTM A615/A615M 
(American Association State Highway and 
Transportation [ASTM], 2015).

Each beam has a tensile reinforce-
ment ratio of 8.548%. It is more than the  
balancing limit which is 1.988% accord-
ing to ACI 318 (ACI, 2014), in order to  

obtain heavily reinforced beams and to 
ensure the mode of failure is compression 
failure. 

Mix proportions

Based on trial mixes for various propor-
tions of constituents in order to determine the 
required strength, the final mix proportions 
of NC, SFRC, UHPFRC, and SIFCON slurry 
are presented in Table 2. The workability was 
checked as the control test for the fresh con-
crete properties, as shown in Figure 3.

TABLE 1. Mechanical properties of deformed steel rebars 

Bar diameter
[mm]

Yield strength (Ys) 
[MPa]

Tensile strength (Ts) 
[MPa]

Ts/Ys
[-]

Total elongation
[%]

Bending test
pass/fail

10 618 773 1.25 10.00 pass

20 599 713 1.19 13.50 pass

TABLE 2. Mix proportions of NC, SFRC, UHPFRC, and SIFCON slurry for 1 m3 of concrete

Concrete
type

Cement
[kg]

Silica fume
[kg]

Sand
[kg]

Quartz sand
[kg]

Coarse 
aggregate

[kg]

w/c
or

w/b ratio

Steel fiber 
[%]

Super-plasticizer
[%]

NC 410 – 750 – 1 100 0.45 – 0.4

SFRC 410 – 750 – 1 100 0.45 1.5 0.4

UHPFRC 900 90 – 990 – 0.19 1.5 1.8

SIFCON 850 – – 850 – 0.31 7.5 1.6

FIGURE 3. Trail mix and fresh concrete test
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Casting and curing

The casting of the beams in this study 
contains four over-reinforced concrete 
beams, three of them were composite 
beams created by using NC and one layer 
of ductile materials (SFRC, UHPFRC, and 
SIFCON) in the compression zone, while the 
last beam was cast with NC only to use as  
a reference beam. The casting of the ductile 
materials layer in the compression side was 
immediately after casting the NC to increase 
the bond strength between different concrete 
parts. Each part was compacted using an 
electric vibrating table to ensure removing 
the entrapped air and increasing the bond 
between parts, allowing them to behave as 
one part. After casting all specimens, it was 
covered with plastic sheets and demolded at 
the age of two days and all specimens were 
immersed in water until testing. 

Endurance test

After curing, the over-reinforced concrete 
beams were tested up to failure under 
three-point loading with a clear span of 
1,100 mm. Figure 4 shows the test setup and 
instrumentation that were used to monitor 
the beams during the testing. 

Test results and discussion

Crack pattern and modes of failure 

The first crack in NC beam was flexural 
type and initiated at the early stage of 
loading in the tension zone. With increasing 
load, a few cracks with small width were 
formed and propagated in their length 
toward the compression zone. When the load 
approximately reached its maximum capacity, 
the number and width of final cracks were 
comparatively small, the cover of concrete 
in the compression zone began to collapse, 
and concrete crushing failure occurred. This 
type of failure is a brittle compression failure 
without sufficient warning before failure. 

For other beams that had ductile materials 
layer (SFRC, UHPFRC, and SIFCON) in 
the compression zone, their experimental 
phenomenon was similar to that of the NC 
at the initial stage of loading. As the load 
approximately reached its maximum capacity, 
the cracks extended toward the compression 
zone and widened rapidly. Also, the flexural 
crack length and deflection at midspan 
significantly increased with the increase of 
load as compared to the NC beam. Finally, 
the beam failed by crushing of ductile 
materials layer in the compression zone. The 

FIGURE 4. Details of the test setup (all dimensions in mm)
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modes of failure of composite beams stayed 
flexural compression failure, but these beams 
have ductile behavior. Therefore, the use of 
the ductile materials layer at the compression 
zone changed the failure mode of over- 
-reinforced concrete beams from brittle to 
ductile failure and led to an increase in their 
load-carrying capacity. 

Although the ultimate load carried by 
the SIFCON beam is higher than the other 
beams, the SIFCON layer maintained the 
beam’s integrity. This can be attributed to the 
high content of steel fibers in the SIFCON 
layer compared to SFRC and UHPFRC 
layers. Also, it should be mentioned that 
despite using the same volume fraction of 
steel fibers (1.5%) for UHPFRC and SFRC 
layers, the deformation ability of the SFRC 
beam was more than the UHPFRC beam. 
This may be due to the presence of steel 
fibers, which led to an increase the contact 
between the particles of aggregates when  
the cracks formed, and this is may not found 
in the UHPFRC beam.

The crack pattern and failure modes of 
all tested beams are shown in Figure 5. No 
debonding between NC and ductile materials 
layers in the composite beams even at the 
failure state has been observed. 

This can be attributed to the fact that 
good bond strength is achieved between the 
surfaces of the ductile material and NC, in 

addition to the presence of stirrups in beams 
that work as effective shear connectors (Atta 
& Khalil, 2016).

Load deflection relationships

To investigate the effect of using ductile 
materials on improving the flexural perform-
ance of over-reinforced concrete beams used 
in this study, the relation of applied load ver-
sus deflections at mid-span for all beams are 
plotted in Figure 6 to show their structural 
behavior, flexural capacity, deformation abil-
ity of beams, ductility, and toughness.

All over-reinforced concrete beams 
exhibited flexural compression failure not-
ing that the failure of the composite beams 
was through the crushing of the concrete after 
an obvious large deflection compared to the 
reference beam. Therefore, the composite 
beams exhibited load–deflection behavior 
more ductile than that of the reference beam 
under the same load conditions because using 
ductile materials leads to an increase in both 
load-carrying capacity and ductility. How-
ever, the curve of UHPFRC rapidly drops 
after reaching peak load and then contin-
ues to deform up to failure. Figure 6 shows 
that the using a layer of SFRC, UHPFRC, 
or SIFCON in the compression zone gives 
higher deflection at failure than that of NC 
by 133.70, 55.84 and 81.92%, respectively,  

 

fibers in the SIFCON layer compared to SFRC and UHPFRC layers. Also, it should be 

mentioned that despite using the same volume fraction of steel fibers (1.5%) for UHPFRC and 

SFRC layers, the deformation ability of the SFRC beam was more than the UHPFRC beam. This 

may be due to the presence of steel fibers, which led to an increase the contact between the 
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FIGURE 5. Crack pattern and failure modes of over-reinforced concrete beams 

 

This can be attributed to the fact that good bond strength is achieved between the surfaces of the 

ductile material and NC, in addition to the presence of stirrups in beams that work as effective 

shear connectors (Atta & Khalil, 2016). 

 

Load deflection relationships 

To investigate the effect of using ductile materials on improving the flexural performance of 

over-reinforced concrete beams used in this study, the relation of applied load versus deflections 

at mid-span for all beams are plotted in Figure 6 to show their structural behavior, flexural 

capacity, deformation ability of beams, ductility, and toughness. 

 

NC 

SFRC 

UHPFRC 

SIFCON 

Flexural compression 
(ductile failure) 

Flexural compression 
(brittle failure) 

FIGURE 5. Crack pattern and failure modes of over-reinforced concrete beams
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and enhances load-carrying capacity by 
30.45, 41.65 and 52.46%, respectively. Not-
ing that the increases in load-carrying capac-
ity of UHPFRC and SIFCON beams were 
more than the SFRC beam. This may be due 
to the high compressive strength and the dif-
ferent production of UHPFRC and SIFCON 
compared to SFRC, where the high fiber 
content in SIFCON led to the strong bond 
between steel fibers and matrix interfaces. In 
contrast, the increase in deflection at failure 
for the SFRC beam was greater than that of 
UHPFRC and SIFCON beams. This may be 
related to increasing the contact between the 
particles of aggregates when the cracks form 
due to the presence of steel fibers as com-
pared to the UHPFRC beam without coarse 
aggregate in the UHPFRC layer. Therefore, 
it is possible that if using steel fibers content 
greater than 1.5% in the UHPFRC mix, the 

ductility results of beams would have been 
better, which needs to be investigated fur-
ther in future studies. While in the case of  
SIFCON beams, the lack of ductility com- 
pared to SFRC beam may be attributed to using 
a strengthening layer with a small thickness, 
so it needs to be investigated using SIFCON 
in the compression zone with a layer thickness 
greater than 30 mm in future studies. 

Flexural capacity

As shown in Table 3, the ultimate loads 
of composite beams containing a layer 
of SFRC, UHPFRC, and SIFCON in the 
compression zone improved by 30.45, 
41.65 and 52.46%, while the corresponding 
deflections improved by 33.30, 3.61 and 
36.44%, respectively, compared to those of 
NC beam. 

 

0
25
50
75

100
125
150
175
200
225
250

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Lo
ad

[k
N

]

Deflection [mm]

NC

SFRC

UHPFRC

SIFCON

FIGURE 6. Load deflection relationships for over-reinforced beams

TABLE 3. Experimental results of all beams

Beam type Ultimate load 
[kN]

Ultimate deflection 
[mm] Mode of failure

Reference beam NC 151.78 8.59 flexural compression (brittle)

Composite beam
SFRC 198.00 11.45 flexural compression (ductile)
UHPFRC 215.00 8.90 flexural compression (ductile)
SIFCON 231.40 11.72 flexural compression (ductile)
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The improvement in the ultimate load and 
the corresponding deflection is attributed to 
the significant effect of the high compressive 
strength and high ultimate compressive strain 
capacity of ductile materials, respectively, 
compared to those of NC that was used in the 
reference beam. These results indicate that 
using ductile materials in the compression 
zone of concrete has a considerable effect 
on improving the flexural capacity of over- 
-reinforced beams.

Ductility

The ability of any material or member to 
experience plastic deformation and energy 
absorption is measured by its ductility, 
which also refers to the ability of the material 
or member to resist applied loads after 
yielding without critical failure. There are 
many forms of ductility, such as curvature, 
rotational, and deflection ductility (Deng 
et al., 2018). The definition of deflection 
ductility is investigated in this study. As 
defined by Pam, Kwan and Islam (2001), 
the deflection ductility index (μΔ) is the 
ratio of maximum deflection (Δmax) to yield 
deflection (Δy). Several various definitions 
have been suggested by Park (Park, 1989) to 
estimate yield and maximum deflections. The 
definition adopted here for yield deflection is 

by using the secant stiffness method at 75% 
of the ultimate load (Pu), while the definition 
of maximum deflection is related to how the 
failure point is defined. The most realistic 
definition of maximum deflection is when 
the load-carrying capacity has undergone  
a small reduction after ultimate load or when 
the material fractures, whichever occurs first. 
For more details, see reference (Park, 1989). 
Noting that the reduction in load-carrying 
capacity after ultimate load was adopted 
by 15%, according to reference (Pam et al., 
2001). Figure 7 shows the definition of yield 
and maximum deflections.

In order to reveal the effect of ductile 
materials layers on ductility, the ductility 
index ratio (R) is calculated, which is the 
ratio of the deflection ductility index of the 
composite beam to that of the correspond-
ing reference beam. The obtained main 
results of loads and the deflection ductil-
ity indexes with the ductility index ratio for 
the tested beams are presented in Table 4. 
It emerged that the use of ductile materi-
als layer (SFRC, UHPFRC, and SIFCON) 
in the compression zone of over-reinforced 
concrete beams showed a considerable 
increase in ductility as compared to that of 
the reference beam. 

Based on the above, composite beam 
with SFRC or SIFCON layer exhibited  

FIGURE 7. Definition of yield and maximum deflections
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better performance than that with the 
UHPFRC layer in deflection ductility. This 
may be related to the fact that the behav-
ior of UHPC is brittle. Generally, the use 
of hooked-end steel fiber (Vf 1.5%) with 
NC increased the ductility of concrete 
by 84.78%. Finally, the ductility of the 
over-reinforced concrete beams has been 
improved using ductile materials in the 
compression zone.

Toughness

Toughness (Ut) is defined as the materi-
al’s ability to absorb energy before failure. 
However, it is attached to combining both 
strength and ductility in a single measurable 
property and requires a delicate balance of 
strength and ductility (Abeer et al., 2020). 
The material must be strong and ductile in 
order to be tough. A strong material but has 
limited ductility as brittle material is not 
tough, and similarly, highly ductile material 
but has low strength is not tough. The mate-
rial must be able to sustain high stresses as 
well as high strains to be considered tough. 
Flexure toughness is related to the area under 
the stress–strain or load–deflection curves 
and calculated using Equation (1).

Ut = area under the load (P) curve –  
– deflection (Δ) curve = P × Δ  (1)

The toughness results of the tested beams 
are shown in Table 5. It emerged that the 
toughness of composite beams showed an 
acceptable increment when compared to the 
reference beam, which was 279.93, 146.05 
and 235.13% for SFRC, UHPFRC, and 
SIFCON, respectively. This behavior may be 
explained by the fact that the ability of steel 
fibers to bridge across the cracks led to an 
increase in the ultimate load and deflection, 
which resulted in an increase in the area 
under the load–deflection curve. 

TABLE 5. The toughness values of tested beams

Beam type Toughness
[N·m–1]

The increment 
in toughness 

over NC beam
[%]

Reference 
beam NC 996.18 –

Composite 
beam

SFRC 3 784.81 279.93

UHPFRC 2 451.15 146.05

SIFCON 3 338.55 235.13

Table 5 shows that the composite beam 
with SFRC exhibits a higher increment in 
toughness. In general, it can be concluded 
that the use of ductile materials in the 
compression zone of composite beams 
provides an improvement in the energy 
absorption and ductility for over-reinforced 
concrete beams.

TABLE 4. The deflection ductility indexes and the ductility index ratio of tested beams

Beam type Δy
[mm]

Δmax 
[mm]

μΔ
[-]

R
[%]

Reference beam NC 7.68 10.60 1.38 –

Composite beam

SFRC 9.50 24.20 2.55 84.78

UHPFRC 7.50 11.25 1.50 8.70

SIFCON 8.75 19.25 2.20 59.42
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Conclusions
Based on the results obtained in the cur-

rent study, the following conclusions can be 
drawn:
-	 Using ductile materials layer in the com-

pression zone of over-reinforced beams 
changed the failure mode from brittle 
compression failure to ductile flexural 
compression failure.

-	 Using ductile materials layers in the com-
pression zone of over-reinforced concrete 
beams with tensile reinforcement ratio of 
8.548% increased load-carrying capacity 
and deformation ability at failure by up to 
52.46 and 133.70%, respectively.

-	 The load-carrying capacity of compos-
ite beams containing a layer of SFRC, 
UHPFRC, and SIFCON in the compres-
sion zone improved by 30.45, 41.65 and 
52.46%, while the corresponding deflec-
tions improved by 33.30, 3.61 and 36.44%, 
respectively, compared to NC beam. 

-	 The increase in ductility by using SFRC, 
UHPFRC, and SIFCON layers in the 
compression zone was 84.78, 8.70 and 
59.42%, respectively, while the increase 
in toughness was 279.93, 146.05 and 
235.13%, respectively.

-	 Finally, it can be stated that the acceptable 
compressive strength and high deforma-
tion ability of SFRC have the potential to 
enable economical and ductility together 
compared with UHPFRC and SIFCON. 

References
Abeer, S. Z., Dawood, M. B. & Ghalib, M. H. 

