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Abstract

:

The transformation of conventional binder and grout into high-performance nanocarbon binder and grout was evaluated in this investigation. The high-performance nanocarbon grout consisted of grey cement, white cement, lime, gypsum, sand, water, and graphite nanoplatelet (GNP), while conventional mortar is prepared with water, binder, and fine aggregate. The investigated properties included unconfined compressive strength (UCS), bending strength, ultrasound pulse analysis (UPA), and Schmidt surface hardness. The results indicated that the inclusion of nanocarbon led to an increase in the initial and long-term strengths by 14% and 23%, respectively. The same trend was observed in the nanocarbon binder mortars with white cement, lime, and gypsum in terms of the UCS, bending strength, UPA, and Schmidt surface hardness. The incorporation of nanocarbon into ordinary cement produced a high-performance nanocarbon binder mortar, which increased the strength to 42.5 N, in comparison to the 32.5 N of the ordinary cement, at 28 days.
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1. Introduction


Graphitic carbon is an abundant material that can be produced in either a natural or artificial way. Carbon-based nanomaterials are synthesized from high-purity graphite. Artificial graphite-based carbon nanomaterial manufacturing depends on the modified Hummers (MH) method, which is a chemical oxidation process. The graphite nanoparticle (GNP) has a lamination depth of 1.1 nanometers, a multilayer interval of 0.85 nanometers, and a depolarization ratio of 0.77 [1]. The inclusion of GNP in traditional cement composites has been investigated by many researchers [2,3,4]. In one study, the presence of GNP triggered both compression strength and bending strength in cement-based materials [5]. Microstructural analyses have suggested that the GNPs act as nucleation sites, thus enhancing the release of calcite and the formation of calcium silicates. This will reduce the extension of internal microcracks and improve the field among the cement paste and gravel pile [4,6,7]. Various construction materials have used GNP as an addition in the production of self-consolidating cementitious systems [8], concrete with E-waste plastic coarse aggregates [9], geopolymers [10], electrically conductive cementitious composites [11], concrete incorporating nanographite by-products (ING) [12], cement reinforcement [13], and high-volume fly ash concrete containing graphene nanoplatelets [14]. The presence of GNP results in an improvement in both the microstructural and mechanical properties. A research and development effort [8] showed that the blending of 0.05% GNP by mass of cement led to a 57% increase in compressive strength and a 48% increase in flexural moment.



Ahmadet al. [10] densified cementitious composite by adding different proportions of GNP. The addition of 5% GNP to the cementitious composite enhanced the hardened density and the compression, tensile, and flexural strength by 11%, 38%, 31%, and 44%, respectively. In addition, the 5% GNP reduced the sorptivity and water absorption by 32.2% and 73.9%, respectively, in the cementitious composite. It also increased the ultrasound pulse quantity by 7.5% [10]. In 2021, Dong et al. [12] compared the effects of the addition of 1–5% GNP and ING on a number of concrete properties. They revealed that the ING was more effective in developing concrete conductivity than the GNP, because 1% ING decreased electrical resistivity by 70%; the GNP reduced electrical resistivity by only 11% at the same concentration [12]. Sun et al. [11] examined the effect of graphite and slag on the electrical and mechanical properties of cementitious composite. They found that the optimized content of slag and graphite developed balanced electrical and mechanical properties in the cementitious composites [11].



Chougan et al. [15] studied different dosages of GNP ranging from 0.1% to 1%, by weight of geopolymer, in a 3D-printed multi-binder geopolymer composite. Their results indicated that the flexural moment increased by 89% and 46% in the 3D-printed geopolymer with 1% GNP when compared to the same 3D-printed and casted geopolymers without any GNP. The compressive strength increased by 28% and 12% in the 3D-printed geopolymer with 1% GNP [15]. Another study carried out by Chougan et al. [16] determined the rheological behavior, density, mechanical properties, permeability, damping ratio, and electrical and thermal conductivity of high-performance cementitious nanocomposites containing GNP. The results of their work showed that after 28 days of water curing, the GNP provided increased density up to 16% and mechanical properties up to 30%, as well as a remarkable reduction in permeability for all high-performance cementitious nanocomposites. Moreover, the lowest content (0.01% GNP by weight of cement) showed the highest increase in the damping ratio and electrical and thermal conductivity—68%, 30%, and 55%, respectively—in cementitious nanocomposites [16].



Alatawna et al. [17] reported results related to the impact of GNP, carbon nanotubes (CNTs), graphene oxide (GO), and functionalized carbon nanotubes (f-CNTs) on the workability and strength of a cementitious nanocomposite. Between the four evaluated graphitic systems, 0.025% GO performed best as a nanoreinforcing addition, offering an increase of 60% in flexural moment and 30% in compressive strength. The most important difference between these works and the current manuscript is that the abovementioned works aimed to develop cement-based materials, including by-products, through the addition of GNP. The present study aimed to develop conventional construction binders that are currently used in the construction sector, e.g., cement, white cement, lime, and gypsum, instead. The main novelty of the current research is reminiscent of the legendary findings of the English inventor Sir Henry Bessemer with respect to steel manufacturing. In the late 1800s, he managed to reduce the cost of steel making and revolutionize structural engineering by blowing air through molten pig iron to remove impurities, therefore reducing the carbon content in steel manufacturing to soften construction steel. In this study, conventional construction binders and construction binder-based materials were hardened with nanocarbon particles, such as GNPs.



