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Influence of ceramic waste 
powder on shear performance 
of environmentally friendly 
reinforced concrete beams
Yasin Onuralp Özkılıç 1,2*, Essam Althaqafi 3, Alireza Bahrami 4*, Ceyhun Aksoylu 5, 
Memduh Karalar 6, Nebi Özdöner 1, Evgenii M. Shcherban 7, Sergey A. Stel’makh 8, 
Alexey Beskopylny 9* & Blessen Skariah Thomas 10

This investigation considered the usability of ceramic waste powder (CWP) in altered 
quantities in reinforced concrete beams (RCBs). In this way, it was aimed to reduce the environmental 
impacts of concrete by using CWP as a raw material in RCBs. 12 small-scale shear RCBs with 
the dimensions of 100 × 150 × 1000 mm were tested in this study. The variations of stirrups spacing 
and CWP ratio were examined in these specimens. The percentages of CWP by weight utilized in RCBs 
were 10%, 20%, and 30%, and stirrups spacings were adopted as 270 mm, 200 mm, and 160 mm. 
At the end of the study, it was determined that more than 10% CWP additive negatively affected 
the RCBs’ compressive strength. The load-carrying capacity reduced between 30.3% and 59.4% 
when CWP increased from 0% to 30% as compared to RCB with stirrups spacing of 270 mm without 
CWP. However, compared to RCB with stirrups spacings of 200 mm and 160 mm without CWP, 
there were decreases in the load-carrying capacity as 21.4%–54.3% and 18.6%–54.6%, respectively. 
While the CWP ratio increased, the specimens with 160 mm, 200 mm, and 270 mm stirrups spacings 
obtained a lower maximum load value. However, with the increase of the CWP ratio in the specimens 
with 160 mm stirrups spacing, RCBs reached the maximum load-carrying capacity at an earlier 
displacement value. When stirrups spacing was selected as 270 mm, it was observed that the 
maximum load-carrying capacity of RCBs reached at a similar displacement value as the CWP ratio 
increased. Besides, it was resulted that the bending stiffness of RCBs reduced as the quantity of CWP 
enhanced. The bending stiffness decreased by 29.1% to 66.4% in the specimens with 270 mm stirrups 
spacing, 36.3% to 20.2% with 200 mm stirrups spacing, and 10.3% to 36.9% with 160 mm stirrups 
spacing. As an implication of the experiments, the use of CWP up to 10% in RCBs was realized as an 
economical and environmental approach and is suggested. There is some evidence to report that 
making use of CWP may be considered to be ecologically benign. This is due to the fact that reusing 
CWP may significantly reduce  CO2 emissions, save energy, and reduce total power consumption. 
Furthermore, the experimental results were compared to the analytical calculations.
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Recently, altered types of wastes have been utilized instead of raw construction  materials1–5. Since one of the 
most used construction materials is concrete, this led researchers to improvement in the concrete  technology6–10. 
Therefore, it is important to employ eco-friendly concrete with various  approaches11–14. This can be summarized 
as tire  waste15–20, sanitary ware  waste21–25, glass  waste26–31, fire  clay32, marble  dust33–35, ground granulated blast 
furnace  slag36,37, waste fire  clay38–40, granite  waste41–43, red  mud44–47, and polymer type  waste48–54. The ceramic 
tiles business produces ceramic waste powder (CWP) as a byproduct during the final polishing process. The 
presence of CWP may result in the contamination of land, water, and air. The use of CWP as a substitute element 
in concrete will benefit the  environment55,56. Furthermore, consumption of CWP in several manufacturing areas, 
mainly building, agricultural science, glass, and paper productions, would aid in caring for the environment. In 
addition, it is important to improve eco-friendly concrete by using CWP. Research works have indicated that 
ceramic production has an important place worldwide. In India, this rate is more than 100 million tons per year 
on a production basis. About 15%–30% of waste material in ceramic manufacturing is produced from the whole 
 manufacture57. This waste is not reprocessed in any method at present. Nevertheless, CWP is strong, durable, and 
extremely unaffected by organic, chemical, and dreadful physical  conditions57. As CWP stacks up daily, there is 
pressure on ceramic productions to the invention resulting from its throwing away. While CWP interacts with 
groundwater, it reasons serious health  complications58. Several investigators are directing the use of this CWP 
in the improvement of concrete. Some  investigations59–62 proffered that ceramic supplies have durable resist-
ance in contrast to forces of biodegradation. As an implication of the extraordinary substances of crystalline 
aluminum and silica in ceramics, it is noticed that these are useful as supplementary cement for enhancing the 
strong point and stability performance of connectors and concrete prepared by  ceramics63,64. With the objective 
of mitigating environmental issues, the use of CWP as a primary material in reinforced concrete beams (RCBs) 
is pursued. In the literature, some research used CWP to improve concrete. Kasi and  Malasani65 examined the 
flexural performance of concrete. For this purpose, brick from the destruction waste was used as coarse aggre-
gates in concrete after exposure to high temperatures. The reused brick aggregates were exchanged for granite 
aggregates by up to 25% in its volume to create reused brick aggregate concrete. Moreover, the beam samples 
of 100 × 100 × 500 mm were elected to evaluate the flexural strength. It was found that concrete with recycled 
aggregates exhibited better performance than concrete with granite aggregates in terms of the flexural strength 
at elevated temperatures. Debieb and  Kenai66 exchanged coarse aggregates with crushed brick aggregates at 25%, 
50%, 75%, and 100%. It was reported that using 25% crushed bricks as replacement of coarse aggragates was 
logical based on the flexural strength capacity. A decrease in the flexural strength of about 15% was detected in 
crushed brick aggregate concrete. Another evaluation was made on the shear strength of RCBs prepared with 
recycled brick aggregates by Mohammed et al.67. For this purpose, 32 RCBs of the sizes 200 × 300 × 2100 mm 
and 200 × 300 × 2400 mm were prepared to assess the shear strength of RCBs estimated via altered codes and 
rupture mechanics approaches. They concluded that RCBs prepared with recycled brick aggregates demonstrated 
similar shear strength as RCBs prepared with virgin brick aggregates. Furthermore, current code provisions can 
be utilized to expect the shear strength of RCBs prepared with recycled brick aggregates. Said et al.68 examined 
the shear performance of reinforced mortar beams using polyvinyl alcohol fiber in varying amounts from 0% 
to 2.25%, together with fly ash (55%) and silica fume (15%). A finite element model was created to predict the 
fracture pattern, load–deflection, energy absorption, and shear strength of 14 beams experimentally evaluated 
under two intense loads. It was found that the fracture pattern and ductility of the tested beams improved by 
utilizing polyvinyl alcohol fiber. Shaaban et al.69 employed several types of fibers in RCBs specifically intended 
to fail under shear. Additionally, a practical equation was used to predict the magnitude of the shear strength. It 
was witnessed that the anticipated ultimate shear strength, obtained by the derived equation, exhibited a remark-
able concurrence with the experimental data, displaying a clear linear connection characterized by a strong 
correlation. The effects of the curing and drying regime on the mechanical qualities and permeation properties 
of concrete containing steel fibers and crumbed rubber extracted from scrap tires were investigated by Shaaban 
et al.70. It was resulted that cracking was seen before failure at the maximum load. Aksoylu et al.56 examined 
the bending behavior of RCBs with CWP. RCBs were desgined to fail in bending. The results showed that using 
CWP in RCBs is an eco-friendly solution.