(2020). Flexural behavior of continuous 
beams consisting of normal concrete and 
SIFCON under static and repeated loads. 
IOP Conference Series: Materials Science 

and Engineering, 870 (1), 1–14. https://doi.
org/10.1088/1757-899X/870/1/012113

Ahmed, M. M., Farghal, O. A., Nagah, A. K. & 
Haridy, A. A. (2007). Effect of confining 
method on the ductility of over-reinforced 
concrete beams. Journal of Engineering 
Sciences, 35 (3), 617–633. https://doi.
org/10.21608/JESAUN.2007.112873

Alasadi, S., Shafigh, P. & Ibrahim, Z. (2020). Ex-
perimental study on the flexural behavior of 
over reinforced concrete beams bolted with 
compression steel plate: Part I. Applied Sci-
ences (Switzerland), 10 (3), 1–20. https://doi.
org/10.3390/app10030822

Ali, A. M. & Tarkhan, M. A. (2015). Experimental 
investigation of confining the compression 
zone in over-reinforced beams. International 
Journal of Engineering Sciences and Re-
search Technology, 4 (11), 611–617. 

American Association State Highway and 
Transportation [ASTM] (2015). Stand-
ard specification for deformed and plain 
carbon-steel bars for concrete reinforce-
ment (ASTM A615/A615M). Washington: 
American Association State Highway and 
Transportation.

American Concrete Institute [ACI] (2014). Build-
ing code requirements for structural concrete 
(ACI 318). Farmington Hills: American 
Concrete Institute.

Atta, A. M. & Khalil, A. E. H. (2016). Improving 
the failure mode of over-rinforced concrete 
beams using strain-hardening cementitious 
composites. Journal of Performance of 
Constructed Facilities, 30 (5), 04016003. 
https://doi.org/10.1061/(ASCE)CF.1943-
5509.0000857

Balaji, S. & Thirugnanam, G. S. (2018). Be-
haviour of reinforced concrete beams with 
SIFCON at various locations in the beam. 
KSCE Journal of Civil Engineering, 22 (1), 
161–166. https://doi.org/10.1007/s12205-
017-0498-9

Deng, M., Ma, F., Ye, W. & Li, F. (2018). Flexu-
ral behavior of reinforced concrete beams 
strengthened by HDC and RPC. Construc-
tion and Building Materials, 188, 995–1006. 
https://doi.org/10.1016/j.conbuildmat.2018.
08.124



236

Duhaim,	 H.	 M.,	 Mashrei,	 M.	A.	 (2022).	 Stress–strain	 relationship	 of	 ductile	 materials	 and		
flexural	behavior	of	ductile	over-reinforced	concrete	beams.	Sci. Rev. Eng. Env. Sci.,	31	(4),		
225–237.	DOI	10.22630/srees.4253

Deng, M., Zhang, M., Ma, F., Li, F. & Sun, H. 
(2021). Flexural strengthening of over-rein-
forced concrete beams with highly ductile 
fiber-reinforced concrete layer. Engineer-
ing Structures, 231, 111725. https://doi.
org/10.1016/j.engstruct.2020.111725

Germano, F., Plizzari, G. A. & Tiberti, G. (2013). 
Experimental study on the behavior of SFRC 
columns under seismic loads. In J. G. M. 
Van Mier, G. Ruiz, C. Andrade, R. C. Yu 
& X. X. Zhang (Eds). Proceedings of the 
8th International Conference on Fracture 
Mechanics of Concrete and Concrete Struc-
tures, FraMCoS-8 (pp. 1171–1182). Barce-
lona: Cimne.

Khalil, W. I. & Tayfur, Y. R. (2013). Flexural 
strength of fibrous ultra high performance 
reinforced concrete beams. ARPN Journal 
of Engineering and Applied Sciences, 8 (3), 
200–214.

Khamees, S. S., Kadhum, M. M. & Alwash, N. A. 
(2020). Effects of steel fibers geometry 
on the mechanical properties of SIFCON 
concrete. Civil Engineering Journal (Iran), 
6 (1), 21–33. https://doi.org/10.28991/cej-
2020-03091450

Kobayashi, K. (1976). Steel Fiber Reinforced 
Concrete. Zairyo/Journal of the Society of 
Materials Science, Japan, 25 (277), 937–945. 
https://doi.org/10.2472/jsms.25.937

Liu, K. & Wu, Y. F. (2007). Compression yield-
ing by sifcon block for FRP-reinforced 
concrete beams. Proceedings of the 1st Asia-
Pacific Conference on FRP in Structures, 1, 
411–416.

Mohamed, H. A. (2018). Improvement in the 
ductility of over-reinforced NSC and HSC 
beams by confining the compression zone. 
Structures, 16 (2), 129–136. https://doi.
org/10.1016/j.istruc.2018.09.005

Orouji, M., Zahrai, S. M. & Najaf, E. (2021). Ef-
fect of glass powder & polypropylene fibers 
on compressive and flexural strengths, tough-
ness and ductility of concrete: an environ-
mental approach. Structures, 33, 4616–4628. 
https://doi.org/10.1016/j.istruc.2021.07.048

Pam, H. J., Kwan, A. K. H. & Islam, M. S. 
(2001). Flexural strength and ductility of 
reinforced normal- and high-strength con-
crete beams. Proceedings of the Institution 

of Civil Engineers: Structures and Buildings, 
146 (4), 381–389. https://doi.org/10.1680/
stbu.2001.146.4.381

Park, R. (1989). Evaluation of ductility of 
structures and structural assemblages from 
laboratory testing. Bulletin of the New Zea-
land Society for Earthquake Engineering, 
22 (3), 155–166. https://doi.org/10.5459/
bnzsee.22.3.155-166

Priastiwi, Y. A., Imran, I., Nuroji & Hidayat, A. 
(2014). Behavior of ductile beam with addi-
tion confinement in compression zone. Pro-
cedia Engineering, 95, 132–138. https://doi.
org/10.1016/j.proeng.2014.12.172

Qadir, H. H., Faraj, R. H., Sherwani, A. F. H., 
Mohammed, B. H. & Younis, K. H. (2020). 
Mechanical properties and fracture param-
eters of ultra high performance steel fiber 
reinforced concrete composites made with 
extremely low water per binder ratios. SN 
Applied Sciences, 2(9), 1594. https://doi.
org/10.1007/s42452-020-03425-3

Salih, S., Frayyeh, Q. & Ali, M. (2018). Fresh 
and some mechanical properties of sifcon 
containing silica fume. MATEC Web of Con-
ferences, 162, 1–7. https://doi.org/10.1051/
matecconf/201816202003

Shelorkar, A. P. (2021). Slurry Infiltrated Fibrous 
Concrete (SIFCON) – a review. Interna-
tional Journal of Research Publication and 
Reviews, 2 (8), 780–787.

Siddiqi, Z. A. (2016). Concrete Structures. Part 1 
(3rd ed.). Lahore: Help Civil Engineering 
Publisher. 

Tee, H. H., Al-Sanjery, K. & Chiang, J. C. L. 
(2017). Behaviour of reinforced concrete 
beams with confined concrete related to ul-
timate bending and shear strength. AIP Con-
ference Proceedings, 1, 020060. https://doi.
org/10.1063/1.4976924

Whitehead, P. A. & Ibell, T. J. (2004). Deformabil-
ity and ductility in over-reinforced concrete 
structures. Magazine of Concrete Research, 
56 (3), 167–177. https://doi.org/10.1680/
MACR.2004.56.3.167

Wu, Y. F. (2008). Ductility demand of compres-
sion yielding fiber-reinforced polymer- 
-reinforced concrete beams. ACI Struc-
tural Journal, 105 (1), 104–110. https://doi.
org/10.14359/19074



237

Duhaim,	 H.	 M.,	 Mashrei,	 M.	A.	 (2022).	 Stress–strain	 relationship	 of	 ductile	 materials	 and		
flexural	behavior	of	ductile	over-reinforced	concrete	beams.	Sci. Rev. Eng. Env. Sci.,	31	(4),		
225–237.	DOI	10.22630/srees.4253

Ziara, M. M., Haldane, D. & Hood, S. (2000). 
Proposed changes to flexural design in BS 
8110 to allow over-reinforced sections to 
fail in a ductile manner. Magazine of Con-
crete Research, 52 (6), 443–454. https://doi.
org/10.1680/MACR.2000.52.6.443

Summary 

Stress–strain relationship of ductile 
materials and flexural behavior of ductile 
over-reinforced concrete beams. This 
paper aimed to investigate the effect of using 
ductile materials in the compression zone on 
the flexural performance of over-reinforced 
concrete beams. In order to avoid brittle 
compression failure, partial replacement 
of concrete with ductile materials layer 
in the compression zone was used. Four 
over-reinforced concrete beams of size 
120 × 180 × 1,300 mm were cast and tested 
under three-point loading conditions. The 
steel fibers reinforced concrete (SFRC), 

slurry infiltrated fiber concrete (SIFCON), 
and ultra-high performance fiber reinforced 
concrete (UHPFRC) were used as ductile 
materials. The flexural capacity of the beams, 
failure modes, crack patterns, load-deflection 
relationships, ductility index, and toughness 
were investigated. The results showed that 
using ductile materials in the compression 
zone is an effective technique to increase the 
ultimate load, ductility, and toughness by up 
to 52.46, 84.78 and 279.93%, respectively, 
compared to the reference beam. In addition, 
the failure mode changed from brittle 
to ductile failure. Noting that the use of 
SFRC layer enhanced the ductility of over- 
-reinforced concrete beams more than using 
UHPFRC and SIFCON layers. Also, one of 
the main advantages of this technique is led 
to increase the tensile reinforcement ratio up 
to 8.548% without needing the compressive 
reinforcement. Thus, ductile composite 
beams with a high flexural capacity were 
generated using an economical amount of 
ductile materials.
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Introduction

The environmental problem of con-
crete can be traced to both existing build-
ings and structural waste whose useful lives 
have expired, meaning that they must be re- 
cycled or repurposed in significant quanti-
ties (Fahmy & Idriss, 2019). Thousands of 
concrete cubes, cylinders, and prisms are 
generated every day for laboratory testing or 
the construction of new buildings (Mussa, 
Abdulhadi, Abbood, Mutalib & Yaseen, 
2020), all of which can also be considered 
waste material. Numerous researchers have 
consequently undertaken various studies to 
determine the practicality of employing re-

cycled aggregate concrete (RAC) manufac-
tured from waste concrete in new construc-
tion projects. Utilizing RCA is crucial for 
conserving and safeguarding natural aggre-
gate (NA). Numerous researchers have ex-
amined the impact of RCA concentrations on  
concrete compositions. In addition, a number 
of laboratories (Danraka, Mahmod, Oluwa-
tosin & Student, 2017; Zhang et al., 2020; 
Mater, Elansary & Abdalla, 2022) have 
examined the behaviour of normal and high 
strength RAC relative to NA under vari-
ous flexural and shear loading conditions.  
Obviously the durability of ordinary concrete 
differs from that of reprocessed concrete.

Many infrastructures, including buildings 
and bridges in war-torn nations like Iraq, have 
been devastated by the effects of war, terror-
ist attacks, explosives, progressive collapse, 
and other unforeseen events. The major-
ity of the damaged structural components, 

Hiba A. SAHIB  

Ali K. Al-ASADI
Department of Civil Engineering, College of Engineering, University of Thi-Qar, Iraq

PREdiction of ShEaR StREngth  
of cfRP-StREngthEnEd REinfoRcEd 
REcyclEd aggREgatE concREtE bEamS 
uSing vaRiouS StREngthEning mEthodS



239

Sahib,	H.	A.,	Al-Asadi,	A.	K.	 (2022).	Prediction	of	 shear	 strength	of	 cfRP-strengthened	
reinforced	 recycled	 aggregate	 concrete	 beams	 using	 various	 strengthening	 methods.		
Sci. Rev. Eng. Env. Sci.,	31	(4),	238–248.	DOI	10.22630/srees.4251

such as beams, columns, and slabs, have 
not collapsed completely and remain repair-
able. Today, carbon fibre reinforced polymer 
(CFRP) is commonly utilized to reinforce 
and retrofit structural members (Al-Saawani, 
El-Sayed & Al-Negheimish, 2020; Saadoon, 
Mashrei & Al Qumari, 2022). Carbon fibre 
reinforced polymer can repair the load-bear-
ing capability of damaged structural mem-
bers, to make them usable once more.

This work involves an experimental 
investigation to study the effect of using 
CFRP to strengthen a beam cast with various 
replacement elements of RCA in a concrete 
mix, as a continuous part of an experimental 
investigation conducted by the author (Sahib 
& Al-Asadi, in press).

Research significance

The aim of the work is to study the 
shear strength of beams consisting of 
RAC, reinforced with CFRP when FRP 
strengthening is a possible option when 
the load carrying capacity of a structure 
must be increased due to design, damage or 
construction issues.

Materials and methods 

Six reinforced concrete (RC) beams were 
cast, measuring 1,200 mm in length with  
a cross-section of 120 × 200 mm, with NA 
and RAC. The test was conducted using four- 
-point loading. The geometry of the beams 
being tested is depicted in Figure 1. The rein-
forcing bars were made of 12 mm diameter 
steel, with three bars in tension, two in com-
pression, and four stirrups being utilized to 
secure the longitudinal rebar (Fig. 2).

FIgURE 1. geometry of the tested beams

FIgURE 2. Reinforcement details of the tested 
beams

The experimented beams were divided 
into two groups according to the strengthening 
forms, inclination strips (IS) and continue 
strips (CS). Each group comprised three 
beams, with a replacement ratio of RCA 0%, 
50% and 100%. Table 1 and Figures 3 and 4 
show the data on the tested beams.

TAblE 1. Details of tested beams

group
Replacement 

ratio 
[%]

beam Design

g1 IS form

0 b1 R0-IS

50 b2 R50-IS

100 b3 R100-IS

g2 CS form

0 b4 R0-CS

50 b5 R50-CS

100 b6 R100-CS
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FIgURE 3. CFRP distribution for IS type beams

FIgURE 4. CFRP distribution for CS type beams

Materials

Cement

Ordinary Portland cement was used in 
this study. both the physical and chemical 
results of the cement met the ASTM C150-15 
requirements (ASTM International, 2015).

Sand

Prior to its use, the fine aggregate was 
tested according to the ASTM C136/C136M 
standard (ASTM International, 2006).

Natural and recycled concrete aggregate

It was decided to use crushed gravel 
with a maximum aggregate size of 19 mm 
as a natural aggregate (NA), while recycled 
concrete cubes that had been crushed were 
used as a recycled concrete aggregate (RCA), 
the grading satisfying the requirements of 
the ASTM C33/C33M-13 standard (ASTM 
International, 2013) for both materials 
(No 7).

Water

Potable water was used for all mixtures.

Steel reinforcement

The tensile test was used to determine 
the mechanical characteristics of the steel 
rebar. The results are summarized in Table 2. 
The results comply with the ASTM A615M- 
-06b standard (ASTM International, 2004) 
(grade 60). 

Carbon fibre reinforced polymer (CFRP) 
and Sikadur®-330

A SikaWarp® Hex-300C unidirec-
tional carbon fibre reinforced polymer strip 
was used to reinforce the concrete beam.  
Sikadur®-330 epoxy adhesive was used, 
comprising a primary base resin and hard-
ener. Table 3 contains the manufacturer- 
-supplied technical parameters of SikaWarp®  
Hex-300C strip and Sikadur®-330.

TAblE 2. Reinforcing steel test

Parameter
Steel sample

ASTM 615 limits
Ø10 mm rebar Ø12 mm rebar

Yield stress [MPa] 573 560 ≤ 420

Tensile strength [MPa] 672 635 ≤ 620

Elongation [%] 16 15 ≤ 9
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Tests

Mixing

Three different concrete mixes were uti-
lized: natural aggregate concrete (M0-R0), 
50% recycled concrete aggregate (M50-R50)  
and 100% recycled concrete aggregate 
(M100-R100). Each mixture was used to  
create reinforced beam specimens. The pro-
portions of the concrete mix are shown in 
Table 4. Controlled use of the recycled and 
natural aggregate, as well as potable water, 
produced the desired compressive strength 
and workability (slump 6–8 cm).

