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Abstract: 

In the efforts for eco-friendly and affordable substitutes, the construction industry uses recycled waste materials like ceramics and plastic, which 

can be used as reinforcement filler to address environmental problems from composites. This study is focused on evaluating the feasibility of 

industrial by-products for improving the properties of mortar using ceramic and plastic waste as partial replacements for cement and sand. The 

effect of using two wastes on density, compressive and flexural strength, water absorption, ultrasonic pulse velocity and high temperature 

behavior of mortar were evaluated for the different mortar mixes, as well as characterization analyses, were performed using X-ray diffraction 

(XRD), thermogravimetric analysis (TGA/DSC), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). 

The findings prove that the heat-insulating capacity of mortar at high temperatures can be significantly increased through a waste ceramic 

application. Furthermore, the pozzolanic reactivity of the ceramic waste was detected by decreases in portlandite content and variations in 

hydration products, thermal phases, and mineral phases of the studied mortar, as observed using XRD, TGA/DSC, and FTIR measurements. It 

was also shown that plastic waste added to ceramic waste can effectively minimise capillary water absorption. This work provides applicable 

technical and environmental benefits for creating sustainable mortar using this waste. 
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1. Introduction 

Ceramic materials are widely produced for various 

applications, such as tiling, sanitary ware, and thermal insulation, 

due to their unique characteristics, including high hardness, 

scratch resistance, and high chemical and thermal resistance [1]. 

They are made from raw materials such as clay, feldspar, and 

quartz, which are ground, mixed with water, formed into shapes, 

pressed or thrown, dried, and fired. Ceramic materials are widely 

used as the material of choice for wall and floor tiles in the 

building sector [2]. However, the ceramics industry is 

increasingly facing the challenge of managing the large volume 

of ceramic waste generated daily. Crushed ceramics are an 

effective solution for reducing waste, energy consumption, and 

production costs in the production of new building materials. 

This approach is ecologically friendly and economically 

favourable while maintaining or even enhancing material 

performance [3]. Several studies have investigated the use of 

ceramic waste as a partial substitute for cement in mortar mixes. 

As per Samadi et al. [4], cement replacement with ceramic waste 

significantly improved the long-term durability and sulphate 

resistance of the mortar. Mezidi et al. [5] studied the performance 

properties of mortars with 5%, 10%, 15%, and 20% utilisation of 

ceramic waste powder (CWP) and found that increased 

substitution led to reduced compressive strength and UPV. Hilal 

et al. [6] conducted tests on a mortar subjected to heat utilising 

CWP at 20%, 40%, and 60%, and noted that both increased 

substitution levels and increased fineness of the ceramic material 

reduced workability. The large surface area and water absorption 

capacity of the finely milled ceramics caused this decrease. 

Kannan et al. [7] investigated the application of CWP in high-

performance concrete and demonstrated that it had no significant 

effect on cement hydration.  
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Ghonaim and Morsy [8] also discovered that the substitution 

of 10% cement with ceramic dust achieved the minimum water 

absorption owing to the pozzolanic and filler effects of the 

ultrafine ceramic particles. The plastic material is a mixture of 

binders, fillers, pigments, plasticisers, and additives, and is 

classified as thermoplastic or thermoset depending on its 

chemical and physical characteristics. For thermoplastics, the 

chain segments can be reversed many times; however, for 

thermosets, a mediated chemical reaction that forms a 3D 

network occurs once the thermo-formed products are heated [9]. 

Plastic waste generation, especially from single-use items, is now 

an urgent environmental issue, particularly in densely populated 

urban areas [10]. Several studies have investigated the feasibility 

of plastic waste as a substitute for natural aggregate in 

construction materials. Safi et al. [11] tested polyethene 

terephthalate (PET) waste, commonly used in bag 

manufacturing, as a fine aggregate in self-compacting mortars at 

replacement percentages ranging from 10% to 50%. The findings 

indicated that the compressive strength of the light mortars was 

maintained within the tolerable limits, with a bulk density of 

1.5 kg/m³ at 28 days. Hannawi and Agbodjan [12] discussed that 

the substitution of sand by polycarbonate waste improved the 

mortar’s workability owing to the smooth and rounded 

morphology of the plastic particles. It also had less water 

absorption than silica sand. Similarly, Badache et al. [13] 

observed an enhancement in ductility and a significant decrease 

of 73% in the dynamic modulus of elasticity of HDPE waste 

mortars. Aciu et al. [14] discovered that polyvinyl chloride 

(PVC) waste enhances the thermal insulation characteristics of 

mortars, thereby minimising heat transfer within the material. 

