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Utilizing industrial byproducts 
for the manufacture 
of clay‑cellulose nanocomposite 
cements with enhanced 
sustainability
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This study investigates the influence of different nano clay contents (0, 1, 3, and 5 wt% of cement) on 
the microstructure and the mechanical properties of cement composites reinforced with varying Nano 
cellulose fiber contents (0, 0.5, 0.75, and 1 wt% of cement). Unlike previous research that employed 
sonication to improve dispersion in the cement matrix, this study explores the effects of unsonicated 
nano-cellulose addition and the combined incorporation of nano-cellulose and nano-clay. The 
results demonstrate that these additions significantly enhance the compressive strength, abrasion 
resistance, and water absorption ratios of the cement composites. Furthermore, the inclusion of nano-
clay improves the microstructure of the cement matrix, strengthening the interfacial transition zone 
and reinforcing the bond between nano-cellulose and the cement matrix. The microstructural analysis 
using scanning electron microscopy (SEM) reveals the presence of a dense interconnected structure 
characterized by rod-like crystals. This research contributes to the development of sustainable 
construction materials by examining the effects of nano-cellulose and nano-clay on the properties and 
microstructure of cement composites. The utilization of industrial byproducts, such as wood sawdust, 
for the extraction of nano-cellulose offers an eco-friendly approach to enhance the performance of 
cement-based materials. The maximum compressive strength obtained, after 28 days, was at mix with 
0.75% NCL + 5%NC with a gain of 53.5% than that of the control mix. In mixes containing only nano-
clay (NCL), the increase in NCL content led to a higher rate of water absorption in the cement matrix, 
which reaches 4%. Confirming the results obtained from compressive strength and water absorption, 
mix with 0.75% NCL and 5% NC had obtained the optimum values with an improvement of 20% than 
that of the control mix.

The durability of concrete structures has become a significant focus of research in recent years. Various 
approaches have been explored to enhance the durability of concrete, including the use of supplementary 
cementitious materials (SCMs), fibers, and nanomaterials. Industrial waste materials can serve as both SCMs and 
nanomaterials, offering a potential partial replacement for cement. Fly ash (FA)1–3, silica fume (SF)4–8, ground-
granulated blast furnace slag (GGBS)9–12, and metakaolin (MK)13–15 have been investigated as micro SCMs for 
cement replacement. Additionally, nano-silica (NS)16–25, nano-clay (NC)26–30, carbon nanotubes (CNT)31–35, 
nano-cellulose (NCL)36–40, and nano-titanium41–43 have recently garnered attention as partial replacements for 
cement in concrete and cement mortars. The utilization of eco-friendly SCMs as partial cement replacements 
can help mitigate the environmental impact of the cement industry44–46. Incorporating different nanomaterials 
has shown potential to enhance the durability of concrete structures, prolong their service life, and reduce 
maintenance costs47.

Another approach to improve the mechanical and durability properties of concrete is the use of various 
types of fibers48–51. However, the high cost, low bond strength, and limited corrosion resistance of fibers have 
hindered the fibers’ widespread use in cement composites. Carbon and polymer fibers, for instance, are relatively 
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expensive compared to other concrete ingredients, leading to higher concrete costs52. Glass fibers, on the other 
hand, exhibit low bond strength with cement and poor alkaline resistance53,54. To overcome these limitations, 
researchers have explored the potential of nano-cellulose as a nano fiber reinforcement for concrete and cement 
paste55,56. Nano-cellulose can be derived from plants, animals, and bacteria, and it offers advantages such as 
stiffness, lightweight nature, availability, environmental friendliness, and surface roughness that improves its 
bond with cement composites57–59. Moreover, nano-cellulose has been found to enhance concrete’s flexural 
strength, toughness, and impact resistance60–62. While nano-cellulose has shown improvements in flexural 
strength of cement composites by 20–50%, its effect on compressive strength remains a topic of investigation63–67. 
Consequently, further studies are needed to determine the optimal dosage of nano-cellulose68 and explore its 
implementation with different cement composites69.

In this research, we propose the addition of Nano-Clay to nano-cellulose mixes to enhance the homogeneity 
of the cement paste and improve compressive strength, while nano-cellulose focuses on enhancing flexural 
and tensile strength. The effect of nano-clay on nano-cellulose mixes will be investigated through compressive 
strength, water absorption, and abrasion tests. Additionally, scanning electron microscopy (SEM) and 
thermogravimetric analysis (TGA) will be employed to study the impact of nano-cellulose and nano-clay on 
the microstructure of the cement matrix.

Experimental program
Materials
In this experimental program, ordinary Portland cement was utilized, conforming to ASTM C150 standards70, 
with a grade of 42.5N. The used natural clean sand adhered to ASTM C33 standards71. The Nano-Clay utilized 
in this study was sourced from the Egyptian market and underwent calcination of kaolinite to achieve an off-
white color with an average particle size of 30 nm. The chemical compositions of the cement and Nano-Clay 
used in this study are provided in Table 1. Nano-cellulose, obtained from NCTECH company, had a diameter 
ranging between 5 and 11 nm and a length of 120–400 nm. The nano-cellulose was extracted from wood sawdust, 
and the production process effectively removed impurities such as lignin, pectin, wax, and soluble sugars. The 
nano-cellulose was introduced as a fully dispersed gel, with a concentration of 5% nano-cellulose. Figure 1 
showcases the scanning electron microscopy (SEM) images of the nano-cellulose and metakaolin employed 
in this experimental program. A Naphthalin sulphonate-based superplasticizer of type F was utilized in the 
experimental program.

Sampling
A total of 28 mixes were prepared, resulting in 192 specimens. To investigate the influence of nano-cellulose as 
the sole additive to the cement mortar, three mixes were formulated with addition ratios of 0.5, 0.75, and 1 wt% 
of cement. Similarly, three mixes were prepared with Nano-Clay at addition ratios of 1, 3, and 5 wt% of cement. 
Additionally, to study the combined effect of Metakaolin and nano-cellulose, nine mixes were designed. These 
included three mixes with 0.5 wt% of nano-cellulose and 1, 3, and 5 wt% of Nano-Clay, as well as three mixes 
with 0.75 wt% of nano-cellulose and the same addition ratios of Nano-Clay. Similarly, three mixes with 1 wt% 

Table 1.   Chemical composition of cement, and nano-clay (%).

SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O K2O P2O L.O.I

Cement 20.13 3.61 5.32 61.63 2.39 – 0.37 0.13 – 1.96

MK 61.24 1.06 20.89 0.16 0.22 1.61 0.71 – – 14.11

Figure 1.   SEM micrographs of (a) Nano-cellulose particles, (b) Nano-Clay.
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of nano-cellulose and the corresponding addition ratios of Nano-Clay were prepared. The mix proportions of 
the designed mixes are presented in Table 2. The control mix, which served as a reference, did not contain any 
additive, whether nano-clay or nano-cellulose.

In the mixing process, nano-cellulose and/or Nano-clay were initially added to half of the mixing water and 
thoroughly mixed together. Subsequently, this mixture was added to the dry mix comprising cement and sand. 
After adding the first half of the mixing water with the nano-materials, the mortar mixer was stirred for 2 min. 
Then, the second half of the mixing water, combined with the superplasticizer, was added to the mortar mixer, 
and the mixture was stirred for an additional 3 min. After the completion of the mixing process, the mortar 
was poured into molds. To guarantee thorough compaction of the specimens, the molds were positioned on a 
vibrating platform. Following casting, the specimens were left undisturbed for a duration of 2 h to permit the 
cement mortars to achieve their final setting. Subsequently, the specimens underwent water curing at a constant 
temperature of 25 ºC until the day of testing, ensuring optimal curing conditions for the assessment.

Test methods
The average compressive strength results were obtained by taking measurements from three samples measuring 
5 × 5 × 5 cm for each mix. The testing was performed using a SHIMADZU 1000 KN universal testing machine, 
with a loading rate of 0.5 N/mm2 applied after 7 and 28 days of curing. The test procedure adhered to the guide-
lines specified in the ASTMC109-C109M-20 Standard72.

To assess the durability of the hardened mixes, a water absorption test was performed on 5 × 5 × 5 cm cubes. 
The cubes were submerged in water for 24 h and then dried in an oven at 100 °C for another 24 h. The weight of 
water absorbed by the cubes was calculated. This test was conducted according to the ASTM C642-2173 standard.

For the abrasion test, 7 × 7 × 7 cm cubes were subjected to abrasion. The cubes were placed on a grinding 
path on the abrasion machine and sprayed with 20 gm of standard abrasion powder (sand). The weight loss was 
then calculated. The abrasion test on cement mortar followed the ASTM C944 standards74. The water absorption 
test and the abrasion test were conducted following a 28-day curing period. For each test, three specimens were 
prepared, and the average outcome was documented.

The compaction and curing procedures for all specimens adhered to the guidelines specified in ASTM C3175.
To analyze the microstructural properties of the samples, Scanning Electron Microscopy (SEM) and 

Thermogravimetric Analysis (TGA) techniques were employed. The SEM analysis was conducted using a 
QUANTA FEG250 instrument on crushed cement mortar cubes. Secondary electron images were obtained from 
samples coated with Au and using a voltage of 20 kV. This analysis aimed to determine the size and distribution of 
nano-particles, characterize the cement paste mixtures, and aid in interpreting the compressive strength results 
of the samples after 28 days of water curing.

Thermogravimetric Analysis (TGA) was employed to assess the effect of high temperatures on hydrated 
cement composites. A TGA850 thermo balance from Mettler Toledo, along with STARe software v8.10, was 
utilized. The samples were milled, washed with acetone, filtered, and then dried at 60 ± 2 °C for approximately 30 
min. Aluminum crucibles with a capacity of 100 mL were filled with 30 ± 1 mg of the dried sample. The samples 
were heated up to 1000 °C at a heating rate of 10 °C/min under a nitrogen atmosphere.

Experimental results
Compressive strength
The compressive strength results for the cement paste mixes after 7 and 28 days and their gain in strength than 
the control mix are shown in Figs. 2 and 3, respectively. From the figures below, NCL and NC had improved the 

Table 2.   Mix proportion of cement mortars with nano-cellulose and nano-clay.

Mix Sand (gm) Cement (gm) NCL (%) NC (%) Water (%) S.P (%)

0%NCL + 0%NC 3000 1000 0 0 45 2

0.5%NCL + 0%NC 3000 1000 0.5 0 45 2

0.75%NCL + 0%NC 3000 1000 0.75 0 45 2

1.0%NCL + 0%NC 3000 1000 1 0 45 2

0%NCL + 1%NC 3000 1000 0 1 45 2

0%NCL + 3%NC 3000 1000 0 3 45 2

0%NCL + 5%NC 3000 1000 0 5 45 2

0.5%NCL + 1%NC 3000 1000 0.5 1 45 2

0.5%NCL + 3%NC 3000 1000 0.5 3 45 2

0.5%NCL + 5%NC 3000 1000 0.5 5 45 2

0.75%NCL + 1%NC 3000 1000 0.75 1 45 2

0.75%NCL + 3%NC 3000 1000 0.75 3 45 2

0.75%NCL + 5%NC 3000 1000 0.75 5 45 2

1%NCL + 1%NC 3000 1000 1 1 45 2

1%NCL + 3%NC 3000 1000 1 3 45 2

1%NCL + 5%NC 3000 1000 1 5 45 2
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compressive strength of the cement mortars generally with a difference percentage individually and combined 
with different ratios, except for mixes 0%NCL + 1%NC and 0%NCL + 3%NC. However, after 7 days the strength 
was gained by 10% and 21%, respectively. This can be due to the low replacing ratio of NC in the mix as it is 
not enough for gaining strength, besides to the agglomeration occurred to NC in the cement matrix due to the 
improper dispersion. While at the same percentages of NC when adding NCL, the strength was improved as in 
the mix.

