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Abstract

:

Granite powder (stone powder), a waste product generated from stone quarries, is increasingly being reused in cement-treated clays. The particle size of stone powders affects the cement-clay reaction by either increasing or reducing the unconfined compressive strength (UCS). This study investigated this phenomenon by separating stone powder from the same batch at the quarry into five particle sizes (A, B, C, D and E: 106–75 µm, 40–75 µm, 20–40 µm, <20 µm and 106–<1 µm, respectively). Flow value, fall cone, UCS and thermogravimetry-differential thermal analysis (TG-DTA), X-ray fluorescence, electrical conductivity and NaOH digestion tests were conducted. It was discovered that stone powder had an amorphization rate of up to 1.45% (14.5 mg/g of amorphous silica); hence, it was pozzolanic. However, the amorphousness varied with the particle size of the material in the order of D > E > C > B > A, which translated into UCS variation in the same order. Stone powders D and E played two roles in UCS development, i.e., nucleation of cementitious products and reaction with Ca(OH)2 to increase the UCS higher than the control sample. Linear regression equations determined the minimum concentration of amorphous silica for a UCS increment as 9.4 mg/g.
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1. Introduction


Large volumes of waste (stone powder) are generated at stone quarries from rocks during the production of crushed rock aggregates used in concrete production or for architectural ornaments. In Japan, India and the United States, the amounts of crushed rock aggregates produced per year are 390, 200 and 175 million tons, respectively [1,2,3]. In China, the demand for stone ornaments was 1.5 billion square meters in 2018, and it is still growing [4]. Of the total produced, 25% of the quarried rock comprises stone powder [2,5,6], which is often discarded in open ponds; this practice is environmentally unfriendly [7,8,9]. Korea produces about 7.5 million tons of stone powder annually [10], while about 4 billion tons of stone powder have accumulated in the United States [3]. Establishing a suitable use for stone powder in the geotechnical engineering industry will reduce the need for storage and mitigate the negative impacts of its disposal.



The particle size of stone powder and mineralogical origin of the parent rock, such as granite, limestone or basalt, determines its reusability in construction materials. For example, coarse sizes (>75 µm) are reused in concrete [10,11] or mortar [8] or sandcrete blocks [12], while fine sizes (<75 µm) are used as partial cement replacements [7,13,14] or included in roof tiles [15]. In these studies, either the durability [5,13] or the strength of concrete [10,11], mortar [8] or tiles [15] was enhanced. The construction industry’s carbon footprint can also be reduced by about 8.6% if stone powder is used in alkali-activated slag [14]. These studies clarify the benefits of using stone powder in the concrete or tile industry and the mechanisms resulting in these benefits. However, the differences in strength development in soils, concrete and tiles necessitate discussing the mechanisms essential for strength improvement in cement-treated clays.



Coarse stone powder is used in soil improvement to increase the soil’s maximum dry density, angle of friction, California Bearing Ratio, shear strength, unconfined compressive strength (UCS) and permeability coefficient. Stone powder also reduces the soil’s Atterberg limits, optimum moisture content, free swelling capacity and clay soil compressibility [2,16,17,18,19,20,21,22,23]. Due to its hydraulic characteristics, stone powder is used as a filter layer [24] or filling material to construct pavements [25]. These studies relied on only the physical, hydraulic and mechanical properties of stone powder to improve soils, with no use of chemical binders. In cases where significant cohesion of soils was lost due to stone powder addition, the shear or UCS was reduced [2,17,25]. This situation necessitates chemical binders such as cement to maintain cohesion. The use of stone powder in cement-treated clays reduces the amount of cement used and improves the UCS of composites [26], which is good for the environment and construction industry. The UCS increment in cement, clay and stone powder composites is attributed to calcium silicate hydrate (CSH) and calcium aluminate hydrate [2] grain gradation, cementation and the skeleton effect [9]. However, it is unclear whether stone powder contributed to the formation of these cementitious products. Our previous paper [26] investigated the role of the stone powder particle size in improving dredged clays, which are also waste materials. Even though the stone powder was from the same batch, when it was separated, the UCS of cement-treated clay varied with the stone powder particle size in the order of highest to lowest as follows: <20 µm, <1–106 µm, 20–40 µm, 40–75 µm. The specific surface area (SSA) of stone powder was also an influential factor, whereby the larger the SSA, the higher the UCS exhibited. Still, the SSA, similar to clay and cement, led to interference in the cement–clay reaction as observed in the microstructure, and hence reduced UCS. Additionally, the physical properties of cement-treated clay, such as the void ratio, liquid limit and density, were investigated but found not to significantly affect the UCS at a given stone powder and cement content. This is because the composites containing various stone powder sizes possessed similar properties at the same stone powder content. Yet, it is still not clear whether the chemical properties of stone powder also influence the UCS development of cement-treated clay–stone powder composites, which is the primary focus of this paper.



Granite stone powder reacts with Ca(OH)2 to form a CSH gel of Ca/Si ratio 0.6–1.0, which indicates its pozzolanic reactivity [27]. Moreover, grinding inert materials containing silica into finer particles leads to the formation of amorphous silica through mechanochemical structural changes in silica [28,29,30,31]. Since there is a critical particle size (9 µm) for quartz to turn into amorphous silica [28], stone powder from the same batch possesses a different pozzolanic reactivity [26]. As shown in Equation (1), a pozzolanic reaction involves amorphous silica consuming calcium hydroxide formed during cement hydration to form CSH, thus increasing the cement-treated clay strength. Therefore, it is necessary to investigate the concentrations of amorphous silica in stone powder and its effect on UCS.


