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Abstract

:

Stone industry has generated about 200 million tons of marble waste by marble processing industries whether in the form of sludge or solid blocks. The accumulated marble wastes contaminate water and air and have harmful effects on human health, plants, and animals. This study focuses on exploring the uses of powder obtained by drying and grinding marble sludge waste, generated from marble manufacturing processes, as a mineral filler for other construction materials. First, physical characterization was performed on marble sludge. Second, the powder preparation process was presented. Thereafter, a set of tests was carried out to identify the chemical, mineralogical, and physical properties of marble powder. By doing so, tests such as chemical analysis, calcium carbonate content, and methylene blue test, as well as mineralogical characterization using X-ray diffraction (XRD), Atterberg limits, particle size analysis, densities, Blaine specific surface, hydraulic property, as well as reaction with admixture, cement, and activity index were conducted. In the last part of this work, the obtained powder properties are compared to the standards requirements to confirm its suitability as mineral filler. The test results showed that the obtained marble powder is too rich in calcite; it is poor of any clay minerals fraction; it is very well graded; it is not reactive; and it does not have any effects on concrete strength; consequently, it can be considered as a mineral filler.
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1. Introduction


During cutting and polishing processes, marble industry units generate huge quantities of marble sludge [1,2]. Marble sludge is a substance consisting of grains derived from the sawing and the polishing processes and water used to cool and lubricate machines [3]. About 25% of the processed marble turns into powder or dust during the sawing, shaping, and polishing process [4]. The large amounts of marble sludge wastes have a considerable impact both on the environment and on public health. In addition, these accumulated wastes contaminate the surface and underground water reserves [5,6].



The main solution to avoid the risks of marble sludge wastes is reusing them in order to produce new products; they can also be used as admixtures to other construction materials. As a consequence of waste recycling, both the need for raw materials and energy consumption decrease. Thus, recycling preserves natural resources for future generations. In addition, for the products made using recycled materials, the cost is reduced [7,8,9]. There are several reuses and recycling solutions for marble waste materials: they can be used as aggregates, as powder, or in their sludge state.



Marble sludge wastes are mainly used as fine or coarse aggregates for ordinary cement concrete [9,10,11]. The results showed that marble aggregates do not affect either the mechanical properties or ther heology of the concrete. In addition, marble aggregates can be used as compounds of self-compacting concrete because they do not affect its rheological behavior in the fresh state and its mechanical behavior in the hard state [12].



Another solution for marble wastes is their reuse as powder in different applications such as an additive material for bricks manufacturing [13,14,15]. In this case, Aukour, F.J. [13] showed that physical and mechanical properties of the produced bricks are well improved. In addition, marble powder was used as a mineral filler incorporated in self-compacting concrete to improve its rheological behavior in fresh state and to increase its compressive strength both in early age and in long term [16,17]. Marble powder is also used as an additive in cement manufacturing which greatly contributes to the economy and the ecology of countries [18,19,20].



Regarding the use of marble wastes in its sludge state, there are several recycling solutions. As an example, Rashwan, M.A. et al. [21] used marble sludge in its wet state as cement replacement on concrete mixes. The results of its work showed an improvement toward the water penetration depth and sulphuric acid attack resistance. The results of all hardened concrete mixes are compatible with the requirements of concrete bricks and concrete paving units in terms of water absorption and compressive strength. These results are confirmed by Prošeka et al. [22] and Yuting et al. [23], all of whom demonstrate that inert marble sludge addition reinforces cement concrete matrix and acts as a filler. Moreover, the results of the work of Ahmed, O.M. et al. 2016 [24] showed that using up to 20% of marble sludge improves both physical and mechanical properties of concrete products. In addition, marble sludge was used as precursor for new alkali-activated materials [25,26]. The results of other research projects confirm the possibility of the reuse of marble waste in tire mixture production [27,28].



