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Abstract: Recycling has progressed recently, turning specific non-renewable 

resources into renewable ones. This has led to a considerable increase in 

research on using waste materials such as ceramic and nucleus date waste as 

alternative aggregate materials in buildings. They suggest using aggregate 

from nucleus dates rubbish and ceramic waste to reduce the amount of waste 

in the environment and address material shortages at building sites. This 

study was aimed at determining whether the incorporation of ceramic waste 

aggregates (CWA) and nucleus dates aggregate (NDA) instead of coarse 

aggregate can improve strength ultra-high-performance concrete (SHPC) 

properties. Ten SEC combinations were prepared: 10%, 20%, and 30% of 

NDA, CWA, or a combination of both. After testing, quartz powder (Q.P) or 

silica fume (S.F.) can increase the UHPC by enhancing its mechanical 

characteristics. Waste as construction materials could have substantial 

technological, economic, and environmental advantages when employed 

within a sustainable development framework. The study's conclusions 

proved that replacing NDA or CWA can improve the qualities of SHPC, 

especially when replacing 10% of the original material. 

Keywords: Nature Coarse aggregate (NCG); nucleus dates aggregate (NDA); 

ceramic waste aggregates (CWA); sustainable high-performance concrete 

(SHPC) 

1 Introduction 

Because of its adaptability and cost-effectiveness, concrete is essential in contemporary 

construction. It is predicted to continue to be widely used in building activities. Concrete's 

composition can be modified by changing the proportions and constituents of its ingredients to meet 

certain specifications [1]. Recently, recycled aggregates have been adopted to conserve natural 

resources, reduce the volume of solid waste sent to landfills, and mitigate environmental impact. This 

approach promotes sustainability within the construction industry through resource recovery and 

reduced reliance on new aggregates [2, 3]. However, significant energy is needed when producing 

concrete [4], responsible for about 5% of worldwide CO2 emissions [5]. This happens because raw 

materials such as sand, gravel, and crushed rock are applied where annual global consumption 

amounts to 10-11 billion tons [6]; in cement production, approximately four G.J. per ton of cement is 

used annually. New ways to reduce energy use during concrete manufacturing are being investigated 

because of these environmental concerns. Replacing natural aggregates with recycled materials can 
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make concrete more environmentally sustainable [7]. The date palm is crucial in the oasis agro-system, 

serving as its fundamental element. The distinguishing feature of this organism is a false stem called a 

stipe, which has the potential to grow to heights ranging from 30 to 40 meters [8]. Date palm plants 

possess exceptional versatility and provide many applications for every tree component, 

encompassing its fibers, kernels, fronds, leaves, and even the wicker material obtained from its 

branches. 

Furthermore, dates possess inherent value as a highly nutritious food item. Fruits are abundant in 

vital components such as water, minerals, salts, vitamins, and carbs, rendering them a valuable 

nourishment source for people. [9, 10]. In 2022, Egypt ranked first among the world's five largest 

date-producing countries, with a production volume of 1,465,030 million tons. The country has 

considerable potential for exporting semi-dry date types, specifically Sewi and the recently introduced 

"Medjool" variety. 

Nevertheless, despite a growing worldwide demand for dates, Egypt's exports in the global dates 

market are still minimal. [11,12]. It is feasible to recycle ceramic trash and transform it into valuable 

coarse aggregate to create concrete. The properties of ceramic waste as a coarse aggregate can closely 

resemble those of traditional aggregates commonly employed in concrete. The ceramic tile waste can 

yield coarse aggregate with properties resembling conventional concrete aggregates. This recycling 

method reduces the need for new aggregates, advocates for sustainable practices, and decreases the 

amount of garbage disposed of in landfills.[13, 14]. The ceramics industry traditionally estimated that 

the waste produced accounted for approximately 8 to 10 percent of its daily production. With the 

accumulation of ceramic tile waste increasing daily, the ceramic industries urgently need to discover a 

resolution.[15-17] [18]. Ceramic waste materials possess constituents that have the potential to 

improve the compressive, tensile, and flexural strengths, as well as the elastic modulus, of concrete. 

[18, 19]. 

Furthermore, using ceramic waste in concrete can improve its resistance, increasing its durability 

[20, 21]. Similarly, utilizing traditional waste materials in concrete production would produce more 

resilient concrete and environmentally friendly outcomes. Implementing modernizations in concrete 

construction can effectively decrease the consumption of natural resources and facilitate the discovery 

of alternative options. Using alternative materials leads to cost reductions, energy preservation, the 

creation of potentially superior products, and substantial environmental risks [22]. 

This study introduces a novel type of aggregate called the Light Aggregate, derived from the 

Using Nucleus. This development aims to promote sustainability and the Use of environmentally 

friendly materials by replacing natural coarse aggregate with ceramic wastes. Additionally, an 

important consideration is to ensure that the strength of concrete is maintained without any reduction 

[23, 24]. Ten conventional concrete mixes were made and poured to attain this objective; the control 

mix, referred to as the first mix, was designed to possess a strength of 93.4 MPa. This study examines 

the performance of modified concrete by using nucleus dates waste and ceramic waste as partial 

replacements for natural coarse aggregate aggregates. The rates of replacement tested are 10%, 20%, 

and 30% for each material. The slump test was used to control the parameters of fresh concrete, while 

measurements of compressive strength after 7, 28, and 91 days, flexural strength tests at 91 days, 

splitting strength at 91 days, modulus of elasticity at 91 days, and cost analysis for sustainable 

economic concrete (SEC). 

1 Research significance 

The market for ceramic tiles in Egypt has a lot of potential. There are now 32 ceramic tile and 

sanitary ware plants in Egypt, and more are under construction [23]. The ceramic and refractory 

industries comprise 7% of all Egyptian industries and are two of the country's seven most important 

and promising sectors. The manufacturers examined the wastes generated by three different ceramics 

industries [24, 25]. Conversely, palm and date residues are seen as plant crops, crops, factories, and 

factories that canne date; they are also regarded as kernels and infected, deformed, or deformed dates 

unfit for sale and canning. A survey of some palm tree farms revealed that each palm produces an 

average of 23 kg of waste annually, indicating the enormous volume of unused waste that poses a 

severe environmental threat to the countries that make it. This led to the need to identify a set of 
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transformation projects for the waste date harvest. New techniques are being investigated to reduce 

the quantity of waste generated in the production of concrete because of these environmental 

concerns. 