Suwansaard et al. [15] concluded that the incorporation of 

polystyrene (PS) waste into mortars resulted in water absorption 

values comparable to control mixtures composed of just sand but 

were considerably lower than those obtained in compositions 

with HDPE. As per the literature, this study adopts the following 

parameters: replacement of cement by 10% and 20% ceramic 

waste (particle size < 80 μm) and replacement of sand by 10% 

and 20% plastic waste (particle size < 4 mm). This study 

conforms to social, environmental, economic, and technological 

concerns regarding the conversion of industrial waste into value-

added materials while improving the performance of building 

materials. The incorporation of waste into mortar design is 

consistent with the spirit of the circular economy and sustainable 

construction. This study demonstrates the mechanical and 

environmental benefits of using waste materials, helping to 

create more sustainable mortar mixes in line with current 

construction communities and sustainability requirements. This 

study is important for examining the effect of materials 

containing industrial waste on mortar performance by mixing 

cement with ceramic waste and replacing sand with plastic waste. 

These research studies aim to contribute to responsible 

production and consumption by reducing waste in the 

environment, greenhouse gas emissions, and the use of natural 

resources in construction, which currently do not take these clean 

production practices into account. 

2. Materials and methods 

2.1. Materials 

The cement used in the present study was CEM II/B-L 

42.5 R, conforming to Algerian standard NA 442-2013 [16] and 

European standard EN 197-1 [17]. The physical properties and 

chemical composition of the cement are presented in Table 1. The 

sand used in this study was crushed to a maximum size of 4 mm 

at a quarry in Setif city, with a density of 2630 kg/m³. Figure 1 

shows the sand particle size distribution. Ceramic waste powder 

with a particle size of less than 80 µm was used as a cement 

replacement at 10% and 20%. The FTIR spectrum of the ceramic 

waste (see Fig. 2) reveals the presence of absorption bands that 

are most characteristic in the region of about 1000 to 1100 cm-1, 

corresponding to asymmetric elongation vibrations of Si-O 

bonds in silicate (SiO4) networks [18]. Other bands at lower 

frequencies are attributed to bending vibrations of Si-O bonds. 

The presence of quartz, a frequent component of ceramics, can 

be identified by specific bands, notably around 780-800 cm-1. 

Bands in the high-frequency region (3400-3600 cm-1) can also 

appear, indicating the presence of hydroxyl groups (-OH), either 

from adsorbed water or residual groups from the original clay 

minerals [19]. Low-density polyethene (LDPE) waste plastic was 

also incorporated into the mortar mixes as a partial sand 

replacement at the same percentages of 10% and 20%. Figure 3 

shows the X-ray diffraction (XRD) patterns of the ceramic 

powder and cement. The spectra indicate the presence of 

crystalline clinker phases in the cement, such as C3S, C2S, and 

C3A, as well as of calcite and gypsum. High-intensity quartz 

peaks were observed in the ceramic powder, indicating its 

principal mineralogical composition. 

Table 1. The physical properties and chemical analysis of cement. 