  Ca    (  OH  )   2  +   SiO  2  →  (  CaO  )   (    SiO  2   )   (   H 2  O  )   



(1)







Understanding the mechanisms of UCS development should help inform geotechnical engineers of the effective reuse of waste stone powder for soil improvement, which improves the environmental sustainability of the construction industry. Therefore, the present study explained the mechanisms resulting in UCS differences in cement-treated clay containing stone powder of various particle sizes. Physical parameters—namely, the liquid limit and flow value of cement-treated clay, the chemical composition of stone powder (including its amorphous silica concentration), pozzolanic reactivity and particle size variation—were determined. Thermal parameters such as the chemically bound water and calcium hydroxide contents were also assessed to confirm the chemical reactions between cement-clay pastes and stone powder.



Estimation of Strength for Cement-Treated Soils


Studies to determine the strength of cement-treated soils have listed the water, cement and soil type as the factors determining the strength of cement-treated soil (Japan Cement Association, 2007; Horpibulsuk et al., 2011; Chian et al., 2016; Mitchell et al., 1974; Tang et al., 2001; Lorenzo and Bergado, 2004; Kida et al., 1977; Omine et al., 1998; Liu et al., 2008; Consoli et al., 2016; Tsuchida and Tang, 2015) [32]. Most studies consider the pore distribution as the cause of strength variation [32,33,34]. Yamashita et al. developed an equation based on the pore distribution of clay and various sand contents and concluded that the sand content has no relationship with UCS [32]. Contrary to these findings, at the same water-to-cement ratio, the strength of cement-treated clay with various stone powder particle sizes varied in further research [26], which necessitates an investigation into the chemical properties of stone powder.





2. Materials and Methods


2.1. Materials


The materials used for sample preparation were stone powder obtained from granite rocks located in the Chugoku region of Japan, ordinary Portland cement, Tokuyama Port clay, commercial clay, micro mica (MK300, Co-op Chemical Japan, Tokyo, Japan) and distilled water. The physical compositions of these materials are described in the present section, while the chemical compositions are discussed in Section 2.4.4.



2.1.1. Tokuyama Clay


This study’s clay mineral was Tokuyama clay, dredged from Tokuyama Port in the Yamaguchi Prefecture, Japan. This marine clay was chosen because it is waste material and due to its wide use in research [26,32,35,36,37,38] in Japan; therefore, there are lots of data for reference. The dredged marine clay of Tokuyama Port is odorless and has a dark-greenish color. It exhibited a liquid limit of 93.2%, plastic limit of 45.7% and plasticity index of 47.5%. According to the JGS 0131 system of classifying fine-grained soils, this marine-dredged clay is classified as high-plasticity clay. The soft clay’s natural water content is 125–127% [38], which is higher than its liquid limit. Due to the high natural water content, the cement-treated clay samples’ water content had to be estimated using the liquid limit. The soft ’clay’s specific gravity was 2.68 g/cm3 and it exhibited a particle size range of <1 to 75 µm, with a median-diameter (D50) of 12 µm.




2.1.2. Commercial Clay


The commercial clay was dry with a moisture content of 0%. It exhibited a liquid limit of 32.16%, plastic limit of 25.91% and plasticity index of 6.26%. The clay’s specific gravity was 2.66 g/cm3, and it exhibited a particle size range of <1 to 75 µm, with a median-diameter (D50) of 15 µm. According to the JGS 0131 system of classifying fine-grained soils, this clay is classified as a low-plasticity clay.




2.1.3. Stone Powder


The stone powder used in this research comprised five types (A, B, C, D and E), obtained by wet-sieving the granite stone powder (Type E) from the nearby quarry, as explained in Section 2.2.



The stone powder received from the quarry is referred to as Type E (<1 to 106 µm). The stone powder was non-plastic with a specific gravity of 2.69 g/cm3 and a loss on ignition at 1000 °C of 0.89%. It was a fine-grained material with maximum and minimum particle sizes of 106 µm and <1 µm, respectively, and a D50 of 28 µm.



Type A stone powder was a non-plastic material, where 100% of the particles were larger in diameter than 75 µm but smaller than 250 µm. Its D50 was 75 µm and its specific gravity was 2.63 g/cm3.



Type B stone powder was a non-plastic material with a specific density of 2.62 g/cm3 and a loss on ignition at 1000 °C of 1.01%. Its particle size ranged from 40 to 75 µm, making it a typical silt, with a D50 of 49 µm.



Type C stone powder was also non-plastic with a specific density of 2.62 g/cm3 and a loss on ignition at 1000 °C of 1.27%. Its particle size ranged from 20 to 40 µm, making it a typical silt, with a D50 of 32 µm.



Type D stone powder was a fine powder with a liquid limit of 38.6%, plastic limit of 28.9% and plasticity index of 9.85%. Its particle size ranged from <1 to 20 µm, with a D50 of 9 µm; 67% of the particles were silt, while 33% were clay-sized particles, as determined by JGS 0131 [39]. The specific density was 2.62 g/cm3 and the loss on ignition at 1000 °C was 1.96%.