2 Experimental Work 

Presently, Egypt makes fresh concrete elements from garbage. Business waste could be 

successfully reduced, and the carbon footprint of building materials could be decreased if concrete is 

produced locally and mixed with industrial and agricultural trash. Fig. 1 illustrates the practical 

programming implemented to make high-performance concrete that is environmentally friendly. The 

combinations according to the NDA and CWA components in concrete are shown in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Experimental program details of the carried out. 

3.1. Material 

The cement type utilized was CEM I 42.5 N, and the Helwan cement was made in compliance 

with BS EN 197-1 [26]. The experiment employed the Egyptian brand Portland cement, adhering to 

the specifications provided by a ready-mix concrete company. To guarantee the excellence of the 

concrete, it was crucial to consider the stability of the Portland cement and refrain from acquiring 

aged or moist cement. In regards to the aggregates, the fine aggregate consisted of natural coarse 

aggregate that had been sifted through a sieve with a 4.76 mm aperture size, also known as sieve no. 4. 
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The elongation index, reported as a percentage, was calculated for the natural aggregates, as well as 

for the natural aggregate, NDA, and CWA. The elongation index values for natural aggregates, NDA, 

and CWA were 12.5%, 16.3%, and 14.2%, respectively, as depicted in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Mixtures components of NDA and CWA in concrete. 

 

 

 

 

 

 

Fig. 3.  A) measurement of elongation index, and B) measurement of elongation index with sample. 

As per BS EN 196-1, the fine aggregates have a fineness modulus ranging from 3.2 to 3.1. The 

fineness modulus mustn't differ from the standard by more than 0.2, as stated in the reference (BSI 

2005) [27]. The screening examination results indicated that the sand's fineness fell within the 

specified range, and the water met the British Standard, BS EN 1008 (EN 2002) [28]. To improve the 

characteristics of SHPC, NDA and CWA were added as natural coarse aggregates in proportions of 

10%, 20%, and 30%. Fig. 4 depicts the grain size distribution of NDA, CWA, and Natural Coarse 

Aggregate (NCG). 
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Fig. 4.  The grain size distribution for NCG, NDA, and CWA.  

3.2 Nucleus Dates Waste (NDA) 

Egypt generates around 480,000 tons of nucleus dates trash annually, primarily during the palm 

growing season. The manufacturing process of NDA consists of three distinct phases. Initially, the 

date kernels are separated from the date crop. Furthermore, the kernels undergo a process of 

immersion in water for 24 hours, enabling them to absorb the water. Moreover, the contaminants 

adhering to the nucleus dates are eliminated. After that, the nucleus dates are subjected to a 24-hour 

sun-drying process until they reach a state of total dryness. Fig. 5 presents a comprehensive outline of 

the complete process of creating nucleus dates aggregate. Fig. 6 displays the constituents of the date 

fruit, emphasizing the elements that lead to the creation of the waste from the date's core. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Production process of nucleus dates waste. 
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Egypt generates substantial ceramic trash, from 20,000 to 180,000 metric tons annually. The 

manufacturing of CWA typically comprises three stages: Initially, ceramic waste is gathered from 

manufacturers and produced as a secondary product. Additionally, the trash undergoes a process 

where it is fed into a jaw-crushing machine, facilitating the fragmentation of the waste into smaller 

fragments. Furthermore, the pulverized ceramic waste is further filtered using a sieve to acquire 

ceramic fractions with a size of 10 mm. This sieving procedure guarantees the desired particle size to 

use as aggregate. The outcome of these phases is the debris of ceramic waste, which can be employed 

as CWA. Fig. 7 presents a comprehensive outline of the complete procedure for manufacturing 

ceramic waste aggregate. Fig. 8 depicts the constituents of ceramic waste, emphasizing the elements 

that constitute the waste material produced by ceramic plants. 

 

 

 

 

 

 

Fig. 6.  Ingredients of the date fruit[29]. 

 

Fig. 7.  Production process of ceramic waste. 

 

 

 

 

Fig. 8.  Ingredients of ceramic waste. 

3.4. Methods  

This research aims to reduce the adverse environmental effects caused by agricultural and 

industrial waste, notably dates and ceramic materials, by finding ways to use and recycle them. The 

research intends to decrease the dependence on natural resources and mitigate their excessive 

utilization and depletion by utilizing NDA and CWA as replacements for natural coarse aggregates. 

The engineering properties of freshly mixed high-performance concrete were evaluated by inserting 

NDA and CWA at different ratios to determine the concrete's engineering qualities. The Assessment 

focused on feasibility and the desirable replacement rate, which consisted of cement, aggregates, and 

other additives as constituents of high-performance concrete. A high-performance super-plasticizer 

concrete admixture was utilized to minimize the water needed for mixing. This mixture, consisting of 

a water-based solution of a modified poly-carboxylate base (such as Viscocrete - 5930, which meets 
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the standards of ASTM C494 Type G and F and BS EN 934 Part 2), helps to achieve the necessary 

ease of working and performance of the concrete mixes. The high-performance concrete was 

formulated by meticulously blending the components in accurate ratios and integrating a suitable 

quantity of water.  

 
Fig. 9.  Preparation of sustainable high-performance concrete (SHPC) specimens. 

3.5 Preparation of concrete specimens  

The composition of each of the adolescent SHPC mixes is provided in Table 1. The initial 

mixture served as the control, devoid of any utilization of industrial or agricultural waste. The 

remaining nine combinations formed the NDA, CWA, and NDA + CWA groups. Each of the three 

groups used ratios of 10%, 20%, and 30% for NDA, CWA, and NDA + CWA, respectively. The ratio 

of cement to water was maintained at a consistent level. The optimal preparation process was 

identified through multiple attempts using different mixing methods. Subsequently, water was 

introduced following the completion of the dry-mixing process. To achieve SHPC, a unique mixing 
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process must be employed that guarantees the consistency of the mixture. The concrete mixtures were 

mechanically mixed according to the following procedure: 

Combine cement, silica fume, and quartz powder in a pan mixer and stir for a minute together.  

The pan mixer gradually receives half of the mixing water and continues mixing for another four 

minutes.  

Mix the correct quantity of admixture with the remaining half amount of water and ultimately 

incorporate them in the last blend.  

The fine aggregate should be added gradually, and after five minutes, the coarse aggregation 

should be done to achieve completeness; see Fig. 4.  

