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A B S T R A C T   

The main purpose of this study was to investigate the flexural behavior of reinforced concrete 
beams (RCBs) containing waste ceramic powder (CP) as partial replacement of cement. For this 
purpose, flexural tests were carried out using various amounts of mixing ratios. By determining 
the amount of CP utilized in the optimum ratios, it was aimed both to make predictions for design 
engineers and to show its beneficial effect on the environment by recycling the waste material. 
For this purpose, twelve specimens were produced and verified to monitor the flexural behavior. 
The longitudinal reinforcements percentage (0.77%, 1.21%, and 1.74%) and CP percentage (0%, 
10%, 20%, and 30%) were chosen as the parameters. CP could be effectively used up to 10% of 
cement as a replacement material. Increasing the CP percentage by more than 10% could 
considerably reduce the load-carrying capacity, ductility, and stiffness of RCBs, specifically when 
the longitudinal reinforcements percentage was high. In other words, as CP increased from 0% to 
30%, the load-carrying capacity decreased between 0.4% and 27.5% compared with RCBs with 
the longitudinal tension reinforcements of 2ϕ8 without CP. However, reductions of 5.5–39.8% 
and 2.15–39.5% in the load-carrying capacity occurred respectively compared with RCBs with the 
longitudinal tension reinforcements of 2ϕ10 and 2ϕ12 without CP. The achieved longitudinal 
reinforcements percentage was close to the balanced ratio, while more than 10% CP cannot be 
used without any precautions for mixtures.   
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1. Introduction 

In recent years, durable, renewable, and sustainable materials have become famous to researchers in order to have cleaner and 
greener construction in the construction industry [1–4,78]. Especially in the literature, various research works have been carried out 
on the mechanical properties and flexural and shear strengths of these renewable and sustainable materials [5–17]. Among them, 
concrete is the most commonly used artificial material, and new advances are always encouraged [18–21,79]. An annual natural 
consumption of concrete has reached up to 15 billion tons [22,23], since it is used in many different applications [80–82]. The reuse of 
waste materials can benefit the environment by lowering the consumption of nonrenewable natural resources and reducing landfill 
problems [24–28]. The effective utilization of natural resources and the minimization of industrial wastes are among the main stra-
tegies of greener production [29–31]. From the construction sector’s perspective, the use of recycled industrial waste is of great 
importance to protect natural resources [32,33]. 

In addition, ceramic is generally preferred in the production of composite materials. The utilization of waste ceramic is un-
doubtedly vital for a greener global production and waste-based construction industry. Zimbili et al. [34] stated that ceramic has the 
highest usage rate of 54% among all construction waste materials. The consumption of locally existing ceramic waste as a replacement 
for the concrete ingredients might resolve the vital environmental problem [35] as the limited usage of cement and aggregates in areas 
where they are rare and costly [36]. On the other hand, the global manufacture of tiles demonstrates a progression of about 5.2%, with 
13.5 million m2 in 2018 from 8.6 million m2 in 2008 [37]. For these reasons, this topic constitutes a growing and popular research 
direction for researchers in the industry. Nowadays, many researchers work on recycled concrete and recycled ceramic powder (CP) 
concrete. 

Various studies in the literature indicate that ceramic materials have a strong resistance to biodegradation forces [38–41]. Due to its 
high crystalline aluminum and silica properties, ceramic is considered a valuable material as an auxiliary cement to increase the 
strength and durability of binding materials and ceramic incorporated concrete [42–44]. Mukai et al. [45] utilized recycled concrete 
for structural applications. They designed reinforced concrete beams (RCBs) with the cross-sectional dimension of 15 × 15 cm with the 
length of 180 cm by using reprocessed aggregates at the ratios of 15% and 30% replacement levels. The study’s results illustrated an 
unimportant variance in the ultimate flexural capacity of RCBs with the waste aggregates compared with the reference specimen. 
Mukai and Kikuchi [46] performed several tests on RCBs having 15% and 30% recycled concrete aggregate replacements and 
described that there was no critical change in the ultimate moment with a minor cracking moment for RCBs. Pacheco-Torgal and Jalali 
[47] examined the possibility of using ceramic wastes in concrete production. They found that concrete with 20% cement replacement 
had an insignificant strength loss and increased the durability properties. Furthermore, in the same study, it was found that concrete 
designs with incorporated ceramic aggregates (up to 20% replacement ratio) reflected better results concerning the strength and 
durability properties, leading to more durable concrete structures. Ikponmwosa and Ehikhuenmen [48] investigated the flexural 
performance of unreinforced beams and RCBs in terms of the ceramic waste addition as the aggregate replacement material. They 
tested 45 unreinforced beams (150 × 150 × 750 mm) and RCBs (150 × 250 × 2150 mm) to evaluate their flexural strengths. It was 
discovered that increasing the ceramic waste content resulted in a noticeable reduction in the failure load, leading to higher exper-
imental moments compared with theoretical moments. Another experimental study was conducted by Fatima et al. [49] on the same 
topic. They observed the possibility of consuming ceramic dust with a particle size less than 75 µm for the partial replacement of 
cement in concrete production. They did various mechanical tests including the determination of the compressive strength, modulus of 
elasticity, splitting tensile strength, and flexural strength. It was found that the flexural strength reduced with increasing the ceramic 
waste contents. It was also witnessed that the flexural strength reduction declined after a 10% addition of ceramic waste. Samadi et al. 
[22] assessed the flexural tests results of five RCBs (160 × 200 × 2200 mm) produced with reused ceramic as the aggregate and cement 