In addition, Sardinha et al. [29] and Rodrigues et al. [30] demonstrated that fine aggregates obtained from dried marble sludge improve very well both the physical and the mechanical performances of concrete in fresh and in hard states [29,30]. Moreover, these fine aggregates can be used in the production of lean masonry mortars [31]. Other research results showed that 15% of marble sludge is deemed optimum for the manufacturing of burnt clay bricks leading toward sustainable, economical, environment-friendly, and energy-efficient construction [32,33].El-Alfi, E.A. and Gado, R.A. [34] confirm the possibility of the production of cement by raw mix contained in 25% kaolin, 20% gypsum, and 55% marble sludge waste at the firing temperature of 1200 °C.This new process leadsto the production of less CO2 emission cement known as sulfoaluminate-belite cement.



Finally, marble sludge and urban sewage sludge can be added in different proportions to clay in a ceramic body. The results showed that the selection of adequate contents of sludge to be added to the ceramic body will be controlled by the usual standards applied to construction materials [35,36].



The main objective of this experimental investigation is to evaluate the suitability of powder, obtained by drying and grinding marble sludge waste as mineral filler incorporated in different construction materials. To this end, an experimental study was conducted in two phases. In the first phase, physical properties of marble sludge were evaluated. In second phase, chemical, mineralogical, and physical properties of marble powder were evaluated through a complete set of experimental tests such as chemical analysis, calcium carbonate content, methylene blue test, mineralogical composition using microstructure analysis, Atterberg limits, particle size analysis, densities, Blaine specific surface, hydraulic property, and reaction with admixture, cement, and activity index.




2. Materials and Methods


2.1. Characterizations of Marble Sludge


The marble sludge used in this work was collected from a local marble manufacturing unit in Tunisia. The frequently manufactured marbles are from the marble quarry of Thala in Central Tunisia. The geological indication of marble rocks of this quarry is "Cretaceous", which are marked by diversified colors.



Marble sludge waste was generated in its wet state during the process of cutting and polishing of marble stones (Figure 1). In this part, the physical properties of marble sludge were evaluated through density measurement and Atterberg limits tests.



2.1.1. Density Measurement


The bulk density of marble sludge was determined according to the requirements of NF EN 1097-7 standard [37], via the following steps:




	-

	
Weigh the dry sample: MS;




	-

	
Put the sample in packing material;




	-

	
Weigh the packed sample: MSP;




	-

	
Calculate the weight of packing material, Mp, using this relation:


   M P  =  M  S P   −  M S   



(1)








	-

	
Calculate the volume of packing material, Vp, by this equation:


   V P  =    M P     ρ p     



(2)




where ρP is the packing material density;




	-

	
Place the sludge sample in graduated cylinder and record the sample volume, Vs;




	-

	
Finally, calculate the marble sludge sample density, ρs, using the following relation:


   ρ s  =    M s     V s  −  V p     



(3)














2.1.2. Atterberg Limits Tests Setup


Atterberg limits of marble sludge were determined to choose the appropriate process of powder preparation. Atterberg limits are the following: liquidity limit (LL), plasticity limit (PL), plasticity index (PI), liquidity index (LI), and consistency index (CI).



The plasticity limit (PL) and the liquidity limit (LL) are determined according to the requirements of ASTM D4318-17 standard [38]. Thereafter, the plasticity index, the liquidity index, and the consistency index are computed as follow:




	√

	
The plasticity index (PI), which is the size of the range of water content where sludge exhibits plastic properties, was calculated using this relation:


  P I = L L − P L  



(4)








	√

	
The liquidity index (LI), which is used for scaling the natural water content of marble sludge sample to the limit, is calculated using the following equation:


  L I =   ( W − P L )   ( L L − P L )    



(5)




where W is the natural water content.




	√

	
The consistency index (CI), which is an indication about marble sludge consistency, is computed using this relation:


  C I =   ( L L − W )   ( L L − P I )    



(6)















2.2. Marble Powder Preparation


Marble powder was obtained by drying, crushing, grinding, and sieving marble sludge waste through the following process (Figure 2):




	-

	
Marble sludge was dried in open air, for 48 h (Figure 2a).