Bonding of CFRP to concrete

The following steps were followed to 
bond the CFRP strip on each side of the 
concrete:
-	 increasing the surface roughness of the 

concrete with a steel brush;

-	 compressed air used to clean the concrete 
surface;

-	 use of a manual mixer to combine the two 
epoxy components;

-	 applying the epoxy paste to the surface of 
the CFRP strip;

-	 applying 2 mm of epoxy paste to the 
surface of the concrete;

-	 attaching the CFRP strip to the surface of 
the concrete;

-	 using a roller to release the air between 
the CFRP sheet and the epoxy.

-	 applying another layer of bonding 
material on top of the CFRP sheet, as 
shown in Figure 5.

Setup for the test

All specimens were tested using a hydrau-
lically operated universal testing machine, 
“load controlled”, and were loaded to failure 
as shown in Figure 6. The deflections were 

TAblE 3. Properties of SikaWarp® Hex-300C sheets and Sikadur®-330

Material Parameter Result

Carbon fibre reinforced polymer

Tensile strength [MPa] 3 500
Thickness [mm] 0.167

Modulus of elasticity [gPa] 220

Epoxy
Elastic modulus [MPa] 4 500
Tensile strength [MPa] 30

Flexural modulus [MPa] 3 800

TAblE 4. Natural aggregate concrete and recycled aggregate concrete trial mix proportions

Mix content
Concrete

M0-R0 M50-R50 M100-R100

Cement [kg·m–3] 430 430 430

Natural aggregate [kg·m–3] 1 050 525 0

Recycled concrete aggregate [kg·m–3] 0 525 1 050

Natural sand [kg·m–3] 750 750 750

Water [kg·m–3] 180 200 220

Slump [cm] 7.8 7.6 7.3
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measured during the tests using a linear vari-
able displacement transducer (lVDT), while 
the load was measured using an electrical 
load cell.

Test results

Hardened concrete tests

Concrete compressive strength was 
determined after both 7 and 28 days of curing 
in water at 20°C, using 150 × 150 × 150 mm 
cubes. Three cubic specimens were used in 
each part of the experiment. The test results 
of the concrete compressive strength are 
shown in Table 5. 

Table 5 demonstrates that the compressive 
strength of the concrete cubes decreases as 
the replacement ratio of RCA increases. 
Clearly, the compressive strength of RAC 
with 50% and 100% substitution fell by 9.5% 
and 13.4%, respectively, compared to the 
compressive strength of the natural aggregate 
concrete.

Fracture pattern and failure mechanisms

Figures 7–12 show the representative 
cracking pattern. The initial flexural crack 
on the beam began at the centre of the beam 
within the pure moment region at 22–28 kN 
or 25–32 kN, for strengthened beams with 
IS and CS forms respectively. In excess of 
this load, the cracks expanded toward the top 
fibre and more flexural cracks occurred along 
the length of the beam. At 35–50 kN, a shear 
angle fracture developed independently of 
the existing flexural cracks in the shear span 
zone. With a further load increase, the cracks 

FIgURE 5. Sample with CFRP after bonding

FIgURE 6. Test equipment

TAblE 5. Test results of concrete compressive strength (Sahib & Al-Asadi, in press)

Mix replacement ratio
Average compressive 

strength (28-day curing)
[MPa]

Compressive strength
[%]

Density
[kg·m–3]

R 0% 35.00 – 2 314.17

R 50% 31.67 –9.5 2 291.33

R 100% 30.31 –13.4 2 278.24
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extended both towards the support and the 
load point, leading to a sudden, brittle shear 
failure and CFRP debonding, as shown in 
Figures 7–12 and Table 6. 

FIgURE 7. Modes of failure of beam bM-R0-IS

FIgURE 8. Modes of failure of beam bM-R0-CS

FIgURE 9. Modes of failure of beam bM-R50-IS

FIgURE 10. Modes of failure of beam bM-R50-CS

FIgURE 11. Modes of failure of beam bM-R100-IS

FIgURE 12. Modes of failure of beam bM-R100-CS

Types of failure

According to Table 6, strengthening 
beams with CFRP in the form of VS (Sahib  
& Al-Asadi, in press), at the replacement ratios 
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of RCA 0%, 50% and 100%, raised the ulti-
mate load by 9.5–14.5%. Additionally, when 
strengthening beams with CFRP in the form of 
IS, the ultimate load increased by 14.5–40% at 
the replacement ratios of RCA 0%, 50% and 
100%. The maximum load of beams strength-
ened in the CS form was 35.9–40% of the un- 
-strengthened beam forms. These results  
show that strengthening using CFRP in the 
form of CS is particularly effective at improv-
ing the shear capacity of beams.

Load–displacement curve

Figures 13–16 depict the load–deflec-
tion curves of the 12 beam tests (6 beams 
from previous work and the other 6 from 
this work). All the beam specimens exhibited  
a comparable linear load–deflection response 
until the onset of the first flexural fracture, 
indicating the effect of gross section stiffness 
and the fact that the concrete contributed to the 
majority of the flexural resistance. Figure 13 
compares the behaviour of beam specimens 

with varied RCA ratios, and without strength-
ening. Figures 14–16 show the load deflec-
tion for three groups with strengthened beams 
(VS, IS and CS) and compare them with un-
strengthened beams, where it is evident that 
the strengthened beams exhibited more duc-
tile behaviour compared to the other beams. 
The CS form is very effective at improving 
the ultimate load of beams, as it uses the same 
amount of CFRP as the VS form and provides 
a high ultimate load and low deflection.

FIgURE 13. load–deflection curve of un-strength-
ened beams (Sahib & Al-Asadi, in press)

TAblE 6. Summary of beam test results

group Specimen Ultimate load
[kN]

Increase/decrease 
in load capacity

[%]

Ultimate 
deflection

[mm]

Yield 
load
[kN]

Mode of failure

g1a*

b1-R0% 65.12 – 5.57 52 shear failure

b2-R50% 62.00 – 5.47 56 shear failure

b3-R100% 53.85 – 5.80 47 shear failure

g2a*

b4-R0%-VS 71.34 9.50 6.14 50 CFRP debonding

b5-R50%-VS 68.37 10.27 6.20 47 CFRP debonding

b6-R100%-VS 61.66 14.50 6.18 50 CFRP debonding

g1b

b7-R0%-IS 76.27 17.10 6.25 60 CFRP debonding

b8-R50%-IS 73.16 18.00 6.35 53 CFRP debonding

b9-R100%-IS 64.18 19.18 6.48 50 CFRP debonding

g2b

b10-R0%-CS 88.55 35.90 5.69 71 CFRP debonding

b11-R50%-CS 85.69 38.21 6.51 67 CFRP debonding

b12-R100%-CS 75.39 40.00 6.00 60 CFRP debonding

*Results of g1a and g2a are taken from an article by Sahib and Al-Asadi (in press).
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FIgURE 14. load–deflection curve of beams 
strengthened with VS (Sahib & Al-Asadi, in press)

FIgURE 15. load–deflection curve of beams 
strengthened with the IS form

FIgURE 16. load–deflection curve of beams 
strengthened with the CS form

First crack

Cracks were noticeable in the middle 
third after the applied force was shed, the first 
crack load being 18–32 kN for all beams. The 
visual first crack loads for the various beams 
are summarized in Table 7.

The beam results showed that the first 
crack loads increased by 16.67–39.13% when 
CFRP sheets were added to the beams, com-
pared to the same beam without strengthening. 
The initial crack load increased as a result of 
strengthening the beams because CFRP had  
a role in confining the concrete and delaying 
the formation of cracks in the stress zone.

Stiffness test

The load versus deflection graphs in  
Figures 13–16, shows how different strength-
ening methods affect the flexural stiffness of the 
beams. The stiffness of the beams was defined 
as the slope of the line connecting the origin 
point and a point before the crack’s location 
in order to compare the results quantitatively. 
This means that the beam stiffness was defined 
as the slope of the load versus deflection curve 
when the beams were in the linear stage. The 
stiffness results for each beam are listed in 
Table 7. Compared to the control beams (b1, 
b2, b3), the stiffness of all the strengthened 
specimens increased. The average increases 
for groups two, three and four were 13.88%, 
21.06% and 37.31% over the control beams, 
respectively. On the other hand, the stiffness 
of beams with a replacement ratio of 50% and 
100% of the RCA decreased by 17.7% and 
23.07% respectively. It can be concluded from 
the results that the stiffness value was affected 
by the percentage of recycled aggregate and 
the strengthening beam with CFRP, where it 
was decreased and increased by these effects 
respectively.

Ductility test

Ductility is defined as the ability of  
a member to withstand a load after failure 
(Anwar & Najam, 2016), and in the current 
study it was measured from the load deflec-
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tion curve of the beam at mid span. This index 
was calculated using Eq. (1), as suggested in 
the literature (Pan, Kwan & Islam, 2001).

𝜇 ,u
y

∆
=
∆

µ  (1)

where: 
𝜇  – ductility index of the beams, 
Δ𝑢  – ultimate deflection, 
Δ𝑦  – yield deflection. 

The ductility index (𝜇) of the tested 
beams was calculated and is listed in Table 7. 
The  yield  deflection  (Δ𝑦) is also presented 
in Table 7.

beams strengthened with CFRP 
performed better in terms of ductility than 
un-strengthened beams, which can be 
attributed to the type of failure. It can be 
seen that the failure type of all the beams 
was a shear failure, which is defined as 
a brittle failure, thus by strengthening the 
shear capacity of the beam, the failure was 
pushed more to flexural failure, which could 

be noticed from the strain values and crack 
pattern of the beam. The flexural failure is 
known to be a more ductile failure, hence the 
increase in the ductility value can be seen 
for the beam when the shear strength of the 
beam increases. The only exception was for 
beams with CFRP in the shape of CS, where 
the ductility decreased slightly from that of 
other strengthened beams, which might be 
due to the contribution of the CFRP in the 
flexural stiffness of the beam.

Conclusions

1. Strengthening the beams with CFRb 
increased the ultimate load carrying 
capacity.

2. Using CFRP increased the load capacity 
by an average of 11.42%, 18.09% and 
38.04% for beams strengthened with VS, 
IS and CS forms respectively. 

3. The use of the CS configuration was 
more effective than an IS scheme for 
beams strengthened with CFRP, where 

TAblE 7. Ultimate deflection, yield deflection, stiffness, ductility and first crack load of tested beams

group Specimen
Ultimate 

deflection (Δu)
[mm]

Yield  
deflection (Δy)

[mm]

Stiffness (KT)
[%]

Ductility index 
(μ)
[-]

First crack 
load (Pcr) 

[kN]

g1a
b1-R0% 5.57 3.85 16.90 1.45 23
b2-R50% 5.47 4.47 13.91 1.22 20
b3-R100% 5.80 4.12 13.00 1.41 18

g2a
b4-R0%-VS 6.14 3.79 18.74 1.62 29
b5-R50%-VS 6.20 4.05 16.94 1.53 24
b6-R100%-VS 6.18 4.37 14.17 1.41 26

g1b
b7-R0%-IS 6.25 3.87 19.65 1.61 28
b8-R50%-IS 6.35 4.00 18.31 1.59 26
b9-R100%-IS 6.48 4.29 14.99 1.51 22

g2b
b10-R0%-CS 5.69 3.81 21.79 1.49 32
b11-R50%-CS 6.51 4.41 20.00 1.48 32
b12-R100%-CS 6.00 4.18 18.10 1.44 25
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the improvement in the ultimate load 
was 35.9–40% for a beam strength-
ened with the CS scheme, whereas the 
IS form increased the ultimate load by 
17.1–19.18%, compared to un-strength-
ened beams. 

4. The use of CFRP to strengthen beams 
was clear on the tangent stiffness value 
of the beams, where using VS forms 
increased the stiffness of the beam by 
10.88%, 21.7% and 9% for an RCA 
replacement ratio of 0%, 50% and 100% 
respectively. In addition, the increase was 
15.3–31.63% and 28.93–43.78% for IS 
and CS forms, respectively.

5. The ductility of beams strengthened with 
CFRP increased by an average of 8.48, 
25.6 and 3.07 for beams strengthened with 
the VS, IS and CS forms respectively.
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Summary

Prediction of shear strength of 
CFRP-strengthened reinforced recycled 
aggregate concrete beams using various 
strengthening methods. Fibre reinforced 
polymer (FRP) strengthening is a possible 
option when the load carrying capacity of  
a structure needs to be increased for various 
reasons. On the other hand, the focus nowa-
days aims to save the environment by reduc-
ing the waste material. A suggestion was 
made to use waste concrete as an aggregate. If 
this new material was used more, it would be 
possible to use recycled concrete aggregate 

(RCA) and carbon fibre reinforced polymer 
(CFRP) to strengthen reinforced concrete 
(RC) structures and make them more envi-
ronmentally friendly. An experimental inves-
tigation study on the shear behaviour of RC 
beams strengthened with CFRP strips was 
carried out. Tests were conducted on six rein-
forced concrete beams, with variations in the 
replacement ratio of RCA and strengthened 
by different configurations of CFRP under 
four-point loading. The results indicated that 
the load carrying capacity was increased, on 
average, by 18.09% and 35.04% for beams 
strengthened with CFRP with an inclined strip 
(IS) and continuous strip (CS) configurations 
respectively. The results also indicated that 
the increases in the stiffness were 21.08 and 
37.31 for beams strengthened with CFRP in 
the IS and CS configurations, respectively. In 
addition the ductility of the beams increased 
after strengthening. 



	 Received:	 19.08.2022	
	 Accepted:	 02.11.2022

Scientific Review Engineering and Environmental Sciences (2022), 31 (4), 249–258

Sci. Rev. Eng. Env. Sci. (2022), 31 (4)  https://srees.sggw.edu.pl

ISSN		1732-9353	(suspended)	 eISSN		2543-7496		 DOI	10.22630/srees.3901

ola.ahmedalhassan@gmail.com

Key words: self-compacting concrete, waste 
steel fibre, compressive strength, recycling ma-
terial, splitting tensile strength, adding recycled 
material

Introduction

There has been increased focus in recent 
years on recycling industrial manufacturing 
waste due to the massive amounts of pollution 
that is predicted as a result of industrial 
operations and its detrimental impact on the 
environment. 

In general, there have been many stud-
ies on reusing waste material in concrete, 
such as carpet waste, used tires, polypropyl-
ene and nylon, wood fibre as paper product 
waste, steel shavings as an alternative to 
steel fibres (Wang, Wu & Li, 2000), and iron 

waste (Ghannam, Najm & Vasconez, 2016) 
to benefit from waste material while improv-
ing the properties and performance and low-
ering costs by including the recycled fibre 
into the process as a substitute for manufac-
tured fibres to avoid disposing of waste in 
landfills.

Steel fibres are commonly utilized in 
structural facilities as well as other applic-
ations. Slope stabilization is a term used 
to describe the process of making a slope 
more stable. Artificial fibres improve the 
efficiency of the concrete, but they are not 
without their drawbacks. Produced from 
non-renewable and expensive materials, 
the steel industry generates large quantities  
of steel waste materials, which can be envi-
ronmentally damaging if left untreated 
(Merli, Preziosi, Acampara, Lucchetti & 
Petruci, 2020).
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The primary waste products from steel 
product manufacturing, which offer severe 
concerns across the world, may be reduced 
by using it as a resource, such as by turning 
machine recyclable materials into fibre for 
concrete. The use of certain wastes in con-
crete is considered a safe resource (Prasad, 
Maanvit, Jagarapu & Eluru, 2020).