Fig. 1. CP.  
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replacement materials to compare the experimental results with the unreinforced control specimen. They found that in all the reused 
ceramic aggregate utilizations, the properties of the beams such as the yield and ultimate loads displayed a similar trend. In addition, it 
was stated that ceramic waste could be employed in every part of the high-performance concrete in accordance with the structural 
requirements. 

As can be realized from the earlier studies in the literature, several research works were attempted on the performance of waste 
materials incorporated in concrete [38,50,51]. Researchers have recognized variations in the properties of concrete, but they have 
limited discussions on the effects of the CP utilization as a cement replacement material on the structural behavior of RCBs. This 
research work was carried out in order to expand the limited knowledge in this field and to contribute to new studies. Unlike studies in 
the literature, the bending performance of RCBs was investigated by determining the optimum CP ratio. Thus, this article concentrated 
on the utilization and influences of CP on the flexural performance of RCBs with different longitudinal reinforcements ratios. 

2. Material and methods 

In order to cast the sustainable concrete, CEM I 32.5 cement was used with specific percentages of fine aggregate (FA) and coarse 
aggregate (CA) combined with waste CP to examine the strength properties. CP is presented in Fig. 1. The purpose of the recycled 
concrete mixtures was to obtain the optimal combination in terms of adequate performance requirements. To achieve to this goal, 
waste CP was utilized with the replacement ratios of 10%, 20%, and 30% by the weight of cement. The material properties of cement, 
aggregates, and CP are listed in Table 1. The mixture designs of the beams are given in Table 2. 

The mixture designs were considered for the compression and splitting tensile tests. The compressive strength of concrete with CP 
was determined by taking three cube specimens of 150 × 150 × 150 mm. The average compressive strengths of 19.3 MPa, 18.2 MPa, 
15.1 MPa, and 10.2 MPa were obtained for concrete with 0%, 10%, 20%, and 30% waste CP, respectively. Moreover, the splitting 
tensile tests were done by taking three cylindrical specimens of 100 × 200 mm. The mean splitting tensile strengths were achieved as 
1.55 MPa, 1.45 MPa, 1.37 MPa, and 1 MPa with 0%, 10%, 20%, and 30% waste CP, respectively. The results of the strengths tests are 
depicted in Fig. 2. 

Half-scale RCBs with CP blended concrete were poured into the molds. Two variables were considered for the experimental tests of 
RCBs including the ratio of waste CP and the ratio of longitudinal reinforcements. Moreover, three specimens were casted to obtain the 
reference specimens without CP. All the specimens had a length of 1000 mm and cross-section of 100 × 150 mm. The stirrups were 
employed as ϕ6 at 100 mm spaces to obtain the flexural behavior. The typical reinforcements detail of RCBs is shown in Fig. 3. 

The longitudinal tension reinforcements of 2ϕ12, 2ϕ10, and 2ϕ6 were used. The test setup consisting of a servo-controlled hy-
draulic is illustrated in Fig. 4. Moreover, the details of the test specimens are presented in Table 3. 

3. Theoretical calculations 

3.1. Calculation of flexural strengths of RCBs 

A numerical method and the equivalent rectangular stress distribution method were utilized to calculate the flexural strengths of 
RCBs. In the numerical method, a computer program was written to calculate the carrying capacity of the beam sections, Eq. 5, by using 
suitability (Eqs. 1–2) and equilibrium equations (Eqs. 3–4) for evaluating the beam sections’ carrying capacity. The program was 
developed employing Microsoft Excel and Visual Basic for Applications (VBA) software. 