Table 1. Mix proportion of NDA and CWA concrete for 1 m3 (kg/m3) 

3.6 Testing procedure for sustainable high-performance concrete (SHPC) 

Experiments were conducted to evaluate the toughened properties of SEC mixtures. Table 2 

displays SEC mixes' mechanical properties, including elastic modulus and compressive, tensile, and 

flexural strengths. Cubic samples measuring 100X100X100 mm underwent a compression test at 7, 

28, and 91 days following Standard 1881 [30]. According to ASTM C496/C496M-17(2017)[31], A 

split tensile test was conducted on specimens with a diameter of 150 mm and a length of 300 mm after 

91 days. As per the ASTM C78/C78M-18 standard [32](Concrete and Aggregates 2010), A flexural 

test was performed on prism samples of 100 mm x 100 mm x 500 mm after 91 days. As to the ASTM 

C469/C469M-14(2002) standard [33], The elastic modulus of cylinder specimens, measuring 100 mm 

in diameter and 200 mm in length, was determined after 91 days. 

Table 2. Mechanical Properties of the NDA and CWA Concrete  

4. Results and discussion  

No Mix ID Cement 
Silica 

fume 
Q. P. 

Natural 

Sand 

Coarse 

Size 

10 mm 

NDA CWA 
NDA+  

CWA 
Water S.P. 

Water

/binde

r ratio 

1 C -0.0 % 550 110 316 632 632.0 0 0 0 161 23.1 0.244 

2 NDA -10% 550 110 316 632 568.8 63.2 0 0 161 23.1 0.244 

3 NDA -20% 550 110 316 632 505.6 126.4 0 0 161 23.1 0.244 

4 NDA -30% 550 110 316 632 442.4 189.6 0 0 161 23.1 0.244 

5 CWA-10% 550 110 316 632 568.8 0 63.2 0 161 23.1 0.244 

6 CWA-20% 550 110 316 632 505.6 0 126.4 0 161 23.1 0.244 

7 CWA -30% 550 110 316 632 442.4 0 189.6 0 161 23.1 0.244 
8 NDA +  CWA -10% 550 110 316 632 568.8 0 0 63.2 161 23.1 0.244 
9 NDA +  CWA -20% 550 110 316 632 505.6 0 0 126.4 161 23.1 0.244 

10 NDA +  CWA -30% 550 110 316 632 442.4 0 0 189.6 161 23.1 0.244 

No Mix ID 

Slump 

test 

 

(mm) 

Compressive 

strength 

(MPa) 

at seven days 

Compressive 

strength 

(MPa) 

at 28 days 

Compressive 

strength 

(MPa) 

at 91 days 

Flexural 

strength 

(MPa) 

at 91 

days 

Splitting 

strength 

(MPa) 

at 91 

days 

Modulus 

of 

elasticity 

(MPa) 

at 91 days 

1 C -0.0 % 75 48.4 80.2 93.4 10.7 10.2 48010 

2 NDA -10% 79 50.5 81.4 93.6 10.9 10.4 48230 

3 NDA -20% 80 44.6 76.8 91.2 10.1 9.75 47003 

4 NDA -30% 81 40.7 68.1 79.3 8.6 8.15 46799 

5 CWA-10% 71 45.8 77.2 91.6 10.3 9.86 47823 

6 CWA-20% 68 42.1 73.4 88.2 9.7 9.31 46825 

7 CWA -30% 65 37.8 60.1 69.2 7.3 7.01 42987 

8 NDA + CWA -10% 76 46.7 79.5 93.2 10.5 10.1 48002 

9 NDA + CWA -20% 73 43.6 75.5 90.5 10 9.65 46927 

10 NDA + CWA -30% 71 39.3 65.7 75.2 8.0 7.66 45827 
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Performance tests were conducted on recently mixed concrete to assess the Influence of replacing 

the aggregates with one or both components on the engineering properties of concrete. The specific 

test results are displayed in Table 2. 

4.1 Slump test  

Fig. 10 and Fig. 11 depict the impact of replacing a portion of SHPC with NDA or CWA on the 

slump value. To obtain a thorough dispersion and enhance the ease of handling, it is essential to 

incorporate a super-plasticizer, such as S.F. (supposedly a particular type of super-plasticizer), into 

SHPC mixes that contain pozzolanic exemplary components[12, 34]. Using S.F. enhances the fluidity 

or slump of the SHPC combinations. Compared with S.F., including NDA or CWA provides 

enhanced uniformity for the intended blending ratios. Incorporating NDA at a proportion of 30% in 

the final concrete mix led to the lowest slump value, which signifies a reduction in workability. 

Conversely, the mixture including CWA with a replacement fraction of 30% had a marginally 

higher slump value of 65 mm, suggesting improved workability or flowability. The slump value is a 

quantitative indicator indicating concrete's consistency and workability [35, 36]. A more excellent 

droop value signifies a more dense and malleable mixture, whereas a lower slump value implies a 

more rigid or less malleable mixture. These data indicate that adding NDA or CWA, especially at 

higher replacement levels, can affect the slump value or workability of the SHPC combinations. The 

precise ratios and qualities of the aggregates, along with the inclusion of S.F., influence the slump 

values and workability of the concrete mixtures. [37-40]. 

 
Fig. 10.  Standard deviations for slump test of NDA and CWA. 

 
Fig. 11.  Change in slump test (%) of NDA and CWA. 

4.2 Influences of SCPS and PGS on compressive strength for sustainable high-performance 

concrete   

Fig. 12 shows that the SHPC created has a compressive strength at 91 days, which meets the 

requirements for structural grade. All replacement ratios (NDA, CWA, and NDA+CWA) have equal 

replacement ratios. However, substituting 10% by volume of gravel for NDA resulted in only a slight 

increase in compressive strength of 0.21%. Fig. 13 illustrates that the compressive strength of SHPC 
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at 91 days was reduced by 2.36% and 15.10% when natural gravel was replaced with 20% and 30% 

NDA, respectively. Similarly, when the highest amount of natural sand was substituted with CWA 

(varying from 10% to 30% replacement), the compressive strength of SHPC fell by 1.93% to 25.91%. 