2.1.4. Micro Mica


Micro mica (MK 300), a non-swelling synthetic mica obtained from Co-op Chemical Japan, was used as a reference inert material with physical properties similar to those of natural mica and mean particle diameter similar to that of Type D stone powder. Its particle size ranged from 1 to 75 µm with a D50 of 14 µm and a specific density of 2.7 g/cm3. The major elemental composition was as follows: silicon 58.3%, magnesium 26.3%, fluorine 10.1% and potassium 9.0%. Micro mica exhibited a liquid limit of 43.99%, plastic limit of 39.66% and plasticity index of 4.34%.




2.1.5. Portland Cement


The Portland cement used in this research had a specific gravity of 3.14 g/cm3. The cement exhibited a D50 of 19 µm and 98% of its particles were finer than 75 µm.





2.2. Stone Powder Separation


Stone powder Type E, as received from a nearby quarry, was separated by wet-sieving through 75 µm, 40 µm and 20 µm sieves to retain materials on the respective sieves, as well as those finer than 20 µm. This process resulted in four size classes in addition to category E (containing the full size spectrum): A (>75 µm), B (40–75 µm), C (20–40 µm) and D (<20 µm).




2.3. Preparation of Cement-Treated Clay Composites


To simulate a deep mixing method, the stone powder or micro mica was mixed with cement and refrigerated in distilled water for 10 min; the result was mixed with refrigerated Tokuyama or commercial clay for 30 min [26]. A control sample containing clay, cement and water was also prepared for reference purposes. The compositions of the composites are shown in Table 1 and Table 2, where Case 1 and Case 1c represent Tokuyama and commercial clay, respectively. In the equations below, C* is the cement content of the dry mass of clay, while C is the cement content of the combined dry mass of clay and stone powder or micro mica. SP is the sand content, M is the micro mica content and ρ is the density of the composite. The water content of the samples was 1.5 times the liquid limit (LL) of Tokuyama or commercial clay mixed with stone powder. C*, C, SP, M and W were determined according to Equations (2)–(5).    m  cement    ,    m   clay       ,    m   stone   powder      and      m       micro   mica      are the masses (kg) of cement, Tokuyama or commercial clay, stone powder and micro mica, respectively.


  C * =    m  cement      m  cement   +  m  clay     × 100    %   



(2)






  C =    m  cement      m  cement   +  m  clay   +  m   stone   powder   or   micro   mica      × 100    %   



(3)






  S P =    m   stone   powder       m   stone   powder    +  m  clay     × 100    %   



(4)






  M =    m   micro   mica       m   micro   mica    +  m  clay     × 100   %  



(5)







The freshly mixed composites were subjected to flow value tests and UCS tests after 1, 3, 7 and 28 days of curing. The UCS test samples were poured into Ø 50 mm × H 100 mm summit molds, lightly tapped, wrapped with polyethylene and submerged in distilled water at 20 °C for curing.




2.4. Physical, Mechanical, Chemical and Thermal Tests


2.4.1. Flow Value Test


The flow value tests were conducted using a cylinder of dimensions Ø 80 mm × H 80 mm according to methods described by Arlyn et al. [37]. The cylinder was filled with the cement-treated clay and was then raised vertically to allow the clay to flow out freely. The diameter of the flowed treated clay, corresponding to the cement-treated clay’s flow value, was measured after one minute.




2.4.2. Fall Cone Test


According to the Japan standard, fall cone tests were performed for both cement-treated and untreated samples (JGS 0142-2009) [40] using the apparatus shown in Figure A1. The penetration depth adopted to determine the LL was 11.5 mm. Untreated samples were prepared by mixing stone powder (SP) = 30% with Tokuyama clay. Cement-treated samples were then prepared by adding cement (C*) = 15% to the samples, to determine the water content. A control sample of Tokuyama clay that neither contained cement nor stone powder was also measured.




2.4.3. Unconfined Compression Strength Test


Samples cured for 1, 3, 7 and 28 days were subjected to UCS tests at a constant strain rate of 1 mm per minute as set out by JGS 0511 [41]. Three samples were tested for each curing time and the results were accepted if the standard deviation between three specimens with the same mix proportion did not exceed 10% of the mean strength.




2.4.4. Chemical Element Composition


The materials’ elemental compositions were determined by XRF analysis of materials pulverized to particle sizes < 75 µm. The investigation was conducted using the fundamental parameter analytical method on a Shimadzu EDX-700 machine manufactured by Shimadzu Corporation, Kyoto, Japan.




2.4.5. Pozzolanic Reactivity Determination


The pozzolanic activity of materials was determined chemically using electrical conductivity (EC) analysis on 5 g of material soaked in 200 mL of a saturated calcium hydroxide aqueous solution at 40 °C for 2 min. A material was determined to possess pozzolanic reactivity if the EC change was ≥0.4 mS/cm [42,43,44,45]. Although this is an indirect method for measuring pozzolanic reactivity, it has been popularly used [42,43,44,45] and was chosen for its rapid nature, availability and ease of operation. Its robustness was checked by the direct method of TG-DTA. The electrical conductivity meter is shown in Figure A1.




2.4.6. Amorphous Silica Concentration Measurement via NaOH Digestion


NaOH can extract amorphous silica as well as crystalline silica loosely bound to Al and Fe [46] but shows a poor capability to leach crystalline mineral silicates [47]. Therefore, it was chosen for this analysis. In our work, 100 mg of materials were digested in 100 mL of 0.5 M NaOH through constant heating at 85 °C and shaking over 2 h. The resultant solution was filtered through a 0.22 µm syringe Millipore filter paper manufactured by Merck Millipore, Burlington, MA, USA. The filtrate was subjected to automated molybdate blue determination using a HI 96770 silica colorimeter of Hanna Instruments, USA as is shown in Figure A1. The results were based on an average of two replicate samples. However, the accuracy could not be guaranteed because there was no standard for estimating amorphous silica for soils and stone powder [46].