	-

	
The dried sludge was crushed into small blocks using a hammer (Figure 2b).




	-

	
Subsequently, in order to expect all water content, the sludge was dried for 24 h in an oven, at the temperature of 80 °C (Figure 2c).




	-

	
The dried sludge was ground in fine powder using a crusher (Figure 2d).




	-

	
Finally, filler was obtained by sieving the powder using a sieve 63 μm (Figure 2e)










2.3. Marble Powder Characterization Procedure


In this part, different standards were followed to identify the chemical, mineralogical, physical, and hydraulic properties of the obtained marble powder. The conducted tests are chemical analysis, calcium carbonate (CaCO3) content, methylene blue test, mineralogical characterization performed by means of X-ray Diffraction (XRD), particle size analysis, densities, Blaine specific surface (BSS), hydraulic properties, reaction with admixture, and reaction with cement and the activity index.



2.3.1. Chemical Analysis


Chemical composition of marble powder was determined using the atomic absorption spectrometry test (AAS), according to the requirements of NF EN ISO 15586 standard [39].




2.3.2. Calcium Carbonate Content CaCO3


Calcium carbonate (CaCO3) content measurement was determined according to the requirements of NF P 94-048 standard [40] using a calcimeter apparatus. This test consisted of measuring the CO2 volume developed by chloridric acid reacting with marble powder.



Calcium carbonate content was calculated using this relation:


    CaCO  3   ( % ) =    120    × V   b   × P    m    × ( θ   b   + 273 )     



(7)




where Vb is the gas volume released in the burette in cm3, P is the atmospheric pressure in kPa, m is the sample mass in g, and θb is the ambient temperature in °C.




2.3.3. Methylene Blue Test


The methylene blue test was performed on marble powder samples to check if the powder contains any clay mineral fraction. This test was conducted based on the requirements of the standard NF P 94-068 [41]. It consisted of dispersing bat least 200 g of powder in 500 g of distilled water in a beaker. Subsequently, methylene blue value (MBV) was calculated by the following equation:


   MB =   V M   × 10   



(8)




where M is the sample mass, in g, and V is the total volume of dye solution injected, in milliliters.




2.3.4. Mineralogical Composition


The chemical composition and the morphological forms of the main mineral components of marble powder are identified using the X-ray diffraction (XRD) technique and the scanning electron microscope (SEM).




2.3.5. Particle Size Analysis


Grain size distribution was obtained using the sedimentation method, according to the requirements of NF P 94-057standard [42], because the maximum grain size of marble powder is equal to 63 μm.



Subsequently, Hazen coefficient (Cu) and curvature coefficient (Cc) were calculated using the following equations:


  C u =    D  60      D  10      



(9)






   Cc =         ( D    30   )  2     D  60      × D    10      



(10)




where D10, D30, and D60 are the passing grain diameters at 10%, 30%, and 60% finer, respectively.




2.3.6. Densities


Bulk density and absolute density using the pycnometer method were performed on powder samples according to the requirements of NF EN 1097-7 standard [37].




2.3.7. Blaine Specific Surface


Blaine specific surface (BSS) of marble powder was determined using Blaine air permeability apparatus, according to the requirements of the standard NF EN 196-6 [43]. This method assumes that all powder grains have a uniform spherical shape. Subsequently, the specific surface was computed through the measurement of the flow time of a specific quantity of air through a compressed sample layer of a given size and porosity.




2.3.8. Hydraulic Property


Hydraulic property of marble powder with water was checked by measuring the temperature of marble powder paste as function of time [3]. The paste sample was prepared by mixing 500 g of marble powder with 125 mL of water.




2.3.9. Reaction with Cement


This part consisted of studying the reactivity of marble powder with cement. This reactivity was verified by comparing the setting time of cement paste to that of marble powder-cement paste. This test was carried out according to the requirements of the standard NF EN 196-3 [44].