The maximum compressive strength obtained, after 28 days, was at mix with 0.75% NCL + 5%NC with a gain 
of 53.5% than that of the control mix. This is clear that, at using 0.75% of the cement weight with nano-cellulose 
gives the highest strength and this is clear in mixes containing NCL only; as at 0.75% NCL the gain in strength 
was 35% and when increasing the content of NCL to 1% of the cement weight, the strength gained reduced to 
20% than of the control mix. This can be attributed to the that using adequate replacement ratios of NCL (0.75%) 
can be more efficient to the pozzolanic reaction than using lower or higher replacement ratios as done in many 
types of research in which it reached 5% and 10% as a replacement ratio76–78; resulting in a reaction with the 
produced calcium hydroxide and formation more C–S–H, besides the densification for the interfacial transition 
zone (ITZ) between the aggregates and the cement paste79–81. The relatively lower strength gain observed in NCL 
(nano-clay) mixes after 7 days can be attributed to the presence of hydroxyl and carboxyl groups in cellulose. 
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Figure 2.   7 and 28-day compressive strength of NCL and NC cement mortar mixes.
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Figure 3.   Gain in compressive strength at 7 and 28-day for NCL and NC cement mortar mixes.
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These functional groups react with calcium ions (Ca+) to form complexes, which negatively affect the hydration 
reaction and contribute to a delayed setting time82. However, after 28 days, the water absorbed by NCL is released 
into the cement matrix. This release plays a significant role in the continuous hydration of unreacted cement 
particles, leading to improvements in the mechanical properties and microstructure of NCL mixes83,84 The same 
when studying the effect of NC on the strength, by increasing NC content from 1 to 5% of the cement weight 
the strength gain increased from 2 to 23%. However, the lower compressive strength after 7 days of NC mixes 
was due to the relatively high specific surface area of NC, which absorbs more water than reducing the amount 
of hydrated cement. Besides, Nano-Clay used was not subjected to the sonication process besides the relatively 
high replacement ratio, which reaches 5% by weight of cement. In addition, the dilution effect of Portland cement 
increases by increasing Nano-Clay content in the mix14. While after 28 days, the compressive strength of NC 
mixes had improved by a narrow limit. This can be attributed to the pozzolanic effect of NC, which increases 
the pozzolanic products CSH, CASH, and CAH, and the trapped water had released to improve the hydration 
process but with a narrow limit85,86.

When investigating the combined effect of NCL with NC, generally, the addition of NCL has a positive 
effect on the strength of NC mixes especially at the late ages; however, at 7 days at specific mixes, an improve-
ment had occurred with negligible percentages as reported by87. Adding NCL particles to NC mixes improves 
the compressive strength of the mixes, with an improvement reaching 24% more than that without NCL. This 
can be explained by the needle effect or the fiber effect of NC particles that combine with cellulose nano-fibers 
to reduce the NC mixes’ cracks18,26. Besides the reactivity and the nucleation effect of NC, the fiber effect of 
NC has been improved in much literature to help enhance the compressive strength and the other mechanical 
properties28,88,89. However, using NC without sonication leads to agglomeration of NC particles, and thus a reduc-
tion in the strength had occurred as shown in NC mixes only. While adding NCL to NC mixes, extra nano-fibers 
enhanced the strength of the mixes regardless of their dispersion in the matrix, resulting in an improvement in 
the packing density of the mix. This fiber effect fights against the dilution effect of cement and also against the 
agglomeration of NCL and NC particles.

Water absorption test
Water absorption in cement matrices is primarily influenced by the capillary action of the matrix. The findings of 
the water absorption test exhibited a consistent pattern with the results obtained for compressive strength. As the 
compressive strength increased, water absorption decreased. This correlation suggests that the factors influencing 
the strength of the mixtures also contribute to the reduction of water absorption properties. The decrease in water 
absorption can be attributed to the filling effect of clay nano-particles and the flask-shaped structure of these 
particles, which provide damping effects. Moreover, the pozzolanic reactivity of nano-cellulose (NC) improves 
the microstructure of the cement matrix by reducing voids and porosity, as previously mentioned in26,28,90–92.

In mixes containing only nano-clay (NCL), the increase in NCL content led to a higher rate of water 
absorption in the cement matrix, as depicted in Fig. 4. This outcome can be attributed to improper dispersion and 
agglomeration that occurs when using high concentrations of cellulose nano-fibers. Similar trends were observed 
in the compressive strength results, where increased water absorption was linked to inadequate dispersion and 
subsequent agglomeration. This weakens the bond between cellulose nanofibers and the cement matrix, resulting 
in the formation of voids and an increase in the porosity of the mixture. Consequently, water absorption is 
enhanced93,94.
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Figure 4.   Water absorption of NCL and NC cement mortar mixes.



6

Vol:.(1234567890)

Scientific Reports |          (2024) 14:751  | https://doi.org/10.1038/s41598-023-51130-z

www.nature.com/scientificreports/

Abrasion test
Adding nano-clay with cellulose nano-fibers had improved the cement mortar abrasion resistance, whether 
by using each one alone or through a combination of them, as shown in Fig. 5. Nano-clay had improved the 
homogeneity of the cement matrix through the pozzolanic and nucleation effect of nano-clay in the cement 
matrix26,28. Confirming the results obtained from compressive strength and water absorption, mix with 0.75% 
NCL and 5% NC had obtained the optimum values with an improvement of 20% than that of the control mix. 
this can be attributed to proper dispersion of NCL and NC in the cement matrix, in which cellulose nano-fibers 
improve the tensile strength of the cement matrix besides improving the crack propagation. While nano-clay had 
improved the microstructure of the cement matrix through filling, nucleation, pozzolanic and damping effect, 
in addition to the needle effect of clay nano-fibers as stated before in26,28,30,37,79.

Microstructure analysis
Scanning electron microscope (SEM)
The addition of nano-cellulose (NC) and nano-clay (NCL) had a significant impact on the microstructure of the 
cement matrix, as observed in Fig. 6b–d, compared to the mix without nanomaterials shown in Fig. 6a.

In the mix without nano materials (Fig. 6a), unhydrated calcium silicate hydrate (CSH) and calcium hydrox-
ide crystals were observed in the form of small grains, along with ettringite needles and relatively large voids, 
indicating a less dense and weaker matrix.

In the matrix incorporating nano-clay particles (Fig. 6b), the presence of nano-clay contributed to densifi-
cation of the matrix. The SEM micrograph revealed CSH products spreading over calcium hydroxide crystals, 
with clay nano-fibers dispersed throughout the matrix. This filling and nucleating effect of nano-clay helped to 
improve the microstructure and enhance the strength of the matrix.