As proffered above, numerous examinations of concrete performance with CWP are in the literature without 
any reinforcement details. Moreover, there are minimal investigations on the impact of the CWP percentage, 
replacing cement. Nonetheless, in the literature, no studies achieved the effects of altered rates of stirrups rein-
forcements and CWP on the RCBs’ rupture and shear behavior. The main objective of this experimental study 
was to determine how different percentages of CWP affect the RCBs’ shear performance. This investigation 
evaluated the possibility of the usage of CWP in real practice, as in beam members. As an implication, this study 
significantly supports the literature and engineering practice.

Materials and methods
In this study, to make eco-friendly RCBs, CWP replaced some portions of cement. A fixed mixture design 
(Table 1) with changing the cement ratio was used. CWP was employed as 10%, 20%, and 30% of the cement 
weight. The utilized CWP is presented in Fig. 1. The mechanical strengths of the samples are illustrated in Fig. 2. 
A slight decrease in the mechanical strengths was observed when 10% of CWP was utilized to replace cement. 
However, this reduction significantly grew after 10% of CWP.

A shear collapse without any prior warning is likely to happen abruptly in a beam that lacks appropriately 
designed shear reinforcements when it is overloaded to the point of failure (brittle failure). Therefore, to ensure 
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that flexural damage would occur before the shear failure, concrete must be given with special shear reinforce-
ments. Through the current experimental program, the impacts of stirrups spacing on the shear behavior and 
shear capacity of RCBs with minimal shear reinforcements were examined. In other words, the influence of 
stirrups on the shear-carrying capacity in the tested RCBs was significant and might hinder the observation of 
the effect of CWP. Consequently, the contribution of CWP was tried to be understood by considering different 
stirrups spacings. Additionally, as the CWP percentages changed, RCBs were tested to assess the effectiveness of 
the changes in their performance. In this way, the ductility, stiffness, and energy dissipation of the specimens were 
evaluated with respect to the stirrups spacings and CWP percentages. To achieve this objective, the load-carrying 
capacities of RCBs were assessed. The spacings between stirrups were set at 160 mm, 200 mm, and 270 mm, 
while the specimens were tested with varying percentages (0%, 10%, 20%, and 30%) of the CWP additions. The 
results were then compared to those of the reference specimens. The experimental test specimens are depicted 

Table 1.  Mixture design of RCBs.

CWP Cement (kg/m3) Water (kg/m3) Water/Cement Fine aggregate (kg/m3) Coarse aggregate (kg/m3) CWP (kg/m3)

0% 580

270

0.48

785 900

0

10% 522 0.52 58

20% 464 0.58 116

30% 406 0.66 174

Figure 1.  CWP.
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Figure 2.  Mechanical strengths of samples with and without CWP.
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in Fig. 3. A total of 12 RCBs were produced to examine the shear capacity of the CWP-contributed beams. This 
study investigated the RCBs’ shear performance using CWP concrete mixture in certain proportions instead 
of cement. The size of the specimens was planned as 100 × 150 × 1000 mm. In addition, as can be seen in Fig. 4, 
each specimen was evaluated under four-point bending tests. Altered main parameters were considered to assess 
the implications of CWPs on the shear performance, weight ratios of CWP, and spacings of stirrups. The weight 
percentages of 0%, 10%, 20%, and 30% CWP were used, while stirrups spacings of 270 mm, 200 mm, and 160 mm 
were considered. The longitudinal reinforcements utilized for the tension and compression sections were selected 
as 2Ø12 and 2Ø6, respectively, as indicated in Fig. 3. The specifications of the test samples are listed in Table 2.

Experimental investigation of RCBs
Efficiency of altered stirrups spacings
In this section, RCBs were tested with altered stirrups spacings to examine the efficiency of the stirrups. Details 
are presented in the following.

Case 1: Rupture and load–displacement form of RCBs (S‑REF#1, S‑REF#2, and S‑REF#3)
As proffered in Figs. 5 and 6, the failure patterns and load–displacement diagrams of the RCB tests are observed, 
respectively. In Fig. 4, the maximum load-carrying capacity of S-REF#3 with 160 mm stirrups spacing was 
obtained as 61.03 kN, while the displacement at Pmax was 13.10 mm. The maximum load-carrying capac-
ity value and displacement at Pmax of S-REF#2 and S-REF#1 specimens, in which the stirrups spacings were 
increased to 200 mm and 270 mm, were 55.88 kN and 13.01 mm and 45.11 kN and 7.92 mm, respectively. As a 
result, the specimens suffered from the shear damage earlier in the load-carrying capacity due to the increased 
stirrups spacings. Compared to S-REF#3, this ratio was 8.4% lower in S-REF#2 and 26% lower in S-REF#1. 
According to Fig. 5, all three specimens experienced the shear damage and collapsed.

Figure 3.  Reinforcement layout for specimens.
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Case 2: Rupture and load–displacement form of RCBs (S‑CERAMIC#1, S‑CERAMIC#2, and S‑CERAMIC#3)
In this section, 10% CWP was used as a replacement for cement to evaluate the effects of CWPs with spacings of 
stirrups on the shear performance of RCBs. Figures 7 and 8 demonstrate the RCBs’ end-of-experiment failure 
views and load–displacement curves with the 10% CWP content. According to Fig. 8, the highest load and Pmax 
displacement recorded by S-CERAMIC#3 were 49.65 kN and 11.88 mm, respectively. In S-CERAMIC#2 and 
S-CERAMIC#1 samples, these values were found to be 43.83 kN and 16.03 mm and 31.43 kN and 7.78 mm, 
respectively, in comparison to S-CERAMIC#3. Hence, S-CERAMIC#2 and S-CERAMIC#1 samples carried 
11.6% and 36.6% less loads than S-CERAMIC#3, respectively. Compared to Case 1, 10% CWP contribution led 
to a reduction in the load-carrying capacity in RCBs with all three stirrups spacings. Similar to Case 1, all 10% 
of CWP-contributed specimens suffered from the shear damage at the end of the tests. The curves provide a 
detailed representation of the crack formations in RCBs (Fig. 8).