Amorphous silica extracted from stone powder was in solution form, and therefore, the units reported were mg/L. We used Equation (6) to convert the amorphous silica concentration from mg/L to the mg/g of materials. Subsequently, the rate of amorphization and an equivalent fraction present in 1 m3 of cement-treated clay–stone powder or micro mica were calculated using Equations (7)–(9), respectively.


    SiO   2      (  mg / g  )  =     SiO  2   (  mg / L  )  ×    V   ( L  )   mass of material    ( g )     



(6)







Here V = volume of NaOH solution


  rate of amorphization =     SiO  2   (  mg / g  )      1000  (  mg  )    × 100    [ % ]   



(7)






  concentration of amorphous silica   ( kg /  m 3  ) =     SiO   2     ( mg / g ) ×  m  stone powder      (  kg /  m 3   )      1000    



(8)






   m   stone   powder       (  kg /  m 3   )  =   S P   1 − S P   ×  V   {    1.5 LL  (  1 +   S P   1 − S P    )    1000  ρ  w       +  [    C *   1 − C *   ×  1  1000  ρ c     ]  +  [    S P   1 − S P   ×  1  1000  ρ  s p      ]  +  1  1000  ρ  c l a y      }     



(9)




where    m   stone   powder        is the mass of stone powder per 1 m3 of cement-treated clay, V = 1 m3 (volume of cement-treated clay) and LL is the liquid limit of Tokuyama clay mixed with stone powder, respectively. SP and C* are the stone powder and cement contents, respectively.    ρ  w      ,    ρ c   ,    ρ  s p     and    ρ  c l a y     are the specific densities of water, cement, stone powder and Tokuyama clay, respectively.




2.4.7. TG-DTA


TG-DTA was conducted on cases 1 and 3, cured for 1, 3, 7 and 28 days using the Shimadzu DTG-60H (Shimadzu Corporation, Kyoto, Japan). The samples were analyzed for their chemically bound water and calcium hydroxide contents. In our work, 10 mm cubes were cut from the core of samples after the UCS test and immediately stored in acetone to stop further chemical reaction for more than 24 h. The cubes were then dried in a vacuum desiccator for 24 h and crushed with a ball mill into fine powder with a maximum particle size of 150 mm. Samples of 50 mg were considered representative [48] and were subjected to the TG-DTA test. Each sample was heated from room temperature to 100 °C at 10 °C/min, kept at 100 °C for 30 min and then heated to 1000 °C at 10 °C/min. The chemically bound water was calculated using Equation (10) while the calcium hydroxide content was calculated using Equations (11) and (12). In all ten calculations, the losses of clay and stone powder were compensated for by subtracting their corresponding values as shown in Equations (S1), (S8) and (S9) (refer to Data Availability Statement).


  Chemically bound water =    m  0   ℃    (  T G   v a l u e  )    −  m  105   ℃    (  T G   v a l u e  )       m  0   ℃    (  T G   v a l u e  )      × 100    [ % ]   



(10)






  Calcium hydroxide , Ca    (  OH  )   2  ,   in sample ,   C  H  S P   =    total   Ca     (  OH  )   2     m  0   ℃    (  T G   v a l u e  )      × 100    [ % ]   



(11)






  Calcium hydroxide , Ca    (  OH  )   2  ,   content =   C  H  S P     cement content ,   c   × 100    [ % ]   



(12)










3. Results and Discussion


3.1. Liquid Limit and Flow Value


The water content of soil affects the mixing characteristics of cement-treated soil, thereby influencing its strength. In extreme conditions of high water contents, a high after-curing void ratio occurs, while in extreme conditions of low water contents, uneven mixing occurs. Lorenzo et al. confirmed the existence of an optimum moisture content for mixing clay: about 1.10 times base clay’s LL [49]. However, the addition of cement to cement-treated clay leads to an increase in the LL of the clay. Therefore, the LL of cement-treated soils should be considered [35].



In this study, each cement-treated clay–stone powder composite’s LL was determined in relation to the UCS variation with particle size. As seen in the results reported by Kang et al. [35], the cement-treated samples in the present experiment showed higher normalized LL values than untreated samples. The normalized LL values of the cement-treated samples for cases 1, 2, 3, 4, 5 and 6 were 1.29, 1.07, 1.06, 1.14, 1.08 and 0.99, respectively. Meanwhile, the untreated samples showed normalized LL values of 1.00 for Tokuyama clay but 0.84, 0.87, 0.91, 0.94 and 0.84 for Tokuyama clay containing 30% of stone powder types A, B, C, D and E, respectively. In addition, the LL of Tokuyama clay decreased with increasing particle diameter (D50). These reductions were 5.40%, 8.09%, 11.72%, 14.64% and 14.7% for stone powder types A, B, C, D and E, respectively. This behavior was due to a reduction in the proportion of clay-size particles (<5 µm) governing the LL as the particle size of stone powder increased. Polidori et al. reported that the LL and the plastic limit were linearly related to the clay content of the soil [50]. The relationship between normalized LL and D50 for both untreated and cement-treated clay is shown in Equations (13) and (14).