Figure 6c shows the microstructure of the mix with 0% nano-clay and 5% nano-cellulose. In this case, nano-
cellulose fibers were clearly visible, reinforcing the CSH products and significantly enhancing the matrix strength, 
as mentioned in relation to the compressive strength results. The presence of nano-cellulose also led to improved 
pore porosity and size, which can be attributed to its ability to absorb water and promote cement hydration, 
resulting in the formation of more cement hydrates.

In the case of the mixture containing 0% nano-clay and 3% nano-cellulose (Fig. 6d), the distribution of 
calcium silicate hydrate (CSH) products was observed, while the presence of calcium hydroxide crystals was 
minimal. This observation suggests that nano-cellulose exhibits a high reactivity with residual calcium hydroxide, 
resulting in a more compact and rigid matrix. Moreover, nano-clay was found to act as a bridge between the 
CSH products, effectively impeding crack propagation in its early stages. This finding highlights the effective-
ness of the hybrid nanomaterials in enhancing the strength and durability of the matrix by reducing both the 
width and depth of cracks.

TGA​
This study employed thermogravimetric analysis (TGA) to characterize the influence of nano-modifications 
on cement hydration behavior and product assemblages. Weight loss curves from TGA scans in Fig. 7 revealed 
differences in calcium hydroxide (CH) decomposition between 400 and 450°C95,96. The control paste exhibited 
a 6.1% loss, while mixes with nano-clay, nano-cellulose, and their hybrid showed 7.8%, 10.14%, and 4.6% 
reductions, respectively.
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Figure 5.   Weight loss in NCL and NC cement mortar mixes.
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The weight loss observed within the temperature range of 400 to 450 degrees in the hybrid nano-material 
matrix indicates a relatively low amount of calcium hydroxide (CH), reaching only 4.6% loss by weight of the 
CH content. This finding suggests the limited presence of CH and consequently implies an increase in the 
formation of calcium silicate hydrate (CSH). This increase can be attributed to the pozzolanic reactivity of the 
nano clay particles. Additionally, water trapped within the nano-cellulose structure was released at later ages, 
driving further hydration of unreacted cement grains.

Conversely, the nano-cellulose only mix featured the greatest CH loss (10.14% compared to 6.1% for the 
control mix), likely due to its nano-scale dimensions serving as active nucleation sites enhancing hydration 
kinetics. This promoted development of larger, more completely formed CH crystals over time. The substantial 
surface area of nano-cellulose may have also interfered with cement particle dissolution through adsorption 
interactions, temporarily delaying hydration.

Overall, TGA provided meaningful insight into the mechanisms by which various nano-additives alter cement 
hydration. Nano-clay most efficiently consumed CH due to its pozzolanic behavior. Conversely, nano-cellu-
lose actively promoted hydration but interacted strongly with cement, delaying dissolution. The hybrid system 
balanced these effects, yielding optimal hydration and the lowest residual CH content indicative of advanced 
hydration. Careful nano-material selection and combination is thus crucial to fully capitalize on their hydration 
modifying abilities.

Upon comparing the outcomes of this study with the findings of El-Tair et al.62, several significant distinc-
tions are evident. In their research, the addition of nano-clay and cellulose nano-fibers to the mixture took place 
subsequent to sonication, and the dosages employed were higher in comparison to the present investigation. 
The outcomes of their study demonstrated improvements in the mechanical and durability properties of the 
resulting cement composites.

In contrast, the present research incorporated nano-clay and cellulose nano-fibers at smaller percentages 
without sonication. This difference in dosage and the absence of sonication may have influenced the overall 
performance of the nanomaterials in the cement matrix. Sonication plays a crucial role in enhancing the dis-
persion of nano-materials and achieving a homogeneous microstructure within the matrix. Therefore, the lack 

Figure 6.   Scanning electron micrograph (SEM) of (a) specimen with 0% NCL and 0% NC; (b) specimen with 
0% NCL and 5% NC; (c) specimen with 1% NCL and 0% NC; (d) specimen with 0.5% NCL and 3% NC.
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of sonication in the current research may have limited the effectiveness of the nano-clay and nano-cellulose in 
improving the properties of cement composites97–100.

It is worth mentioning that another study conducted by El-Feky et al.26 also employed sonication prior to the 
addition of nano-cellulose and nano-clay to the mixture. This further emphasizes the importance of sonication in 
optimizing the performance of nanomaterials within the cement matrix. The sonication process helps to enhance 
the dispersion of the nanoparticles and ensures a more uniform distribution throughout the matrix, leading to 
improved mechanical and durability properties.

Overall, the differences in dosage and the absence of sonication in the current research might explain the 
variation in results compared to previous studies. Sonication is a critical step in achieving the desired disper-
sion and microstructure for nano-materials within cement composites, and its incorporation can significantly 
enhance their performance.

Conclusions

•	 The hybridization of nano-clay and nano-cellulose resulted in improved mechanical properties by enhanc-
ing stability, uniformity, and mix performance. It also led to improved homogeneity and compactness of the 
hardened matrices.

•	 At lower concentrations, the effectiveness of nano-cellulose was more pronounced. This can be attributed 
to its larger surface area, which decreases the likelihood of agglomeration, encourages self-assembly of fib-
ers, and supports the formation of a network structure. These factors collectively enhance the mechanical 
properties and augment the resistance to crack propagation.

•	 Microstructure analysis revealed that the addition of small quantities of nano-clay improved its dispersion, 
homogeneity within the cement matrix, and enhanced pozzolanic reactivity.

•	 The pore distribution analysis demonstrated that the incorporation of both nano-clay and nano-cellulose 
improved the microstructure of the cement matrix.

•	 The addition of nano-cellulose had a positive effect on promoting the hydration of cement particles and 
enhancing the resistance of the cement matrix against cracking.

Figure 7.   TGA results for (a) control specimen; (b) specimen with 0% NCL and 5.0% NC; (c) specimen with 
1% NCL and 0% NC; (d) specimen with 1% NCL and 5.0% NC.
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In summary, this study provides insights into the comparative effects of different nano-material addition 
methods on the mechanical properties and microstructure of cement composites. The findings highlight the 
importance of sonication in achieving improved dispersion and homogeneous microstructures. Furthermore, 
the results demonstrate the potential of nano-clay and nano-cellulose as promising additives for enhancing the 
performance of cementitious materials.