Table 1 
Material properties of cement, aggregates, and CP.  

Parameter Percentage (by mass)/Value  

CEM I 32.5 CP 
SiO2 20.34 65.94 
Al2O3 5.3 21.74 
CaO 63.01 2.43 
Na2O 

K2O 
ZrO2 

SO3 

— 
— 
— 
2.6 

1.45 
2.74 
1.52 
— 

Cl 0.01 — 
Free CaO 0.79 — 
MgO 1.72 — 
Fe2O3 2.69 1.39 
LoI 1.71 — 
Specific surface (m2/g) 0.3864 — 
Compressive strength at 28 days (MPa) 43.11 — 
Volumetric stability (mm) < 9.5 — 
FA CA 
Specific gravity (SSD) 2.63 2.59 
Water absorption 2.23 0.74 
Fineness modulus 1.64 7.39  
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Table 2 
Mixture designs of RCBs.  

Mixture Cement (kg/m3) Water (kg/m3) FA (kg/m3) CA (kg/m3) CP (kg/m3) 

0%  580  270  785  900  0 
10%  522  58 
20%  464  116 
30%  406  174  

Fig. 2. Results of experimental tests.  

Fig. 3. Reinforcements detail of RCBs (units are mm).  
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In the program, depending on the increase in the deformation in the top compression fiber in the compression region of the beam, 
other unknowns were calculated iteratively until the equilibrium equations and compliance conditions were met (Fig. 5). 

ci =
εcid

εci + εsi
(1) 

Fig. 4. Test setup (units are mm).  

Table 3 
Details of test specimens.  

No. Name of Test Specimen Compression Reinforcement Tension Reinforcement Tension Reinforcement Ratio Waste CP 

1 B8–0 2ϕ6 2ϕ8  0.0077 0% 
2 B8–10 2ϕ6 2ϕ8  0.0077 10% 
3 B8–20 2ϕ6 2ϕ8  0.0077 20% 
4 B8–30 2ϕ6 2ϕ8  0.0077 30% 
5 B10–0 2ϕ6 2ϕ10  0.0121 0% 
6 B10–10 2ϕ6 2ϕ10  0.0121 10% 
7 B10–20 2ϕ6 2ϕ10  0.0121 20% 
8 B10–30 2ϕ6 2ϕ10  0.0121 30% 
9 B12–0 2ϕ6 2ϕ12  0.0174 0% 
10 B12–10 2ϕ6 2ϕ12  0.0174 10% 
11 B12–20 2ϕ6 2ϕ12  0.0174 20% 
12 B12–30 2ϕ6 2ϕ12  0.0174 30%  

Fig. 5. In beam section: (a) strain diagram, (b) theoretical stress diagram, and (c) equivalent stress block diagram.  
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ci =
εcid′

εci − εsi
′ (2)  

Fsi = Fci +F′
si (3)  

ci =
Asfsi − A′

sfsi′
f ′

cibwki
(4)  

Mni = Asfsizi +A′
sf

′
sid

′
si (5) 

Here, ci is the depth of the concrete compression block (mm), d is the effective height (mm), d’ is the distance from the top of the 
beam to the center of the compression reinforcements (mm), εci is the unit strain of the outermost fiber of the concrete compression 
block, εsi is the unit strain of the tension reinforcements, εsi’ is the unit strain of the compression reinforcements, εcti is the concrete unit 
strain of outermost fiber of tension block, As is the tension reinforcements area (mm2), As’ is the compression reinforcements area 
(mm2), bw is the beam width (mm2), ki is the equivalent stress block depth coefficient, fsi is the stress of the tension reinforcements 
(MPa), fsi’ is the stress of the compression reinforcements (MPa), fci is the compressive stress of concrete (MPa), Fsi is the force of the 
tension reinforcements (N), Fsi’ is the force of the compression reinforcements (N), Fci is the compressive force of concrete (N), Mni is the 
moment-carrying capacity of the section (Nmm), zi is the distance between the center of gravity of the concrete compression block and 
the center of gravity of the tension reinforcements (mm), dsi’ is the distance between the outermost fiber of the concrete compression 
block and the center of gravity of the compression reinforcements (mm), and the index i in the terms is the number of steps of the 
iteration. 