Case 3: Rupture and load–displacement form of RCBs (S‑CERAMIC#4, S‑CERAMIC#5, and S‑CERAMIC#6)
The failure patterns and load–displacement relations of the samples with 20% CWP ratio instead of the cement 
amount by weight are displayed in Figs. 9 and 10. In Fig. 9, the specimens had the shear damage at the end of 
the experiment, similar to Case 1 and Case 2, and collapsed. The rise in the CWP ratio resulted in a decline in 
the load-carrying capacity. Based on Fig. 10, S-CERAMIC#6 specimen with 160 mm stirrups spacing had 38.94 
kN maximum load and 9.58 mm displacement corresponding to Pmax. Besides, 32.47 kN and 9.49 mm and 23.51 
kN and 8.69 mm were found for S-CERAMIC#5 and S-CERAMIC#4 specimens, respectively, with 200 mm and 
270 mm stirrups spacings. S-CERAMIC#5 and S-CERAMIC#4 specimens carried 16.6% and 39.6% less loads 
than S-CERAMIC#6. These consequences were noticed to be similar to Case 1 and Case 2.

Figure 4.  Test setup of specimens.

Table 2.  Features of specimens.

No. Test samples Stirrups diameter/Spacing Volumetric ratio of stirrups (%) Percentage of CWP

1 S-REF#1 6/270 2.1 0

2 S-REF#2 6/200 2.8 0

3 S-REF#3 6/160 3.53 0

4 S-CERAMIC#1 6/270 2.1 10

5 S-CERAMIC#2 6/200 2.8 10

6 S-CERAMIC#3 6/160 3.53 10

7 S-CERAMIC#4 6/270 2.1 20

8 S-CERAMIC#5 6/200 2.8 20

9 S-CERAMIC#6 6/160 3.53 20

10 S-CERAMIC#7 6/270 2.1 30

11 S-CERAMIC#8 6/200 2.8 30

12 S-CERAMIC#9 6/160 3.53 30
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Case 4: Rupture and load–displacement form of RCBs (S‑CERAMIC#7, S‑CERAMIC#8, and S‑CERAMIC#9)
This section investigates the variation of the shear capacity by adding 30% CWP to RCBs with different stirrups 
spacings. The end-of-experiment damage and load–displacement relationship of each specimen are presented 
in Figs. 11 and 12, respectively. In Fig. 12, S-CERAMIC#9 specimen suffered from the sudden shear damage 
after reaching 27.68 kN. The Pmax displacement was obtained as 9.42 mm. Two specimens, S-CERAMIC#8 and 
S-CERAMIC#7, were tested with stirrups spacings of 200 mm and 270 mm, respectively. S-CERAMIC#8 speci-
men had a load capacity of 25.51 kN and a Pmax displacement of 8.84 mm, while S-CERAMIC#7 specimen had 
a load capacity of 18.29 kN and a Pmax displacement of 9.57 mm. Consequently, the rise in the CWP rate to 30% 
resulted in a decline in the load-carrying capacity. Moreover, it is shown that the load–displacement capacities 
of RCBs expanded gradually as stirrups spacing decreased. This suggests that stirrups spacing had an efficient 
effect on the load–displacement capacities of RCBs. It was noticed that these results were similar to those in 
Case 1, Case 2, and Case 3. However, the increase in the CWP ratio caused the maximum load values of RCBs 
to approach each other. When Figs. 6, 8, 10, and 12 are evaluated, it is clear that the reference specimens had a 
maximum load-carrying capacity for all stirrups spacings. As the CWP ratio decreased, the load values were 
obtained closer to the reference specimens. In other words, in the RCB specimens with spacings of stirrups 
as 160 mm, 200 mm, and 270 mm, the CWP additives as 0%, 10%, 20%, and 30% reduced the load-carrying 
capacities of RCBs compared to the reference specimens, respectively, as 18.6%, 36.1%, and 54.6% (for 160 mm 
stirrups spacing), 21.4%, 41.8%, and 54.3% (for 200 mm stirrups spacing), and 30.3%, 47.8, and 59.4% (for 
270 mm stirrups spacing). Furthermore, although this reduction in the load-carrying capacity of RCBs was 
related to the quantity of CWP, it was not linear. In addition, the load-carrying capacity decreased as stirrups 
spacing increased. As stirrups spacing in the samples decreased (270 mm > 200 mm > 160 mm), the load-carrying 
capacity was negatively affected by rising rates of CWP (10% < 20% < 30%).

Figure 5.  Failure patterns of RCBs with 0% CWP and stirrups spacings of: a) 160 mm, b) 200 mm, and c) 
270 mm.

Figure 6.  Load–displacement results of RCBs with different spacings of stirrups.
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Efficiency of altered percentages of CWP
RCBs were also tested with altered CWP percentages to assess their efficiency on the performance of RCBs. For 
this purpose, the weight percentages of 0%, 10%, 20%, and 30% CWP were adopted and tested.

Case 1: Rupture and load–displacement form of RCBs with different percentages of CWP and spacing of stirrups 
as 160 mm
The evaluation of RCBs with constant stirrups spacing and different CWP ratios is explained in this section. The 
amounts of CWP were taken as 0%, 10%, 20%, and 30% while stirrups were constantly spaced 160 mm apart. 
The failure modes of  RCBs are depicted in Fig. 13. Based on Fig. 14, the maximum load was acquired as 61.03 kN, 
and the Pmax displacement was achieved as 13.10 mm when the CWP ratio was set to 0% (S-REF#3). For a CWP 
ratio of 10% (S-CERAMIC#3), the maximum load and Pmax displacement were 49.65 kN and 11.88 mm, respec-
tively. The maximum load and Pmax displacement were found to be 38.94 kN and 9.58 mm, respectively, when 
the CWP ratio increased to 20% (S-CERAMIC#6). After increasing the CWP ratio to 30% (S-CERAMIC#9), it 
was resulted that the maximum load and Pmax displacement were reduced to 27.68 kN and 9.42 mm, respectively. 
However, the load-carrying capacity of S-CERAMIC#3, S-CERAMIC#6, and S-CERAMIC#9 specimens dropped 
by 18.6%, 36.1%, and 54.6%, respectively, in comparison to S-REF#3. This pointed out that increasing the CWP 
additive decreased the load-carrying capacity. In addition, depending on the increased CWP ratio, RCBs reached 
the maximum load value at an earlier displacement value. The findings revealed that the structural features of 
RCBs declined as the replacement rate of CWP reached 10% or higher. This was ascribed to a diluting effect and 
increased CWP porosity that negatively impacted the microstructure and properties of concrete (Rachied et al. 

Figure 7.  Failure patterns of RCBs with 10% CWP and stirrups spacings of: a) 160 mm, b) 200 mm, and c) 
270 mm.

Figure 8.  Load–displacement results of RCBs with different spacings of stirrups.
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2023). The decrease in the strength is consistent with the dilution effect and increased porosity, which disrupt 
the concrete microstructure and hinder the strength growth.