It is highly recommend conducting a comprehensive set of durability tests, including chloride diffusion, 
sulfate attack, and carbonation resistance, for future work. These tests will provide valuable insights into the 
performance and longevity of nano-modified mixes. Additionally, it is crucial to assess the flowability, rheology, 
and workability of these mixes through precise measurements. By evaluating these parameters, you can ensure 
that the nano-modified mixes possess the desired properties and can be effectively utilized in various construc-
tion applications. This information will not only contribute to the advancement of the field but also guide the 
selection and optimization of nano-modified mixes for enhanced performance and durability.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 8 November 2023; Accepted: 31 December 2023

References
	 1.	 Thomas, M. D. A. Optimizing the Use of Fly Ash in Concrete Vol. 5420 (Portland Cement Association, 2007).
	 2.	 Bilodeau, A. & Malhotra, V. M. High-volume fly ash system: Concrete solution for sustainable development. Mater. J. 97(1), 

41–48 (2000).
	 3.	 Oner, A., Akyuz, S. & Yildiz, R. An experimental study on strength development of concrete containing fly ash and optimum 

usage of fly ash in concrete. Cem. Concr. Res. 35(6), 1165–1171 (2005).
	 4.	 Hashem, M. M., Serag, M. I., Elkady, H. & El-Feky, M. Increasing the reactivity of silica fume particles using indirect sonication: 

Effect of process parameters. Civ. Environ. Res. 2, 537–557 (2015).
	 5.	 Khan, M. I. & Siddique, R. Utilization of silica fume in concrete: Review of durability properties. Resour. Conserv. Recycl. 57, 

30–35 (2011).
	 6.	 Amudhavalli, N. K. & Mathew, J. Effect of silica fume on strength and durability parameters of concrete. Int. J. Eng. Sci. Emerg. 

Technol. 3(1), 28–35 (2012).
	 7.	 Mohamadien, H. A. The Effect of marble powder and silica fume as partial replacement for cement on mortar. Int. J. Civ. Struct. 

Eng. 3(2), 418 (2012).
	 8.	 Ahmad, O. A. Production of high-performance silica fume concrete. Am. J. Appl. Sci. 14(11), 1031–1038 (2017).
	 9.	 Sharobim, K. G., Mohamadien, H. A., Omar, O. M., & Geriesh, M. M. Effect of using kaolin and ground-granulated blast-furnace 

slag on green concrete properties. In International Congress on Polymers in Concrete 471–477. (Springer, 2018).
	 10.	 Özbay, E., Erdemir, M. & Durmuş, H. İ. Utilization and efficiency of ground granulated blast furnace slag on concrete 

properties—A review. Construct. Build. Mater. 105, 423–434 (2016).
	 11.	 Divsholi, B. S., Lim, T. Y. D. & Teng, S. Durability properties and microstructure of ground granulated blast furnace slag cement 

concrete. Int. J. Concr. Struct. Mater. 8(2), 157–164 (2014).
	 12.	 Wang, H. Y. & Lin, C. C. A study of fresh and engineering properties of self-compacting high slag concrete (SCHSC). Construct. 

Build. Mater. 42, 132–136 (2013).
	 13.	 Alharbi, Y. R., Abadel, A. A., Mayhoub, O. A. & Kohail, M. Effect of using available metakaoline and nano materials on the 

behavior of reactive powder concrete. Construct. Build. Mater. 269, 121344 (2021).
	 14.	 Siddique, R. & Klaus, J. Influence of metakaolin on the properties of mortar and concrete: A review. Appl. Clay Sci. 43(3–4), 

392–400 (2009).
	 15.	 Badogiannis, E. G., Sfikas, I. P., Voukia, D. V., Trezos, K. G. & Tsivilis, S. G. Durability of metakaolin self-compacting concrete. 

Construct. Build. Mater. 82, 133–141 (2015).
	 16.	 Sharobim, K. G. et al. Optimizing sonication time and solid to liquid ratio of nano-silica in high strength concrete. Int. J. Sci. 

Eng. Res. 8, 687–693 (2017).
	 17.	 Li, L. G., Zheng, J. Y., Zhu, J. & Kwan, A. K. H. Combined usage of micro-silica and nano-silica in concrete: SP demand, 

cementing efficiencies and synergistic effect. Construct. Build. Mater. 168, 622–632 (2018).
	 18.	 Abhilash, P. P., Nayak, D. K., Sangoju, B., Kumar, R. & Kumar, V. Effect of nano-silica in concrete: A review. Construct. Build. 

Mater. 278, 122347 (2021).
	 19.	 El-Feky, M. S., Serag, M. I., Yasien, A. M. & Elkady, H. Bond strength of nano silica concrete subjected to corrosive environments. 

ARPN J. Eng. Appl. Sci. 11(23), 13909–13924 (2016).
	 20.	 Abd Elrahman, M., Chung, S. Y., Sikora, P., Rucinska, T. & Stephan, D. Influence of nanosilica on mechanical properties, 

sorptivity, and microstructure of lightweight concrete. Materials 12(19), 3078 (2019).
	 21.	 Elkady, H. M., Yasien, A. M., Elfeky, M. S. & Serag, M. E. Assessment of mechanical strength of nano silica concrete (NSC) 

subjected to elevated temperatures. J. Struct. Fire Eng. 10, 90–109 (2019).
	 22.	 Sikora, P., Rucinska, T., Stephan, D., Chung, S. Y. & Abd Elrahman, M. Evaluating the effects of nanosilica on the material 

properties of lightweight and ultra-lightweight concrete using image-based approaches. Construct. Build. Mater. 264, 120241 
(2020).

	 23.	 Youssef, P., El-Feky, M. S. & Serag, M. I. The influence of nano silica surface area on its reactivity in cement composites. Int. J. 
Sci. Eng. Res. 8, 2016–2024 (2017).

	 24.	 Serag, M. I., El-Kady, H. & Muhammad, S. The coupled effect of nano silica and superplasticizer on concrete fresh and hardened 
properties. Int. J. Mod. Eng. Res. 4, 12 (2014).

	 25.	 El-Feky, M. S., Mohsen, A., El-Tair, A. M. & Kohail, M. Microstructural investigation for micro-nano-silica engineered 
magnesium oxychloride cement. Construct. Build. Mater. 342, 127976 (2022).