The results suggest that substituting natural sand with NDA (up to 10%) increases strength, but a 

higher replacement ratio results in a more significant decrease in strength. The Use of NDA in SHPC 

is expected to enhance its compressive strength compared to CWA, possibly due to disparities in their 

physical properties [41, 42]. Ultimately, the combination of NDA+ CWA effectively reduces the rate 

of strength decline, reaching a drop of 19.49% when 30% of SCPS+PGS is used as a replacement. 

According to Fig. 12, the decrease continued until a 30% substitution was reached [43, 44]. The 

increase in the replacement ratio of natural gravel aggregates with waste coarse aggregates 

corresponds to the decrease in compressive strength in the current experiment. Fig. 12 displays the 

standard deviations for the compressive strength of NDA and CWA. 

 

Fig. 12.  Standard deviations for compressive strength of NDA and CWA. 

 
Fig. 13.  Changing in compressive strength (%) of NDA and CWA at 91 days. 

The findings suggest that incorporating NDA and CWA into the concrete mixture reduces the 

number of pores or voids and promotes the development of a well-defined interfacial zone in the 

constructed samples. These compounds enhance the density and strength of the concrete structure. 

The concrete's outstanding performance, seen after 91 days, indicates that even small porous areas 

with low replacement ratios successfully improve the link between the paste and particles, leading to a 

more robust concrete structure[45, 46]. Nevertheless, as NDA and CWA substitution rates rise, there 
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is a proportional augmentation in voids and a deterioration of the concrete structure. It is essential to 

balance using these aggregates for sustainable purposes and preserving the required strength and 

structural integrity. The exceptional performance of the concrete at 91 days corresponds to the 

performance seen in concrete samples at 7 and 28 days [47, 48]. Incorporating NDA and CWA 

enhances the compressive power of concrete[49, 50]. 

4.3 Influences of NDA and CWA on flexural strength for sustainable high-performance concrete   

Fig. 14 shows that replacing 10%, 20%, and 30% of NDA with natural gravel in SHPC decreases 

flexural strength after 91 days. When the NDA is replaced with a volume of 30%, the flexural strength 

decreases by 5.61%, substituting natural gravel with CWA at a volume replacement rate of 30% 

results in a reduction of 9.35% in flexural strength[49, 50]. It is essential to mention that, like 

compressive strength, a slight decrease in flexural strength is noticed when the replacement ratio 

reaches 10%. When the amount of gravel is substituted with NDA, CWA, or NDA+CWA by more 

than 30%, the flexural strength drops by 19.63%, 31.78%, and 25.23%, respectively, compared to the 

control flexural strength. This information is illustrated in Fig. 15. These findings align with 

references, suggesting that the decrease in flexural strength percentage when substituting natural 

gravel aggregates with NDA, CWA, or NDA+CWA is comparable to earlier research [51-53]. The 

quantity or composition of coarse particles has minimal Influence on the F/C ratio. Nevertheless, the 

flexural test findings of the SEC indicated that including aggregates (NDA or CWA) significantly 

diminished the structural integrity of the prisms [28, 30]. Fig. 14 displays the standard deviations for 

the compressive strength of NDA and CWA. 

 
Fig. 14.  Standard deviations for flexural strength (MPa) and flexural/compressive (%) at 91 days. 

 
Fig. 15.  Change in flexural strength (%) of NDA and CWA. 

4.3.1 Relationship between compressive strength and flexural strength 

This section explores the relationship between the compressive strength and flexural strength of 

SHPC. Fig. 16 illustrates this correlation, and the line that most accurately represents the correlation 
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is as follows: 

Y=0.1388X-2.4035                                                                (1)  

where X is the compressive strength of the cube (MPa), and Y is the flexural strength of the cube 

(MPa). The R2 value, which gauges the accuracy of the equation, is reasonably relatively high at 

0.9854.  

Fig. 16 illustrates the correlation between the compressive and flexural strength of the specimens 

in the SHPC mixtures, as indicated by the information. Fig. 16 reveals that all concrete mixtures' 

compressive and flexural strengths correlate well. A line from Fig. 16 represents the best-fit line for 

the relationship between compressive and flexural strengths, with very few fluctuations or deviations. 

It shows that compressive strength is related to the flexural strength of concrete; this implies that, 

based on the linear regression analysis, higher compressive strength may lead to higher flexural 

strength. 

The coefficient of determination (R2) is a statistical measure used to determine how accurate it is 

to predict compression strengths based on flexure values of specimens. A larger R2 signifies a 

stronger correlation between two variables; hence, the tensile modulus can sometimes be used to 

reliably predict concrete's compressive modulus since it gives more significant figures than others. 

The findings presented indicate that there is a positive relationship between the tensile and 

compressive strength of concrete. 

 
Fig. 16.  Correlation between flexural strength and compressive strength at 91 days.  

4.4 Influences of NDA and CWA on Splitting Strength for Sustainable High-performance 

Concrete (SHPC) 

 
 Fig. 17.  Standard deviations for splitting strength (MPa) and Splitting /compressive (%) at 91 days. 
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Fig. 17 and Fig. 18 illustrate the decrease in Splitting strength after 91 days for SHPC after 

replacing 10% to 30% of natural gravel with NDA, CWA, and NDA+CWA. The most significant 

decrease is observed when substituting 30% of the volume with NDA, leading to a 19.63% loss in 

Splitting strength. Similarly, after replacing 30% of the sand volume with CWA, there is a decrease in 

Splitting strength of 31.78%[54, 55], and replacing 30% of the native sand with NDA+CWA results 

in a drop in Splitting strength of 25.23%. Similar to the findings on compressive strength, there is a 

minor decrease in Splitting strength when sand is substituted up to a proportion of 10%. When the 

sand volume is substituted with NDA, CWA, or NDA+CWA by more than 20%, the Splitting strength 

drops by 5.61%, 9.35%, and 6.54%, respectively, compared to the control Splitting strength. The 

decrease in Splitting strength caused by substituting natural coarse aggregates with NDA, CWA, and 

NDA+CWA is comparable to the results published by Raval et al. and Siddique et al.[56, 57]. The 

amount or type of coarse aggregates has almost no impact on the S/C ratio. However, the Splitting test 

of the SHPC showed that aggregates (NDA or CWA) reduced the failure behavior of prisms. [28, 30]. 

Fig. 17 shows Standard deviations for the Splitting strength of NDA and CWA. 

 
Fig. 18.  Change in flexural strength (%) of NDA and CWA. 