Case 2: Rupture and load–displacement form of RCBs with different percentages of CWP and spacing of stirrups 
as 200 mm
Here, spacing of stirrups in RCBs was constantly conisdered as 200 mm, while the amounts of CWP were 0%, 
10%, 20%, and 30% to examine the efficiency of the altered CWP percentages. The failure patterns of the tested  
RCBs with 0%, 10%, 20%, and 30% CWP are indicated in Fig. 15. As can be observed from Fig. 16, the Pmax 
displacement measured was 13.01 mm, maximum load was 55.88 kN, and CWP ratio was 0% (S-REF#2). Where 
the 10% (S-CERAMIC#2) CWP ratio was chosen, the maximum load and Pmax displacement were 16.03 mm and 
43.87 kN, respectively. It was discovered that the maximum load and Pmax displacement decreased to 32.47 kN 
and 9.49 mm, respectively when the CWP ratio rose to 20% (S-CERAMIC#5). This was followed by a decrease in 
the maximum load and Pmax displacement to 25.51 kN and 8.84 mm, respectively, when the CWP ratio increased 
to 30% (S-CERAMIC#8). On the other hand, the load-carrying capacity of S-CERAMIC#2, S-CERAMIC#5, 
and S-CERAMIC#8 samples decreased by 21.4%, 41.8%, and 54.3%, respectively, when compared to S-REF#2. 
These findings demonstrated that the use of the CWP additive led to a greater reduction in the load-carrying 
capacity as the stirrups spacing increased. In addition, it was determined in Figs. 15 and 16 that the stiffness of 
the samples decreased and cracks increased with the increase of the CWP ratio.

Case 3: Rupture and load–displacement form of RCBs with different percentages of CWP and spacing of stirrups 
as 270 mm
In order to evaluate the efficiency of an altered CWP percentage, the amounts of CWP were taken as 0%, 10%, 
20%, and 30% when spacing of stirrups in RCBs was constant as 270 mm. The results of the experimental 

Figure 9.  Failure patterns of RCBs with 20% CWP and stirrups spacings of: a) 160 mm, b) 200 mm, and c) 
270 mm.

Figure 10.  Load–displacement results of RCBs with different spacings of stirrups.
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tests on RCBs with 0%, 10%, 20%, and 30% CWP are presented in Fig. 17. Based on Fig. 18, for the CWP 
ratio as 0% (S-REF#1), the maximum load was obtained as 45.11 kN and Pmax displacement was found as 
7.92 mm. The 10% (S-CERAMIC#1) CWP ratio resulted in the maximum load and Pmax displacement of 31.43 
kN and 7.78 mm, respectively. It was seen that the highest load and highest Pmax displacement decreased to 
23.51 kN and 8.69 mm when the CWP ratio rose to 20% (S-CERAMIC#4). Subsequently, when the CWP ratio 
increased to 30% (S-CERAMIC#7), it was observed that the highest load and Pmax displacement decreased to 
18.29 kN and 9.57 mm, respectively. To clarify, when comparing S-REF#1 to S-CERAMIC#1, S-CERAMIC#4, 
and S-CERAMIC#7 samples, the load-carrying capacity declined by 30.3%, 47.8%, and 59.4%, respectively. 
This point displays that when stirrups spacing increased more, the CWP additive dramatically lowered the 
load-carrying capacity. It was also shown that the samples reached their maximum load-carrying capacity at 
approximately similar displacement values with increasing stirrups spacing. When the CWP ratio increased, at 
the same time, a significant decrease was witnessed in the initial stiffness values. This illustrated that CWP was 
less effective on stiffness as the stirrups spacing increased.

As can be noticed from Figs. 14, 16, and 18, the load-carrying capacity of RCBs diminished as the CWP 
quantity increased from 0% to 30%. The maximum load value reached by the samples decreased as the CWP ratio 
increased in the samples with stirrups spacings of 160 mm, 200 mm, and 270 mm. However, with the increase of 
the CWP ratio in the samples with 160 mm stirrups spacing, the samples reached the maximum load-carrying 
capacity at an earlier displacement value. While the space between the stirrups was chosen as 270 mm, it was 
observed that the maximum load-carrying capacity of the samples reached at a similar displacement value as 
the CWP ratio increased. In addition, it was detected that CWP reduced the quantity and range of the flexural 
ruptures in RCBs.

Figure 11.  Failure patterns of RCBs with 30% CWP and stirrups spacings of: (a) 160 mm, (b) 200 mm, and (c) 
270 mm.

Figure 12.  Load–displacement results of RCBs with different spacings of stirrups.
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Efficiency of altered percentages of CWP on ductility, stiffness, and energy dissipation
The stiffness, ductility, and energy dissipation values of the specimens are assessed by considering Tables 3 and 
4. Sufficient ductility could not be achieved in all test samples. In the literature, the ductility ratio of RCBs with 
under-reinforced design was given between 4 and 5. The ductility ratios obtained in Table 3 are below this limit. 
In addition, when the end-of-test damages of the samples are examined, it is understood that RCBs were gener-
ally subjected to the diagonal tension failure. The stiffness of the samples corresponding to the maximum load 
value decreased with increasing the CWP ratio.

The shear damages of the samples signify that they did not have sufficient energy dissipation capacity. How-
ever, the energy dissipation capacities for different levels were calculated and are presented in Table 4. The 
assessment can be made for the energy dissipation capacity corresponding to the maximum load level. As can 
be seen in Table 4, the energy dissipation capacity corresponding to the maximum load value decreased depend-
ing on the increase in stirrups spacing and CWP ratio. In the samples with the CWP ratios of 10%, 20%, and 
30% and stirrups spacing of 270 mm, the respective reductions were determined as 28.3% (S-CERAMIC#1), 
40.4% (S-CERAMIC#4), 49.1% (S-CERAMIC#7). The ratios exhibited an upward trend as the stirrups spacing 

Figure 13.  Failure patterns of RCBs with stirrups spacing of 160 mm and CWP percentages of: (a) 0%, (b) 10%, 
(c) 20%, and (d) 30%.

Figure 14.  Load–displacement results of RCBs with stirrups spacing of 160 mm and altered quantity of CWP.
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reduced. However, this increase was not due to the increase in the CWP ratio but because of the decrease in 
spacing of stirrups.

Similar to the conclusions of the literature, it was identified that the factors affecting the energy dissipation 
were the cause of such ductility  values71. To bear the increased loads operating on the construction, a struc-
tural element with a high degree of ductility is exposed to massive inelastic deformations. As an implication, 
the structural members undergo significant deformations before reaching the point of  collapse72. The decrease 
in the resulting energy dissipation indicates that the structural element cannot withstand earthquakes largely 
because of a gradual failure mechanism. A comparison of the energy dissipation for altered quantity of CWP is 
depicted in Fig. 19.

Calculation of shear capacity
Different empirical approaches for calculating the shear capacity of RCBs are available in the literature. In an 
empirical calculation close to the experimental results, parameters such as the cylinder concrete strength (f′c), 
RCBs’ width (bw), shear span (a), stirrups spacing (s), reinforcement ratio (ρ), RCBs’ effective depth (d), stirrups 

Figure 15.  Failure patterns of RCBs with stirrups spacing of 200 mm and CWP percentages of: (a) 0%, (b) 10%, 
(c) 20%, and (d) 30%.

Figure 16.  Load–displacement results of RCBs with stirrups spacing of 200 mm and altered quantity of CWP.
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ratio (Av/s), and yield stress (fyd) of reinforcements should be known. The commonly used empirical formula 
in the shear capacity calculation, which is known to be close to the experimental results, is given in Eq. (1) 73.