Cement paste was prepared by mixing 500 g of cement and 135 mL of water. Marble powder–cement paste was prepared by mixing 500 g of cement, 250 g of marble powder, and 202 mL of water. Both water/cement and water/(cement + marble powder)were taken equal to 0.27.



In addition, in order to better understand the reactivity between cement and marble powder, an in depth microstructure analysis was made on the two pastes using X-ray Diffraction (XRD) patterns.




2.3.10. Reaction with Admixture


The reactivity of marble powder with admixture was checked by the Marsh cone test, according to the requirements of the standard NF P18-507 [45]. For this, the flow times of different grouts mixing with superplasticizer (SP), water, and marble powder were determined by varying the SP amount. The physicochemical characteristics of the used superplasticizer are presented in Table 1.




2.3.11. Activity Index


In this part, the marble filler effects on the compressive strength of concrete or mortar was tested via the determination of the "Activity index (I)". According to the standard NF EN 206-1 [46], the activity index is expressed by the following equation:


  I =  R   R 0     



(11)




where R and R0 are the compressive strengths of the cement–marble powder mortar and the control cement mortar, respectively, at the age of 28 days.



The first step of this test consists of preparing the two mortars according to the requirement of the standard NF EN 196-1 [47]. Control mortar was prepared by mixing 450 g of cement, 1350 g of sand, and 225 mL of water. Whereas cement–marble powder mortar was prepared by mixing 75% of cement (337 g), 25% of marble powder (113 g), 1350 g of sand, and 225 mL of water.



The second step consisted of preparing 3 prismatic specimens with the dimensions of 4 × 4 × 16 cm for each mortar.



Finally, at the age of 28 days, all specimens were tested under compressive strength test and the two compressive strengths R and R0 were determined.






3. Results


3.1. Characterizations of Marble Sludge


The tests results show that bulk density of marble sludge is about 2.45 g/cm3. Moreover, theresults presented in Table 2 shows that the water content of marble sludge in its natural state is about 30%. In addition, the liquidity limit (LL) is equal to about 31%.



As a first conclusion, the wet state of the collected marble sludge waste represents its liquidity limit. The second conclusion is that marble sludge is free from any fine clay proportion because its plasticity limit was undefined.




3.2. Characterizations of Marble Powder


3.2.1. Chemical Composition


The chemical composition of marble powder, presented in Table 3, shows that marble powder is composed of about 94.88% of calcium carbonate (CaCO3). Note that the calcium carbonate amount is the sum of loss on ignition (LOI) and carbon dioxide (CaO) amount: In addition, the presence of calcium oxide (CaO) was observed higher (52.28%), which exceeds magnesium oxide (MgO) in minor amount (0.50%), indicating the calcite form of marble powder [25]. This result was confirmed by the XRD test result (Figure 3), which shows also the presence of marble powder in calcite form. Other compounds such as silica, alumina, ferric oxide, sodium oxide, and potassium oxide were also observed in small amounts. The observed loss on ignition (LOI) is about 42.60%, which may be attributed to the loss of carbon dioxide [25].



In addition, the calcium carbonate content test result shows that marble powder contains about 90% of CaCO3. This result confirms the one obtained by the AAS test analysis.



Subsequently, the methylene blue test result shows that marble powder MPV is about 0.42. This result demonstrates that marble powder is poor of any clay mineral fraction. As a consequence, when this powder is added to cement materials, any disorders affected hydration reaction, rheology (both in fresh and in hard states), and durability are avoided.



Finally, as a main result, the obtained filler has a chemical composition similar to that of limestone filler, which was already used as building material. As a consequence, the possibility of reusing this powder as a mineral filler is very high.




3.2.2. Mineralogical Composition


Figure 3 and Figure 4 show XRD patterns and SEM micrographs of marble paste, respectively. According to these results, the main crystalline mineral of marble paste is calcite mineral (CaO3) with significant peaks. In addition, quartz mineral is also detected in very low concentration. Traces of SiO2 and corundum Al2O3 were observed in marble powder by Munir, M.J. et al. [25].