	 26.	 Hamed, N., El-Feky, M. S., Kohail, M. & Nasr, E. S. A. Effect of nano-clay de-agglomeration on mechanical properties of concrete. 
Construct. Build. Mater. 205, 245–256 (2019).

	 27.	 Hosseini, P. et al. Effects of nano-clay particles on the short-term properties of self-compacting concrete. Eur. J. Environ. Civ. 
Eng. 21(2), 127–147 (2017).

	 28.	 El-Tair, A. M., El-Feky, M. S., Sharobim, K. G., Mohammedin, H. & Kohail, M. Improving the reactivity of clay nano-particles 
in high strength mortars through indirect sonication method. Int. J. Sci. Technol. Res. 9, 1045–1054 (2020).

	 29.	 Farzadnia, N., Ali, A. A. A., Demirboga, R. & Anwar, M. P. Effect of halloysite nanoclay on mechanical properties, thermal 
behavior and microstructure of cement mortars. Cem. Concr. Res. 48, 97–104 (2013).



10

Vol:.(1234567890)

Scientific Reports |          (2024) 14:751  | https://doi.org/10.1038/s41598-023-51130-z

www.nature.com/scientificreports/

	 30.	 Hamed, N., El-Feky, M. S., Kohail, M. & Nasr, E. A. R. Investigating the effect of nano clay on concrete rebars bond strength 
modes. Int. J. Sci. Eng. Res. 8(12), 1621–1628 (2018).

	 31.	 Gamal, H. A., El-Feky, M. S., Alharbi, Y. R., Abadel, A. A. & Kohail, M. Enhancement of the concrete durability with hybrid 
nano materials. Sustainability 13(3), 1373 (2021).

	 32.	 Annamalai, S. K., Arunachalam, K. D. & Sathyanarayanan, K. S. Production and characterization of Bio Caulk by Bacillus 
pasteurii and its remediation properties with carbon nano tubes on concrete fractures and fissures. Mater. Res. Bull. 47(11), 
3362–3368 (2012).

	 33.	 El-Feky, M. S., El-Khodary, S. A. & Morsy, M. Optimization of hybrid cement composite with carbon nanotubes and nano silica 
using response surface design. Egypt. J. Chem. 62, 57–67 (2019).

	 34.	 Aydın, A. C., Nasl, V. J. & Kotan, T. The synergic influence of nano-silica and carbon nano tube on self-compacting concrete. J. 
Build. Eng. 20, 467–475 (2018).

	 35.	 El-Feky, M. S. & El-Rayes, M. The effect of nano cellulose synthesized from rice straw on the performance of cement composite 
reinforced with carbon nano tubes. Int. J. Sci. Technol. Res. 8(10), 2401–2410 (2019).

	 36.	 Hisseine, O. A., Soliman, N. A., Tolnai, B. & Tagnit-Hamou, A. Nano-engineered ultra-high performance concrete for controlled 
autogenous shrinkage using nanocellulose. Cem. Concr. Res. 137, 106217 (2020).

	 37.	 El-Feky, M. S., El-Tair, A. M., Kohail, M. & Serag, M. I. Nano-fibrillated cellulose as a green alternative to carbon nanotubes in 
nano reinforced cement composites. Int. J. Innov. Technol. Explor. Eng. 8, 484–491 (2019).

	 38.	 Barnat-Hunek, D., Szymańska-Chargot, M., Jarosz-Hadam, M. & Łagód, G. Effect of cellulose nanofibrils and nanocrystals on 
physical properties of concrete. Construct. Build. Mater. 223, 1–11 (2019).

	 39.	 El-Feky, M. S., Youssef, P., El-Tair, A. M., Ibrahim, S. & Serag, M. Effect of nano silica addition on enhancing the performance 
of cement composites reinforced with nano cellulose fibers. AIMS Mater. Sci. 6(6), 864–883 (2019).

	 40.	 Cengiz, A., Kaya, M. & Bayramgil, N. P. Flexural stress enhancement of concrete by incorporation of algal cellulose nanofibers. 
Construct. Build. Mater. 149, 289–295 (2017).

	 41.	 Li, Z. et al. Effect of nano-titanium dioxide on mechanical and electrical properties and microstructure of reactive powder 
concrete. Mater. Res. Exp. 4(9), 095008 (2017).

	 42.	 Orakzai, M. A. Hybrid effect of nano-alumina and nano-titanium dioxide on mechanical properties of concrete. Case Stud. 
Construct. Mater. 14, e00483 (2021).

	 43.	 Sorathiya, J., Shah, S. & Kacha, S. M. Effect on addition of nano “titanium dioxide” (TiO2) on compressive strength of cementitious 
concrete. Kalpa Publ. Civ. Eng. 1, 219–225 (2017).

	 44.	 Hussain, J., Khan, A. & Zhou, K. The impact of natural resource depletion on energy use and CO2 emission in belt and road 
initiative countries: A cross-country analysis. Energy 199, 117409 (2020).

	 45.	 Blankendaal, T., Schuur, P. & Voordijk, H. Reducing the environmental impact of concrete and asphalt: A scenario approach. J. 
Clean. Prod. 66, 27–36 (2014).

	 46.	 Mo, K. H., Alengaram, U. J., Jumaat, M. Z., Yap, S. P. & Lee, S. C. Green concrete partially comprised of farming waste residues: 
A review. J. Clean. Prod. 117, 122–138 (2016).

	 47.	 Cuenca, E., Criado, M., Giménez, M., Alonso, M. C. & Ferrara, L. Effects of alumina nanofibers and cellulose nanocrystals on 
durability and self-healing capacity of ultrahigh-performance fiber-reinforced concretes. J. Mater. Civ. Eng. 34(8), 04022154 
(2022).

	 48.	 Yi, X. W., Ma, G. W. & Fourie, A. Compressive behaviour of fibre-reinforced cemented paste backfill. Geotext. Geomembr. 43(3), 
207–215 (2015).

	 49.	 Jo, B. W. & Chakraborty, S. A mild alkali treated jute fibre controlling the hydration behaviour of greener cement paste. Sci. Rep. 
5(1), 1–8 (2015).