It can be detected in Fig. 20 that as the CWP percentage in RCBs increased, the change in the shear capac-
ity rose. As a result of the comparison, the analytical results were obtained with an approximation of up to 3.2% 
of the experimental results. The comparison of the experimental and analytical results is presented in Table 5. 
When Table 5 is examined, the analytical and experimental results diverged, as the CWP ratio in RCBs increased. 
This situation points out that the equation needs to be developed for the analytical calculations of CWP-added 
concretes.

(1)Vu = 2.1746 ·

(

f ′c · ρ ·
d

a

)
1

3

· bwd +
Avfyd

s

Figure 17.  Failure patterns of RCBs with stirrups spacing of 270 mm and CWP percentages of: (a) 0%, (b) 10%, 
(c) 20%, and d) 30%.

Figure 18.  Load–displacement results of RCBs with stirrups spacing of 270 mm and altered quantity of CWP.
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Environmental values of CWP
More environmentally friendly and sustainable goods may be produced by recycling and using garbage that 
is solid in the production of building materials. These materials, however, must either be economically viable 
alternatives to currently used materials or have environmental advantages that justify their use. To assess the 
sustainability of CWP-mortar compared to regular mortar, it is necessary to choose metrics such as greenhouse 
gas emissions, production costs, and energy consumption related to mortar manufacture. The utilization of 

Table 3.  Experimental test results for stiffness and ductility values.

Test samples Pmax (kN)
Displacement at Pmax 
(mm)

Stiffness at Pmax (kN/
mm) Pu (0.85Pmax) (kN)

Displacement at 
0.85Pmax, δy (mm)

Stiffness at 0.85Pmax 
(kN/mm) δu (mm) Ductility ratio

S-REF#1 45.11 7.92 5.69 38.34 4.62 8.29 10.26 2.22

S-REF#2 55.88 13.01 4.29 47.49 7.65 6.20 20.21 2.64

S-REF#3 61.03 13.10 4.65 51.87 7.98 6.49 25.79 3.23

S-CERAMIC#1 31.43 7.78 4.03 26.71 4.39 6.07 9.54 2.17

S-CERAMIC#2 43.87 16.03 2.73 37.29 7.95 4.68 23.82 2.99

S-CERAMIC#3 49.65 11.88 4.17 42.20 6.98 6.04 17.04 2.44

S-CERAMIC#4 23.51 8.69 2.70 19.98 5.83 3.42 12.2 2.09

S-CERAMIC#5 32.47 9.49 3.42 27.60 5.81 4.75 11.05 1.90

S-CERAMIC#6 38.94 9.58 4.06 33.10 6.42 5.15 12.04 1.87

S-CERAMIC#7 18.29 9.57 1.91 15.54 5.41 2.87 12.33 2.27

S-CERAMIC#8 25.51 8.84 2.88 21.68 5.66 3.82 14.89 2.62

S-CERAMIC#9 27.68 9.42 2.93 23.52 6.50 3.61 13.77 2.11

Table 4.  Experimental test results for energy dissipation capacities.

Test samples
Maximum displacement 
(mm)

Energy dissipation at Pmax 
(kj)

Energy dissipation at 
0.85Pmax (kj) Plastic energy dissipation (kj)

Total energy dissipation 
(kj)

S-REF#1 15.43 0.240 0.116 0.354 0.471

S-REF#2 29.86 1.076 0.234 1.010 1.244

S-REF#3 27.89 0.560 0.325 1.059 1.383

S-CERAMIC#1 18.15 0.172 0.087 0.323 0.410

S-CERAMIC#2 25.98 0.533 0.189 0.739 0.928

S-CERAMIC#3 22.15 0.406 0.204 0.624 0.828

S-CERAMIC#4 18.09 0.143 0.096 0.216 0.312

S-CERAMIC#5 19.57 0.221 0.146 0.322 0.468

S-CERAMIC#6 20.54 0.265 0.135 0.442 0.577

S-CERAMIC#7 13.34 0.122 0.049 0.127 0.176

S-CERAMIC#8 22.98 0.156 0.087 0.363 0.450

S-CERAMIC#9 18.50 0.177 0.108 0.272 0.379

Figure 19.  Assessment of energy dissipation for altered quantity of CWP.
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CWP-mortar is primarily influenced by these criteria, which are regarded as the main factors, despite the pres-
ence of other significant indications that also contribute. Samadi et al.74 evaluated the impact of substituting 
conventional Portland cement with a ceramic material on the emissions of greenhouse gases in a blended cement. 
The study found that higher levels of ground ceramic in the mortar samples led to a decrease in the emissions of 
greenhouse gasses. Along with a rise in ground ceramic from 20% to 40%–60%, the density of the gases emitted 
was also decreased from 92.9 kg/m3 to 77.5 kg/m3 and 46.8 kg/m3. During the production of one ton of blended 
cement, which consisted of 40% ground ceramic, the emission of 1  m3 of greenhouse gases occured, which rep-
resents a decrease of almost 37% compared to a conventional  mixture53. Using CWP instead of typical aggregate 
will appear to have a huge environmental benefit, as can be demonstrated from the analyses above, even though 
the load-displacement curves are near to one other. Moreover, given the primary objective of employing CWP 
is to account for the environment, these statistics provide a significant perspective on quantifying the environ-
mental advantages of adopting CWP.

Conclusions
This study investigated the change in the shear capacity of RCBs produced with the CWP additives at different 
rates experimentally and analytically. Stirrups spacings in the specimens were chosen as 270 mm, 200 mm, and 
160 mm. The findings obtained as results of the study can be summarized as follows:

• More than 10% CWP additive was determined to affect the concrete compressive strength negatively.
• The reference RCBs got the maximum load-carrying capaicty in all stirrups spacings (270 mm, 200 mm, 

and 160 mm). In the RCBs specimens, with stirrups spacings of 270 mm, 200 mm, and 160 mm, the CWP 
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Figure 20.  Experimental and analytical results for shear capacity.

Table 5.  Comparison of experimental and analytical results for shear capacity.

Test samples Experimental result (ER) for shear capacity (kN) Analytical result for shear capacity (kN) ER/AR

S-REF#1 45.11 40.7 1.10

S-REF#2 55.88 52 1.07

S-REF#3 61.03 63 0.97

S-CERAMIC#1 31.43 37 0.85

S-CERAMIC#2 43.87 47 0.93

S-CERAMIC#3 49.65 57 0.87

S-CERAMIC#4 23.51 33 0.71

S-CERAMIC#5 32.47 43 0.75

S-CERAMIC#6 38.94 52 0.75

S-CERAMIC#7 18.29 32 0.57

S-CERAMIC#8 25.51 40.9 0.62

S-CERAMIC#9 27.68 49 0.56
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additives of 10%, 20%, and 30% improved the load-carrying capacity of RCBs, respectively, compared to the 
reference specimens. Consequently, adding CWP up to 10% to RCBs did not result in a significant reduc-
tion in the shear capacity. In other words, as CWP increased from 0% to 30%, the load-carrying capacity 
decreased between 30.3% and 59.4% compared to RCBs with stirrups spacing of 270 mm without CWP. 
However, reductions of 21.4%–54.3% and 18.6%–54.6% in the load-carrying capacity occurred, respectively, 
compared to RCBs with stirrups spacing of 200 mm and 160 mm without CWP.