LLSP = 0%, 30%/LLSP = 0%, C* = 0% = −0.0019D50 + 0.9654, R2 = 0.5688 (untreated clay, C* = 0%)



(13)






LLSP = 0%, 30%/LLSP = 0%, C* = 0% = −0.0026D50 + 1.1952, R2 = 0.4140 (treated clay, C* = 15%)



(14)







There was no significant flow of the cement-treated clay–stone powder composites. The flow values were 82 mm and 83 mm for the samples containing stone powder and without stone powder, respectively.



Yet, the reductions observed in the normalized liquid limits and flow values of cement-treated clay composites compared to the control sample indicated that mixing characteristics did not impact the sample UCS. This is consistent with results reported concerning the effect of stone powder particle size on the workability of cement-treated clay [26].




3.2. UCS of Cement-Treated Clay–Stone Powder Composites


Stone powder of sizes <20 µm and 106–<1 µm, used in cases 3 and 2, respectively, are suggested as the most effective particle sizes for improvement in cement-treated clay UCS [26]. Therefore, to decongest the charts and clearly present the benefits of using stone powder and variations in composites due to the stone powder particle size, only cases 1, 2, 3, 1c, 2c and 3c have been presented in Figure 1 and Figure 2 and herein discussed. The UCS development of all the test cases can be found in Figure A3 and Figure A4 in Appendix A. As shown in the Figures, the strength of cement-treated clay was higher at every curing time when the sample contained stone powder. Cases 3 and 3c contained Type D (<20 µm) stone powder and displayed the highest strength, followed by cases 2 and 2c, which contained Type E (106–<1 µm) stone powder; the control sample cases 1 and 1c displayed the lowest strength. This variation in strength among cement-treated clay–stone powder composites implied that the stone powder particle size influenced the composite strength. The higher strength displayed by cement-treated clay–stone powder composites than the control sample implies that 8.02% of the cement used per 1 m3 of treated clay can be saved while achieving a higher strength. Similar results have been reported in cement-treated clays containing 30% stone powder and 26.3% cement [26].




3.3. Relationship between Strength and Chemical Properties of Materials


3.3.1. Elemental Composition


The stone powder consisted mainly of Si, Fe, K and Ca; the elemental proportions varied with the particle size, as shown in Table 3. Any element representing <1% of the sample was considered insignificant, and therefore, not reported. Although no Al was detected in the samples, the sums of Si + Al + Fe were greater than 70%, suggesting pozzolanic reactivity. Although quantitative measurement of elements is necessary, our XRF results provided only qualitative measurement. The XRF results also did not distinguish between amorphous and crystalline phases of silica; hence, we could not directly confirm the materials’ pozzolanic reactivity. Therefore, an EC test to confirm the pozzolanic reactivity of the materials was necessary. An additional procedure was also performed to quantify the amorphous silica in the materials.




3.3.2. Pozzolanic Reactivity of Materials


Although the XRF results suggested pozzolanic reactivity for all stone powder types, only types D (<20 µm) and E (106–<1 µm) were reactive according to the changes in EC observed (Table 4). The pozzolanic reactivities of quartz [28] and granite residue [29], glass [30], fly ash [51] and bottom ash [52] increase with decreasing particle size. Type D (<20 µm) stone powder showed the most significant such EC change, indicating pozzolanic reactivity. A decrease in particle size led to an increased surface area, which increased the rate of chemical reaction between silica and calcium hydroxide. Since the other stone powder types (A, B and C) were not found to be pozzolanic, the Type D component constituting 42% of Type E must be responsible for Type E’s observed pozzolanic reactivity. This explains the observed trend in strength increment in Section 3.2. However, particle size alone cannot be responsible for pozzolanic reactivity, as made clear by the non-pozzolanic result for micro mica, the particle size of which was similar to that of Type D stone powder.




3.3.3. Amorphous Silica Concentration and Stone Powder Particle Size


Silica (SiO2) exists as a crystalline or amorphous tetrahedron {SiO4}4− in an isolated or polymerized form. The crystalline form is inert while the amorphous silica surface possesses hydroxyl groups (i.e., silanol, Si-OH) that are responsible for its pozzolanic reactivity [53,54]. The silanol groups are a result of reaction with aqueous solutions, as seen in Equation (15). The presence of surface OH− increases the rate of reaction by increasing the Si-O-Si bond breakage rate.


  ≡ Si - O - Si ≡ +  H 2  O ⇌ 2 ≡ Si - OH  



(15)







The grinding of rocks causes a mechanochemical transformation of crystalline silica to amorphous silica [28,31,55]. The quantity of silica leached from minerals due to NaOH and Na2CO3 treatment increases with decreasing particle size [47]. Furthermore, Tomozawa reported the dependence of the amorphous silica solubility in water on the particle size [56]. Table 5 indicates that the amorphous silica concentration and hence the amorphization rate in stone powder increased with decreasing particle size. Ostensibly, mechanochemical transformation of crystalline silica of up to 1.45% amorphization occurred during the crushing process of granite rocks at the quarry. Since amorphization increases with a decrease in particle size of crystalline materials [28,29,30,31], it was expected that the amorphous silica concentration would vary with the stone powder particle size. Both Tokuyama clay and micro mica, playing the role of inert material here, contained no amorphous silica. The absence of amorphous silica from Tokuyama clay and commercial clay indicated their non-pozzolanic reactivity and the inability of NaOH to leach crystalline mineral silica from the clays.