Three different concrete stress-strain models were proposed by Hognestad [52], Park et al. [53], and Todeschini et al. [54]. These 
models have been used separately in the numerical analysis to calculate the beams’ carrying capacity. In addition, the stress-strain 
curve of steel has been considered as an idealized trilinear model (Fig. 6). 

Hognestad’s proposed concrete stress-strain relationship [52] is provided in Eq. 6-10. In the equations, fc’ is the cylinder 
compressive strength of concrete, Ec is the modulus of elasticity of concrete, εco is the unit strain of concrete under maximum force, fci is 
the compressive stress of concrete corresponding to the ith step strain of concrete, and εcu is the final unit strain of concrete. 

f ′′
c = 0.85f ′

c (6) 

Fig. 6. Stress-strain models: (a) stress-strain model of concrete by Hognestad [52], (b) stress-strain model of concrete by Park et al. [53], (c) 
stress-strain model of concrete by Todeschini et al. [54], and (d) stress-strain model of tension steel reinforcements. 
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Ec = 12680+ 460f ′′
c (7)  

εco =
2f ′′

c

Ec
(8)  

fci = f ′′
c

[

2
εci

εco
−

(
εci

εco

)2
]

εci ≤ εco (9)  

fci = f ′′
c

[

1 − 0.15
(

εci − εco

εcu − εco

)]

εco < εci ≤ εcu = 0.0038 (10) 

The stress-strain relationship of the developed model proposed by Park et al. [53] is given in Eqs. 11–14. In the equations, εcu 
= 0.004 was considered. Eq. 15, recommended in ACI 318–19 [55], was utilized to determine the modulus of elasticity of concrete in 
the carrying capacity calculations using these equations. 

fci = f ′
c

[

2
εci

εco
−

(
εci

εco

)2
]

εci ≤ εco = 0.002 (11) 

fci = f′
c[1 − Zu(εci − εco) ] εco < εci ≤ εcu = 0.004(12) 

Zu =
0.5

ε50u − εco
(13)  

ε50u =
3 + 0.29f ′

c

145f ′
c − 1000

εco ≤ ε50u (14)  

Ec = 4700
̅̅̅̅

f ′
c

√

(15) 

The stress-strain relationship of concrete proposed by Todeschini et al. [54] is presented in Eq. 16-18. In the equations, εcu = 0.0038 
was taken. 

f ′′
c = 0.9f ′

c (16)  

εco =
1.71f ′′

c

Ec
(17)  

fci =
2f ′′

c

(
εci
εco

)

1 +
(

εci
εco

)2 εci ≤ εcu = 0.0038 (18) 

The stress-strain relationship of the steel reinforcements is indicated in Eqs. 19–21. Here, fy is the yield stress of the steel re-
inforcements, Ey is the modulus of elasticity of the steel reinforcements, Esh is the hardening elastic modulus of the steel reinforcements, 
and εsh is the unit strain at the time that the steel reinforcements begin to harden. The current study considered the hardening modulus 
of elasticity as 3000 MPa. 

fsi = Eyεsi εsi ≤ εy (19)  

fsi = fy εy < εyi ≤ εsh = 0.02 (20)  

fsi = fy + Esh(εsi − εsh) εsh < εyi (21) 

In this study, the equivalent rectangular stress distribution method proposed in ACI 318–19 [55] was used as the second method to 
obtain the moment-carrying capacity of the section (Eqs. 22–23). In the equations, β1 is the correction coefficient for the concrete 
compressive stress block. 

β1c =
Asfsi + A′

sfsi′
0.85f ′

cibw
(22)  

Mn = Asfsi

(

d −
β1c
2

)

+A′
sfsi′

(
β1c
2

− d′
)

(23)  
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3.2. Calculation of shear capacity of RCBs 

ACI 318–19 [55] proposed a model in which the contribution of concrete to the shear capacity (Vc), Eq. 24, and the contribution of 
the stirrups to the shear capacity (Vs), Eq. 25, are considered together to determine the total shear capacity of RCBs. In this model, the 
RCBs’ so-called total shear capacity (Vn) can be calculated by Eq. 26. In the equations, ρw is the tension reinforcements ratio, s is the 
stirrups spacing, fyt is the yield stress of the stirrups, and Aw is the total area of the stirrup arms. 