Mohammadi, Singh and Kaushik 
(2008) discussed steel waste fibre as an 
admixture material in concrete, which 
was an appealing choice as steel waste has 
high strength and durability, which could 
lead to an increase in the strength of the 
concrete as well as improving some of 
its properties, such as ductility, impact 
resistance and dynamic load resistance, 
as well as delaying the evolution of macro 
cracks, especially their width.

Aghaee and Yazdi (2014) used waste 
steel wire from rebar and wooden moulds 
previously used in construction projects 
in lightweight structural concrete (SLWC) 
testing. To assess the mechanical character-
istics of 28-day reinforced lightweight con-
crete samples using waste wire, a series of 
tensile, flexural, and impact tests were con-
ducted. In the volume fraction of concrete, 
the percentage of wire in fibre-reinforced 
concrete was 0.25%, 0.5% and 0.75%. The 
findings show that concrete’s bending, ten-
sile, and impact characteristics may be sig-
nificantly enhanced through the use of dis-
carded wire. The use of scrap steel wire as 
a suitable fine reinforcement in lightweight 
concrete is also concluded.

In general, it is understood that fibre- 
-reinforced concrete, which uses a variety 
of metallic, hybrid, and polymeric fibres, 
may enhance the behaviour of concrete 

when it has cracked by bridging the frac-
tures, reducing the energy consumption 
and enhancing the ductility capacity of the 
concrete elements. 

Jang and Yun (2018) investigated the 
effect of steel fibre content and coarse 
aggregate size on the mechanical proper-
ties of high strength concrete. The research 
also showed the relationship between com-
pressive strength and bending strength of 
high strength steel fibre reinforced concrete 
(SFRC) used in four ratios: 0.5%, 1%, 1.5% 
and 2%. Compression and bending tests 
were performed, and the results were then 
used to verify the effect of the steel fibre 
volume fraction and the total volume on the 
SFRC’s compressive, flexural and bending 
hardness, which increased significantly with 
increasing steel fibre ratio. Also, the equa-
tions that have been proposed to determine 
the compressive stiffness ratio based on 
the equivalent flexural strength ratio were 
used to predict the mechanical properties of 
SFRC in this study.

Orouji, Zahrai and Najaf (2021) added 
different quantities of glass fibre and poly-
propylene fibre to investigate their effect 
on the compression and flexural strength 
of lightweight concrete. The percentages of 
glass were 20%, 25% and 30%, while the 
percentages of used polypropylene fibres 
were 0.5%, 0.75%, 1%, 1.5% and 2%. 
The increase in the compressive strength, 
flexural strength, and ductility of the tested 
specimens were reached about 1.6, 4.0 and  
13.2 times, respectively.

Najaf, Abbasi and Zahrai (2022) studied 
the effect of using waste glass powder, 
polypropylene fibres and microsilica to 
manufacture lightweight and sustainable 
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concrete with high compressive and bending 
strength, ductility, and impact resistance.

The objective of this research was to 
investigate the efficiency of recycled steel 
scrap as a fibre on the mechanical charac-
teristics of self-compacting concrete. The 
more highlighted goal was to evaluate the 
optimal amount and percentage of steel 
scrap and also to investigate the variation in 
the mechanical properties of concrete with 
time. As a result, more research is needed 
on the strength of concrete as well as how to 
estimate the best rates for adding recycled 
steel waste.

The goal of the study was to examine 
how effectively self-compacting concrete’s 
mechanical properties can perform when 
recycled steel is used as a fibrous reinforcing 
material.

Experimental program

The implications were studied of adding 
steel waste on the mechanical characteristics 
of self-compacting concrete. Waste steel scrap 
was used as fibres to strengthen concrete. 
Compressive and splitting tensile strengths 
were the properties studied, as well as their 
effect on strength development over time. 
Slump test concrete workability diminishes 
according to the fraction of recycled steel 
scrap that is added (Sharma & Ahuja, 2015).

Materials specifications

Cement 

Tables 1 and 2 illustrate the cement prop-
erties that were used to manufacture the con-
crete. Ordinary Portland cement was adopted. 

The physical characteristics of the cement 
were tested using the standards established 
by ASTM International (formerly known as 
American Society for Testing and Materials): 
ASTM C184-94e1 (2020b), ASTM C187-16  
(2020c), ASTM C188-17 (2020d) and ASTM  
C19-19 (2020a).

TABLE 1. Chemical analysis of the cement

Chemical element Test result
[%]

Specification 
limit
[%]

SiO2 22.40 –
Al2O3 5.78 –
Fe2O3 3.24 –
CaO 66.55 –
MgO 3.98 ≥ 5.0
SO3 2.23 ≥ 2.5
LOI 3.11 ≥ 4.0
IR 0.98 0.66–1.02
C3A 2.89 ≥ 3.5

TABLE 2. Physical test results of cement

Test item Test result Specification 
limit

Initial setting [min] 112 ≤ 45

Final setting [min] 334 ≤ 600
Soundness expansion, 
le Chatelier [mm] 1.4 ≤ 10

Compressive strength  
(3 day curing) [MPa] 15.39 ≤ 15.00

Compressive strength  
(7 day curing) [MPa] 24.10 ≤ 23.00

Sand

A fine aggregate, which was natural sand, 
had a fineness modulus of 2.65. The particles 
of sand larger than 4.75 mm were eliminated 
via sieve analysis (Table 3). 
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Gravel
Crushed coarse aggregate was used, with 

a maximum size of 19 mm and a fineness 
modulus of 2.7. The gradation of the coarse 
aggregate’s proportionate particle sizes was 
assessed by sieve analysis (Table 4).

Plasticizer 
To avoid a negative effect, a super-

plasticizer was added to the concrete 
mix. The superplasticizer, SEKA 5390, 
conforms to the ASTM C494 standard 
(ASTM, 2012).

Steel waste
Steel fibres have a detrimental impact on 

workability; but despite this they improve 

the mechanical characteristics of concrete 
(Ulas, Alyamac & Ulucan, 2017).

As illustrated in Figure 1, discarded steel 
waste was selected for mixing purposes. 
Since waste steel scrap performs well as steel 
fibre in concrete, the aspect ratio (length to 
diameter) was set at 50–60 according to 
the ACI 544.3R-93 standard related to steel 
fibres (American Concrete Institution [ACI], 
1993). The material qualities of the primary 
structural steel are passed down to the waste 
steel, and to meet this requirement the steel 
wastes were cut to a size that did not exceed 
0.9525 cm (see Figure 1).

Poisson’s ratio was 0.3, the modulus 
of elasticity was 200 MPa, and the relative 
density was 7,850 kg·m–3. 

TABLE 3. Test results of sand

Opening size 
[mm]

Passing
[%]

Specification
A B C D

9.5 100.00 100 100 100 100
4.75 98.99   90–100   90–100   85–100   95–100
2.36 89.22 60–95   75–100   85–100   95–100
1.18 75.68 30–70 55–90   75–100   90–100
0.6 53.88 34–15 35–59 60–79   80–100
0.3 17.79 20–5   8–30 12–40 15–50
0.15 3.01   0–10   0–10   0–10   0–10

SO3
Test result Specification

0.41% < 0.50%

TABLE 4. Test results of gravel

Opening size 
[mm]

Passing
[%]

Specification

5–40
[mm]

5–20
[mm]

  5–14
[mm]

37.5 100.00   95–100 100 –

19.0 98.10 35–70   95–100 100

9.5 42.30 10–40 30–60 50–80

4.75 8.60 0–5   0–10   0–10

SO3
Test result Specification

0.41% < 0.10%
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Mix design

The mix design was carried out in 
accordance with the ACI 544.3R-93 standard 
(ACI, 1993). All material quantities are 
described in Table 5.

Specimen preparation

The work addressed three groups of 
concrete, labelled: Ws0, Ws1 and Ws1.5, 
which were without steel waste fibre addition 
(Ws0), with 1% steel waste fibre addition 
(Ws1), and with 1.5% steel waste fibre 
addition (Ws1.5).

Concrete samples were stored for 28 days 
in a water pool for curing. Figure 2 shows 
samples during preparation. 

Experimental tests
Compressive strength test

To investigate the compressive strength of 
the concrete, standard cube specimens were 
used, with dimensions of 15 × 15 × 15 cm in 
accordance with the ACI 544.2R-89 stand-
ard (ACI, 1989). A uniaxial compression test 
was constructed. The compressive strength  

TABLE 5. Quantity of materials for the designated concrete sample groups

Group Cement
[kg·m–3]

Sand
[kg·m–3]

Crushed gravel
[kg·m–3] w/c

Superplasticizer 
SEKA 5390

[%]

Steel waste 
fibre
[%]

Ws0 380 750 1 024 0.38 0.8 0

Ws1 380 750 1 024 0.38 0.8 1.0

Ws1.5 380 750 1 024 0.38 0.8 1.5

FIGURE 2. Preparing samples groups for testing

FIGURE 1. Technique for processing recycled 
steel fibre



254

Hussein,	 O.	 A.,	 Abbas,	 A.	 N.	 (2022).	 Self-compacting	 concrete	 strengthening	 efficiency		
investigation	using	recycled	steel	waste	as	fibres.	Sci. Rev. Eng. Env. Sci.,	31	(4),	249–258.	
DOI	10.22630/srees.3901

of concrete grade C-30 was the intended 
result. Concrete with volumetric ratio of steel 
waste fibres was the variable. Three steel 
waste volumetric ratios were evaluated: 0%, 
1% and 1.5%.

The compressive strength of the cube 
sample was calculated by the following 
equation:

comp.
CPf
A

= ,  (1)

PC – compression failure load [kN],
A – loaded area of cube [cm2].

The compressive tests, as shown in  
Figure 3, were conducted after 7, 14 and  
28 days of dipping in water for curing. 

FIGURE 3. Compressive strength test 

Tensile strength test

For tensile strength, sample cylinders with 
a diameter of 15 cm and a length of 30 cm all 
underwent splitting tests, with a target load 
of 1.2 mPa·s–1. The set up for the splitting 
test is shown in Figure 4. The test was run  
in accordance with the ASTM C496-86 
standard (ASTM, 1986).

The compressive load of the cylinder 
sample was calculated by the following 
equation:

split.
2 ,Pf
DL

=
π

, (2)

P – compressive load [kN],
D – diameter of cylinder sample [cm],
L – length of cylinder sample [cm].

FIGURE 4. Splitting tensile test

Results 

Compression strength

The compressive strengths from the 
samples tests are listed in Table 6, for the  
day 7, day 14 and day 28 samples for 
groups Ws0, Ws1 and Ws1.5. The average 
compressive strengths given in Figure 5 is 
for the day 14 samples. Figure 6 represented 
the average compressive strength at day 28.

The uniaxial compression test shows that 
the 1% steel waste increases in compressive 
strength on day 28 by 12% as a result of the 
bridging effect of the steel waste, where the 
cracks had difficulty in extending. The 1.5% 
steel waste only increased the compressive 
strength by 0.35% in comparison with the 
specimen without steel waste on day 28. 
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The reason for the low difference in the 
compressive strength is that the low strength 
of concrete, corresponding to the high 
strength of steel fibres, causes severe spalling 
of the concrete around the splitting hole of 
the fibres. The results from the experiment 
are compiled in Table 6.

Tensile strength

The results of the tensile strength are given 
in Table 7 for days 7, 14 and 28 for groups 
Ws0, Ws1 and Ws1.5. The average tensile 
strength values are given in Figure 7 for  
day 14, the average Ws was 2.92, as well 

TABLE 6. Average compressive strength on days 7, 14 and 28, for the Ws0, Ws1, Ws1.5 sample groups

Group Density
[kg·m–3]

Water  
content

[%]

Average compressive 
strength on day 7 

[MPa]

Average compressive 
strength on day 14 

[MPa]

Average compressive 
strength on day 28 

[MPa]

Ws0 2 350 144.4 30.68 36.56 43.83

Ws1 2 691 144.4 35.00 38.66 49.15

Ws1.5 2 788 144.4 30.80 40.00 44.00

TABLE 7. Average tensile strength on days 7, 14 and 28, for the Ws0, Ws1, Ws1.5 sample groups

Group
Average tensile strength  

on day 7 
[MPa]

Average tensile strength  
on day 14 

[MPa]

Average tensile strength  
on day 28 

[MPa]

Ws0 2.23 2.92 3.18

Ws1 2.78 3.498 3.91

Ws1.5 2.87 3.63 4.10
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FIGURE 5. Average compressive strengths for  
samples groups Ws0, Ws1, Ws1.5 on curing day 14
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FIGURE 6. Average compressive strengths for  
samples groups Ws0, Ws1, Ws1.5 on curing day 28
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as 3.5 and 3.63 for Ws1 and Ws1.5 respec-
tively. The reason for this was the increased 
interlocking between the components of the 
concrete mixture by increasing the percent-
age of fibres in the concrete mixture, which 
in turn delayed the appearance of cracks and 
reduced their width. Fibres also have a major 
role in forming connecting bridges in the 
crack area to help increase endurance and 
create additional tensile resistance. While 
Figure 8 gives the average tensile strength at 
the day 28 point, which was 3.18, 3.91, and 
4.1 for Ws0, Ws1 and Ws1.5, respectively. 

Development of strength with age

Figure 9 illustrates the relationships 
between compressive strength develop-
ment of the strength on days 0, 7, 14 and 

28, and it was indicated that on day 14 the 
average strength of group Ws1 and Ws1.5 
was more than group Ws0, without waste 
steel fibre, would achieve on day 28, with 
Ws1 achieving the highest value and Ws1.5  
close to Ws0.

Figure 10 shows the relationship 
between tensile strength development and 
the strength on days 0, 7, 14 and 28, and 
it is indicated that on day 14 the average 
strength of group Ws1.5 achieved a value 
equal to the highest by Ws1, and this was 
also more than group Ws0, and it was also 
shown that Ws1.5 on day 28 achieved the 
highest value.
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FIGURE 9. Development of compressive strength 
on days 0, 7, 14 and 28 for Ws0, Ws1 and Ws1.5

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

0 7 14 28

Te
ns

ile
 s

tr
en

gt
h

[M
Pa

]

Ws0

Ws1

day

FIGURE 10. Development of tensile strength on 
days 0, 7, 14 and 28 for Ws0, Ws1 and Ws1.5
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FIGURE 7. Average tensile strengths for sample 
groups Ws0, Ws1, Ws1.5 on day 14 of curing
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FIGURE 8. Average tensile strengths for sample 
groups Ws0, Ws1, Ws1.5 on day 28 of curing
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Conclusions

The results obtained for concrete samples 
containing fibres in different volumetric 
ratios led to the following points:
1. Addition of waste steel fibres has an  

effect on the compressive strength of con-
crete, but its effect was more pronounced 
on the tensile strength.

2. By increasing the percentage of fibres, 
the tensile strength improved up to 29% 
when 1.5% of steel fibres was added to 
concrete.

3. The addition of fibres to concrete contrib-
uted to reducing the occurrence of cracks 
and their widening, by creating bridges 
that connected the elements of the con-
crete. The addition of fibres also led to  
a change in the collapse pattern, from  
a brittle to a ductile failure.

4. The rate of achieving the compressive 
strength over time in the case of 1% of 
waste fibres is higher when compared 
with the specimens without fibres or 
the specimens containing 1.5% of waste 
fibres.