3.3.4. Relationship between Amorphous SiO2 Concentration and Pozzolanic Reactivity


As mentioned in Section 3.3.3, amorphous silica possesses Si-OH groups on its surface. These Si-OH groups react with calcium hydroxide solution according to Equation (16). The complete hydrolysis of SiO4 leads to the formation of silicic acid as well as silicate and polysilicate species, consequently precipitating to form insoluble CSH [54]. As these reactions proceed, the hydroxyl ion concentration decreases. This decrease results in an EC reduction, the magnitude of which indicates pozzolanic reactivity [44].


  2 ≡ Si - OH + Ca    (  OH  )   2  ⇌   ≡ Ca    (  SiO  )   2  + 2  H 2   O     



(16)







As shown in Figure 3, the EC change was higher for materials exhibiting higher amorphous SiO2 concentrations. The relationship between the amorphous silica concentration and change in electrical conductivity is determined using Equation (17), where y is the amorphous silica concentration (mg/g) and x is the change in EC (mS/cm).


  y = 6.6506 I n  ( x )  + 15.52 ,      R   2  = 0.908  



(17)







Theoretically, the pozzolanic reactivity of a material is indicated by a change in EC of ≥0.4 mS/cm; therefore, using Equation (17), 9.4 mg/g of amorphous silica per mass of material was calculated to be the minimum requirement for pozzolanic reactivity to occur. A boundary for pozzolanic reactivity was, therefore, generated at the abscissa (0.4) and the ordinate.




3.3.5. Relationship between Amorphous SiO2 Concentration and UCS


The normalized UCS increased with an increasing amorphous silica concentration, as shown in Figure 4 and Figure 5. It has been reported that the strength of fly ash increases with increasing amorphous silica and free lime contents due to the consequent increase in pozzolanic reactivity [51]. CSH formed from the pozzolanic reaction between amorphous silica and calcium hydroxide released by cement hydration is known to govern the strength of soil cement [57]. A pozzolanic reaction between materials and calcium hydroxide produced by the hydration of Portland cement begins after 3.87 days [58]. In the present research, the higher strength in cement-treated clay composites containing non-reactive materials as compared to cases 1 and 1c observed at seven days was due to the incomplete manifestation of the pozzolanic reaction effect. The linear relationship between the amorphous silica concentration and the normalized UCS of cement-treated clay composites at seven days is described by Equations (18) and (19), where a is the concentration of amorphous silica.


  N o r m a l i s e d   U C S =   q  u  S P , M = 30 %     q  u  S P , M = 0 %     = 0.1380 a + 1.0296 ,      R   2  = 0.8721   Tokuyama   Clay  



(18)






  N o r m a l i s e d   U C S =   q  u  S P , M = 30 %     q  u  S P , M = 0 %     = 0.0643 a + 1.015 ,      R   2  = 0.7928   Commercial   Clay  



(19)







In contrast, at 28 days, an increase in strength as compared to cases 1 and 1c was observed only in those composites containing pozzolanic reactive materials (cases 2, 2c, 3 and 3c), with reactivity increasing with increasing curing time. Therefore, the relationship between the amorphous silica concentration and normalized UCS of cement-treated clay composites at 28 days is described by Equations (18) and (19).


  N o r m a l i s e d   U C S =   q  u  S P , M = 30 %     q  u  S P , M = 0 %     = 0.1139 a + 0.9409 ,      R   2  = 0.9023   Tokuyama   Clay  



(20)






  N o r m a l i s e d   U C S =   q  u  S P , M = 30 %     q  u  S P , M = 0 %     = 0.0387 a + 0.9592 ,      R   2  = 0.676   Commercial   Clay  



(21)







As shown in Figure 6 and Figure 7, the measured UCS agreed well with the calculated UCS, and therefore, the relationship between the UCS of cement-treated clay–stone powder composites and amorphous silica can be described by linear regressions 16, 17, 18 and 19.




3.3.6. Concentration of Amorphous Silica Required for Strength Improvement


Using Figure 4 and Figure 5, the minimum concentration of amorphous silica required for strength improvement was determined at the point of intersection between an extrapolated line for cases containing inert stone powder and regression line for cases containing reactive stone powder. The inert cases were 1, 4, 5 and 6 for Tokuyama clay and 1c, 4c, 5c and 6c for commercial clay while the reactive cases were 2 and 3 for Tokuyama clay and 2c and 3c for commercial clay. Since the lines met at point (1.7, 0.98), the minimum concentration of amorphous silica required for strength improvement was determined to be 1.7 kg/m3 of cement-treated clay composite. This value is equivalent to the calculated value obtained if we used the value 9.4 mg/g from Section 3.3.4 to compute the minimum amorphous silica concentration per cubic meter of cement-treated clay. As such, the slight increase in UCS of case 4c observed in Figure 5 originated because it contained 1.99 kg/m3 of amorphous silica.