Vc = 0.66 ̅̅̅̅̅ρw
3
√

̅̅̅̅

f ′
c

√

bwd ≤ 0.42λ
̅̅̅̅

f ′
c

√

bwd (24)  

Av ≥ Av,min = 0.062
̅̅̅̅

f ′
c

√ bw

fyt
s  

Av ≥ Av,min = 0.35
bw

fyt
s  

Vs =
Awfyt

s
d ≤ 0.66

̅̅̅̅

f ′
c

√

bwd (25)  

Vn = Vc +Vs (26)  

4. Results and discussion 

4.1. Failure modes and damage analysis 

The failure modes of the specimens are demonstrated in  Figs. 7, 8, and 9. In addition, crack patterns of the specimens are indicated 
in Fig. 10. The failure patterns of the tested RCBs with the tension reinforcements diameter of ϕ8 and the lowest tension reinforcements 
ratio (0.0077) are displayed in Fig. 7. In these RCBs, flexural cracks perpendicular to the beam axis were occurred due to the normal 
tensile stresses in the middle regions of B8–0 and B8–10 with 0% and 10% CP, respectively. By increasing the loads, vertical flexural 
cracks propagated toward the compression region of RCBs, while oblique cracks were formed in the shear opening of the beams owing 
to the principal tensile stresses. With further increase of the loads, the vertical cracks reached the compression zone of the beams, and 
these RCBs collapsed by reaching their flexural capacity. While similar behavior was observed in B8–20 with 20% CP, the transverse 
reinforcements reached their yield stress just before the tension reinforcements yielded in this beam. For this reason, oblique cracks 
developed faster than vertical flexural cracks and caused the beam to collapse before reaching its total capacity. In B8–30 with 30% CP, 
shear failure occurred due to the sudden development of the oblique cracks made by yielding of the transverse reinforcements before 
the tension reinforcements yielded. 

The failure patterns of the tested RCBs with the tension reinforcements diameters of ϕ10 (ρ = 0.0121) and ϕ12 (ρ = 0.0174) are 
depicted in Figs. 8 and 9, respectively. Among these RCBs, reference B10–0 and 10% CP blended B10–10 showed similar behavior to 
B8–10 and B8–20, respectively. In B10–0, inclined cracks developed faster than vertical flexural cracks owing to the transverse 

Fig. 7. Failure modes of RCBs with reinforcements ratio of 0.0077.  
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reinforcements reaching their yielding capacity after the tension reinforcements yielded, causing the beam to collapse before reaching 
total flexural capacity. In B10–10, on the other hand, just before the tension reinforcements yielded, the transverse reinforcements 
reached their yield stress, and the inclined cracks were formed together with the vertical flexural cracks, and the beam collapsed 
because of the propagation of the oblique cracks, however, not very suddenly. Because of this reason, the beam could not reach its total 
capacity. In all other RCBs (B10–20, B10–30, and B12 series), shear failure occurred due to the sudden development of the oblique 
cracks in the shear opening of the beams, owing to the principal tensile stresses before yielding of the tension reinforcements. 

As the tension reinforcements ratio (ρ) in the tested RCBs increased from 0.0077 to 0.0174, the shear force demand from RCBs 
increased owing to the enhancing carrying capacities of RCBs. Further, as the CP content of RCBs increased from 0% to 30%, the shear 
capacity of RCBs decreased because of the decrease in the compressive strength of concrete. However, although the stirrup ratios in all 
RCBs were designed to prevent the shear failure, unexpected shear or flexural shear failure was observed in RCBs other than B8–0 and 
B8–10. It can also be noted that the flexural cracks turned into shear cracks with increasing the CP content resulting in the final 
collapses. Additionally, CP of more than 10% adversely affected all the specimens’ carrying capacity. This situation can be attributed to 
the compressive strength decreasing effect by CP when it was utilized more than 15% by weight of cement leading to the reduction in 
the cement binder amounts [56,57]. In the earlier investigations, similar results were found. The decrease in the compressive strength 

Fig. 8. Failure modes of RCBs with reinforcements ratio of 0.0121.  

Fig. 9. Failure modes of RCBs with reinforcements ratio of 0.0174.  
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was mainly the result of the immature pozzolanic reaction in concrete, and the preventive growth of C–S–H gel was affected as a result 
of the constituents in CP [39]. 