• RCBs with different stirrups spacings, created with a 10% contribution of CWP, reduced the load-carrying 
capacity by 18.6% to 30.3%. This decrease reached 47.8% with a contribution of 20% CWP, and up to 54.3% 
with a contribution of 30% CWP. It was resulted that if the 10% CWP contribution was exceeded within the 
considered CWP ratios, the load-carrying capacity decreased too much. For different stirrups spacings, using 
10% by weight of CWP may be recommended instead of cement.

• The maximum load value reached by the samples decreased as the CWP ratio increased in the samples with 
stirrups spacings of 160 mm, 200 mm, and 270 mm. However, with an increased CWP ratio in the samples 
with 160 mm stirrups spacing, RCBs reached the maximum load-carrying capacity at an earlier displacement 
value.

• When spacing between each stirrup was selected as 270 mm, it was observed that the maximum load-carrying 
capacity of RCBs reached at a similar displacement value as the CWP ratio increased.

• It was determined that the bending stiffness of RCBs reduced, as the quantity of CWP enhanced. In other 
words, the bending stiffness decrease was between 29.1% and 66.4% in the specimens with 270 mm stirrups 
spacing, between 36.3% and 20.2% in the specimens with 200 mm stirrups spacing, and between 10.3% and 
36.9% in the specimens with 160 mm stirrups spacing.

• Evidence has shown that utilizing CWP can be regarded as an environmentally-friendly solution. This is 
because reusing CWP can substantially decrease  CO2 emissions, conserve energy, lower overall electricity 
consumption, and reduce fuel usage. Consequently, this leads to the global availability of a sustainable and 
cost-effective construction material.

Consequently, in this study, the use of CWP, a mutual and inexpensive waste, in concrete was investigated 
with a series of experimental tests on RCBs. By the empirical research, the use of CWP up to 10% in RCBs is 
recognized as a cheap and ecologist approach and is suggested.

Future work area
Additional testing and experimentation should be conducted on CWP to obtain its strength properties for use 
in typical or low-rise structural concrete applications. To get further insight into the workability, experimen-
tation with different water/cement ratios may be done to determine the factors that affect the strength when 
sodium silicate is added. Moreover, the strength properties of CWP, which is also a pozzolanic material, may 
be further studied and researched. Studying CWP should be continued since it may help maintain the ecology 
and environment.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding authors on 
reasonable request.

Received: 5 July 2023; Accepted: 16 April 2024

References
 1. Sun, L. et al. Experimental investigation on the bond performance of sea sand coral concrete with FRP bar reinforcement for 

marine environments. Adv. Struct. Eng. 26, 533–546 (2023).
 2. Li, Z. et al. Ternary cementless composite based on red mud, ultra-fine fly ash, and GGBS: Synergistic utilization and geopolym-

erization mechanism. Case Stud. Constr. Mater. 19, e02410 (2023).
 3. Zhou, T., Yu, F., Li, L., Dong, Z. & Fini, E. H. Swelling-degradation dynamic evolution behaviors of bio-modified rubberized asphalt 

under thermal conditions. J. Clean. Prod. 426, 139061. https:// doi. org/ 10. 1016/j. jclep ro. 2023. 139061 (2023).
 4. Singh, A. et al. Utilization of antimony tailings in fiber-reinforced 3D printed concrete: A sustainable approach for construction 

materials. Constr. Build. Mater. 408, 133689 (2023).
 5. Özkılıç, Y. O. et al. Shear performance of reinforced expansive concrete beams utilizing aluminium waste. J. Market. Res. 24, 

5433–5448 (2023).
 6. Han, Y. et al. Chloride ion penetration resistance of matrix and interfacial transition zone of multi-walled carbon nanotube-

reinforced concrete. J. Build. Eng. 72, 106587 (2023).
 7. Wang, M., Yang, X. & Wang, W. Establishing a 3D aggregates database from X-ray CT scans of bulk concrete. Constr. Build. Mater. 

315, 125740 (2022).
 8. Jin, M. et al. Multi-scale investigation on composition-structure of C-(A)-SH with different Al/Si ratios under attack of decalcifica-

tion action. Cem. Concr. Res. 172, 107251 (2023).
 9. He, H. et al. Employing novel N-doped graphene quantum dots to improve chloride binding of cement. Constr. Build. Mater. 401, 

132944 (2023).
 10. Huang, H., Yuan, Y., Zhang, W. & Zhu, L. Property assessment of high-performance concrete containing three types of fibers. Int. 

J. Concr. Struct. Mater. 15, 1–17 (2021).
 11. Çelik, A. İ et al. Use of waste glass powder toward more sustainable geopolymer concrete. J. Mater. Res. Technol. 24, 8533–8546 

(2023).
 12. Ren, Z., Zeng, H., Zeng, X., Chen, X. & Wang, X. Effect of nanographite conductive concrete mixed with magnetite sand excited 

by different alkali activators and their combinations on the properties of conductive concrete. Buildings 13, 1630 (2023).
 13. Bai, B., Chen, J., Bai, F., Nie, Q. & Jia, X. Corrosion effect of acid/alkali on cementitious red mud-fly ash materials containing heavy 

metal residues. Environ. Technol. Innov. 33, 103485. https:// doi. org/ 10. 1016/j. eti. 2023. 103485 (2024).

https://doi.org/10.1016/j.jclepro.2023.139061
https://doi.org/10.1016/j.eti.2023.103485


16

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10401  | https://doi.org/10.1038/s41598-024-59825-7

www.nature.com/scientificreports/

 14. Chen, L. et al. Biomaterials technology and policies in the building sector: A review. Environ. Chem. Lett. https:// doi. org/ 10. 1007/ 
s10311- 023- 01689-w (2024).

 15. Bisht, K. & Ramana, P. V. Evaluation of mechanical and durability properties of crumb rubber concrete. Constr. Build. Mater. 155, 
811–817 (2017).

 16. Han, Q.-H., Xu, J., Xing, Y. & Li, Z.-L. Static push-out test on steel and recycled tire rubber-filled concrete composite beams. Steel 
Comp. Struct 19, 843–860 (2015).

 17. Han, Q.-H., Wang, Y.-H., Xu, J. & Xing, Y. Fatigue behavior of stud shear connectors in steel and recycled tyre rubber-filled concrete 
composite beams. Steel Compos. Struct. 22, 353–368 (2016).

 18. Hadzima-Nyarko, M., Nyarko, K. E., Djikanovic, D. & Brankovic, G. Microstructural and mechanical characteristics of self-
compacting concrete with waste rubber. Struct. Eng. Mech. 78, 175–186 (2021).