4.4.1 Relationship between compressive strength and splitting strength 

This section explores the relationship between the compressive strength and splitting strength of 

SHPC. Fig. 19 depicts the correlation, and the line that most accurately represents the correlation is as 

follows: 

Y=0.1339X-2.3807                                                                (2)  

where X is the cube compressive strength (MPa), and Y is the cube flexural strength (MPa). The 

R2 value, which assesses the equation's accuracy, is reasonably high at 0.9904.  

The correlation between the compressive strength and splitting strength of the specimens is 

illustrated in Fig. 19. The connection is inferred for all specific mixtures, considering the extensive 

array of outcomes from different combinations. The data presented in Fig. 19 demonstrate that the 

line fit exhibits a more robust correlation and fewer fluctuations. The value of R2 indicates the extent 

to which the compressive strengths of specimens may be accurately predicted using their splitting 

strengths. The deduction is that when the compressive strength of concrete increases, the splitting 

strength of concrete also increases. 

 
Fig. 19.  Correlation between flexural strength and compressive strength at 91 days. 
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4.5 Modulus of elasticity for sustainable high-performance concrete   

To assess the deformation characteristics of SHPC containing NDA and CWA, the modulus of 

elasticity was measured and compared to the control mixture. Fig. 20 demonstrates that the modulus 

of elasticity for SHPC with NDA and CWA has a comparable upward trend when the replacement 

ratio is 10%. However, once the ratio goes beyond this point, the modulus of elasticity begins to 

decline. It reaches its maximum reduction of 10.46% for the NDA+CWA mixture when the 

replacement ratio is 30% (Fig. 21). The decrease in modulus of elasticity can be attributable to the 

variations in the coefficient of flatness and stickiness among the NDA, CWA, and normal aggregates 

employed in the control mix. The differences in the form and surface properties of the alternate 

aggregates can impact the bonding between the aggregates and the concrete matrix, resulting in a 

reduction in the modulus of elasticity.[53, 58, 59] The low modulus of elasticity reported in SHPC 

combinations with variable NDA and CWA can be explained by the structural features of these 

alternative aggregates. The variation in the composition of NDA and CWA is believed to be the 

reason for the restricted impact on the modulus of elasticity [60-62]. The compressive strength of 

Group I mixes, which have a 10% substitution of NDA, is greater than that of Group II mixes with 

CWA. 

Consequently, Group I mixes demonstrate an excellent elasticity modulus [60, 63, 64]. Fig. 20 

illustrates the standard deviations for the compressive strength of NDA and CWA. The standard 

deviations offer insights into the dispersion and uniformity of the compressive strength measurements 

obtained for these aggregates. One can evaluate the dependability and consistency of the experimental 

results by examining the standard deviations. 

 
Fig. 20.  Standard deviations for modulus of elasticity of all mixtures at 91 days. 

 
Fig. 21.  Change in Modulus of elasticity (%) of NDA and CWA. 

4.6 Cost analysis for sustainable high-performance concrete  

Table 3 presents a comparative analysis of the estimated expenses for each examined 

combination in this research. An important point is that NDA and CWA are not readily available in 

the local market since they are non-recyclable in Egypt.  Currently, they are being disposed of in 
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landfills. The costs considered for each combination encompass the costs associated with blending 

water, cement, silica fume, quarry goods, natural sand, coarse aggregate, and super-plasticizer (S.P.). 

The unit values were determined according to the prevailing pricing in the Egyptian local market 

when the raw materials were purchased for the research, which was carried out until December 2022. 

Based on the cost study, the price of each mix varied between USD 194.064 and 190.344 per cubic 

meter (M3). The combinations containing NDA-10%, CWA-10%, and NDA+CWA-10% had the 

highest cost, measuring 0.74% lower than the control mix, as anticipated. The cost had a linear 

relationship with the dosage of NDA, increasing up to 30% [65-67]. It is important to mention that the 

cost of the NDA and CWA combinations, particularly those substituted by a mild dosage of 10%, was 

the same as the control mix. The cost variance for the mixtures that included NDA and CWA ranged 

from 0% to 1.92%, depending on the dosage. The combination's dosage varied from 10% to 30% [58, 

68, 69]. 

Table 3. Cost analysis of all mixtures for (per m3) ($) 

5. Conclusion  

The study examined the possible enhancement of sustainable high-performance concrete (SHPC) 

by using ceramic waste as coarse aggregates and substituting extra cementation materials for cement. 

The study also sought to evaluate the environmental sustainability and structural resilience of utilizing 

such materials in buildings. The study's findings allow for the following specific conclusions to be 

made: 

The inclusion of S.F. enhances the fluidity of SHPC. Compared to S.F., it provides significantly 

enhanced uniformity for the intended blending ratios. Adding NDA -30% resulted in the lowest slump 

value in the final concrete mix. Conversely, the mix with CWA -30% recorded a slightly higher 

landing value of 65 mm. 

The material's compressive strength rose when natural sand was replaced (up to 10% for NDA). 

Still, there was a more significant loss of compressive strength when a high replacement ratio was 

seen as a result of the variations in the physical properties of each substance. 

When the ratio of natural gravel aggregates is substituted with NDA, CWA, or NDA+ CWA, the 

decrease in flexural strength is comparable to the reductions observed in compressive strength. 

When most gravel is replaced with NDA, there is a reduction of 19.63%, equivalent to replacing 

30% of the volume. Similarly, when most of the sand is replaced with CWA, Splitting strength is 

reduced by 31.78%, comparable to replacing 30% of the volume. 

The modulus of elasticity of SHPC with NDA and CWA shows a consistent increase at a 

replacement level of 10%. However, beyond this point, the modulus of elasticity declines by 

approximately 10.46% until it reaches its maximum value at a ratio of NDA+CWA-30% for the II 

mixture. 
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No Mix ID 
Cem

ent 

Silica 

fume 
Q. P. 

Natura

l Sand 
Coarse NDA CWA 

NDA + 

 CWA 
Water S.P. 