4.2. Load-displacement curves 

The obtained load-displacement curves from the experimental tests on the twelve tested RCBs are illustrated in Figs. 11–13. 
Moreover, the achieved load and displacement values from the experimental tests are summarized in Table 4. Compared with the other 
specimens, B8–0 and B8–10 had the highest maximum displacement results, as expected, due to their reinforcements type, content, 
and low reinforcements ratio. As the reinforcements ratio increased, the specimen’s carrying capacity enhanced while the ductility 
decreased. Displacements and rigidities at Pmax and Py are also given in Table 4. The CP inclusion of more than 10% significantly 
reduced the maximum and ultimate loads at similar intervals. Furthermore, it can be seen from Table 4 that Pmax and Py of B8–10 were 
least affected by the addition of 10% CP. In B8–10, the load-carrying capacity decreased by only 0.4%. This situation can be attributed 
to decreasing the tension reinforcements ratio compared with the other specimens [58,59]. Because as the tension reinforcements ratio 
in the beam decreases, the demanded shear force also decreases. In B10–10 and B12–10, 10% CP decreased the beams’ load-carrying 

Fig. 10. Crack patterns of specimens.  

Fig. 11. Load-displacement (mid-span) relations of RCBs with reinforcements ratio of 0.0077.  
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Fig. 12. Load-displacement (mid-span) relations of RCBs with reinforcements ratio of 0.0121.  

Fig. 13. Load-displacement (mid-span) relations of RCBs with reinforcements ratio of 0.0174.  

Table 4 
Obtained load and displacement values from experimental tests.  

Test Specimen Pmax 

(kN) 
δPmax  

(mm) 
SPmax  

(kN/ 
mm) 

Py 

(kN) 
δy 

(mm) 
Sy (kN/mm) δu (mm) Ductility Ratio 

B8–0  40.73  52.09  0.78  34.62  3.49  9.91  61.56  17.62 
B8–10  40.55  50.49  0.80  34.47  12.45  2.77  58.67  4.71 
B8–20  36.60  23.36  1.57  31.11  5.38  5.78  27.56  5.12 
B8–30  29.52  7.14  4.14  25.09  5.68  4.42  16.56  2.92 
B10–0  51.65  4.21  12.28  43.91  2.01  21.81  27.11  13.47 
B10–10  48.80  19.85  2.46  41.48  4.12  10.08  26.55  6.45 
B10–20  37.44  9.38  3.99  31.82  4.69  6.78  13.32  2.84 
B10–30  31.06  9.56  3.25  26.40  6.21  4.25  11.95  1.93 
B12–0  63.97  9.17  6.97  54.37  5.34  10.18  20.94  3.92 
B12–10  62.59  11.74  5.33  53.20  6.71  7.92  18.69  2.78 
B12–20  44.34  11.42  3.88  37.68  6.67  5.65  21.59  3.24 
B12–30  38.68  12.11  3.19  32.87  6.73  4.89  21.61  3.21 

*Pmax is maximum load, Py is load at 0.85 Pmax, δPmax is displacement at Pmax, δy is displacement at 0.85 Pmax, δu is ultimate displacement at 0.85 Pmax, 
SPmax is stiffness at Pmax, and Sy is stiffness at Py. 
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capacity (Pmax) by 5.8% and 2.2%, respectively. However, these decreases were at reasonable levels. The CP incorporation up to 10%, 
in other words the optimum ratio, increased the compressive and flexural strengths of concrete, since it acted as a filler material as well 
as having pozzolanic reactivity [60,61]. The reason for this issue is explained in the studies of the literature as follows. Ceramic 
combination in the mixtures is mainly responsible for the alteration in porosity of mortars, which in turn enhances the compressive 
strength. The highest compressive strength was achieved in the mixture with 10% (having 10% CP and 100% ceramic fine replacement 
of cement and sand). The strength increased in the mixture with 10% may be as a consequence of the filler action (contributed by CP 
which is higher than cement) and the pozzolanic action of the entire combination [62]. As stated by Jamil et al. [63] and Chindaprasirt 
and Rukzon [64], the filler action supports the strength enhancement in blended cement concrete, and it takes place while the sub-
stitute material is better than cement. Addition of more than 10% CP led to a decrease in the strength, because the hydraulic binder 
material was replaced with a non-hydraulic material at a high rate [65]. 

In addition, the contribution of CP up to 10% almost did not influence the ultimate displacement capacities of RCBs. Meanwhile, 
the initial stiffness of RCBs was not affected by the 10% CP contribution. However, these RCBs’ yield stiffness (Sy) and stiffness under 
maximum force (SPmax) decreased by 20% and 80%, respectively, compared with the reference RCBs. The stiffness tended to decline 
depending on the amount of CP, and the obtained results are compatible with similar literature studies [66,67]. Because of all these 
reasons, CP can be utilized up to 10% with caution since it created a reasonable decrease in the strength and stiffness of RCBs. 
However, more than 10% CP reduced the RCBs’ strength, ductility, and stiffness at high rates. 