Source: own study 

Properties  Value 

Normal consistency (%) 26.5 ± 2 

Blaine fineness (cm2/g) 3700 - 5200 

Withdrawal at 28 days (μm/m) < 1000 

Expansion (mm) ≤ 3 

Loss of ignition (%)  10 ± 2 

Sulfate content SO3 (%)  2.5 ± 0.5 

Magnesium oxide content (%) Max 5% 

Chloride content (%)  < 0.1 

 

Fig. 1. Particle size analysis of sand. Source: own study 
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Fig. 2. FTIR spectra for ceramic powder. Source: own study 

 

Fig. 3. XRD patterns for cement and ceramic waste. Source: own study 

2.2. Mix proposition 

Mortar mixes were prepared following EN 196-1 [20], with 

a composition ratio of three samples comprising (450 ± 2) g 

cement) (1350 ± 5) g sand, and (225 ± 1) g water for the reference 

mortar (N). Two mixes were prepared incorporating 10% and 

20% ceramic waste powders (designated C10 and C20, 

respectively). Two other mixes were prepared by partially 

replacing sand with plastic waste at the same rates of 10% and 

20% (P10 and P20). Finally, two mixtures combining both types 

of waste in the same proportions were produced, designated as 

M10 and M20. Table 2 outlines the detailed composition of all 

mortar mixtures used in this study. 

Table 2. The composition of mortar mixtures. Source: own study 

Mortar 

mix 

Cement Sand Water CWP LDPE W/C 

 (g) (g) (g) (g) (g)  

N 450 1350 225 / / 0.5 

C10 405 1350 225 45 / 0.5 

C20 360 1350 225 90 / 0.5 

P10 450 1215 225 / 135 0.5 

P20 450 1080 225 / 270 0.5 

M10 405 1215 225 45 135 0.5 

M20 360 1080 225 90 270 0.5 

2.3. Methods 

2.3.1. The XRD, DSC-TGA, FTIR and SEM analysis 

The XRD, DSC-TGA, and FTIR samples were sieved and 

ground to a particle size of less than 63 μm. Thermal analysis 

DSC-TGA was performed with an SDT Q600 V20.9 Build 20 

instrument from 17ºC to 900ºC at 10ºC/min heating rate in a 

nitrogen environment at a purge flow of 100 mL/min. XRD was 

scanned from 8° to 75° (2θ) at 0.02°/s. FTIR spectra were 

recorded at room temperature between 450 cm-1 and 4000 cm-1 

of wavelength. SEM was performed on all the variants of interest. 

2.3.2. Measurement of density in hardened mortar 

The dry bulk density of the hardened mortar was determined 

in accordance with EN 1015-10 [21]. Three prismatic samples 

were prepared and subjected to specific curing conditions. The 

volume was determined according to Archimedes’ principle, and 

the dry bulk density was calculated as the dry mass-to-sample 

volume ratio. The results are presented as the average of three 

measurements, rounded to the nearest 10 kg/m³. 

2.3.3. Compressive and flexural strengths test 

The moulds were demolded after 24 hours, and the 

specimens were stored in water at 20°C ± 2°C until fracture 

testing. The flexural strength and axial compressive strength, 

following EN 196-1 [20], were measured on 40 × 40 × 160 mm3 

prismatic specimens at 7, 14, and 28 days of age (see Fig. 4). The 

results for all mixtures are the average of three tests. 

 

Fig. 4. Flexural and compressive strengths testing. Source: own study 

2.3.4. Ultrasonic propagation velocity test 

The ultrasonic propagation velocity was calibrated for 

different mortar types after 28 days of hardening under EN 

12504-4 [22] (see Fig. 5). This methodology encompasses the 

quantification of the duration required for a waveform to traverse 

a specified distance.  
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Fig. 5. Ultrasonic pulse velocity testing. Source: own study 

2.3.5. Water absorption by capillarity test 

The water absorption by capillarity test was performed in 

accordance with standard EN 1015-18 [23] on prismatic test 

specimens measuring 40 × 40 × 160 mm³ after 28 days of 

hardening. Several measurements were taken over a period of 72 

hours to determine the amount of water absorbed by the different 

mortar formulations, with three samples per mortar type. 

2.3.6. Effect of high temperatures test 

To remove residual moisture, the samples were placed in an 

electric oven at 105°C ± 5°C for 24 hours. The samples were then 

heated at a constant rate of 10°C/min to temperatures of 150°C, 

300°C, and 450°C, and held for 2 hours. Finally, the samples 

were cooled to room temperature in a closed oven according to 

the method of Arioz [24] (see Fig. 6). Compressive and flexural 

strength tests were then conducted, and mass loss was 

determined. 