	 50.	 Das, S., Hendrix, A., Stone, D. & Neithalath, N. Flexural fracture response of a novel iron carbonate matrix–glass fiber composite 
and its comparison to Portland cement-based composites. Construct. Build. Mater. 93, 360–370 (2015).

	 51.	 Kordkheili, H. Y., Shehni, S. E. & Niyatzade, G. Effect of carbon nanotube on physical and mechanical properties of natural 
fiber/glass fiber/cement composites. J. For. Res. 26(1), 247–251 (2015).

	 52.	 Chung, D. D. L. Cement reinforced with short carbon fibers: A multifunctional material. Compos. Part B Eng. 31(6–7), 511–526 
(2000).

	 53.	 da Fonseca, B. S. et al. Influence of GFRP confinement of reinforced concrete columns on the corrosion of reinforcing steel in 
a salt water environment. J. Mater. Civ. Eng. 27(1), 04014107 (2015).

	 54.	 Batalin, B. S. & Saraikina, K. A. Interaction of glass fiber and hardened cement paste. Glass Ceram. 71(7–8), 294–297 (2014).
	 55.	 Olivito, R. S., Cevallos, O. A. & Carrozzini, A. Development of durable cementitious composites using sisal and flax fabrics for 

reinforcement of masonry structures. Mater. Des. 57, 258–268 (2014).
	 56.	 Chakraborty, S., Kundu, S. P., Roy, A., Adhikari, B. & Majumder, S. B. Effect of jute as fiber reinforcement controlling the 

hydration characteristics of cement matrix. Ind. Eng. Chem. Res. 52(3), 1252–1260 (2013).
	 57.	 Moon, R. J., Martini, A., Nairn, J., Simonsen, J. & Youngblood, J. Cellulose nanomaterials review: Structure, properties and 

nanocomposites. Chem. Soc. Rev. 40(7), 3941–3994 (2011).
	 58.	 Mazlan, D., Din, M., Tokoro, C. & Ibrahim, I. S. Cellulose nanocrystals addition effects on cement mortar matrix properties. 

Int. J. Adv. Mech. Civ. Eng. 3, 44–48 (2016).
	 59.	 Lee, H. J., Kim, S. K., Lee, H. S. & Kim, W. A study on the drying shrinkage and mechanical properties of fiber reinforced cement 

composites using cellulose nanocrystals. Int. J. Concr. Struct. Mater. 13(1), 1–11 (2019).
	 60.	 Savastano, H. Jr., Warden, P. G. & Coutts, R. S. P. Mechanically pulped sisal as reinforcement in cementitious matrices. Cem. 

Concr. Compos. 25(3), 311–319 (2003).
	 61.	 Morton, J. H., Cooke, T. & Akers, S. A. S. Performance of slash pine fibers in fiber cement products. Construct. Build. Mater. 

24(2), 165–170 (2010).
	 62.	 Toledo Filho, R. D., Ghavami, K., Sanjuán, M. A. & England, G. L. Free, restrained and drying shrinkage of cement mortar 

composites reinforced with vegetable fibres. Cem. Concr. Compos. 27(5), 537–546 (2005).
	 63.	 Xie, X. et al. Cellulosic fibers from rice straw and bamboo used as reinforcement of cement-based composites for remarkably 

improving mechanical properties. Compos. Part B Eng. 78, 153–161 (2015).
	 64.	 Sedan, D., Pagnoux, C., Smith, A. & Chotard, T. Mechanical properties of hemp fibre reinforced cement: Influence of the fibre/

matrix interaction. J. Eur. Ceram. Soc. 28(1), 183–192 (2008).
	 65.	 Merta, I. & Tschegg, E. K. Fracture energy of natural fibre reinforced concrete. Construct. Build. Mater. 40, 991–997 (2013).
	 66.	 Reis, J. M. L. Fracture and flexural characterization of natural fiber-reinforced polymer concrete. Construct. Build. Mater. 20(9), 

673–678 (2006).
	 67.	 Savastano, H. Jr., Warden, P. G. & Coutts, R. S. P. Microstructure and mechanical properties of waste fibre–cement composites. 

Cem. Concr. Compos. 27(5), 583–592 (2005).
	 68.	 Balea, A., Fuente, E., Blanco, A. & Negro, C. Nanocelluloses: Natural-based materials for fiber-reinforced cement composites. 

A critical review. Polymers 11(3), 518 (2019).
	 69.	 Wang, D. et al. Biomass-derived nanocellulose-modified cementitious composites: A review. Mater. Today Sustain. 18, 100115 

(2022).
	 70.	 ASTM C150-02 Standard Specification for Portland cement, Annual Book of ASTM Standards (2002).



11

Vol.:(0123456789)

Scientific Reports |          (2024) 14:751  | https://doi.org/10.1038/s41598-023-51130-z

www.nature.com/scientificreports/

	 71.	 ASTM C33, Standard Specification for Concrete Aggregate.
	 72.	 ASTMC109-C109M-20; Standard Test Method for Compressive Strength of Hydraulic Cement Mortars.
	 73.	 ASTM C642-21; Standard Test Method for Density, Absorption, and Voids in Hardened Concrete.
	 74.	 ASTM-C944; Standard Test Method for Abrasion Resistance of Concrete on Mortar Surface by Rotating-Cutter Method.
	 75.	 ASTM C31/C31M-22 Standard Practice for Making and Curing Concrete Test Specimens in the Field (2002).
	 76.	 Torabian Isfahani, F., Redaelli, E., Lollini, F., Li, W. & Bertolini, L. Effects of nanosilica on compressive strength and durability 

properties of concrete with different water to binder ratios. Adv. Mater. Sci. Eng. 2016(8), 9 (2016).
	 77.	 Ehsani, A., Nili, M. & Shaabani, K. Effect of nanosilica on the compressive strength development and water absorption properties 

of cement paste and concrete containing Fly Ash. KSCE J. Civ. Eng. 21(5), 1854 (2017).
	 78.	 Lavergne, F., Belhadi, R., Carriat, J. & Fraj, A. B. Effect of nano-silica particles on the hydration, the rheology and the strength 

development of a blended cement paste. Cem. Concr. Compos. 95, 42–55 (2019).
	 79.	 El-Tair, A. M., El-Feky, M. S., Mohsen, A. & Kohail, M. Properties of nano engineered concrete subjected to accelerated corrosion. 