5. It was detected that the development in 
tensile strength was more when using 
1.5% of fibres, compared to the speci-
mens without fibres and the specimens 
containing 1% of fibres.
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Summary

Self-compacting concrete strengthen-
ing efficiency investigation using recy-
cled steel waste as fibres. Steel recycling 
saves energy and time, and is more environ-
mentally friendly. It can help rid the envi-
ronment of huge amounts of scrap vehicles 
and huge structures, as well as reducing the 
mining operations that destroy the natural 
environment. In this investigation, the steel 
scrap effect on the mechanical properties 
of concrete was investigated, in addition 
to investigating the variation in mechani-
cal properties with increased concrete age. 
Three concrete mixes were studied: one 
without steel waste as a control, one with 
1% steel waste by volume of concrete, 
and one with 1.5% steel waste by volume 
of concrete. The results show that adding 
waste steel to the concrete improved the 
compressive strength as well as the ten-
sile strength, where a mixture which con-
tains 1% of steel waste had an increase 
in strength of up to 12% and 23% by day 
28 for compressive strength, and tensile 
strength sequentially in comparison to the 
reference mix. Furthermore, the results 
show that there was a significant increase 
in splitting tensile strength, at 29% on day 
28 for a mix of 1.5% steel waste as com-
pared to the reference concrete mix. The 
best improvement in compressive strength 
over time was obtained when using 1% 
steel waste. The best improvement in ten-
sile strength over time was obtained when 
using 1.5% of steel waste. In both cases, 
the amount of the improvement was better 
than the models without steel waste, which 
gives us confidence in giving recommend-
ations for conducting more in-depth studies 
to achieve the maximum advantage.
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Introduction

Construction and demolition (C&D) 
waste is one of the most solid types of 
waste to accumulate annually in large quan-
tities, because it has high durability, does 
not break down or decompose naturally, 
and thus becomes an internationally grow-
ing pollution problem with every passing 
year. Sweden, for example, annually pro-
duces about 1.5 M t of construction waste 
(Karlssan, 1998) while Poland produces 
3.5 M t. One of the methods currently used 
to recycle this waste is to use it to replace 
natural aggregates, to produce new concrete 
by breaking clean blocks that do not contain 

wood, rebar, or gypsum product residues, 
into sizes similar to gravel granules, and 
then washing and staging them, i.e. separat-
ing them using sieves into different sizes.  
It is called recycled concrete aggregate 
(RCA) and has the properties of the concrete 
from which it was produced and contains 
the same components (Bołtryk, Małasz-
kiewicz & Pawluczyk, 2007). Choosing  
a well-recycled aggregate source can 
improve the properties of fresh concrete. 
Unlike natural aggregate (NA), recycled 
aggregate contains a large number of micro- 
-cracks as a result of the crushing process. 
In addition, it may have old mortar attached 
to its surface. This means that an interfacial 
transition zone (ITZ) may form between  
the old mortar and the original aggregate,  
as shown in Figure 1, which is a weak region 
in RCA. That is why the quality of recycled 
aggregate is low.
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FIgURE 1. The difference between the natural 
and recycled aggregate

This paper explores the effect of RCA 
replacement ratio on the mechanical prop-
erties and flexural behaviour of reinforced 
concrete (RC) beams using RCA. Through-
out the work, various RCA replacement 
levels and reinforcement ratios were used. 
Xiao, Li, Fan and Huang (2012) reported that 
changes in compressive strength are mostly 
a function of RCA quality, which may result 
in a variety of compressive strength results, 
including no change, a decrease in strength, 
or even an increase in strength in compari-
son to reference specimens. However, it is 
mostly reported that a reduction in water-to- 
-cement ratio and an increase in cementation 
material content increases RCA’s compres-
sive strength. Meddah, Al-Harthy and Ismail 
(2020) indicated that the adoption of RCA 
as a partial or total replacement for NA has 
decreased the flexural strength of concrete. 
The reduction in flexural strength of RCA- 
-concrete relates to the weakened bonding 
strength between the aggregate fraction and 
cement paste. The weakness of ITZ is signifi-
cantly related to the characteristics of RCA. 
The bonding strength between the aggregate 

and cement paste is significantly weakened 
due to the porosity and poor strength of the 
old mortar found in the RCA. Yang, Park, 
Kim and Lee (2020) investigated the flexural 
behaviour of concrete beams based on RCA. 
The RCA contents were 30%, 50% and 100%, 
and tensile rebar ratios were 0.50%, 0.79% 
and 1.14%. The results of the tests showed 
that the number of cracks was greater in the 
RCA beams than in the NA beams. Conse-
quently, the cracking pattern showed that 
the RCA beams had, in general, closer crack 
spacing than the NC beams. Flexural strength  
values of RCA beams with low reinforcement 
bar ratios of 0.50% and 0.79% decreased sig-
nificantly as the RCA content increased. On 
the other hand, the influence of RCA content 
on the flexural strength of beams with a high 
reinforcement bar ratio of 1.14% was not 
noticeable. Moreover, the RCA content had 
no noticeable effect on the ductility index. 
The ductility of the RCA beams increased  
as the RCA content increased.

The purpose of this study is to assess 
the mechanical properties of plain concrete 
by partial replacement with RCA 30%, 
50% and 70% by weight, and the flexural 
performance of RCA beams. The effect of 
the RCA ratio on compressive, splitting, 
and flexural strengths are also discussed. 
Both the crack patterns and load carrying 
capacity for RC beams are given. 

Experimental program 

The experimental work included evaluat-
ing the mechanical properties and flexural 
capacity as well as the behaviour of beams 
with natural and recycled aggregates.
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Materials and concrete mix design 

Cement (CEM I 42.5N), sand, NA and 
RCA were collected from crushed old con-
crete cubes, with steel being used for casting 
and reinforcing beam specimens through-
out the current study. Table 1 shows the 
designed proportion ratios. The electrical 
mixer used throughout the work is shown in 
Figure 2a. The slump test was performed to 
measure the workability of fresh concrete, 
as shown in Figure 2b, conducted on fresh 
concrete immediately after it was taken 
from the mixer.

                    a                                     b

FIgURE 2. Preparing fresh concrete: concrete 
mixer (a); lump test (b)

The cement used conformed to the spec-
ifications of ASTM C150/C150M (ASTM 
International, 2015). The coarse and fine 

aggregate conformed with the specifica-
tions of ASTM C33 (ASTM International, 
2003). The steel reinforcement has been 
tested according to the ASTM A615/ 
/A615M standard (ASTM International, 
2022). Table 2 shows the properties of the 
materials used.

Details of the beams 

The experimental program consisted of 
four RC beams, one of them being the control 
beam made from normal concrete (NC) 
while the other beams contained 30%, 50% 

TABLE 1. Mix design proportion ratios

Concrete mix Cement
[kg·m–3] w/c Water

[kg·m–3]
Fine aggregate

[kg·m–3]

Coarse aggregate
[kg·m–3]

NA RCA
NC 465 0.44 204.60 645 1 095.0 –
RCA 30% 465 0.47 218.55 645 766.5 328.5
RCA 50% 465 0.49 227.85 645 547.5 547.5
RCA 70% 465 0.51 237.15 645 328.5 766.5

TABLE 2. Properties of the materials

Material Property Value

Cement
Average compressive 
strength, aged 7 days 
[MPa]

23.8

Steel
Ø12

Yield strength [MPa] 565
Ultimate strength [MPa] 687

Ø10
Yield strength [MPa] 622
Ultimate strength [MPa] 746

Sand Sulphate (SO3) [%] 0.498

Natural aggregate
Bulk density [g·cm–3] 1.569
Water absorption [%] 1
Max size [mm] 19

Recycled 
aggregate

Bulk density [g·cm–3] 1.466
Water absorption [%] 5
Maximum size [mm] 19
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and 70% RCA. The reinforcement details 
of the tested beams are shown in Figure 3. 
All beams were simply supported and tested 
under a four-point load. 

Casting and curing
Three layers of concrete were cast 

in the mould. Each layer was compacted 
using an electrical vibrating table to ensure 

FIgURE 3. Specimen dimensions and details of steel reinforcement

                                  a                                                                        b

                                  c                                                                        d

       e                        f                         g

FIgURE 4. The process of casting and curing: fixing steel reinforcement in the mould (a); compacting 
the specimen and finishing the surface (b); covering the specimen with polyethylene sheets (c); cover-
ing the samples with polyethylene sheets (d); curing the samples in water (f–e); covering and curing of 
beams under wet canvas (g)
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that no air was trapped inside. The top 
surface was smoothed by a steel trowel. 
Additionally, each batch included three 
cubes (150 × 150 × 150 mm), three stand-
ard cylinders (300 × 150 mm), and one 
prism (100 × 100 × 500 mm). All speci-
mens (beams, cubes, cylinders and prisms) 
were covered with polyethylene sheets 
after casting to prevent water evaporation. 
After 36 h, the moulds were removed and 
the beams were cured in the laboratory by 
covering them with wet canvas until the 
testing age of 28 days. Figure 4 shows the 
process of casting and curing.

Results and discussions 
This section presents and discusses the 

results of the cubes, cylinders and prisms, as 
well as flexural testing on four RC beams. 
The results include compressive strength, 
stress–strain curve, flexural strength, splitting 
tensile strength, crack pattern, failure mode, 
load capacity and mid-span deflection for 
each of the tested beams.

Properties of fresh concrete 
(workability)

The slump results for different mixes 
are shown in Figure 5. It can be seen that 
as the replacement ratio of RCA increased, 

the slump value of RCA fresh concrete 
decreased by 26.3%, 42.1% and 57.9% 
for RCA 30%, 50% and 70% respectively, 
compared to the normal concrete, due to the 
relatively large water absorption and rough 
surface of the RCA. 

Mechanical properties of hardened 
concrete

In general, it is noticeable that the 
mechanical properties of RCA concrete 
decrease in varying proportions compared 
to normal concrete, and this is in agreement 
with the results reported by Saadoon, 
Mashrei and Al Qumari (2022). This is 
because the ITZ between RCA and cement 
paste was weaker than that between NA and 
the paste. All tests were performed after  
28 days of curing.

Compressive strength

Table 3 illustrates that the compres-
sive strength of concrete cubes typically 
decreases with increasing the replacement 
ratio of RCA. The compressive strength 
of RCA concrete with the replacement of 
30%, 50% and 70% decreased by 9.10%, 
18.88% and 22.57% respectively, com-
pared to the compressive strength of nor-
mal concrete.
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Stress–strain curve

Figure 6 shows the stress–strain rela-
tions of NC and RCA mixes with RCA ratios 
(30%, 50% and 70%). It can be seen that 
the behaviour of all the specimens differed 
slightly throughout the first stage (linear 
stage) compared with normal concrete. The 
RCA proved to have a high strain capacity,  

  
which indicated high ductility. The maxi-
mum RCA strains ranged from 0.0056 to 
0.0072, whereas the maximum NC strain 
was 0.0042.

Further, as can be seen from Figure 7, 
the cone-type failure mode in the cylinders 
appeared in NC and RCA concrete.

TABLE 3. Compressive strength results for cubes

Concrete mix Average cubic compressive strength (fcu)
[MPa]

Decrease in compressive strength
[%]

NC 42.30 –
RCA 30% 38.45 9.10
RCA 50% 34.31 18.88
RCA 70% 32.75 22.57
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Flexural strength

Concrete flexural strength is an indi-
rect measure of tensile strength in flexure. 
Table 4 shows a slight decrease in the modu-
lus of rupture compared with NC (18.83% 
decrease). According to Figure 8, all samples 
had a fracture in the middle third.

TABLE 4. Modulus of rupture (fr)

Concrete mix Modulus of rupture (fr)
[MPa]

NC 42.30

RCA 30% 38.45

RCA 50% 34.31

RCA 70% 32.75

FIgURE 8. Fracture position in concrete prisms

Splitting tensile strength 

The tensile strength of concrete with RCA 
was lower, but less than that of the compressive 
strength, whereas the tensile strength drop-

ped from 5.126 to 4.582 N·mm–2 (10.61% 
decrease) in comparison to the normal con-
crete. The reason for this was that the surface 
of the RCA was rough due to residual mortar 
that provides good bonding strength with the 
concrete, unlike the case where the compres-
sion behaviour was weak. Table 5 shows the 
experimental indirect tensile strength (fcr).

TABLE 5. Indirect tensile strength (fcr) cylinder 
concrete according to tensile load (Pt)

Concrete 
mix 

Pt
[kN]

2
cr

Pf
DL

=
π

[N·mm–2]

0.7cr cuf f=

[N·mm–2]

NC 362.335 5.126 4.552

RCA 30% 352.086 4.981 4.340

RCA 50% 339.009 4.796 4.100

RCA 70% 328.882 4.582 4.005

The behaviour of reinforced beams  
in flexural tests

Crack patterns and failure modes

The crack patterns and failure modes of 
the beams were investigated. As shown in 
Figure 9, the RCA concrete beams exhib-
ited more cracks at the initial cracking stage 
than the control beam. This phenomenon 
could be explained by the fact that the ITZ 
between the RCA and paste was weaker than 
the ITZ between the NA and paste. The RCA 
concrete’s weak ITZ was caused by resid-
ual mortar on the surface of the RCA. New 
cracks appeared inside and outside the con-
stant bending zone in both the NA and RCA 
beams as the load increased after the initial 
cracking stage. Both types of beam failed in 
flexure as a result of new and present cracks 
propagating up to the compression zone. The 
number of cracks in the RCA beams, on the 
other hand, was greater than in the control 
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beam (B-NC). The test results revealed that 
tensile cracks developed first, followed by 
the yielding of the tensile rebar and concrete 
crushing, which is often identified as a ten-
sion failure. The first cracks developed on 
the beam’s bottom face, between the loading 
points, where it was exposed to pure bend-
ing. The cracks became larger as they pro-
gressed toward the upper face. Additional 

flexural cracks occurred between the load 
and the supports as the load increased after 
the first cracking. As the applied load was 
increased more, most of the flexural cracks 
formed vertically, and slant flexure-shear 
cracks emerged.

Load–deflection relationships 

The load–deflection curves of both NA 
and RCA beams are shown in Figure 10. 
In the initial cracking state, for all beams, 
the load–deflection relationships were lin-
ear and almost similar, while the deflec-
tions were proportional to the loads. It was 
noticeable that increasing the replacement  
by RCA led to reduced load-carrying capac-
ity. The stiffness of the RCA beams decreased 
when the load was increased. When the load 
reached about 0.85–0.90% of the ultimate 
load, the load–deflection curves tended 
toward the horizontal axis. The RCA beam  
load–deflection curves showed greater duc-
tility than the NC beam. It can be noted that 
the RCA beams had higher deflections than  

0

20

40

60

80

100

120

140

0 2 4 6 8 10 12 14 16 18 20

Lo
ad

[k
N

]

Mid-span deflection [mm]

B-NC B-R30 B-R50 B-R70
FIgURE 10. Load–deflection curve for beams

FIgURE 9. Typical crack patterns for beams



267

Dawood,	M.	H.,	Al-Asadi,	A.	K.	(2022).	Mechanical	properties	and	flexural	behaviour	of	rein-
forced	concrete	beams	containing	recycled	concrete	aggregate.	Sci. Rev. Eng. Env. Sci.,	31	(4),		
259–269.	DOI	10.22630/srees.4250

the NC beam. The increase in the deflections 
for beams with RCA replacement might be 
due to the lower modulus of elasticity of the  
RCA beams. Furthermore, the load values 
for RC beams at Δu = 12.17 mm for the NC 
beam were 124.08 kN, 118.41 kN, 113.73 kN 
and 110.32 kN for B-NC, B-R30, B-R50 and 
B-R70 respectively. 