 

Fig. 6. Test of the effect of temperature on mortar mixes. Source: own 

study 

3. Results and discussion 

3.1. X-ray powder diffraction (XRD) analysis 

Figure 7 shows the mineral characterisation of mortar 

mixtures, indicating that their main components are calcite 

(CaCO3), dolomite (CaMg(CO3)2), portlandite (Ca(OH)2) and 

quartz (SiO2). In the control mortar (N), calcite appears as the 

main phase at 29 (2θ), dolomite at 31 (2θ), and portlandite mainly 

at 18 (2θ) and 34 (2θ). Gypsum is also identified at 12 (2θ). 

Quartz phase peaks were observed in the C10 and C20 mortar 

mixes. This is due to the presence of silica in the ceramic waste 

found in these mixtures. The Portlandite intensity in C20 is lower 

than that in the N control mortar, which can be explained by the 

consumption of Portlandite during the pozzolanic reaction, which 

reacts with silica from ceramic waste in the presence of water to 

form calcium silicate hydrate (CSH) [25]. 

 

Fig. 7. X-ray diffraction analysis for N and C10, C20 mortar after 28 

days of curing. Source: own study 

3.2. DSC-TGA analysis 

Thermogravimetric analysis (TGA) and its derivative (DSC) 

for the reference mortar are presented in Fig. 8. Three main mass 

loss regions corresponding to endothermic decomposition events 

are identified. The first weight loss (1.65%) occurs between 

100 °C and 200 °C and is attributed to the evaporation of 

physically adsorbed water and interlayer water from C-S-H gel 

and ettringite, both typical products of cement hydration 

[26,27]. This phase is confirmed by a small peak on the DTG 

curve (blue) and a slight endothermic signal on the heat flux 

curve (black). The mass loss in this region remains nearly 

unchanged in the C10 and C20 mixtures, indicating that the 

ceramic powder has little to no effect on the initial water loss. 

The second mass loss (3.31%), observed around 400°C–500°C, 

corresponds to the dehydroxylation of portlandite (CaOH2) [28]. 

As shown in Fig. 9 and Fig. 10, the replacement of cement with 

ceramic powder leads to a decrease in portlandite content, which 

can be attributed to the dilution effect of cement in mortars, 

where a portion of the cement is exchanged by ceramic powder. 

The less cement, the less amount of CaOH2 in the sample. The 

third and most significant mass loss (23.16%) occurs between 

700 °C and 750 °C and is associated with the decarbonation of 

calcium carbonate (CaCO3), originating either from limestone 

aggregates or the carbonation of hydration products over time 

[29,30]. This process is highly endothermic. The reduction in 

mass loss in this region with increasing ceramic content may be 

explained by several factors: the initial presence of calcareous 

filler in the cement, the lower availability of phases prone to 

carbonation due to partial cement replacement, or the fact that 

ceramic powder contributes less to carbonate formation than the 

substituted cement. 



Abdelli H.E. et al., Performance evaluation of mortars incorporating … 

5 

 

Fig. 8. TGA and DSC Curves of mortar normal (N).  

Source: own study 

 

Fig. 9. TGA and DSC Curves of mortar with 10% of ceramic  

waste (C10). Source: own study 

 

Fig. 10. TGA and DSC Curves of mortar with 20% of ceramic  

waste (C20). Source: own study 

3.3. Fourier transform infrared (FTIR) spectroscopy 

In FTIR, a single spectrum can be used to identify the 

chemical compounds in a sample. Each functional group of the 

compound absorbs specific frequencies as infrared light passes 

through the sample, producing a unique spectral pattern – a 

molecular fingerprint. The infrared spectrum is typically divided 

into three regions: Near, mid, and far infrared [31]. The FTIR 

spectra of the reference mortar (N), mortar containing 10% (C10) 