3.2.3. Particle Size Distribution


The particle size distribution curve of marble powder is presented in Figure 5. The result shows that 65% of powder grain sizes are between the split 0/10 µm. This result demonstrates that the tested powder is very fine, and it can be considered as a filler.



According to the grading curve presented in Figure 5, Hazen coefficient and curvature coefficient of marble powder are, respectively, 6.1 (greater than 4) and 0.42 (less than 5). These two results are very encouraging because they demonstrate that the granular distribution of the obtained filler is well graded, and it contains large ranges of particle sizes.




3.2.4. Physical Properties


The results presented in Table 4 show that bulk and absolute densities of marble powder are 0.63 g/cm3 and 2.65 g/cm3, respectively.



According to the results presented in Table 4, marble powder BSS is equal to 9350 cm²/g. We can conclude that marble powder is thinner than cement and that, indeed, it can be considered as a filler.




3.2.5. Hydraulic Property


The results of this test, presented in Figure 6, show that the paste temperature increases very slowly from 18 to 20 °C during more than 6 hours for a room temperature equal to 18 °C. This result indicates that there are no hydraulic properties between marble powder and water. Indeed, marble powder can be considered as an inert component in cementing materials such as concrete and mortar.



This last result was confirmed by SEM micrographs and XRD patterns of marble sludge, presented in Figure 3 and in Figure 4, respectively. According to these results, it is clear that marble powder has no pozzolanic activity.




3.2.6. Reaction with Cement


The results presented in Figure 7 indicate that the initial set times of cement paste and marble powder–cement paste are 150 and 140 min, respectively, and the final set times are 250 and 240 min for cement paste and marble powder–cement paste, respectively. These results prove that marble powder has no effects on the cement paste setting time and, as a consequence, it has no reactivity with cement. This result confirms that marble powder is an inert filler.



Figure 8 and Figure 9 show the XRD analysis of cement paste and marble powder–cement pattern, respectively. The results show that the presence of tricalcium silicate (C3S) and dicalcium silicate (C2S) was higher in cement paste. The results also show the presence of tricalcium aluminate (C3A), tetracalcium alumino ferrite (C4AF), and calcium oxide (C) in small amounts (C) for cement paste. However, marble-cement paste shows the presence of calcite (C) in major amounts and the absence of quartz (Q).



The results show also that when marble powder is added to cement paste, the phase composition does not change qualitatively. In addition, both calcium hydroxide (CH) and portlandite have a peak for the two pastes.



The absence of quartz showed that marble powder cannot be a part of the hydration process [25]. As a consequence, marble powder has no hydraulic property and it can be considered as an inert material which does not lead to a change in the phase composition of cementing material.




3.2.7. Reaction with Admixture


The result presented in Figure 10 shows that all SP/marble powder ratios give the same flow time. This result indicates that marble powder is not reactive with the superplasticizer.




3.2.8. Activity Index


The result shows that the activity index of marble powder is about 0.88. This is a very encouraging result because, according to the standard NF P18-508 [48], the minimum activity index of mineral filler must be about 0.71 at the age of 28 days for a substitution rate of K = 25%. As a consequence, the addition of marble powder as a filler in cementing materials does not affect their compressive strengths.






4. Discussion


4.1. Identification of Marble Powder as Mineral Filler


The chemical and physical properties of mineral fillers used in cementing materials, according to standard NF P18-508 [48], are shown in Table 5.



As a conclusion, the powder obtained by crushing marble sludge can be considered as a mineral filler added to cementing materials due to the following reasons:




	-

	
The main criteria set by the standard NF P18-508 [48] are satisfied:




	
Maximum grain size: D = 0.063 mm < 0.125 mm;



	
Passing of sieve 0.063 mm: 100% > 70%;



	
Blaine specific surface: BSS = 9350 cm2/g > 2200 cm2/g;



	
CaCO3 content = 93.30% > 65%;



	
Methylene blue value: MBV = 0.42 g/100 g < 1.3 g/100 g;



	
Sulphur trioxide (SO3) content: 0.03% < 0.15%;



	
Activity index: I = 0.88 > 0.71.