4.3. Energy dissipation 

The total energy dissipation of RCBs can considerably affect the level of earthquake damage and associated deformations when 
these members provide sufficient ductility [68,69]. The shear failure resulted in very low energy dissipation capacity; therefore, it 
should be avoided [70–74]. Table 5 demonstrates the experimentally determined energy dissipation capacities of RCBs. B8–10, 
provided the maximum total energy dissipation of 2.2 kj during the test procedures. Test results of B12–0, B12–10, B10–10, B12–20, 
B10–20, B12–30, B10–30, and B8–30 were achieved as out of the limits concerning their ductility levels. It can also be seen from 
Table 5 that the ductility levels of B8–0 and B8–10 were acceptable . More than 10% CP decreased the ductility levels and energy 
dissipation results due to its overdose usage [75–77]. 

4.4. Theoretical calculation results and comparison with experimental results 

In this study, the equivalent rectangular stress distribution method was proposed from ACI 318–19 [55], Hognestad [52], Park et al. 
[53], and Todeschini et al. [54]. The RCBs’ maximum flexural capacities (Pmax) were calculated using the concrete stress-strain models 
and summarized in Table 6. Table 6 also lists the so-called shear capacities (Vn) of RCBs calculated according to ACI 318–19 [55]. 

As mentioned in Table 6, although the theoretical shear capacities (Vn) of all RCBs were at least 32% higher than the experimental 
results, the experimental flexural strengths of some of RCBs were well below the theoretical flexural capacities calculated according to 
ACI 318–19 [55]. These RCBs are B8–30, B10–20, B10–30, B12–20, and B12–30. As stated in Section 4.1, except for B8–0 and B8–10, 
pure flexural failure did not occur as expected, and either shear or flexural shear failure occurred unexpectedly. This point indicates 
that the excess CP affected the shear capacity more negatively than the calculated one. Especially when more than 10% CP was used, 
RCBs performed well below the theoretical flexural capacity. 

When the flexural capacities of CP blended RCBs were examined using different concrete models, it was seen that the flexural 
capacities of RCBs with low reinforcements ratio (B8 series) were very similar, but as the reinforcements ratio increased (B12 series), 
the differences among the concrete models became apparent. Nonetheless, these differences become even more owing to the decrease 

Table 5 
Energy dissipation capacities resulted from experimental tests.  

Test Specimen δmax 

(mm) 
EPmax 

(kj) 
Ey 

(kj) 
Ep 

(kj) 
ET 

(kj) 
Failure Type Ductility Level 

B8–0  62.49  2.25  0.25  2.14  2.39 FT Sufficient 
B8–10  60.58  1.86  0.46  1.74  2.20 FT Sufficient 
B8–20  33.40  0.83  0.23  0.82  1.05 FS Partially 

Sufficient 
B8–30  40.35  0.34  0.11  0.73  0.85 S Deficient 
B10–0  27.15  1.26  0.07  1.24  1.31 FS Partially 

Sufficient 
B10–10  40.12  0.89  0.16  1.42  1.59 FS Deficient 
B10–20  33.29  0.29  0.11  0.68  0.78 S Deficient 
B10–30  19.88  0.22  0.13  0.29  0.42 S Deficient 
B12–0  28.94  0.80  0.22  1.31  1.53 S Deficient 
B12–10  29.06  0.65  0.47  0.91  1.39 S Deficient 
B12–20  27.77  0.58  0.19  0.81  1.00 S Deficient 
B12–30  27.96  0.43  0.16  0.71  0.87 S Deficient 

* δmax is maximum displacement, EPmax is energy dissipation at Pmax, Ey is energy dissipation at Py, Ep is plastic energy dissipation (ET-Ey), ET is total 
energy dissipation, FT is flexural tension failure, FS is flexural shear failure, and S is shear failure (diagonal tension failure). 
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in the compressive strength of concrete. Especially in B10–30 and B12–30, differences of up to 49% and 52% occurred among the 
concrete models, respectively. In this respect, it could not be determined which concrete model was more accurate due to the shear 
failure. For this reason, it was observed that additional studies are needed to verify the concrete models to be used to calculate the 
flexural capacities of CP blended RCBs. 