Total 

Cost ($) 

Cost 

increment 

(compared to 

control) 

1 C -0.0 % 33 88 50.56 10.11 12.39 0 0 0 0.004 20 194.064 100 

2 NDA -10% 33 88 50.56 10.11 11.15 free 0 0 0.004 20 192.824 99.36 

3 NDA -20% 33 88 50.56 10.11 9.91 free 0 0 0.004 20 191.584 98.72 

4 NDA -30% 33 88 50.56 10.11 8.67 free 0 0 0.004 20 190.344 98.08 

5 CWA-10% 33 88 50.56 10.11 11.15 0 free 0 0.004 20 192.824 99.36 

6 CWA-20% 33 88 50.56 10.11 9.91 0 free 0 0.004 20 191.584 98.72 

7 CWA -30% 33 88 50.56 10.11 8.67 0 free 0 0.004 20 190.344 98.08 

8 
NDA + 

CWA -10% 
33 88 50.56 10.11 11.15 0 0 free 0.004 20 192.824 99.36 

9 
NDA + 

CWA -20% 
33 88 50.56 10.11 9.91 0 0 free 0.004 20 191.584 98.72 

10 
NDA + 

CWA -30% 
33 88 50.56 10.11 8.67 0 0 free 0.004 20 190.344 98.08 



Hafez et al., SUST, 2024, 4(2): 000048 

000048-16 

 

CRediT authorship contribution statement 

All authors contributed equally to conduct this research.  

Conflicts of Interest 

 The authors declare that they have no conflicts of interest to report regarding the present study. 

References  

[1] Kosmatka SH, Panarese WC, Kerkhoff B. Design and control of concrete mixtures. Portland Cement 

Association Skokie, IL 2002; 5420. https://doi.org/10.4236/ojce.2020.104027. 

[2] Tam VW, Tam CM. A review on the viable technology for construction waste recycling. Resources, 

conservation and recycling 2006; 47(3): 209-221. https://doi.org/10.1016/j.resconrec.2005.12.002. 

[3] Del Río Merino M, Izquierdo Gracia P, Weis Azevedo IS. Sustainable construction: construction and 

demolition waste reconsidered. Waste management & research 2010; 28(2): 118-129. https://doi. org/ 

10.1177 /0734242X09103841. 

[4] Cavalline TL, Weggel DC. Recycled brick masonry aggregate concrete: Use of brick masonry from 

construction and demolition waste as recycled aggregate in concrete. Structural Survey 2013. 

https://doi.org/10.1108/SS-09-2012-0029. 

[5] Sabnis GM. Green building with concrete: sustainable design and construction. CRC Press. 2015. 

https://doi.org/10.1201/b18613. 

[6] Mehta KP. Reducing the environmental impact of concrete. Concrete International 2001; 23(10): 61-66. 

https://doi.org/10.4236/jep.2014.54036. 

[7] Fragomeni S, Venkatesan S. Incorporating sustainable practice in mechanics and structures of materials. 

CRC Press. 2010. https://doi.org/10.1201/b10571. 

[8] Characteristics of date palm trees in Tunisia. https://doi.org/10.1007/978-94-017-9694-1_6. 

[9] Ouss. Characteristics of date palm trees in Tunisia. 2022. https://www. kartagodates.com/2022/02/ 

09/characteristics-of-date-palm-trees-in-tunisia/. 

[10] Abdulsada SA, Al-Mosawi AI. Using of Nucleus Dates Waste with a Nano Scale Particles as a Green 

Inhibitor. International Journal of Mechanical and Mechatronics Engineering 2016; 16(6): 27-32. 

[11] Ibrahim AAA, Kaluf QZ, A-Qader AQ. Use Nucleus Dates to Treat Industrial Wastewater From 

Acetophenone Contamination. Journal of Education and Scientific Studies 2017; 4(10) 233-250. https://doi. 

org/10.21608/ejchem.2023.248714.8874. 

[12] Influence of pore structure on the properties of green concrete derived from natural pozzolan and 

nanosilica, Journal of Sustainable Cement-Based Materials, 2020; 9(4): 233-257. https://doi.org/ 

10.1080/21650373.2020.1715901. 

[13] Atemimi YK, Fahad AT. Effect of Dates Nucleus Powder on Some Engineering Properties of Clayey Soil 

in Comparison to Lime. Al-Qadisiyah Journal for Engineering Sciences 2017; 10(4): 144-153. https: //doi. 

org /10.30772/qjes.v10i4.501. 

[14] Ray S, et al. Use of ceramic wastes as aggregates in concrete production: A review. Journal of Building 

Engineering 2021; 43: 102567. https://doi.org/10.1016/j.jobe.2021.102567. 

[15] García-González J, et al. Ceramic ware waste as coarse aggregate for structural concrete production. 

Environmental Technology 2015; 36(23): 3050-3059. https://doi.org/10.1080/09593330.2014.951076. 

[16] De Souza-Dal Bo GC, Dal Bo M, Bernardin AM. Reuse of laminated glass waste in manufacturing ceramic 

frits and glazes. Materials Chemistry and Physics 2021; 257: 123847. https://doi.org/10. 

1016/j.matchemphys.2020.123847. 

[17] Khalid FS, et al. Mechanical properties of concrete containing recycled concrete aggregate (RCA) and 

ceramic waste as coarse aggregate replacement. AIP Conference Proceedings 2017. AIP Publishing LLC. 

https://doi.org/10.1063/1.5005412. 

[18] Medina C, Frías M, De Rojas MS. Microstructure and properties of recycled concretes using ceramic 

sanitary ware industry waste as coarse aggregate. Construction and Building Materials 2012; 31: 112-118. 

https://doi.org/10.1016/j.conbuildmat.2011.12.075. 

[19] Tabak Y, et al. Ceramic tile waste as a waste management solution for concrete. September 3rd 

International Conference on Industrial and Hazardous Waste Management. 2012. Chania, Crete, Greece. 

[20] Pavlík Z, et al. DSC and T.G. analysis of a blended binder based on waste ceramic powder and Portland 

cement. International Journal of Thermophysics 2016; 37(3): 1-14. https://doi.org/10.1007/s10765-016-204 

3-3.  

[21] Kulovaná T, et al. Mechanical, durability and hygrothermal properties of concrete produced using 

Portland cement‐ceramic powder blends. Structural Concrete 2016; 17(1): 105-115. https://doi.org/10.1002 



Hafez et al., SUST, 2024, 4(2): 000048 

000048-17 

 

/suco.201500029. 

[22] Mobili A, et al. Bricks and concrete wastes as coarse and fine aggregates in sustainable mortars. Advances 

in Materials Science and Engineering 2018. https://doi.org/10.1155/2018/8676708. 