Stages of loading and displacement

Table 6 summarises the substance of 
the experimental results. The cracking load 
(Pcr), yield load (Py), ultimate load (Pu), 
and related mid-span deflection are essential 
backlashes of the flexure critical beam, 
which are obtained from the load–deflection 
relation of the tested specimens.

As for beams in which 30%, 50% and 
70% of the NA has been replaced by RCA, the 
first cracking load was a decrease by about 
20.67%, 28.5% and 38.3% respectively, in 
comparison with beam B-NC. The lower 
cracking load of the RCA beams was attri-
buted to the weaker ITZ between the cement 
paste than in the NA beams. Similarly, the 
ultimate load was a decrease by about 3.0%, 
6.5% and 10.5% respectively. This implies 
that when the RCA content increased, the 
flexural ultimate strength decreased.

Conclusions
The results described here suggest the 

following conclusions:
1. Replacement of normal aggregates (NA) 

in concrete mixes by recycled concrete 
aggregates (RCA) caused a decrease in 
the compressive strength for cubes by 
9.10%, 18.88% and 22.57%, and a de-
crease in the compressive strength for 
cylinders by 10.87%, 20.9% and 25.21%, 
for replacement ratios of 30%, 50% and 
70% respectively.

2. The stress–strain curve for RCA concrete 
cylinders showed a high strain capacity 
(high ductility) in comparison to normal 
concrete (NC).

3. The splitting tensile strength and flexural 
strength of RCA concrete decreased 
variously with the increasing proportion of 
recycled aggregate (10.61% decrease).

4. The RCA concrete showed a slight 
decrease in the modulus of rupture com-
pared with NC (18.83% decrease).

5. The results expressed that the RCA beams 
had a higher number of cracks than the 
normal concrete beam. As a result of the 
cracking pattern, the RCA beams showed 
mostly closer crack spacing and less 
width than the NC beam. 

TABLE 6. Summary of the test results of the beams

Beam 

Initial cracking stage Yielding stage Ultimate stage
Mode of 
failurePc

[kN]
Δcr

[mm]
Py

[kN]
Δy

[mm]
Pu

[kN]
Δu

[mm]

B-NC 35.8 1.10 115.5 6.2 124.08 12.17 flexure

B-R30 28.4 1.50 106.9 6.6 120.40 13.40 flexure

B-R50 25.6 1.25 103.3 6.5 116.08 15.65 flexure

B-R70 22.1 1.00 102.9 6.8 111.14 16.12 flexure
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6. The deflection, first crack load, and 
ultimate load for RC beams decreased 
with the increasing replacement ratio  
of RCA.

7. The load-carrying capacity decreased  
by 2.96%, 6.47% and 10.42% at re-
placement ratios of 30%, 50% and 70% 
respectively.
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Summary

Mechanical properties and flexural 
behaviour of reinforced concrete beams 
containing recycled concrete aggregate. 
Increasing waste recycling has become an 
essential process in the construction industry 
due to the environmental and economic 
advantages, such as minimizing waste in 
landfills, saving natural resources, and 
decreasing pollution. Crushing and sieving 
waste from standard compression test cubes 
is used to produce the recycled concrete 
aggregate (RCA). A set of standard concrete 
cylinders, cubes, and beam specimens 
were made by utilizing coarse aggregate 
replacement ratios of 0%, 30%, 50% and 
70%. At the day 28 stage, the specimens 
were tested to determine compressive 
strength, stress–strain relationship, splitting 
tensile strength, and flexural strength. In 
addition, four reinforced concrete (RC) 
beams were cast and tested under a four- 
-point load to evaluate the flexural behaviour 
of RC beams with partial replacement of 
the natural aggregate with RCA. One was 
a natural aggregate (NA) control beam, 



269

Dawood,	M.	H.,	Al-Asadi,	A.	K.	(2022).	Mechanical	properties	and	flexural	behaviour	of	rein-
forced	concrete	beams	containing	recycled	concrete	aggregate.	Sci. Rev. Eng. Env. Sci.,	31	(4),		
259–269.	DOI	10.22630/srees.4250

while the others had varying RCA ratios 
(30%, 50% and 70%). The results show 
that the compressive strength of RCA 
concrete with the replacement by 30%, 
50% and 70% decreased by 9.10%, 18.88% 
and 22.57% respectively, in comparison 
to the compressive strength of normal 
concrete (NC). The RCA concrete showed 
a high strain capacity, which indicated high 

ductility. The maximum RCA type strains 
ranged from 0.0056 to 0.0072. Concrete 
flexural strength showed a slight decrease 
in comparison to NC (18.83% decrease), 
where the tensile strength showed a 10.61% 
decrease in comparison to NC. As for RC 
beams, the load-carrying capacity decreased 
by 10.5% with increases in the replace- 
ment ratio.
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Introduction

The increased global demand for electric 
vehicles (EVs) is due to an increase in the 
quality of life in cities. The EVs have almost 
zero carbon emissions (no exhaust emissions) 
and low noise in operation (Nanaki, 2021). 
The development of EVs was accelerated by 
the stricter tests of the Worldwide Harmonized 
Light Vehicle Test Procedure (WLTP). 

However, the economic and environmen-
tal impact depends on the sources of electri-

cal energy used to charge the EV batteries 
(Kucukoglu, Dewil & Cattrysse, 2021). In 
addition, environmental responsibility is 
often suppressed by the driver’s increased 
fear (Franke, Rauh & Krems, 2016; Kavi-
anipour et al., 2021; Miri, Fotouhi & Ewin, 
2021) of the EV’s range. The fear of limited 
EV range is called range anxiety. Increas-
ing the battery capacity or the number of 
charging stations is not enough for drivers 
to overcome their fear (Kavianipour et al., 
2021; Miri et al., 2021). It is reported in 
Ozatay et al. (2014), Hong, Park and Chang 
(2016) that accurate estimation of the 
remaining range can effectively alleviate 
the concerns of drivers. Range estimation 
of the EV is one function of a technology  
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known as Energy Assistant (EA). The main 
function of EA is to inform drivers about 
the current range and how to avoid a critical 
situation while driving an EV. 

It is known that battery capacity decreases 
over time due to an increase in internal 
resistance. The degradation of battery capa- 
city causes significant problems with the 
efficiency and reliability of EVs (Vatanpar-
var & Faruque, 2017). Increasing or decreas-
ing the range of the EV is directly related to 
energy consumption. Many factors can affect 
the energy consumption and range of an EV 
(Vatanparvar & Faruque, 2017; Xiong, 2020; 
Kucukoglu et al., 2021). Investigating these 

factors and parameters that could affect the 
range and energy consumption of an EV is 
the focus of this paper. 

The information presented in this arti-
cle can be used for the next development 
of the EA algorithm for EVs in further 
experimental work. The aim of this article 
is to review the parameters and input data 
based on measurements performed with  
a small EV under real driving and labora-
tory conditions. In the next part of the text, 
the basic technical parameters of the vehi-
cle and the measuring device are presented. 
Sources of the input data are summarily 
presented in the last part. 

TAbLE 1. Factors influencing the EV energy consumption 

I. Vehicle design 
and construction

Influence 
on driving 
resistance

Rolling resistance
Vehicle weight
Tyre construction

Air resistance Aerodynamically clean vehicle shape and size
Resistance from 
ascents Vehicle weight

Inertia resistance Vehicle weight

Inappropriate 
construction 
and structure 
of modules

Oversized total stored 
energy in the batteries

Weight of batteries
Price of batteries
battery lifetime
Space in the vehicle

Incorrectly selected 
components

Recuperation system
Insufficient performance
Minimum compatibility within the functionality  
of the system
Incompatibility with the operating environment  
of the electromechanical drive

II. Operational condition

Heavy urban traffic
Road surface
Chosen route
Climatic conditions

III. Driver subjective influence
Driving style
Preparation of the vehicle before driving
Use of vehicle electricity for non-traction purposes

IV. Other energy sources
Recuperation
Photovoltaic panels
Other technical devices for extended range

Source: own work.
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Factors influencing the energy 
consumption and range of Evs

In general, the energy balance expresses 
the ratio of the amount of energy input to 
the amount of energy output. It indicates the 
ratio of electrical energy received and stored 
in the batteries of the EV and the mechanical 
energy converted in the electric motor for 
traction purposes. The real use of energy 
is influenced by several factors. All factors 
which influence the energy consumption in 
EVs and range are presented in Table 1.

Factor I. Vehicle design and con-
struction. The most significant negative 
design parameter is the vehicle weight, 
which can be influenced during the vehicle 
design (Chen & Crolla, 2007; Hrček, Med-
vecký & bisták, 2017). Parts of an electric 
power train replace those of conventional  
vehicles, such as voluminous cylinder  
blocks, crankshaft, and transmission (Weiss, 
Cloos & Helmers, 2020). The weight of the 
vehicle is influenced by the size of the battery 
(Weiss et al., 2020; Xiong, 2020). The solu-
tion is a multifunctional and modular vehicle 
concept using today’s advanced manufactur-
ing technologies (Habek, Lavios & Krupah, 
2020; Schmid, Tomek & Hanus, 2022),  
cutting-edge electronic systems, new con-
struction materials, and miniaturization in  
the field of components for vehicles with 
unconventional power sources. The over-
sized total stored energy affects the size of the  
battery box, which subsequently affects the 
curb weight and price of the vehicle (Chang, 
baek & Hong, 2014; Redelbach, Özdemir  
& Friedrich, 2014). The correct size of the 
battery can extend the range. If an EV is 
used, for example, to commute to work and 
the daily route does not exceed 50 km, then 
the total battery capacity may be 24 kWh. 
The EV is then lighter and has lower energy 

consumption (Münster, Schäffer, Kopp, 
Kopp & Friedrich, 2016). Nowadays, mod-
ular design is becoming a novel trend in  
helping to choose the appropriate size of the 
battery according to customer needs.

Factor II. Operational condition. The 
operational conditions can influence the  
driver’s behaviour (Franke, Neumann, buh-
ler, Cocoron & Krems, 2012). For example, 
an intelligent traffic management system, 
such as a navigation system (Vatanparvar  
& Faruque, 2018), assists the driver in select-
ing the optimal route in heavy urban traffic. 
Next, the climatic conditions and the nature 
of the environment significantly affect the 
range of an EV. The range decreases at 
extremely low and high environmental tem-
peratures (Lindgren & Lund, 2016; Vatan-
parvar & Faruque, 2018; Argue, 2021),  
and according to Vatanparvar and Faruque 
(2018) the optimal temperature for an EV is 
21.5°C. Manufacturers attempt to limit this 
problem by using different cooling or heating 
systems for the batteries (Ji & Wang, 2013; 
Jaguemont, boulon & Dubé, 2016; Geotab, 
2021; MAHLE, 2021).

Factor III. Driver subjective influence. 
The driving style has a significant impact on 
the range of EVs. The drivers should adapt 
their driving habits to minimize unnecessary 
braking and acceleration, as well as other 
energy consuming modes. It is advantageous 
to use coasting, gliding or recuperation to 
convert kinetic energy into electrical energy 
during deceleration and braking. One way to 
influence the driving style is to use a system 
with a defined driving style. before driving, 
the driver can reduce energy consumption by 
preparing the vehicle appropriately for driv-
ing, such as by removing any unnecessary 
load, checking the technical condition of 
the vehicle (pressure in the tyres, preparing 
an itinerary of the charging stations, and so 
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on). While driving, the driver can reduce the 
energy consumption by rational use of the 
vehicle’s electrical equipment, such as air 
conditioning, heating and various comfort 
features.

Factor IV. Additional energy sources  
to extend the range. based on the design 
capabilities of the vehicle and its operating 
environment, the driver can assess the pos-
sibility of using additional energy sources 
to extend the range. For example, the effec-
tiveness of brake energy recovery (Hu  
et al., 2020), the use of photovoltaic pan-
els (Dwibedi, Jayaprakash, Siva & Gopi-
nath, 2020; Li, Yu & Feng, 2020) directly 
on the vehicle, the method, and the type of 
charging, etc. Concerning additional energy 
sources for the operation of the vehicle, 
it is important to note that an EV has zero 
CO2 emission if it uses energy produced 
with zero CO2 emissions during its lifetime 
(De Pinto et al., 2016). Solar energy affords  
a simple and elegant method, by using solar 
radiation to make energy available to EVs  
(Li et al., 2020).

Experimental Edison Ev

A small Edison EV is a research student 
project designed at the University of Žilina. 
The Edison EV serves to gain new infor-
mation and experience in the development, 

construction, and operation of EVs and 
their infrastructure. The Edison EV project 
was carried out from conceptual design to  
a functional prototype. The technology used 
allows various settings, diagnostics, chassis 
and drive optimization, programming of con-
trol units, and monitoring of components for 
subsequent processing of the acquired data. 
Other uses of the vehicle include testing the 
EV infrastructure components, chargers, 
charging modes, vehicle motion monitoring, 
servicing, and diagnostics.

The Edison EV is a small urban two- 
-seater EV (Fig. 1). The load-bearing part of 
the vehicle is a space-tube frame integrated 
into a single-space body. The drive is pro-
vided by an electric motor with a gearbox 
mounted in front of the rear axle, along with 
a programmable frequency converter to  
control it.

The technical specifications of the Edison 
EV are presented in Table 2. The electric 
drive of the vehicle consists of a three-phase 
asynchronous motor with a short armature. 
It is a maintenance-free and highly over- 
-loadable electric motor originally designed 
for axle mounting similar to the smart EV. 
The Curtis frequency converter includes the 
control software. The two LiFeYPO4 traction 
batteries have 25 cells, 300 Ah capacity, and 
80 V traction voltage, along with battery 
management system (BMS) control unit and 
balancers. For the Edison EV it is possible 

FIGURE 1. Design of the Edison EV, carried out at the University of Žilina (image credit: the authors)
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to use the 16 A/83 V on-board charger, and 
its parameters define the charging time.  
A BMS is an electronic system that controls 
the flow of energy while charging the 
batteries (Cieslik et al., 2021). The BMS 
monitors their state, recalculates the data 
and displays it. The BMS also manages the 
distribution of energy during charging and 
recuperation back to the batteries.

Measurement of selected  
factors and input parameters  
for the Edison Ev 

The measurements were carried out  
under real-life driving conditions. The 
dynamometer, a MAHA MSR 1050 Roller, 
was used for the laboratory test work 
(Commission Regulation (EC) 692/2008, 
Commission Regulation (EC) 2017/1151; 
Pavlovič, Ciuffo, Fontaras, Valverde & 
Marotta, 2018; Li, Wang, Wu, Tian & Tian, 
2021). It is possible to perform complex 

field research activities concerning the 
use of unconventional vehicle drive sys-
tems. The laboratory is involved in work-
ing with the organizations that form part of 
the E-Mobility platform. The laboratory is 
accredited, making it possible to perform 
measurements for legislative changes. Com-
prehensive testing of conventional vehicles 
with internal combustion engines, EVs, 
and unconventional vehicles is performed.  
A full description and the technical data for 
the testing are accessible on the web page: 
maha-france.fr.

On-board computers with an internal 
combustion engine after refuelling, and for 
EVs after charging the batteries, measure the 
fuel consumption (l per 100 km) or electricity 
consumption (kWh per 100 km). The range 
is continuously updated according to the 
amount of fuel in the tank or the remaining 
charge in the batteries. 