	-

	
Marble powder is very well graded.




	-

	
Marble powder has no hydraulic property. Indeed, it is inert with water.




	-

	
Marble powder is not reactive with cement and, as a consequence, is inert. Indeed, there is no effect on the hydraulic reaction of cement when this powder is added. In addition, the mechanical properties of the obtained cementing materials are affected.




	-

	
Marble powder is inert with admixture. This property is very encouraging because, in this case, the admixture amount depends only on the cement amount.










4.2. Possibilities of Use of Marble Powder


As a consequence of the recycled marble powder properties, and in order to reduce environmental pollution, the following several uses of this powder as raw material are recommended:



4.2.1. Reuse of Marble Filler in Mortar


Marble powder can be incorporated as mineral addition in mortar to improve its properties [49,50,51]. These researchers demonstrate that the density, and the compressive and tensile strengths increase when marble filler is added to cement mortar.




4.2.2. Reuse of Marble Filler in Concrete


Marble powder can be incorporated as a filler in concrete to improve its mechanical properties or to reduce the total void content [7,52,53,54]. The obtained results from these studies show also that the incorporation of marble powder in concrete as a mineral filler does not affect the hydration reaction of cement. This result confirms that marble filler can be considered as an inert material.



In addition, marble powder can be added to self-compacting concrete as a filler to improve the rheological behavior in the fresh state and the mechanical behavior in the hard state [55,56,57,58,59]. The results have shown that marble filler is the best one for increasing the compressive strength of self-compaction concrete, compared with other mineral fillers. Moreover, the microstructure studies show that marble filler does not have any hydraulic reaction, and it is inert both with cement and with admixtures.




4.2.3. Reuse of Marble Filler as Raw Material for Cement


Marble powder can be used as a component for manufacture cement for the following reasons: First, to limit the environmental impacts of cement plants by the reduction of CO2 emissions. Second, to reduce the cost by reducing the clinker dosage of cement in favor of marble filler. Finally, to improve the cooking process performances [20,60,61].




4.2.4. Reuse of Marble Filler as Raw Material for Bricks


Marble powder can be used as a filler in the brick industry [32,62]. The results of these studies show that the obtained brick quality was not affected by adding marble filler to the initial mixture. To the contrary, the total void content and water absorption are remarkably reduced. In addition, the mechanical strength of the new bricks was increased compared with clay bricks only. Finally, the results show also that the cooking program of bricks are not affected by marble filler, whileCO2 emission does not increase.




4.2.5. Reuse of Marble Filler in Soil Pigment


Marble powder can be incorporated as a mineral filler in soil pigment-based paints [63]. The results of this study showed that the quality of soil pigment-based paints is remarkably improved when using marble powder in its composition.





4.3. Design of Marble Filler Production Unit


In this part, a proposal of the design of a production unit of marble filler is presented. The main parts of the unit are the following (Figure 11):




	➢

	
A sludge storage zone: The sludge collected from marble manufactory is stored in this zone.




	➢

	
First open-air drying step: The sludge is partially dried in open air in its initial state. The main advantage of open-air drying is its energy saving.




	➢

	
Crushing step: The partial dried sludge is crushed into small blocks.




	➢

	
Second open-air drying step: After crushing, small blocks are dried in open air until completely dry. The drying time was calculated according to the water content.




	➢

	
Grinding step: The dried small blocks are finely ground in order to produce the filler.




	➢

	
The sieving step: The grinding powder is sieved in this step into the appropriate granular fraction.











5. Conclusions


This experimental work focuses on the evaluation of the suitability of powder obtained by drying and grinding marble sludge wastea s mineral filler incorporated in different construction materials. This research presents a complete characterization of marble filler via a large set of tests. In addition, it presents a proposal of marble filler production design.



Due to the following results, marble powder can be considered as a mineral filler, and it has several possibilities of application as raw material for construction products:




	-

	
Chemical results show that the obtained marble powder has a similar chemical composition compared to commercialized limestone filler, because it is too rich in calcite (CaCO3) while being poor of any clay mineral fraction.