[23] Azevedo A, et al. Potential use of ceramic waste as a precursor in the geopolymerization reaction for 

producing ceramic roof tiles. Journal of Building Engineering 2020; 29: 101156. https://doi.org/ 

10.1016/j.jobe.2019.101156. 

[24] Farah NR. Egypt's political economy: power relations in development. American Univ in Cairo Press. 

2009. 

[25] Zareei SA, et al. Recycled ceramic waste high strength concrete containing wollastonite particles and 

micro-silica: A comprehensive experimental study. Construction and Building Materials 2019; 201: 11-32. 

https://doi.org/10.1016/j.conbuildmat.2018.12.161. 

[26] Correia JR, de Brito J, Pereira A. Effects on concrete durability of using recycled ceramic aggregates. 

Materials and Structures 2006; 39(2): 169-177. https://doi.org/10.1617/s11527-005-9014-7. 

[27] EN B. 197-1 BS EN 197-1: 2011: Cement composition, specifications and conformity criteria for common 

cement 2011. 

[28] EN, BS, BS EN 1008: 2002Mixing water for concrete. Specification for sampling, testing and assessing the 

suitability of water, including water recovered from processes in the concrete industry, as mixing water for 

concrete, 2002. 

[29] EN, B. BS EN 1008: 2002 Mixing water for concrete. Specification for sampling, testing, and assessing the 

suitability of water, including water recovered from processes in the concrete industry, as mixing water for 

concrete., U.K., 2002. 

[30] Ghnimi S, et al. Date fruit (Phoenix dactylifera L.): An underutilized food seeking industrial valorization. 

NFS Journal 2017; 6:1-10. https://doi.org/10.1016/j.nfs.2016.12.001. 

[31] ASTM, C496/C496M-17 Standard test method for splitting tensile strength of cylindrical concrete 

specimens, 2017, American Society for Testing and Materials. 

[32] ASTM. Standard Test Method for Splitting Tensile of Cylindrical Concrete Specimens (ASTM 

C496/C496M-17). 2017. American Society for Testing and Materials West Conshohocken. 

[33] ASTM A. C78/C78M-18 Standard Test Method for Flexural Strength of Concrete Using Simple Beam with 

Third-Point Loading. West Conshohocken: ASTM International. 2018. https://doi.org/10.1520 

/C0078_C0078M-18. 

[34] Standard A. C469/C469M-14 (2014). Standard test method for static modulus of elasticity and Poisson 

ratio of concrete in compression, annual book of ASTM standards. 9. https://doi.org/10.1520/C0469_C046 

9M-14. 

[35] Zimbili O, Salim W, Ndambuki M. A review on the usage of ceramic wastes in concrete production. 

International Journal of Civil, Environmental, Structural, Construction and Architectural Engineering 2014; 

8(1): 91-95. 

[36] Ismail M, et al. Effect of vinyl acetate effluent in reducing heat of hydration of concrete. KSCE Journal of 

Civil Engineering 2016; 20: 145-151. https://doi.org/10.1007/s12205-015-0045-5. 

[37] Patel H, Arora N, Vaniya SR. Use of ceramic waste powder in cement concrete. International Journal for 

Innovative Research in Science & Technology 2015; 2(1): 91-97. 

[38] Mymrin V, et al. Sustainable materials from hazardous lead ore flotation waste in composites with spent 

foundry sand and clay. The International Journal of Advanced Manufacturing Technology 2020; 

109(5):1333-1344. https://doi.org/10.1007/s00170-020-05722-y. 

[39] Mansoori A, Moein MM, Mohseni E. Effect of micro silica on fiber-reinforced self-compacting composites 

containing ceramic waste. Journal of Composite Materials 2021; 55(1): 95-107. https://doi.org/ 

http://dx.doi.org/10.1177/0021998320944570. 

[40] Romero M, Sánchez-Rodríguez E, Medina C, Guerra I, Frías M. Mullite-based ceramics from mining 

waste: A review. Minerals 2021; 11(3): 332. https://doi.org/10.3390/min11030332. 

[41] Praburanganathan S, Chithra S. Stimulus on strength and durability of granite powder in the waste-based 

masonry units with copper slag and crumb rubber as partial substitute of fine aggregate. International 

Journal of Masonry Research and Innovation 2022; 7(4): 366-394. https://doi.org/10.1504/IJMRI.2022.123 

725. 

[42] Gayarre FL, Menéndez E, Herrero H, Guerra I. Waste for aggregates in ultrahigh performance concrete 

(UHPC). In: Waste and Byproducts in Cement-Based Materials. Elsevier 2021; 29-51. https://doi.org/ 

10.1016/B978-0-12-820549-5.00008-5. 

[43] Golla SY, Tadepalli T, Sharma A, Abburu S. Durability properties of ceramic waste based concrete. 

Materials Today: Proceedings 2022; 66: 2282-2287. https://doi.org/10.32604/jrm.2022.023290. 

[44] Amin M, Tayeh BA, Agwa IS. Effect of using mineral admixtures and ceramic wastes as coarse aggregates 

on properties of ultrahigh-performance concrete. Journal of Cleaner Production 2020; 273: 123073. 

https://doi.org/10.1016/j.jclepro.2020.123073. 



Hafez et al., SUST, 2024, 4(2): 000048 

000048-18 

 

[45] Xu F, Shi C, Wang D, Zheng J, Guo J. Effects of recycled ceramic aggregates on internal curing of 

high-performance concrete. Construction and Building Materials 2022; 322: 126484. https://doi.org/10.101 

6/j.conbuildmat.2022.126484. 

[46] Yaseen QS, Chalotra ES. Study of Hardened Properties of Rubcrete Incorporated with SCMs (S.F., F.A., 

RHA): A Sustainable Approach. International Journal of Innovative Research in Computer Science & 

Technology 2022; 10(5): 54-65. https://doi.org/10.55524/ijircst.2022.10.5.8. 

[47] Kanaan DM, El-Dieb AS. Ceramic waste powder as an ingredient to sustainable concrete. SCMT4S 2016. 

https://doi.org/10.18552/2016/SCMT4S115. 

[48] Abdulsada SA, Al-Mosawi AI. Using of nucleus dates waste with nanoscale particles as a green inhibitor. 

International Journal of Mechanical & Mechatronics Engineering IJMME-IJENS 2016; 16(6): 27-32. 

[49] Singh A, Srivastava V. Ceramic waste in concrete—A review. Recent Advances on Engineering, 

Technology, and Computational Sciences (RAETCS) 2018: 1-6. 