 19. Zeybek, Ö. et al. Performance evaluation of fiber-reinforced concrete produced with steel fibers extracted from waste tire. Front. 
Mater. 9, 1057128 (2022).

 20. Çelik, A. İ, Özkılıç, Y. O., Zeybek, Ö., Özdöner, N. & Tayeh, B. A. Performance assessment of fiber-reinforced concrete produced 
with waste lathe fibers. Sustainability 14, 11817 (2022).

 21. Reig, L., Soriano, L., Borrachero, M. V., Monzó, J. M. & Payá, J. Potential use of ceramic sanitary ware waste as pozzolanic material. 
Bol. Soc. Esp. Cerám. Vidrio 61, 611–621 (2022).

 22. Meena, R. V., Jain, J. K., Chouhan, H. S. & Beniwal, A. S. Use of waste ceramics to produce sustainable concrete: A review. Clean. 
Mater. 4, 100085 (2022).

 23. Almeida, D. H. D., Grillo, R. H. F., Maestrelli, S. C. & Roveri, C. D. Properties of concrete manufactured with use of ceramic sanitary 
ware waste as aggregate. Matéria 24, 665 (2019).

 24. Ortigara, Y. V. B. et al. Influence of the use of sanitary ware waste in self-compacting concrete production. Mater. Today 65, 511–519 
(2022).

 25. Ahmad, S., Khan, R. A., Shamim, S. & Chandra, U. Effect of waste ceramic sanitary ware as partial replacement of aggregates and 
cement in concrete. Innov. Infrastruct. Solut. 8, 205 (2023).

 26. Bisht, K. & Ramana P. P. Evaluation of mechanical and durability properties of crumb rubber concrete. Constr. Build. Mater. 15, 
811–817 (2017).

 27. Qaidi, S. et al. Concrete containing waste glass as an environmentally friendly aggregate: A review on fresh and mechanical char-
acteristics. Materials 15, 6222 (2022).

 28. Abdelli, H. E., Mokrani, L., Kennouche, S. & de Aguiar, J. B. Utilization of waste glass in the improvement of concrete performance: 
A mini review. Waste Manag. Res. 38, 1204–1213 (2020).

 29. Hama, S. M., Ali, Z. M., Zayan, H. S. & Mahmoud, A. S. Structural behavior of reinforced concrete incorporating glass waste as 
coarse aggregate. J. Struct. Integr. Maintenance 8, 59–66 (2023).

 30. Hamada, H., Alattar, A., Tayeh, B., Yahaya, F. & Thomas, B. Effect of recycled waste glass on the properties of high-performance 
concrete: A critical review. Case Stud. Constr. Mater. 17, e01149 (2022).

 31. Çelik, A. İ et al. Mechanical behavior of crushed waste glass as replacement of aggregates. Materials 15, 8093 (2022).
 32. Özkılıç, Y. O., Başaran, B., Aksoylu, C., Karalar, M. & Martins, C. H. Mechanical behavior in terms of shear and bending perfor-

mance of reinforced concrete beam using waste fire clay as replacement of aggregate. Case Stud. Constr. Mater. 18, e02104 (2023).
 33. Başaran, B., Aksoylu, C., Özkılıç, Y. O., Karalar, M. & Hakamy, A. Shear behaviour of reinforced concrete beams utilizing waste 

marble powder. Structures 54, 1090–1100 (2023).
 34. Loganathan, G. B. et al. Development of novel environmental proficient hybrid composites based on marble dust and poultry’s 

eggshell. Materials Today: Proceedings (2023).
 35. Özkılıç, Y. O. et al. Optimum usage of waste marble powder to reduce use of cement toward eco-friendly concrete. J. Mater. Res. 

Technol. 25, 4799–4819 (2023).
 36. Tung, T. M., Babalola, O. E. & Le, D.-H. Experimental investigation of the performance of ground granulated blast furnace slag 

blended recycled aggregate concrete exposed to elevated temperatures. Clean. Waste Syst. 4, 100069 (2023).
 37. Biswal, U. S. & Dinakar, P. Evaluating corrosion resistance of recycled aggregate concrete integrating ground granulated blast 

furnace slag. Constr. Build. Mater. 370, 130676 (2023).
 38. Özkılıç, Y. O. et al. The use of crushed recycled glass for alkali activated fly ash based geopolymer concrete and prediction of its 

capacity. J. Mater. Res. Technol. 24, 8267–8281 (2023).
 39. Xin, Y., Robert, D., Mohajerani, A., Tran, P. & Pramanik, B. K. Transformation of waste-contaminated glass dust in sustainable 

fired clay bricks. Case Stud. Constr. Mater. 18, e01717 (2023).
 40. Moujoud, Z. et al. Study of fired clay bricks with coconut shell waste as a renewable pore-forming agent: Technological, mechanical, 

and thermal properties. J. Build. Eng. 68, 106107 (2023).
 41. Chajec, A. The use of granite powder waste in cementitious composites. J. Mater. Res. Technol. 25, 4761–4783 (2023).
 42. Nuaklong, P. et al. Strength and post-fire performance of fiber-reinforced alkali-activated fly ash concrete containing granite 

industry waste. Constr. Build. Mater. 392, 131984 (2023).
 43. Pour, A. K., Shirkhani, A., Zeng, J.-J., Zhuge, Y. & Farsangi, E. N. Structures 1021–1034 (2023).
 44. Qian, L.-P., Ahmad, M. R., Lao, J.-C. & Dai, J.-G. Recycling of red mud and flue gas residues in geopolymer aggregates (GPA) for 

sustainable concrete. Resour. Conserv. Recycl. 191, 106893 (2023).
 45. Wu, D. et al. Encapsulation of red mud with ultra-high performance concrete (UHPC) for immobilization of alkaline and heavy 

metals: Experiments and simulations. Cement Concr. Compos. 142, 105152 (2023).
 46. Kumar, B. R. & Ramakrishna, G. Performance evaluation of red mud as a construction material: A review. Materials Today: Pro‑

ceedings (2023).
 47. Xu, Z. et al. Influence of nano-SiO2 and steel fiber on mechanical and microstructural properties of red mud-based geopolymer 

concrete. Constr. Build. Mater. 364, 129990 (2023).
 48. Tao, Y., Hadigheh, S. A. & Wei, Y. Recycling of glass fibre reinforced polymer (GFRP) composite wastes in concrete: A critical 

review and cost benefit analysis. Structures 53, 1540–1556 (2023).
 49. Li, Y.-F., Hsu, Y.-W., Syu, J.-Y., Chen, B.-Y. & Song, B. Study on the Utilization of waste thermoset glass fiber-reinforced polymer 

in normal strength concrete and controlled low strength material. Materials 16, 3552 (2023).
 50. Lv, J. et al. Effects of waste rubber powder and resin content on the free shrinkage of polymer concrete. Constr. Build. Mater. 381, 

131307 (2023).
 51. Duan, Z., Deng, Q., Liang, C., Ma, Z. & Wu, H. Upcycling of recycled plastic fiber for sustainable cementitious composites: A 

critical review and new perspective. Cement Concr. Compos. 142, 105192 (2023).
 52. Xiong, B. et al. High-strain rate compressive behavior of concrete with two different substituted recycled plastic aggregates: 