	-

	
Sieve analysis test shows that marble powder is very well graded due to its uniform and curvature coefficients. This characteristic gives the concretes and mortars a low air content, and, as a consequence, their mechanical properties will be improved.




	-

	
The activity index shows that when adding marble powder to mortars and concretes, their compressive strength will not be affected.




	-

	
The most important result is that marble powder is not reactive with water, with cement, or with admixture. As a consequence, the hydraulic reaction in cementing materials will not be affected. This result was confirmed by a microstructure analysis.




	-

	
The obtained powder can be considered as an eco-friendly product because it gives a feasible solution for the great amount of marble sludge waste in the world.









According to the obtained results, and, considering the proposed production unit design, this filler is more economical than normally used fillers because of its low energy consumption during the different production stages. In addition, it can be considered as an eco-friendly product.



Our future research consists of preparing a comparative study of the reuse of marble waste materials in other construction materials in order to evaluate its economic benefits.
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Figure 1. Marble sludge waste in wet state. 
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Figure 2. Different steps of marble powder preparation: (a) Air drying of marble sludge, (b) Crushing of marble sludge, (c) Drying of marble sludge in oven, (d) Grinding of marble sludge, (e) Sieving of marble powder. 
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Figure 3. XRD results for marble sludge. 
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Figure 4. SEM micrographs of marble sludge. 
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Figure 5. Particle size distribution curve of marble powder. 
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Figure 6. Marble powder paste temperature as function of time. 
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Figure 7. Setting times of cement paste and marble powder–cement paste. 






Figure 7. Setting times of cement paste and marble powder–cement paste.



[image: Crystals 11 00619 g007]







[image: Crystals 11 00619 g008 550] 





Figure 8. XRD results for cement paste. 
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Figure 9. XRD results for marble powder–cement paste. 
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Figure 10. The flow time of marble powder–superplasticizer grout as a function of SP/marble powder ratio. 
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Figure 11. Design of marble filler production unit. 
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Table 1. Physicochemical characteristics of the SP.
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	Density
	pH
	Na2Oeq (%)
	Dry Extract (%)
	CI− (%)





	1.06 ± 0.01
	4.5 to 6.5
	≤1%
	28.0% to31.0%
	≤0.1%
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Table 2. Atterberg limits results of the marble sludge.
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	Parameter
	Water Content W (%)
	Plasticity Limit PL (%)
	Liquidity Limit LL (%)
	Plasticity Index PI
	Liquidity Index LI
	Consistency Index CI





	Value
	30
	Undefined
	31
	Undefined
	Undefined
	Undefined
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Table 3. Chemical composition of marble sludge.
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	Component
	CaCO3
	LOI
	CaO
	MgO
	SiO2
	Fe2O3
	Al2O3
	MgCO3
	Sulphur Trioxide (SO3)
	Moisture





	Percentage
	94.88
	42.60
	52.28
	0.50
	3.00
	0.39
	0.14
	1.04
	0.03
	0.02
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Table 4. Physical parameters of marble powder.
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	Parameters
	Particle Size

(mm)
	Absolute Density

(g/cm3)
	Bulk Density

(g/cm3)
	Blaine Specific Surface BSS

(cm²/g)





	Values
	0/0.063
	2.65
	0.63
	9350
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Table 5. Physical and chemical properties of mineral fillers according to standards NF P18-508.
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	Properties
	Passing of Sieve 0.063 mm
	Maximum Grain Size (mm)
	Blaine Specific Surface
	CaCO3 Content
	Methylene Blue Value
	Sulphur Trioxide (SO3) Content
	Activity Index





	Criteria
	>70%
	<0.125 mm
	>2200 cm2/g
	>65%
	<1.3 g/100 g
	<0.15%
	>0.71



	Mable Powder
	100%
	0.063 mm
	9350 cm2/g
	93.30%
	0.42 g/100 g
	0.03%
	0.88
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