We applied results from our previous paper [26], where the content of stone powder D was increased by 0%, 15%, 30% and 50%, which implied an increase in the amorphous silica concentration, as shown in Table 6. As shown in Figure 8, we further clarified that the minimum amount of stone powder for strength improvement is 1.99 kg/m3. The linear regression lines describe the relationship between the UCS and amorphous silica concentration for 7 and 28 days, as shown in Equations (22) and (23).


    q  u  s p = 0 , 15 , 30 , 50 %     q  u  S P = 0 %     = 0.1071 a + 0.8206 ,      R   2  = 0.7189  



(22)






    q  u  s p = 0 , 15 , 30 , 50 %     q  u  S P = 0 %     = 0.079 a + 0.8404 ,      R   2  = 0.7189  



(23)








3.3.7. Chemically Bound Water and Calcium Hydroxide Content


As shown in Figure 9, the chemically bound water content of case 1 (control sample) is the same as for case 3 (containing stone powder D). The lower bound water in case 3 at three days is due to the preferential reaction of calcium hydroxide with stone powder D instead of its reaction with the C3A and C4AF phases of cement, which contribute to water binding. Similar results were reported in silica fume activity in concrete [59,60].



In Figure 10, the calcium hydroxide content of case 1 increases with an increase in curing time while that of case 3 decreases at three and seven days and then increases at seven days. On days one and three, the calcium hydroxide content of case 3 is higher than that of case 1 and becomes significantly lower at day 28. For days one and three, stone powder accelerated cement hydration [61,62,63], which led to the production of higher contents of calcium hydroxide in case 3 as compared to case 1. As pozzolanic reactivity began to occur, the calcium hydroxide content in case 3 lowered until its value was lower than that of case 1 at 28 days.






4. Conclusions


This study investigated the chemical and thermal factors influencing the UCS of cement-treated clay–stone powder composites prepared using waste granite rock powder and two clay types. The cement-treated clay–stone powder composites were subjected to physical, mechanical and thermal tests such as flow value, fall cone, UCS and TG-DTA tests. Chemical tests were performed on stone powders of different particle sizes and on micro mica (an inert material): XRF to determine the chemical composition, EC tests to determine the pozzolanic reactivity and NaOH digestion tests to determine the amorphous silica concentration. The studied stone powder improved the UCS of cement-treated clay. However, the strength improvement depended on the size of the stone powder particles. Stone powders D (particle size <20 µm) and E (106–<1 µm) increased the strength of the composite, while powders A (>75 µm), B (40–75 µm) and C (20–40 µm) slightly reduced the strength compared toward that of the control sample without stone powder. The strength improvement in stone powder (Type E) obtained from the quarry was attributed to its Type D component, which constituted 42% of Type E stone powder. Neither the LL nor flow value influenced the strength of cement-treated clay–stone powder composites. However, the pozzolanic reactivity and amorphous silica concentration, which both varied with the stone powder particle size, were found to influence the strength of cement-treated clay–stone powder composites. Stone powders D (<20 µm) and E (<1–106 µm) contained 14.5 mg/g and 11.5 mg/g of amorphous silica, respectively. Their pozzolanic reactivity was independently confirmed, explaining their ability to improve the strength of cement-treated clay. A linear regression relationship between the UCS of the composites and amorphous silica was established. In our work, 9.4 mg/g of amorphous silica was determined to be the minimum amount required for an increment in UCS to occur. TG-DTA results also confirmed the reduction in calcium hydroxide in composites containing stone powder as compared to the control sample. The nucleation and pozzolanic reactivity roles played by stone powder were also confirmed. Since the pozzolanic reactivity of the stone powder resulted from the crushing of rocks at the quarry, it is possible to reuse the material without pre-treatment. This implies that granite quarrying industries in Japan can supply the silt size particles of stone powder to geotechnical engineering projects involving the improvement of dredged clays using cement. Hence, the Basic Act for Establishing a Sound Material-Cycle Society in Japan should be revised to incorporate the reuse of granite stone powder, which substantially contributes to meeting Goal 12 of the Sustainable Development Goals (SDGs).



In this study, powder from granite rocks of igneous origin was used. Studies on powders from rocks of different origins, such as sedimentary and metamorphic, should next be conducted to promote the reuse of stone powder in the production of eco-friendly cement-based geomaterials.
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Figure A1. Photographs of stone powder. 
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Figure A2. Photographs showing certain test equipment. 
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Figure A3. Unconfined compressive strength versus curing time of cement-treated clay–stone powder composites (Tokuyama clay—all cases). 






Figure A3. Unconfined compressive strength versus curing time of cement-treated clay–stone powder composites (Tokuyama clay—all cases).



[image: Sustainability 14 04073 g0a3]







[image: Sustainability 14 04073 g0a4 550] 





Figure A4. Unconfined compressive strength versus curing time of cement-treated clay–stone powder composites (commercial clay—all cases). 
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Figure 1. Unconfined compression strength versus curing time of cement-treated clay–stone powder composites (Tokuyama clay). 
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Figure 2. Unconfined compressive strength versus curing time of cement-treated clay–stone powder composites (commercial clay). 
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Figure 3. Relationship between amorphous SiO2 concentration and change in electrical conductivity of materials. 
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Figure 4. Relationship between amorphous SiO2 concentration and normalized unconfined compression strength of cement-treated Tokuyama clay. 
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Figure 5. Relationship between amorphous SiO2 concentration and normalized unconfined compression strength of cement-treated commercial clay. 
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Figure 6. Comparison of the measured UCS and UCS calculated from Equations (18) and (20). 
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Figure 7. Comparison of the measured UCS and UCS calculated from Equations (19) and (21). 
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Figure 8. Relationship between the increase in amorphous SiO2 concentration of stone powder D and normalized unconfined compression strength of cement-treated Tokuyama clay. 
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Figure 9. Calcium hydroxide content of Cases 1 and 3 versus curing time. 
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Figure 10. Calcium hydroxide content of Cases 1 and 3 versus curing time. 
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Table 1. Composition of the cement-treated clay composites (Tokuyama clay).
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	Case
	Tokuyama Clay Content (%)
	C* (%)
	C (%)
	SP (%)
	M (%)
	Stone Powder Type and Size