The function of an EA not only deter-
mines the range of a vehicle, calculated as 
the difference between energy received and 

TAbLE 2. Technical specification of the Edison EV

Parameter Value

Vehicle dimension (length / width / height) [mm] 3 100 / 1 600 / 1 700 

Wheelbase (front / rear) [mm] 2130 / 1320 

Tyre dimension [-] 165 / 65 R14

Consumption energy per 100 km [kWh] 11.0–14.7 

Combined range of Edison EV [km] 150–200 

battery capacity / Charging time [kWh·h–1] 24 / 15 

Curb weight [kg] 1 050 

Weight per axle (front / rear) [kg] 520 / 530 

Total weight [kg] 1300 

battery weight [kg] 250 

Power of the electric motor (maximum / nominal) [kW] 30 / 15 

Maximal speed [km·h–1] 90 

Source: own work.
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TAbLE 3. Source of input data for parameter factors, Part I 

Climatic conditions Monitored parameter
Source of input data

Installed in the EV Laboratory measurement
Environment Temperature Sensor –

batteries

Temperature BMS –
Discharge characteristic  

for different temperatures – 

State of charge BMS and frequency 
converter –

Technical condition
 of components Monitored parameter

Source of input data
Installed in the EV Laboratory measurement

Tyres

Design of tyres and effect  
on rolling resistance – 

Pressure in tyre and effect  
on rolling resistance –

batteries
Number of charging cycles BMS –

battery lifetime – –
Mechanical drive 
components

Energy transmission 
efficiency – 

Electrical drive 
components Temperature Sensors –

Source: own work.

TAbLE 4. Source of input data for parameter factors, Part II 

Driver subjective
 influence Monitored parameter

Source of input data
Installed in the EV Laboratory measurement

Route selection
GPS routes (3D maps)  –

Pressure in tyre and effect
on rolling resistance – –

Driving style
Energy consumption  

converted into periodic 
intervals

– 

Dynamic driving 
parameters

Vehicle speed, lateral and 
longitudinal acceleration Sensors –

Vehicle drive Drive efficiency map – 

Energy sources Monitored parameter
Source of input data

Installed in the EV Laboratory measurement
batteries Energy BMS –
brake recuperation Energy BMS –
Photovoltaic panels Energy BMS –
Range extender Energy BMS –
Charging station GPS (3D maps) – –

Source: own work.
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consumed. The EA helps, controls, manages, 
updates, and communicates with the driver. 
The EA informs the driver about the risk of 
discharging the batteries, before reaching  
a charging station, and suggests precautions 
to ensure that the driver stops at the near-
est charger. The EA performs tasks before 
and during the entire drive to the charging 
station. An investigation of the factor par- 
ameters is summarized in Tables 3 and 4.

Results and discussion

Operating an EV at low temperatures has 
the effect of increasing energy consumption, 
which means a shorter range. “Self-heating” 
the batteries in our experimental Edison EV 
with a total stored energy of 24 kWh reduces 
the range by 7–10 km. The EA could correct 
the range value before driving based on 
battery temperature data and the discharge 
characteristic for different EA temperatures. 
It would limit the energy from recuperation, 
limiting the maximum power output of the 
electric motor. If the Edison EV allowed 
fast charging, EA would limit the maximum 
charging current, all with the sole purpose of 
protecting undercooled batteries from high 
currents. Low temperatures reduce the per-
formance of the batteries due to increased 
internal resistance and can also damage 
them. However, the increased resistance 
accelerates the heating of the accumulators. 
The Edison EV has LiFeYPO4 batteries with 
a capacity of 300 Ah and a traction voltage 
of 80 V. Low temperatures reduce the per-
formance of the batteries while the energy 
consumption for heating shortens the range.

The Edison EV was parked for several 
days at sub-zero temperatures while at the 
same time consumption measurements 
were performed. The comparison with the  

latest consumption confirmed that by 
gradual warming of the batteries, electricity 
consumption decreases. At the beginning 
of the measurements, the consumption 
was 18.5 kWh per 100 km, and then after 
warming was up to 14.9 kWh per 100 km. 
For a better comparison, three cases were 
selected where the vehicle needed the same 
10.4 kW of power from its batteries. In the 
first case, the batteries were cold at start-up, 
and then in the second case the cells were 
heated because the batteries were charged 
for 10 km of driving. In the first and second 
cases, the ambient temperature was 0°C. In 
the third case, the ambient temperature was 
18°C. At low temperatures the increased 
internal resistance caused a significant 
voltage drop, i.e., the EV in winter at the 
same power consumed more current from 
the batteries.

The Edison EV does not feature a battery 
heating system. Producers attempt to heat the 
batteries, such as by a battery heating system 
or by the heat emitted by an electric motor, 
which is an efficient solution because it does 
not use the energy of the batteries (Jaguemont 
et al., 2016). We analysed the possibilities of 
using heat-to-heat batteries. Temperatures of 
the Edison electric motor and converter were 
recorded for eight cycles lasting 1.5 h. The 
ambient temperature was 0°C. The EV drove 
14 km, the temperature of the electric motor 
was 74°C and the converter temperature was 
46°C at the end of the run.

The degree of influence of the technical 
parameters of the tyres on the energy balance 
of an EV on the range is crucial for the devel-
opment of an EA. The monitoring of electric-
ity consumption was carried out under dif-
ferent driving and load modes by the Edison 
EV in a stable laboratory environment, with 
the elimination of the subjective influence of 
the driver. 
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Selected technical parameters of vehicle 
tyres were divided according to the type,  
into summer and winter sets of tyres, and in 
terms of operating conditions as tyres inflated 
to the prescribed pressure and to an under-
inflated pressure. While the driver is not 
influencing the construction of the tyre, he is 
responsible for taking care of the condition 
of the tyres. Underinflated tyres negatively 
affect not only the energy consumption and 
range, but also the safety of the vehicle.

The Edison EV with tyres set to the pre-
scribed pressure travelled a distance of 147 m 
during deceleration from an initial speed of 
30 km·h–1 to a stop. For low-pressure tyres, 
the distance averaged 118 m. The decelera-
tion difference between low and prescribed 
tyre pressure was 29 m. The deceleration 
from a speed of 50 km·h–1 was an average 
difference of 59 m. 

The WLTP test was performed in labo-
ratory conditions. Under defined measure-
ment conditions the methodology allows the 
simulation of realistic driving characteristics 
for the vehicle. Despite the speed limit of 
the Edison measuring vehicle being up to 
90 km·h–1, three of the four-speed phases 
were implemented on the measuring device, 
each phase having several braking, stop-
ping, and acceleration modes according to 
the track profile. The results demonstrated 
that if the vehicle travelled an average dis-
tance of 10.77 km, the electricity consump-
tion per 100 km was on average 16.795 kWh 
per 100 km for underinflated tyres and 
16.08 kWh per 100 km for correctly-inflated 
tyres. This means that underinflated tyres 
have a 4.26% higher consumption. In real- 
-life conditions, consumption can be even 
higher because of the subjective influence 
on the driver, natural conditions, and various 
other situations. 

An important parameter in monitoring 
the electricity consumption of an EV is the 
energy efficiency of energy transfer from 
batteries to the drive wheels. Therefore, the 
aim was to determine the drive mode in the 
area with the best efficiency to thus optimize 
the driving style. The vision was that the EA 
would inform the driver based on the drive 
efficiency map and real-time data, such as 
speed and battery performance. A decisive 
part of Edison EV driving takes place in  
a mode that corresponds to the map of the 
area with lower efficiency. 

The Edison EV, like most EVs, has  
a single-speed planetary gearbox. Due to 
this, the movement of the vehicle in the 
higher efficiency area is limited. The gear 
ratio of the gearbox is designed so that the 
entire drive provides the required dynamic 
parameters. The advantage of an EV is that 
it allows kinetic energy to be recovered 
during braking, which is highly convenient 
in urban traffic. On the other hand, the 
most effective option is to use deceleration. 
based on the analysis and measurement of 
the acceleration, at higher acceleration, the 
energy consumption is identical to that at 
low acceleration. There was the possibility 
to increase the efficiency of the Edison EV 
by developing a special driving style.

This driving style assumed that a longer 
period of favourable energy efficiency 
of the idle wheels would compensate for 
higher acceleration. The driving style was 
designed for urban transport, which means 
that the speed was usually 50 km·h–1. The 
up-down cycle used acceleration from 45 
to 55 km·h–1 and maintained a deceleration 
mode from 55 to 45 km·h–1. Although there 
was a difference between stable driving and 
this driving style, the drive would operate 
more efficiently during the up-down cycle. 
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The vehicle must overcome higher driving 
resistances, but energy consumption will be 
zero if it is coasting. This is an advantage of 
an EV over a conventionally powered vehicle 
with an internal combustion engine. The  
up-down driving cycle was compared with 
the stable driving cycle. The distance and 
time were identical in both cycles, and the 
distance was 2.4 km. The energy consumption 
of the batteries was 0.33 kWh for both the 
up-down driving cycle and the stable driving 
cycle. The situation was different in the field 
of energy, which was measured on the tyres.

The up-down cycle was more energy 
intensive than stable driving, and measure-
ments confirmed this finding. The average 
energy required to complete the up-down 
cycle was 0.21 kWh, while at stable speed 
the energy required was 0.17 kWh. It shows 
that the vehicle needed more energy to over-
come the rolling resistance during the up-
down cycle. The total energy consumption 
was identical for both driving cycles. The 
efficiency of the drive system was 62% with 
the up-down cycle, more than a 10% differ-
ence compared to a stable driving cycle. The 
energy consumed by the batteries was identi-
cal in both cases. Using the up-down driving 
style was not useful in normal traffic because 
it did not extend the range of the vehicle. 

The number of planned stops, traffic 
density, and charging station network speci-
fied in the selected route influenced the EV 
range as well. The usable input value would 
be more accurate if intelligent traffic man-
agement data was available. The EA would 
be able to correct the range value based on  
a database of available digital maps.

Driving style is a purely subjective indi-
cator of the influence of the driver. From 
the point of view of energy consumption, 
it is more advantageous to slow down by 
coasting rather than braking when entering  

a village or at an intersection. For maximum 
use of the kinetic energy at the right time in 
order to reduce speed or come to a complete 
stop if the traffic situation requires it. The 
route profile and traffic situation, the weight 
and speed of the vehicle, the recuperation 
effect, and the database of measured data 
can comprise several main input parameters 
for the decision-making process of the EA  
system, which can communicate with the 
driver by visual or audio signals. The aim 
is to provide the driver with information 
on how to achieve the lowest electricity 
consumption. 

Acceleration is another subjective par-
ameter of driving style, as it is more energy 
intensive than a smooth ride. by a suitable 
combination of the time required to travel  
a certain distance and by mapping the overall 
efficiency of the electric drive, it is possible 
to optimize the acceleration of the motor. 
Using the map of the overall efficiency of 
the drive, the EA can decide and inform the 
driver whether he is in the most efficient 
mode at the beginning of the acceleration 
– in the highest efficiency mode. Suppose  
a driver has to accelerate from an intersec-
tion. The system uses GPS position to evalu-
ate the final speed during acceleration to  
50 km·h–1. based on the drive efficiency 
map, the system can inform the driver by  
a graphical display on the instrument panel 
which acceleration mode should be selected, 
fast or slow. The system can help the driver 
achieve the optimal mode. 

An analysis of three types of accelera-
tion from 0 to 50 km·h–1 was performed. 
The distance travelled was 200 m under all 
three accelerations. The first acceleration 
lasted 27 s, the second acceleration was 22 s,  
and the third acceleration was 19 s. Five meas-
urements were performed for each accelera-
tion test. The average energy consumption 
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was 0.069 kWh for the first acceleration, 
0.072 kWh for the second acceleration, and 
0.072 kWh for the third acceleration. The 
measurements indicated that the Edison EV 
had almost the same energy consumption 
for slow and fast accelerations. Although 
the vehicle overcomes higher driving resist-
ances at fast acceleration, this compensates 
for the overall higher efficiency of the drive 
at higher loads. During deceleration, it is 
more efficient to use deceleration and then 
recovery. The disadvantage of driving is the 
longer deceleration time, which that is com-
pensated by faster acceleration. Energy con-
sumption is not affected due to the efficiency 
of the Edison EV. 

Updating the number of kilometres trav-
elled requires continuous monitoring of 
electricity consumption. The monitoring has 
three primary indicators: operational (under 
which conditions the vehicle is driven), the 
subjective influence of the driver (driv-
ing style), the use of other equipment  
(vehicle lighting, heating) or the use of 
energy sources (energy recovery, photo-
voltaic panels). The EA can update the 
number of kilometres travelled according to 
the current value of the energy stored in the 
traction batteries (SOC) and the monitoring 
of the energy consumption mode. This is not 
a final value, because if the EA works with 
data on the current route of the EV, the value 
continues to be recalculated. The relationship 
between the discharge characteristics of the 
traction batteries used and the capacity drop 
was measured in the areas of 80% SOC and 
20% SOC, with a direct effect on the range of  
the Edison EV.

In conclusion, the EV driver does not 
directly support the control and protection 
of the electrical components. The continu-
ing healthy condition of all the electrical 
components is required for the correct EA 

function. The EA must control all the appli-
ances in the vehicle, including the ability 
to switch off selected systems to allow the 
driver to adapt the driving style and control 
the conversion of electrical energy into trac-
tion energy. It is not directly controlled by 
their condition. The protection of electri-
cal components is the task of the EA, such 
as at low and high battery temperatures, 
the electric motor, and the converter. What 
is important is the communication between 
the EA and the driver, such as through the 
communication panel. Using audio-visual 
communication, the EA can help the driver 
to optimize their driving style and minimize 
energy consumption. Modern components in 
the EV can collect a wide range of parame-
ters, and therefore it is possible to change the 
set parameters and to monitor their impact 
on energy consumption. The data measured 
under real conditions can be verified on  
a cylinder dynamometer.

Conclusions

According to the conducted surveys,  
60–65% of customers interested in buying 
an EV are afraid of the short range and the 
lack of availability of charging options. The 
Energy Assistant (EA) is one of the tools to 
eliminate the stress and concerns of customers 
by assisting and realistically evaluating the 
current drive or the conditions of the required 
range. It assists even before driving, when it 
evaluates the effect of temperature on battery 
discharge, during driving and in the event of 
a crisis situation, when the expected driving 
distance is shorter than the distance to the 
nearest charging station. The EA needs data 
for their decision-making. The data is the 
subject of the research description. Research 
is still ongoing and the data is constantly 
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being supplemented. Supplementing the data 
improves the EA’s ability to more accurately 
evaluate the range of the electric car. The 
research can be further used for autonomous 
vehicles, as the autonomous driving system 
can be configured in such a way that the 
EV operates in an optimal mode for energy 
consumption.
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Summary

A review of the factors and input 
parameters influencing the range of an 
Edison electric vehicle according to mea-
surements. Research and development help 
to improve the reliability of an EVs range, 
battery capacity, and trouble-free charging  
(or service). These factors affect the consum-
ers’ interest in EVs. The quality of EV use can 
be supported by a modern technology called 
Energy Assistant (EA). The task of EA is to 
inform the driver about the current range, the 
necessity to recharge the batteries, and so on 
to avoid a critical situation. The main aim 
of this article was to investigate factors and 
input parameters for the proposal of an EA. 
The Edison EV, designed at the University 
of Žilina, was used for experimental work 
under real conditions and in an accredited lab 
with MAHA equipment.
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Introduction

Water quality can be indicated by its 
physical, chemical and biological proper-
ties. Traditional water monitoring requires 
collecting samples in the field and analysing 
them in the laboratory. Although this in-situ 
measurement system offers high accuracy, 
it is a labour intensive and time-consuming 
process, and hence it is not feasible for pro-
viding a simultaneous water quality database 
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on a regional scale (Duan et al., 2013a; Duan 
et al., 2013b). Traditional monitoring meth-
ods are not easily able to identify the spatial 
or temporal variations in water quality, which 
is crucial for the comprehensive assessment 
of inland reservoirs (Gholizadeh, Melesse 
& Reddi, 2016). Traditional data collection 
systems are only able to represent point esti-
mates of the quality of water conditions in 
time and space, and obtaining the spatial and 
temporal variations of quality indices in large 
waterbodies is almost impossible (Ritchie, 
Zimba & Everitt, 2003). Other disadvantages 
of in-situ monitoring include: (i) cost and 
time of field and laboratory work; (ii) mon-
itoring, forecasting, and management of the 
entire waterbody may be impossible due to its 
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inaccessibility, such as due to the topography; 
and (iii) accuracy and precision of the col-
lected in-situ data may be questionable due 
to both field-sampling errors and laboratory 
errors (Gholizadeh et al., 2016).