Experimental characterization and probabilistic modeling. Constr. Build. Mater. 368, 130279 (2023).
 53. Alshannag, M., Alshmalani, M., Alsaif, A. & Higazey, M. Flexural performance of high-strength lightweight concrete beams made 

with hybrid fibers. Case Stud. Constr. Mater. 18, e01861 (2023).
 54. Fayed, S., Madenci, E., Bahrami, A., Özkiliç, Y. O. & Mansour, W. Experimental study on using recycled polyethylene terephthalate 

and steel fibers for improving behavior of RC columns. Case Stud. Constr. Mater. 19, e02344 (2023).
 55. Chang, Q., Liu, L., Farooqi, M. U., Thomas, B. & Özkılıç, Y. O. Data-driven based estimation of waste-derived ceramic concrete 

from experimental results with its environmental assessment. J. Mater. Res. Technol. 24, 6348–6368 (2023).

https://doi.org/10.1007/s10311-023-01689-w
https://doi.org/10.1007/s10311-023-01689-w


17

Vol.:(0123456789)

Scientific Reports |        (2024) 14:10401  | https://doi.org/10.1038/s41598-024-59825-7

www.nature.com/scientificreports/

 56. Aksoylu, C. et al. Application of waste ceramic powder as a cement replacement in reinforced concrete beams toward sustainable 
usage in construction. Case Stud. Constr. Mater. 19, e02444 (2023).

 57. Raval, A. D., Patel, D. & Pitroda, J. Ceramic waste: Effective replacement of cement for establishing sustainable concrete. Int. J. 
Eng. Trends Technol. 4, 2324–2329 (2013).

 58. Alves, A., Vieira, T., De Brito, J. & Correia, J. Mechanical properties of structural concrete with fine recycled ceramic aggregates. 
Constr. Build. Mater. 64, 103–113 (2014).

 59. Senthamarai, R. & Manoharan, P. D. Concrete with ceramic waste aggregate. Cement Concr. Compos. 27, 910–913 (2005).
 60. Huang, B., Dong, Q. & Burdette, E. G. Laboratory evaluation of incorporating waste ceramic materials into Portland cement and 

asphaltic concrete. Constr. Build. Mater. 23, 3451–3456 (2009).
 61. Senthamarai, R., Manoharan, P. D. & Gobinath, D. Concrete made from ceramic industry waste: Durability properties. Constr. 

Build. Mater. 25, 2413–2419 (2011).
 62. Huseien, G. F., Sam, A. R. M., Shah, K. W., Mirza, J. & Tahir, M. M. Evaluation of alkali-activated mortars containing high volume 

waste ceramic powder and fly ash replacing GBFS. Constr. Build. Mater. 210, 78–92 (2019).
 63. Samadi, M. et al. Properties of mortar containing ceramic powder waste as cement replacement. J. Teknol. 77, 93–97 (2015).
 64. Fernandes, M., Sousa, A. & Dias, A. Environmental impacts and emissions trading-ceramic industry: a case study. Coimbra: 

Technological Centre of Ceramics and Glass (Portuguese Association of Ceramic Industry, 2004) (in Portuguese).
 65. Kasi, R. & Malasani, P. Residual compressive strength of recycled brick aggregate concrete at high temperatures. Int. J. Emerg. 

Technol. Adv. Eng. 5, 159–164 (2015).
 66. Dieb, A. & Kanaan, D. Ceramic waste powder an alternative cement replacement-characterization and evaluation. Sustain. Mat. 

Technol. 17, e00063 (2018).
 67. Mohammed, T. U., Shikdar, K. H. & Awal, M. Shear strength of RC beam made with recycled brick aggregate. Eng. Struct. 189, 

497–508 (2019).
 68. Said, M., Montaser, W., Elgammal, A. S., Zahir, A. H. & Shaaban, I. G. Shear strength of reinforced mortar beams containing 

polyvinyl alcohol fibre (PVA). Int. J. Civ. Eng. 19, 1155–1178 (2021).
 69. Shaaban, I. G., Said, M., Khan, S. U., Eissa, M. & Elrashidy, K. Experimental and theoretical behaviour of reinforced concrete 

beams containing hybrid fibres. Structures 32, 2143–2160 (2021).
 70. Shaaban, I. G. et al. Mechanical properties and air permeability of concrete containing waste tires extracts. J. Mater. Civ. Eng. 33, 

04020472 (2021).
 71. Park, H. & Eom, T. Energy dissipation capacity of flexure-dominated reinforced concrete members. In 13th World Conference on 

Earthquake Engineering 1–6 (Vancouver, BC: Canada, 2004).
 72. Novitasari, Y. & Pratama, M. M. A. Energy dissipation of graded concrete beams on maximum reinforcement ratio. In IOP Confer‑

ence Series: Earth and Environmental Science 847(1), 012021 (IOP Publishing, 2021).
 73. Zsutty, T. Shear strength prediction for separate catagories of simple beam tests. Proceedings 68(2), 138–143 (1971).
 74. Samadi, M. et al. Waste ceramic as low cost and eco-friendly materials in the production of sustainable mortars. J. Clean. Prod. 

266, 121825. https:// doi. org/ 10. 1016/j. jclep ro. 2020. 121825 (2020).

Acknowledgements
The authors thank the financial support provided for this research work by the Deanship of Scientific Research 
at King Khalid University, Abha, Saudi Arabia through Large Groups RGP2/563/44.

Author contributions
All the authors have contributed equally.

Funding
Open access funding provided by University of Gävle.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.O.Ö., A.B. or A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1016/j.jclepro.2020.121825
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Influence of ceramic waste powder on shear performance of environmentally friendly reinforced concrete beams
	Materials and methods
	Experimental investigation of RCBs
	Efficiency of altered stirrups spacings
	Case 1: Rupture and load–displacement form of RCBs (S-REF#1, S-REF#2, and S-REF#3)
	Case 2: Rupture and load–displacement form of RCBs (S-CERAMIC#1, S-CERAMIC#2, and S-CERAMIC#3)
	Case 3: Rupture and load–displacement form of RCBs (S-CERAMIC#4, S-CERAMIC#5, and S-CERAMIC#6)
	Case 4: Rupture and load–displacement form of RCBs (S-CERAMIC#7, S-CERAMIC#8, and S-CERAMIC#9)

	Efficiency of altered percentages of CWP
	Case 1: Rupture and load–displacement form of RCBs with different percentages of CWP and spacing of stirrups as 160 mm
	Case 2: Rupture and load–displacement form of RCBs with different percentages of CWP and spacing of stirrups as 200 mm
	Case 3: Rupture and load–displacement form of RCBs with different percentages of CWP and spacing of stirrups as 270 mm

	Efficiency of altered percentages of CWP on ductility, stiffness, and energy dissipation

	Calculation of shear capacity
	Environmental values of CWP
	Conclusions
	Future work area
	References
	Acknowledgements