and 20% (C20) ceramic waste as partial cement replacements are 

shown in Fig. 11. The broad absorption bands at around 3400–

3500 cm-1 in each spectrum are attributed to the stretching 

vibrations of hydroxyl (-OH) groups, inherent in absorbed water 

and calcium hydroxide, known as portlandite (Ca(OH)2) [32]. An 

obvious peak appeared at 3640 cm-¹ due to stretching vibrations 

of Ca(OH)₂ [33]. The intensity of this peak decreases 

considerably between mortars N, C10, and C20, indicating 

a gradual consumption of Ca(OH)₂ as the ceramic waste content 

increases [34]. This trend indicates that pozzolanic reactions are 

taking place, in which ceramic waste reacts with Ca(OH)2, 

leading to the formation of more hydration products such as C-

S-H gels or C-A-S-H [35]. All samples present an absorption 

band at around 1650 cm-1 that is attributed to the bending 

vibration of the adsorbed water molecules [36]. The strong peaks 

at around 1400–1500 cm-1 and around 870 cm-1 are attributed to 

asymmetric stretching and out-of-plane bending vibrations of 

carbonate groups (CO3
-2) [37]. All the mortar samples for which 

carbonation has been confirmed had it using [38]. The 870 cm-1 

peak is, however, somewhat depleted in C10 and C20, indicating 

minor differences in carbonation, although the intensity of the 

1400–1500 cm-1 band is similar in all the spectra. The strongest 

band in all samples appears in the 900–1100 cm-1 region, 

attributed to the Si–O stretching bands of the silicate structures, 

mainly of C-S-H gel – the main hydration product of cement 

setting [39,40]. Any differences in the profile of this band or 

minor shifts of it towards lower wavenumbers between the N, 

C10, and C20 samples could indicate modifications in the silicate 

network and/or in its polymerisation degree. These 

transformations most likely originated from the addition of Al 

and Si from ceramic waste, which have a high potential to react 

with hydration products such as the C-(A)-S-H gel [41]. Finally, 

all peaks below 800 cm-1 are assigned to Si-O bending vibrations 

and metal–oxygen bonds of cement phases and added ceramic 

waste components. These comprise phases: quartz and mullite 

originated from the ceramic waste [42]. The identified deviations 

in this spectral region endorse the change in the mineralogical 

composition of mortars resulting from the addition of ceramic 

waste. 

 

Fig. 11. FTIR spectra for samples N, C10, and C20.  

Source: own study 

3.4. Density evaluation of hardened mortar 

Figure 12 shows the density results after 28 days. The C10 

mixture density was slightly higher than that of the control 
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mortar. This is due to the use of ceramic powder as a filler that 

minimises porosity by filling the matrix voids. In contrast, the 

lower density observed when the mixtures contained waste 

plastic is because the density of plastic is lower than that of sand 

[43,44]. 

 

Fig. 12. Density of hardened mortar mixes at 28 days. 

Source: own study 

3.5. Compressive strength 

Figure 13 shows the compressive strength results after 28 

days. A noticeable reduction in strength was observed in the 

plastic waste mixtures. This decline is primarily attributed to the 

weak interfacial bonding between the plastic particles and the 

cement paste, as well as the high deformability of the plastic 

particles, which promotes the formation of cracks and air voids 

[45]. Similar findings were reported by Da Silva et al. [46]. The 

compressive strengths of the C10 and C20 mixes reached 

approximately 84% and 81%, respectively, of the control 

mortar's strength at 28 days. This decrease may be due to the 

delayed pozzolanic activity of the ceramic waste at this early age. 

In contrast, the greater reduction in strength observed in the M10 

and M20 mixes can be attributed to the lower reactivity and 

inferior contribution of plastic waste compared to ceramic waste. 

 

Fig. 13. Evolution of compressive strength of various mortar mixes at 

7, 14, and 28 days. Source: own study 

3.6. Flexural strength 

Figure 14 shows the evolution of the mortar mixes’ flexural 

strength over a given period. After 28 days, mixture C20 

exhibited a flexural strength 6.10% higher than that of the control 

mortar. This was due to the increased pozzolanic activity of the 

ceramic waste, resulting in improved adhesion and densification 

of the matrix [47]. Li et al. [48] obtained similar results. 