In recent decades, due to advances in 
space science and computer development, 
remote sensing techniques have begun to be 
used in wide environmental applications, 
such as in water quality monitoring. Remote 
sensing techniques make it possible to mon-
itor water reservoirs on spatial and temporal 
scales unattainable by traditional monitoring. 
Since the 1970’s, remote sensing techniques 
have been used for water quality assessment 
(Morel & Prieur, 1977; Brando & Dekker, 
2003; Ritchie et al., 2003;  Hadjimitsis & 
Clayton, 2009).

For the past four decades, remote sensing 
techniques have shown their strong capa-
bilities in monitoring the quality of inland 
waters. Visible and near infrared regions of the 
spectrum are typically using by researchers 
to obtain robust correlations between reflec-
tance and the physical, chemical and bio-
logical properties of water. Parameters like 
transparency (Kloiber, Brezonik, Olmanson 
& Bauer, 2002), chlorophyll concentration, 
i.e., phytoplankton (Gitelson et al., 2008), 
organic matter and mineral suspended sed-
iments have been estimated by researchers 
in different waterbodies (Mancino, Nolè, 
Urbano, Amato & Ferrara, 2009; Giardino 
et al., 2014). Although the capabilities of 
remote sensing in assessing water quality 
are undeniable, this technique alone is not 
sufficiently precise and must be used in con-
junction with traditional sampling methods 
and field surveying. With this in mind, the 
main advantages of water monitoring using 
remote sensing techniques are: (i) com-
prehensive views of entire  waterbodies; 

(ii) higher spatial and temporal scale of 
observations; (iii) possibility of synchro-
nized monitoring of lake groups over a vast 
region; and (iv) comprehensive historical 
recording of water quality in an area and the 
possibility of trend analyses.

This paper focuses on applying existing 
empiric formulas to water quality estimation 
of Głuszyńskie Lake, located in the central 
Poland. Data from Sentinel-2 has been 
recorded since its launch in 2015, and 
has been used for estimating spatial and 
temporal changes in selected water quality 
parameters. The results were validated based 
on two field measurement campaigns (in 
2021 and 2022). The aim of this work was to 
analyse whether existing empiric formulas 
could be applied for long-term quasi- 
-continuous monitoring of inland waters in 
Poland, based on remote sensing data.

Material and methods

Study site

The study was conducted in Głuszyńskie 
Lake, central Poland. Głuszyńskie Lake is 
located near Radziejów, in the Kujawskie 
Lake District, part of the Kujawsko- 
-Pomorskie Voivodship (Fig. 1), and it 
the largest reservoir in this region. It is 
a typical gutter lake, stretching along 
a north-south line, with two bays on the 
east and west sides. The lake is the deepest 
in the central part of the western bay. The 
lake is located in the upper part of the 
river basin of the Zgłowiączka river, where 
intensive farming is carried out. The lake 
is situated in one of the most intensively 
used agricultural areas in Poland and, 
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consequently, the lake undergoes pollution 
from agriculture sources, especially in the 
northern part of the lake catchment area. 
Głuszyńskie Lake is part of in the State 
Environmental Monitoring of Surface 
Water process. Based on the monitoring 
results, high nitrate concentrations were 
identified during the spring and after 
intensive rains in the northern part of the 
lake. Currently, over 50% of the shoreline 
is occupied by recreational areas, including 
holiday cottages. This creates a threat to the 
water quality of the lake, as these develop 
without any legal or formal regulations for 
water and sewage management.

Water quality parameter calculations

For long-term spatial monitoring of the 
Głuszyńskie Lake the following water quality 
parameters were involved: biological oxygen 
demand (BOD), dissolved organic carbon 
(DOC), chlorophyll concentration (CHL) and 
electrical conductivity (EC). All values were 
estimated based on Sentinel-2 multispectral 
satellite images. Sentinel-2 L1C products 
with a relatively low cloud cover (less than 
20%) were directly downloaded from Open 
Access Hub (https://scihub.copernicus.eu/
dhus/#/home), dating back to its launch date 
on 23 June 2015 to 5 August 2022. Only the 

FIGURE 1. Study site location in Poland and water sample point locations in 2021 and 2022
Source: own studies (background map © OpenStreetMap). 

https://scihub.copernicus.eu/dhus/%23/home
https://scihub.copernicus.eu/dhus/%23/home
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images acquired during the growing season 
(from May to early October) were used. A total 
of 70 images were used for further analyses. 
The lake coastline was acquired from Map of 
the Hydrographic Division of Poland (down-
loadable by QGIS “Wody Polskie – Baza 
WMS” plugin by Ścisłowski, Państwowe 
Gospodarstwo Wodne Wody Polskie – KZGW 
& Wydział SIGW, 2022), and a 10 m inner 
buffer was created to exclude mixed pixels.

Typically, the formulas used for water 
quality parameters required bottom-of- 
-atmosphere (BOA) reflectance. Hence, 
Sentinel-2 L1C were pre-processed to 
BOA reflectance using the sen2r R package 
(Ranghetti, Boschetti, Nutini & Busetto, 
2020) using the R programming language 
(R Core Team, 2021). 

In the scope of the analyses, a number 
of different formulas found in the literature 
were tested (results not shown). Selection 
of the calculation formulas used in the 
study was based on geographical rules. We 
selected equations which had been validated 
in Poland, the Baltic sea basin and central 
Europe, or tested in the world at a similar 
geographical latitude. We also limited the 
selection of formulas to those used only 
for inland lakes, excluding many formulas 
calibrated for oceans and seas. We finally 
selected the following formulas which gave 
the most promising results:

Field and laboratory measurements

The validation of satellite-based water 
quality parameters were performed based on 
water samples (stored in two polypropylene 
containers: 60 ml and 1,500 ml) acquired 
from the top layer of the water on 8 October 
2021 and 10 August 2022 in a total of 
20 locations in the northern part of the lake 
(Fig. 1). The containers were transported to 
the laboratory by refrigerator and analysed 
on the same day. Point coordinates were 
recorded using a hand-held GPS unit with 
a measurement accuracy of 5 m.

In the field, EC was measured using a YSI 
Professional Plus probe (YSI Inc., USA), 
and the CHL was determined according the 
PN-ISO 10260 standard (Polski Komitet 
Normalizacyjny [PKN], 2002).

The biochemical oxygen demand (BOD) 
was determined using a volumetric method 
with a OxiTop® Control (WTW Ltd, Poland).

The analysis of dissolved organic carbon 
(DOC) concentration used a FormacsHT/TN 

(Skalar Analytical B.V., Netherlands) – in 
compliance with the ISO 8245 standard 
(International Organization for Standard- 
ization [ISO], 1999) and EPA Method 415.1 
(U.S. Environmental Protection Agency 
[EPA], 1983) – fitted with a platinum/ 
/cobalt column.
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( 4 5)

−
= − ⋅ +

+
B BBOD
B B

 (Słapińska, Berezowski, Frąk & Chormański, 2016), (1)

32.24
4 432

− ⋅
= ⋅

B
BDOC e  (Potes et al., 2018), (2)

5 75.821 42.644
4

= ⋅ −
BCHL
B

 (Osińska-Skotak, 2010), (3)

211 11 0.1252 12 4.1531 12 10.527
8 8

    = ⋅ ⋅ + ⋅ ⋅ +    
     

B BEC B B
B B

 (Abdelmalik, 2018), (4)

where BN is BOA reflectance in the Sentinel-2 N band.
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Before the analysis of these water samples 
they were filtered using 0.45 µm filters. 
The DOC determination was conducted 
with a high temperature catalytic oxidation 
method at 850°C (samples were acidified 
with HCl, mixed and aerated for 1 min 
immediately before the determination), 
according to the method recommended by 
the manufacturer.

Results and discussion

The highest mean values (higher than 
50 mg O2·l–1) of BOD were observed on 
20 August 2015, 22 July 2016, 11 August 
2018, 22 June 2019, and 1 July 2020 (Fig. 2). 
On 1 July 2020 a higher spatial variability 
(from 9.5 to 123.6 mg O2·l–1) of BOD was 
observed. The highest yearly mean value 
(41.7 mg O2·l–1) was observed in 2015 
and the lowest (31.4 mg O2·l–1) in 2017 
(Table 1). These results show low variability 
in the mean values of BOD (both yearly and 
between all images) simultaneously with 
high spatial variability indicated by the bars 
in Figure 2.

The highest mean values (higher than 
25 mg·l–1) of DOC were observed for nearly 
all images in 2022 (besides the last one 
acquired on 5 August 2022), and in this year 
the lowest spatial variability of DOC was 
observed. In the other years, only three times 
(16 July 2017, 10 September 2018 and 20 May 
2020) were the mean DOC values higher than 
25 mg·l–1 (Fig. 3). The highest yearly mean 
value (28.9 mg·l–1) was observed in 2022 and 
the lowest (11.5 mg·l–1) in 2016 (Table 1).

Mean CHL values varied between 50 and 
75 mg·m–3 for the majority of the images. 
Only once (10 July 2017) was the mean CHL 
value higher than 75 mg·m–3 and reached 

80 mg·m–3 (Fig. 4). In 2022 the mean CHL 
values was lower than 50 mg·m–3 (Fig. 4), 
and the yearly value in this year was also the 
lowest (36.2 mg·m–3). The highest yearly 
value of CHL (62 mg·m–3) was observed in 
2017 (Table 1).

TABLE 1. Yearly mean values based on all cloud- 
-free pixels within Głuszyńskie Lake of estimated 
water quality parameters

Year BOD
[mg O2·l–1]

DOC
[mg·l–1]

CHL
[mg·m–3]

EC
[μS·cm–1]

2015 41.7 13.0 49.3 1 074

2016 37.7 11.5 58.0 1 062

2017 31.4 16.2 62.0 1 069

2018 36.9 12.6 59.9 1 068

2019 38.1 12.2 58.5 1 060

2020 37.3 13.7 60.1 1 064

2021 36.4 13.2 57.6 1 059

2022 37.6 28.9 36.2 1 108

Source: own studies.

Mean EC values varied from 1,050 
to 1,100 μS·cm–1 except in 2022 when 
the mean EC values were higher than 
1,100 μS·cm–1 as well as four times in other 
years (9 August 2017, 10 September 2018, 
22 June 2019 and 1 July 2020). For dates 
with high EC mean values, high spatial 
variability was also observed, except in 
2022 (Fig. 5). The highest yearly values 
of EC (1,108 μS·cm–1) was observed in 
2022 and the lowest (1,059 μS·cm–1) 
in 2021. This result shows low variability 
in the mean values of EC (both yearly and 
between all images) simultaneously with 
the high spatial variability indicated by the 
bars in Figure 2.

Satellite based water quality parame-
ters were validated against 20 ground truth 
samples measured in 2021 and 2022. Water 
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quality parameters calculated based on 
satellite images were averaged for neigh-
bouring pixels (3 × 3 px) before further 

comparison. Satellite based water quality 
parameters would not correspond quantita-
tively to ground truth data (Fig. 6). However, 

FIGURE 2. Temporal changes in biological oxygen demand (BOD) based on all cloud-free pixels 
within Głuszyńskie Lake for 70 Sentinel-2 images. The dots show mean values, the bars show 5% and 
95% quantiles 
Source: own studies.

FIGURE 3. Temporal changes in dissolved organic carbon (DOC) based on all cloud-free pixels within 
Głuszyńskie Lake for 70 Sentinel-2 images. The dots show mean values, the bars show 5% and 95% 
quantiles 
Source: own studies.
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for BOD, CHL and DOC, a statistically sig-
nificant (p < 0.01) relationship was observed 
(for BOD and DOC linear and power for 

CHL) with an R2 of 0.77 (for CHL and DOC) 
and 0.79 (for BOD). For EC the relationship 
was quadratic, but the R2 of 0.45 shows that 

FIGURE 4. Temporal changes of chlorophyll concentration (CHL) based on all cloud-free pixels within 
Głuszyńskie Lake for 70 Sentinel-2 images. The dots show mean values, the bars show 5% and 95% 
quantiles
Source: own studies.

FIGURE 5. Temporal changes in electrical conductivity (EC) based on all cloud-free pixels within 
Głuszyńskie Lake for 70 Sentinel-2 images. The dots show mean values, the bars show 5% and 95% 
quantiles
Source: own studies.
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relationship for this parameter was weaker 
than for the other. 

Additionally, based on data from the 
nearest meteorological station (Koło- 
-Radoszewice, operated by the Institute 
of Meteorology and Water Management – 

National Research Institute – IMGW-PIB), 
we analysed the influence of meteorological 
elements (temperature, perception and 
insolation) on water quality parameters on 
a monthly scale (Table 2). Only for BOD and 
DOC did we observe a significant (p < 0.05) 

FIGURE 6. Relationships between the models based on satellite images and measurements based on 
filled measurements for: BOD – linear relationship (A); DOC – linear relationship (B); CHL – power 
relationship (C) and EC – quadratic relationship (D)
Source: own studies.
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TABLE 2. Relationship (and its p value) between 
the average monthly values of water quality 
parameters and meteorological elements for 
Głuszyńskie Lake

Temperature Precipitation Insolation

relation p relation p relation p

BOD positive < 0.05 negative 0.11 positive 0.33

CHL positive 0.11 positive 0.48 positive 0.61

DOC negative < 0.05 positive 0.48 negative 0.11

EC negative 0.98 negative 0.34 negative 0.66

Source: own studies.

relation with temperature, positive for BOD 
and negative for DOC.

Conclusions

This paper shows the results of long-
term (since 2015) water quality monitoring 
of Głuszyńskie Lake using freely available 
Sentinel-2 data. The strong relationship 
(R2 > 0.75) between the estimated parameters 
(BOD, DOC, CHL) and the ground truth 
data shows its potential qualitative temporal 
and spatial distribution monitoring to these 
parameters. Yearly mean values of the 
parameters show low variation, but the 
application of remotely sensed data allows 
the detection of peak values (if they occur 
close to a satellite overpass without cloud 
cover) and the spatial distribution of those 
parameters, which is practically impossible 
with the use of traditional monitoring 
methods.
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Summary

Long-term water quality monitoring 
using Sentinel-2 data, Głuszyńskie Lake 
case study. This study shows the results of 
long-term inland water monitoring using 
Sentinel-2 data for Głuszyńskie Lake in 
the years 2015–2022. Four water quality 

parameters: biological oxygen demand 
(BOD), dissolved organic carbon (DOC), 
chlorophyll concentration (CHL) and 
electrical conductivity (EC) were calculated 
according to formulas found in the 
literature. The results were validated based 
on measurements conducted in 2021 and 
2022, where for BOD, DOC and CHL high 
determination coefficients (0.77 and 0.79) 
were observed, and the EC determination 
coefficient was equal to 0.45. The results 
show that empirical formulas can be used 
for qualitative analyses of inland water 
quality, while for quantitative analyses more 
extensive field work needs to be performed.
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