	1
	100
	15
	15
	0
	0
	Control sample



	2
	70
	15
	11
	30
	0
	E (106–<1 µm)



	3
	70
	15
	11
	30
	0
	D (<20 µm)



	4
	70
	15
	11
	30
	0
	C (20–40 µm)



	5
	70
	15
	11
	30
	0
	B (40–75 µm)



	6
	70
	15
	11
	30
	0
	A (106–75 µm)



	7
	70
	15
	11
	0
	30
	Micro mica

(1–75 µm)
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Table 2. Composition of the cement-treated clay composites (commercial clay).






Table 2. Composition of the cement-treated clay composites (commercial clay).





	Case
	Commercial Clay Content (%)
	C*

(%)
	C

(%)
	SP (%)
	M (%)
	Stone Powder Type and Size





	1c
	100
	15
	15
	0
	0
	Control sample



	2c
	70
	15
	11
	30
	0
	E (106–<1 µm)



	3c
	70
	15
	11
	30
	0
	D (<20 µm)



	4c
	70
	15
	11
	30
	0
	C (20–40 µm)



	5c
	70
	15
	11
	30
	0
	B (40–75 µm)



	6c
	70
	15
	11
	30
	0
	A (106–75 µm)



	7c
	70
	15
	11
	0
	30
	Micro mica

(1–75 µm)
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Table 3. Chemical element compositions of stone powder, micro mica, Tokuyama clay and commercial clay.






Table 3. Chemical element compositions of stone powder, micro mica, Tokuyama clay and commercial clay.





	Element (%)
	E

(106–<1 µm)
	D

(<20 µm)
	C

(20–40 µm)
	B

(40–75 µm)
	A (106–75 µm)
	Micro Mica
	Tokuyama

Clay
	Commercial Clay





	Si
	71.167
	74.281
	69.942
	66.708
	68.285
	53.8
	55.11
	61.18



	K
	16.7
	15.687
	16.836
	14.46
	19.352
	9.0
	7.61
	17.01



	Fe
	7.548
	5.563
	7.422
	13.392
	6.985
	-
	17.78
	15.80



	Ca
	3.647
	3.641
	4.668
	4.019
	4.986
	-
	4.91
	4.21



	Cl
	-
	-
	-
	-
	-
	-
	12.9
	-



	Mg
	-
	-
	-
	-
	-
	26.3
	-
	-



	F
	-
	-
	-
	-
	-
	10.1
	-
	-
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Table 4. Pozzolanic reactivity of stone powder, micro mica and Tokuyama clay.






Table 4. Pozzolanic reactivity of stone powder, micro mica and Tokuyama clay.





	Material
	Size (µm)
	Change in Electrical Conductivity (∆mS/cm)
	Reactivity





	Stone powder E
	106–<1
	0.4
	variable pozzolanicity



	Stone powder D
	<20
	0.9
	variable pozzolanicity



	Stone powder C
	20–40
	0.2
	non-pozzolanic



	Stone powder B
	40–75
	0.2
	non-pozzolanic



	Stone powder A
	106–75
	0.1
	non-pozzolanic



	Tokuyama Clay
	<75
	0.1
	non-pozzolanic



	Micro mica
	<75
	0.1
	non-pozzolanic
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Table 5. Quantity of amorphous SiO2 digested from stone powder, micro mica, Tokuyama clay and commercial clay.






Table 5. Quantity of amorphous SiO2 digested from stone powder, micro mica, Tokuyama clay and commercial clay.





	

	
Amorphous SiO2 per 1 m3 of Cement-Treated Clay Composites (kg/m3)




	
Material

	
Size (µm)

	
Amorphous SiO2 per 1 g of Material (mg/g)

	
Rate of Amorphization (%)

	
Tokuyama

	
Commercial






	
Stone powder E

	
106–<1

	
11.5

	
1.15

	
2.48

	
4.58




	
Stone powder D

	
<20

	
14.5

	
1.45

	
3.13

	
5.77




	
Stone powder C

	
20–40

	
5

	
0.5

	
1.08

	
1.99




	
Stone powder B

	
40–75

	
1.5

	
0.15

	
0.32

	
0.60




	
Stone powder A

	
106–75

	
2

	
0.2

	
0.43

	
0.80




	
Micro mica

	
<75

	
0

	
0

	
0

	
0




	
Tokuyama clay

	
<75

	
0

	
0

	
0

	
0




	
Commercial clay

	
<75

	
0

	
0

	
0

	
0
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Table 6. Composition of cement-treated clay–stone powder D composites (extracted from Nakayenga et al. (2021) [31]).






Table 6. Composition of cement-treated clay–stone powder D composites (extracted from Nakayenga et al. (2021) [31]).





	Cement Content, C (%)
	Stone Powder Content (%)
	Mass of Stone Powder D (kg/m3)
	Amorphous Silica Concentration (kg/m3)





	20
	0
	0.00
	0.00



	20
	15
	90.56
	1.31



	20
	30
	184.36
	2.67



	20
	50
	500.60
	7.26
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