[50] Siddique S, Shrivastava S, Chaudhary S. Influence of ceramic waste as fine aggregate in concrete: 

Pozzolanic, XRD, FT-IR, and NMR investigations. Journal of Materials in Civil Engineering 2018; 30(9): 

04018227. https://doi.org/10.1061/(ASCE)MT.1943-5533.0002438. 

[51] El-Dieb AS, Kanaan DM, Taha MM, Salah H. Ceramic waste powder: from landfill to sustainable 

concretes. Proceedings of the Institution of Civil Engineers-Construction Materials 2018; 171(3): 109-116. 

https://doi. org/10.1680/jcoma.17.00019. 

[52] Rashid K, Gilani SM, Najam W, Shahzada K, Ahmed S, Iqbal MS. Experimental and analytical selection 

of sustainable recycled concrete with ceramic waste aggregate. Construction and Building Materials 2017; 

154: 829-840. https://doi.org/10.1016/j.conbuildmat.2017.07.219. 

[53] Suzuki M, Meddah MS, Sato R. Use of porous ceramic waste aggregates for internal curing of 

high-performance concrete. Cement and Concrete Research 2009; 39(5): 373-381. https://doi.org/10.1016/j. 

cemconres.2009.01.007. 

[54] Abd-Al Ftah RO, Al-Mosawi AI, Abdulhassan AR. Assessment on structural and mechanical properties of 

reinforcement concrete beams prepared with luffa cylindrical fiber. Case Studies in Construction Materials 

2022; 17: e01283. https://doi.org/10.1016/j.cscm.2022.e01283. 

[55] Amani A, Golafshani EM, Amini A. Mechanical properties of concrete pavements containing combinations 

of waste marble and granite powders. International Journal of Pavement Engineering 2021; 22(12): 

1531-1540. https://doi.org/10.1080/10298436.2019.1702662. 

[56] Ikponmwosa E, Ehikhuenmen S. The Effect of ceramic waste as coarse aggregate on strength properties of 

concrete. Nigerian Journal of Technology 2017; 36(3): 691-696. https://doi.org/10.4314/njt.v36i3.5. 

[57] Raval AD, Patel D, Pitroda P. Ceramic waste: Effective replacement of cement for establishing sustainable 

concrete. International Journal of Engineering Trends and Technology (IJETT) 2013; 4(6): 2324-2329. 

https://doi.org/10.1016/j.susmat.2018.e00063. 

[58] Siddique S, Shrivastava S, Chaudhary S, Kunal G. Sustainable utilization of ceramic waste in concrete: 

Exposure to adverse conditions. Journal of Cleaner Production 2019; 210: 246-255. https://doi.org/10. 

1016/j.jclepro.2018.10.231. 

[59] Tayeh BA, Ahmed SM, Hafez RDA. Sugarcane Pulp Sand and Paper Grain Sand as Partial Fine Aggregate 

Replacement in Environment-Friendly Concrete Bricks. Case Studies in Construction Materials 2022: 

e01612. https://doi.org/10.1016/j.cscm.2022.e01612. 

[60] Motra HB, Hildebrand J, Dimmig-Osburg A. Assessment of strain measurement techniques to characterize 

mechanical properties of structural steel. Engineering Science and Technology, an International Journal 

2014; 17(4): 260-269. https://doi.org/10.1016/j.jestch.2014.07.006. 

[61] Laneyrie C, Maluk C, Rodriguez J, Loukili A, Torrenti JM, Larrard F. Influence of recycled coarse 

aggregates on normal and high-performance concrete subjected to elevated temperatures. Construction and 

Building Materials 2016; 111: 368. 

[62] Abd El-Hakim RT, Taha MM, El-Dieb AS, Abd El-Kareim DA. Performance evaluation of steel slag 

high-performance concrete for sustainable pavements. International Journal of Pavement Engineering 2021: 

1-19. https://doi.org/10.1080/10298436.2021.1922908. 

[63] Kim H, Koh T, Pyo S. Enhancing flowability and sustainability of ultra-high-performance concrete 

incorporating high replacement levels of industrial slags. Construction and Building Materials 2016; 123: 

153-160. https://doi.org/10.1016/j.conbuildmat.2016.06.134. 

[64] Tayeh BA, Al Saffar DM, Alyousef R. The utilization of recycled aggregate in high-performance concrete: 

a review. Journal of Materials Research and Technology 2020; 9(4): 8469-8481. https://doi.org/10.1016 

/j.jmrt.2020.05.126. 

[65] Faleschini F, Brunelli K, Zanini MA, Santomaso AC, Pellegrino C. High-performance concrete with 

electric arc furnace slag as aggregate: Mechanical and durability properties. Construction and Building 

Materials 2015; 101: 113-121. https://doi.org/10.1016/j.conbuildmat.2015.10.022. 

[66] Cucchiella F, D’Adamo I, Lenny Koh SC, Rosa P. Recycling of WEEEs: An economic assessment of 



Hafez et al., SUST, 2024, 4(2): 000048 

000048-19 

 

present and future e-waste streams. Renewable and Sustainable Energy Reviews 2015; 51: 263-272. https: 

//doi.org/10.1016/j.rser.2015.06.010. 

[67] Michael A, Moussa RR. Investigating the economic and environmental Effect of integrating sugarcane 

bagasse (SCB) fibers in cement bricks. Ain Shams Engineering Journal 2021; 12(3): 3297-3303. https:// 

doi.org/10.1016/j.asej.2020.12.012. 

[68] Salla SR, Modhera CD, Babu UR. An experimental study on various industrial wastes in concrete for 

sustainable construction. Journal of Advanced Concrete Technology 2021; 19(2): 133-148. https://doi.org/ 

10.3151/jact.19.133. 

[69] Van den Heede P, De Belie N. Environmental impact and life cycle assessment (LCA) of traditional and 

'green concretes: Literature review and theoretical calculations. Cement and Concrete Composites 2012; 

34(4): 431-442. https://doi.org/10.1016/j.cemconcomp.2012.01.004. 

[70] Dandautiya R, Singh AP. Utilization potential of fly ash and copper tailings in concrete as partial cement 

replacement along with life cycle assessment. Waste Management 2019; 99: 90-101. https://doi.org/ 

10.1016/j.wasman.2019.08.036. 

 