5. Conclusions 

This study focused on the utilization and effects of CP on the flexural performance of RCBs. The following main conclusions can be 
drawn:  

• As cement was replaced with CP, it was witnessed that there was a reduction in the compressive strength values. Furthermore, the 
splitting tensile strength tests revealed that the splitting tensile strength values commonly followed the similar trend as the 
compressive strengths. By inserting 10% CP by the weight of cement, the splitting tensile strength was only 13.8% lower than the 
reference specimen.  

• As the CP replacement increased from 0% to 10%, 20%, and 30%, the load-carrying capacity decreased between 0.4% and 27.5% 
compared with B8-0. However, 5.5− 39.8% and 2.15− 39.5% reductions occurred in the load-carrying capacity compared with B10- 
0 and B12-0, respectively.  

• CP generally decreased the maximum and ultimate loads at similar intervals. With the ϕ8 tension bar, CP can be utilized effectively 
compared with the other used reinforcements types.  

• The CP incorporation up to 10%, or the optimum replacement ratio, increased the compressive and flexural strengths of concrete, 
as it acted as both a filler material and pozzolanic reactive material.  

• The utilization of CP more than 10% negatively impacted the ductility and energy dissipation tests results due to its overdose.  
• For B8-0, B8-10, and B10-0, initially, the specimens’ stiffness degraded significantly, while their carrying capacity degraded 

slightly, and their energy dissipation capacity remained relatively high. This showed that this type of RCB is greatly suitable for 
engineering applications and is anticipated to reduce the amount of cement required.  

• All the RCBs’ theoretical shear capacities (Vn) approximated the experimental results between 32% and 98%. This issue signified 
that CP affected the shear capacity more negatively than the calculated one. Especially when more than 10% CP was used (B8-30, 
B10-20, B10-30, B12-20, and B12-30), RCBs performed well below the theoretical flexural capacity.  

• The consumption of CP has a great influence both in terms of its ecological effect on the environment and performance of structures. 
It is believed that it will be helpful for future sustainable designs, particularly for structural engineers.  

• Using this study, the important opportunity of consuming CP as a sustainable material can be purposed for environmentally 
friendly concrete and reinforced concrete elements. 
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Table 6 
Calculated flexural and shear capacities of RCBs.  

Test 
Specimen 

Pmax (kN) PCalc./PExp. Vn (kN) Vn/VExp. 

Exp. ACI Hog. Tod. Park. ACI Hog. Tod. Park. Exp. Vc Vs Vn 

B8–0  40.7  35.8  35.4  35.5  35.9  0.88  0.87  0.87  0.88  20.4  6.7  33.7  40.4  1.98 
B8–10  40.6  35.6  35.2  35.3  35.7  0.88  0.87  0.87  0.88  20.3  6.5  32.7  39.2  1.93 
B8–20  36.6  35.1  34.7  34.2  35.3  0.96  0.95  0.94  0.96  18.3  5.9  29.6  35.5  1.94 
B8–30  29.5  33.7  33.7  29.9  34.8  1.14  1.14  1.01  1.18  14.8  4.7  24.0  28.7  1.95 
B10–0  51.7  49.5  47.9  47.3  48.6  0.96  0.93  0.92  0.94  25.8  7.7  33.7  41.5  1.61 
B10–10  48.8  49.1  47.5  46.3  48.3  1.01  0.97  0.95  0.99  24.4  7.5  32.7  40.2  1.65 
B10–20  37.4  47.7  46.4  40.6  47.7  1.28  1.24  1.08  1.28  18.7  6.8  29.6  36.4  1.95 
B10–30  31.1  40.6  40.5  31.1  46.2  1.31  1.31  1.00  1.49  15.5  5.5  24.0  29.5  1.90 
B12–0  64.0  61.9  59.5  52.2  60.3  0.97  0.93  0.82  0.94  32.0  8.7  33.7  42.5  1.33 
B12–10  62.6  59.9  57.5  49.7  59.5  0.96  0.92  0.79  0.95  31.3  8.5  32.7  41.2  1.32 
B12–20  44.3  53.8  51.8  42.6  56.4  1.21  1.17  0.96  1.27  22.2  7.7  29.6  37.3  1.68 
B12–30  38.7  42.9  41.8  32.0  49.0  1.11  1.08  0.83  1.27  19.3  6.2  24.0  30.2  1.56 

*Calc. = Calculation, Exp. = Experiment, ACI = ACI 318–19 [55], Hog. = Hognestad [52], Tod. = Todeschini et al. [54], and Park. = Park et al. [53]. 
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