Conversely, the incorporation of plastic waste into the mixes 

showed a decrease in flexural strength, which is attributed to the 

lack of interfacial adhesion between the plastic waste and the 

cement matrix [49]. The results are corroborated by the findings 

of Ruiz-Herrero et al. [50]. Interestingly, the M10 mix was more 

resistant to flexural strength than the other plastic-containing 

formulations, which could be attributed to the higher contribution 

of ceramic powder compared to plastic waste for better 

mechanical performance. 

 

Fig. 14. Flexural strength development of mortar mixtures at 7, 14, and 

28 days of curing. Source: own study 

3.7. Ultrasonic pulse velocity 

Ultrasonic pulse velocity (UPV) testing is a non-destructive, 

rapid method for evaluating the quality of cementitious materials 

[51]. It provides valuable information on the uniformity and 

relative integrity of concrete, enabling the detection of cracks and 

voids and the estimation of crack depth [52]. Figure 15 presents 

the UPV results for the mortar specimens after 28 days of curing. 

A slight reduction in the pulse velocity was observed in the C10 

and C20 mixtures. The UPV values of these mixes exceeded 

3800 m/s, classifying them as excellent quality mortars, as shown 

in Table 3 [53]. This performance is attributed to the 

densification of the microstructure and reduced pore 

connectivity, likely resulting from enhanced pozzolanic activity 

[54]. However, a reduction in compactness and overall density 

can explain the decrease in pulse velocity in mixtures 

incorporating plastic waste, as illustrated in Fig. 12 [55]. These 

findings are consistent with previous research [56]. 

Table 3. Evaluate mortar quality using typical ultrasonic pulse velocity 

values. Source: [55] 

Mortar Quality Excellent Good Poor Very Poor 

UPV (m/s) >3800 3800–3500 3500–3200 <3200 
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Fig. 15. Ultrasonic pulse velocity of various mortar mixtures after 28 

days of curing. Source: own study 

3.8. Relationship between 28-day compressive strength and 

ultrasonic pulse velocity 

Figure 16 shows the correlation curve established between 

the compressive strength of the crushing material and the 

corresponding ultrasonic velocities. The data points are very 

close to the linear regression line, demonstrating a strong 

correlation between the two. This is confirmed by the coefficient 

of determination, R2 = 0.95802. An R2 value near 1 (here 0.958) 

means that approximately 95.8% of the ultrasonic pulse velocity 

variance accounts for the compressive strength variance. This 

demonstrates an extremely strong and dependable relationship in 

the context of building materials. A linear regression line was 

fitted to the collected data points, expressed as y = -54.50725 + 

0.02261x. This equation indicates that a linear model adequately 

explains the observed relationship across the entire range of 

values investigated. The graph illustrates a strong, positive linear 

correlation between the ultrasonic pulse velocity and the 

investigated mortar mixes’ compressive strength. This supports 

the use of the ultrasonic method as a reliable measure of the 

mechanical strength of this material. 

3.9. Water absorption by capillarity 

Capillary water absorption is a key factor affecting the 

durability of cement-based materials, as it is strongly influenced 

by the pore structure [57]. The results of the capillary water 

absorption test are shown in Fig. 17. At the beginning of the test, 

all the mortar mixtures exhibited similar absorption behaviour. 

However, the C10 and C20 mixes demonstrated lower water 

absorption than the control mortar over time. This reduction can 

be attributed to a decrease in the average pore radius and the 

formation of calcium silicate hydrate (C-S-H) gels through 

pozzolanic reactions, which gradually fill the voids [58]. Similar 

findings were reported by Nayana and Rakesh [59]. The observed 

decrease in absorption in the P10 and P20 mixtures is due to the 

hydrophobic nature of the low-density polyethene (LDPE) 

particles, which resist water penetration and absorption. The M20 

mixture exhibited the greatest reduction in water absorption, 

which can be attributed to the synergistic effect of combining 

plastic and ceramic waste powders, leading to improved pore 

refinement and reduced permeability. 