Nanotekhnologii v Stroitel’stve 13(5), 293–305 (2021).
	 80.	 Elkady, H., Serag, M. I. & Elfeky, M. S. Effect of nano silica de-agglomeration, and methods of adding super-plasticizer on the 

compressive strength, and workability of nano silica concrete. Civil Environ. Res. 3(2), 21–34 (2013).
	 81.	 Serag, M., Elkady, H. & Elfeky, M. The effect of indirect sonication on the reactivity of nano silica concrete. Int. J. Sci. Eng. Res. 

12, 334–345 (2014).
	 82.	 Jiao, L. et al. Natural cellulose nanofibers as sustainable enhancers in construction cement. PLoS ONE 11(12), e0168422. https://​

doi.​org/​10.​1371/​journ​al,Pone,01684​22 (2016).
	 83.	 Farzanian, K., Pimenta Teixeira, K., Perdigao Rocha, I., De Se, C. L. & Ghahremaninezhad, A. The mechanical strength, degree 

of hydration, and electrical resistivity of cement pastes modified with superabsorbent polymers. Construct. Build. Mater. 109, 
156–165 (2016).

	 84.	 Pourjavadi, A., Fakoorpoor, S. M., Hosseini, P. & Khaloo, A. Interactions between superabsorbent polymers and cement-based 
composites incorporating colloidal silica nanoparticles. Cem. Concr. Compos. 37, 196–204 (2013).

	 85.	 Diniz, H. A., dos Anjos, M. A., Rocha, A. K. & Ferreira, R. L. Effects of the use of agricultural ashes, metakaolin and hydrated-
lime on the behavior of self-compacting concretes. Construct. Build. Mater. 319, 126087 (2022).

	 86.	 Raheem, A. A., Abdulwahab, R. & Kareem, M. A. Incorporation of metakaolin and nanosilica in blended cement mortar and 
concrete—A review. J. Clean. Prod. 290, 125852 (2021).

	 87.	 Ahmed, S. A., El-Feky, M. S. & Hefne, E. E. Naphthalene-sulfonate-based super-plasticizer and ultra-sonication effects on the 
dispersion of CNT in cement composites subjected to cyclic loading. IJMTER 5, 269–279 (2018).

	 88.	 Du, H., Du, S. & Liu, X. Durability performances of concrete with nano-silica. Construct. Build. Mater. 73, 705–712 (2014).
	 89.	 Fathi, M., Yousefipour, A. & Farokhy, E. H. Mechanical and physical properties of expanded polystyrene structural concretes 

containing micro-silica and nano-silica. Construct. Build. Mater. 136, 590–597 (2017).
	 90.	 Ali Shafabakhsh, G., Janaki, A. M. & Ani, O. J. Laboratory investigation on durability of nano clay modified concrete pavement. 

Eng. J. 24(3), 35–44 (2020).
	 91.	 Raghav, M. et al. Review of the effects of supplementary cementitious materials and chemical additives on the physical, 

mechanical and durability properties of hydraulic concrete. Materials 14(23), 7270 (2021).
	 92.	 Zhuang, W., Li, S. & Yu, Q. The effect of supplementary cementitious material systems on dynamic compressive properties of 

ultra-high performance concrete paste. Construct. Build. Mater. 321, 126361 (2022).
	 93.	 Akhlaghi, M. A., Bagherpour, R. & Kalhori, H. Application of bacterial nanocellulose fibers as reinforcement in cement 

composites. Construct. Build. Mater. 241, 118061 (2020).
	 94.	 Mohammad Kazemi, F., Aguiar, R. & Cordeiro, N. Improvement of bagasse fiber–cement composites by addition of bacterial 

nanocellulose: An inverse gas chromatography study. Cellulose 24(4), 1803–1814 (2017).
	 95.	 Xuan, M. Y. & Wang, X. Y. Multi-technique investigation regarding the impact of cellulose nanofibers on ultra-high-performance 

concrete at the macroscopic and microscopic levels. Construct. Build. Mater. 327, 126936 (2022).
	 96.	 De Weerdt, K. et al. Hydration mechanisms of ternary Portland cements containing limestone powder and fly ash. Cem. Concr. 

Res. 41(3), 279–291 (2011).
	 97.	 Ahmed, H. U. et al. Innovative modeling techniques including MEP, ANN and FQ to forecast the compressive strength of 

geopolymer concrete modified with nanoparticles. Neural Comput. Appl. 35(17), 12453–12479 (2023).
	 98.	 Ramadan, M. et al. De-aluminated metakaolin-cement composite modified with commercial titania as a new green building 

material for gamma-ray shielding applications. Case Stud. Construct. Mater. 17, e01344 (2022).
	 99.	 Maglad, A. M. et al. A study on the properties of geopolymer concrete modified with nano graphene oxide. Buildings 12(8), 

1066 (2022).
	100.	 Mansi, A., Sor, N. H., Hilal, N., & Qaidi, S. M. The impact of nano clay on normal and high-performance concrete characteristics: 

a review. In IOP Conference Series: Earth and Environmental Science (Vol. 961, No. 1, p. 012085). IOP Publishing (2022).

Author contributions
A.B.: Data curation, Methodology, Validation, Investigation. P.Y.: Data curation, Methodology, Validation, Inves-
tigation. M.E.: Conceptualization, Data curation, Methodology, Validation, Formal analysis, Writing—review 
and editing, Supervision. M.K.: Conceptualization, Validation, Writing—review and editing, Supervision.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in 
cooperation with The Egyptian Knowledge Bank (EKB). The authors received NO funding for this research.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.K.

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.

https://doi.org/10.1371/journal,Pone,0168422
https://doi.org/10.1371/journal,Pone,0168422
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |          (2024) 14:751  | https://doi.org/10.1038/s41598-023-51130-z

www.nature.com/scientificreports/

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

http://creativecommons.org/licenses/by/4.0/

	Utilizing industrial byproducts for the manufacture of clay-cellulose nanocomposite cements with enhanced sustainability
	Experimental program
	Materials
	Sampling
	Test methods

	Experimental results
	Compressive strength
	Water absorption test
	Abrasion test
	Microstructure analysis
	Scanning electron microscope (SEM)
	TGA​


	Conclusions
	References