 

Fig. 16. Relationship between compressive strength and ultrasound 

velocity. Source: own study 

 

Fig. 17. Evolution of water absorption by capillary in different mortar 

mixes. Source: own study 

3.10. The effect of high temperature on mortar mixes 

3.10.1. Mass loss 

The mass variations observed in the mortar samples are 

primarily attributed to the physical and chemical evaporation of 

water at elevated temperatures. Chemical water loss is 

particularly associated with the breakdown of hydrogen bonds 

within the mortar matrix [60]. Figure 18 presents the mass loss 

results for the mortar mixes subjected to temperatures of 150 °C, 

200 °C, and 350 °C. At 350 °C, a reduction in mass loss was 

observed in the N, C20, and P20 mixtures. In contrast, the other 

mixtures exhibited increased mass loss with increasing 

temperature. In the P10 mix, the lowest mass loss was recorded 

at 150°C, while the highest mass loss was recorded at 350°C in 

the same mix. This is likely due to the plastic waste's thermal 

sensitivity, which melts at high temperatures, contributing to 

greater mass reduction. The mass loss up to 200 °C is primarily 

attributed to the evaporation of free water from the mortar 

samples [61]. Additionally, the decreased mass loss in the C10 

and C20 mixes compared to the control mortar at 200 °C, by 

27.44% and 16.16%, respectively, is associated with the 
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pozzolanic activity of the ceramic powder, which consumes more 

water to form calcium silicate hydrate (CSH) [62]. 

 

Fig. 18. Mass loss in mortar samples following thermal exposure at 

150 °C, 200 °C, and 350 °C. Source: own study 

3.10.2. Flexural strength 

The results are shown in Fig. 19. Additionally, at 150 °C, an 

improvement in flexural strength was noticed in the C10 and C20 

mortars compared with the control mortar by 77.55% and 

65.91%, respectively. This improvement may be explained by 

the pozzolanic reaction between the ceramic powder and 

portlandite, with the production of CSH (calcium silicate 

hydrate), which densifies the mortar mass matrix, resulting in a 

higher cohesion between its elements. On the other hand, the 

drop in the strength of the blends with recycled plastic at 150°C, 

200°C, and 350°C can be attributed to the melting and thermal 

degradation of the plastic, which leads to vacancies, an increase 

in total porosity, and the evaporation of water and CSH [63]. The 

reduction in flexural strength observed in the M10 and M20 

mixes highlights the greater impact of plastic waste than ceramic 

waste in these mixes. 

 

Fig. 19. Influence of elevated temperatures on the flexural strength of 

various mortar mixtures. Source: own study 

3.10.3. Compressive strength 

Figure 20 shows the results for the mortar mixes' 

compressive strength. At 150 °C, the C10 and C20 mixtures 

exhibited higher compressive strength than the control mortar by 

7.26% and 3.73%, respectively. This improvement is attributed 

to the filler effect of the ceramic waste, which reduces the 

porosity, and to its pozzolanic activity, which promotes the 

formation of CSH. In contrast, mixtures incorporating plastic 

waste showed a reduction in the compressive strength at 150 °C, 

200 °C, and 350 °C. This decline is mainly due to the weak bond 

between the plastic particles and the cement matrix, which is less 

effective than the natural adhesion between cement and sand 

[64]. The lower compressive strength observed in the M10 and 

M20 mixes also highlights the less favourable effect of plastic 

waste compared to ceramic waste under elevated temperature 

conditions. 

 

Fig. 20. Compressive strength of mortar mixes after exposure to high 

temperatures. Source: own study 

3.11. Scanning electron microscopy (SEM) analysis 

Figure 21 presents a scanning electron microscopy (SEM) 

micrograph of the control mortar without the ceramic waste. The 

microstructure is compact and dense in morphology, with the 

hydration products, i.e., calcium silicate hydrate (C–S–H) and 

perhaps portlandite crystals, being well dispersed finely. The 

occurrence of intergranular microcracks is likely due to thermal 

stresses or shrinkage effects. The absence of ceramic or plastic 

inclusions also reinforces the control mix homogeneity. 

Figure 22 shows that the mortar with 10% ceramic waste (C10) 

has a more irregular microstructure, and particles with angular 

and lamellar morphology are identifiable as the ceramic waste. 

These inclusions are partially embedded in the cement matrix, 

implying some, albeit noticeable, pozzolanic activity. The 

hydration products are well-formed, and the matrix is relatively 

dense. This is a sign that 10% replacement has good compactness 

and does not significantly hinder cement hydration. Figure 23 

shows that the mortar containing 20% ceramic waste (C20) has a 

more porous and less regular microstructure. A reduction in the 

volume of the hydration products was observed, while the 

unreacted ceramic particles were far more pronounced. At this 

substitution level, the ceramic components are largely inert 

fillers, contributing to lower cohesion and higher porosity. Poorer 

microstructural quality leads to lower mechanical strength and 

long-term durability. 
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Fig. 21. Analysis SEM of the normal mortar. Source: own study 

 

Fig. 22. Analysis SEM of the mortar C10 mix. Source: own study 

 

Fig. 23. Analysis SEM of the mortar C20 mix. Source: own study 

4. Conclusions 

This study examines the effects of incorporating ceramic and 

plastic waste on mortar performance. The following conclusions 

can be drawn: 

• The XRD, TGA/DSC, and FTIR analyses clearly show 

the pozzolanic activity of ceramic waste, as evidenced by 

the decrease in portlandite, the presence of reactive 

phases, and the structural modification of the hydration 

products, which highlights its important role in the 

chemical and mineral development of the mortar. 

• The variation in density observed after 28 days reflects the 

effect of substitute materials, where ceramic powder 

increases density by reducing porosity, whereas plastics 

decrease density due to their low density. 

• The ceramic waste enhances both compressive and 

flexural strength after 28 days through its pozzolanic 

activity, while the plastic waste tends to weaken the 

mortar due to its low reactivity and poor adhesion; 

however, combining the two improves performance due 

to the effective influence of the ceramics. 

• The ultrasonic wave propagation velocity results show 

that mixtures containing only ceramic waste are of good 

quality, with propagation velocities greater than 3800 m/s. 

• The strong linear correlation observed between ultrasonic 

velocity and compressive strength confirms the reliability 

of the ultrasonic method as a non-destructive predictive 

tool for the mechanical performance of mortars. 

• The incorporation of ceramic and plastic waste, especially 

when combined, significantly reduces capillary water 

absorption in mortar by improving pore structure and 

enhancing water penetration resistance, thereby 

improving its durability. 

• Variations in mortar mass as a function of temperature 

reveal a significant influence of the nature of the 

additions, particularly the thermal sensitivity of waste 

plastics and the pozzolanic activity of ceramic powders, 

affecting water loss and the thermal stability of the mixes, 

respectively. 

• The results indicate that ceramic waste improves both the 

flexural and compressive strength of mortar at high 

temperatures due to its pozzolanic and filling effects, 

whereas plastic waste has the opposite effect, leading to a 

decrease in strength due to thermal degradation and weak 

bonding with the cement matrix. 

• SEM analysis showed that incorporating 10% ceramic 

waste resulted in a relatively dense and compact matrix, 

with advanced hydration products and no significant 

negative effects on mechanical performance. 

The incorporation of recycled industrial waste – ceramics 

and plastics – serves as an effective partial replacement for 

conventional raw materials in mortar, with study results 

confirming concurrent enhancements in key performance 

attributes (mechanical strength, durability, thermal insulation) 

while maintaining quality. The environmentally friendly 

approach not only reduces pollution and production costs but also 

benefits the circular economy and greener construction 

processes. Academically, the research provides valuable insights 

into the interaction between recycled materials and binders, and 

opens avenues for research into other alternative industrial 

wastes that can be used in construction.  
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