In addition, the manufacturing industry is facing many problems, including the availability of natural raw materials and the increase in energy consumption and other expenses. High energy consumption has led to an increase in the emission of carbon dioxide into the atmosphere, which is associated with climate change [18]. Therefore, a reduction in the use of natural resources, together with the reuse and recycling of materials, may help to alleviate this problem. With the recycling and reusing of materials, the need for landfill space and virgin raw materials can be minimized. The efficient use of materials is key to a sustainable future, given that significant amounts of materials are consumed by the construction industry. Cement-based materials that are used in construction possess good compression properties, but they are generally weak in tension and less ductile than other metallic materials. Nanomaterials can be added to cementitious composites to improve their performance [19,20,21,22]. Therefore, the current study examined the impact of blending nanocarbon on a number of properties of grout containing different types of binder. The binder materials used were Portland cement, white cement, gypsum, or lime. Various destructive and non-destructive mechanical tests were performed, including compressive strength, bending strength, Schmidt surface hardness, and ultrasound pulse analysis. The correlations between the various properties were also determined. The most important innovation provided by this work was that a normal binder with a compressive strength of 32.5 MPa was transformed into a normal binder with a compressive strength of 42.5 MPa at 28 days just by adding nanocarbon and without increasing the cement content, which would also cause an increase in the carbon footprint of the formulation. Therefore, a sustainable formulation is offered with significant strength advantages.




2. Materials and Techniques


2.1. Materials


This research utilized standard cement, which exhibited a compressive strength of 32.5 MPa at the 28th day, as per BS EN 197-1:2011 [23]. The white cement used had the following characteristics: a Blaine fineness of 395 m2/kg, initial setting of 100 min, unit volume mass of 3100 kg/m3, compressive strength of 32.5 MPa at the 28th day, and bulk density of 1100 kg/m3 [2]. The properties of class E lime were 20% silica + alumina + iron oxide, 50% calcium + magnesium oxide, 25% insoluble residue, and 5% carbon dioxide; 5% residue on 300 μm; a compressive strength of 1 MPa at the 14th day; a compressive strength of 1.75 MPa at the 28th day; Le Chatelier expansion 10 mm; and a pH of 11.3 [2]. The gypsum used was calcium sulfate dihydrate (CaSO4·2H2O), which had a specific gravity of 2300 kg/m3 and a hardness of 2 Mohs according to ASTM C28/C 28-10 [24]. The sand used was siliceous-based fine gravel with a size below 2 mm. The water absorption, compacted unit volume mass, and pH were 0.9%, 2430 kg/m3, and 8.2, respectively. The GNP used consisted of 99.5% pure carbon with a particle radius size below 50 nm [2].




2.2. Methods


2.2.1. Design of Mixture


A comprehensive laboratory testing program was conducted to measure the effect of the same fraction of GNP on the properties of various binders. Graphite nanoparticle (GNP) was added to the following conventional mortars: Portland cement mortar; white mortar; gypsum mortar; and lime mortar. These conventional mortars with the addition of GNP are called advanced nanotechnological mortars. Table 1 and Table 2 list the approximate mixture proportions for both conventional and advanced nanotechnological mortars.



Eight mortar mixes were prepared—four without GNP and four with GNP. The construction binding material consisted of either Portland binder, white binder, gypsum, or lime. The amount of GNP used in the mixes was 1.3 kg/m3, which was equal to 0.22% of the weight of the construction binder (grey cement, white cement, gypsum, or lime) in the mortar (Table 2).




2.2.2. Casting and Preparation of Specimens


The binder, fine aggregate, and GNP (as per Table 1 and Table 2) were first stirred in dry conditions for thirty seconds with a mixer at slow speed, followed by the addition of water. The fresh mortar was mixed again at slow speed for thirty seconds, then at a higher speed for another thirty seconds. The procedure was ceased for 15 s to scrape down the mortar specimen from the bowl side. Then, the mixer was rotated at a higher speed for another sixty seconds. The mixture was transferred to a prism formwork with a size of 50 × 100 × 200 mm. The hardening of the specimens in a curing cabinet lasted twenty-four hours; next, the formwork was removed, and all specimens were then water cured until testing and characterization.




2.2.3. Testing Aspect of Mortar Composite


The final features of the mortar composites which would allow for utilization by the end users were that the bending strength could not be under 0.1 MPa on the 28th day and 0.3 MPa on the 180th day and the compressive strength could not be under 3 MPa on the 28th day and 3.5 MPa on the 180th day in both the conventional binder mortar composite and high-performance nanocarbon binder mortar composite. The size of the specimens was kept constant at 50 × 100 × 200 mm.




2.2.4. Testing Regime


After demolding the specimens, solid binder mortars were tested to measure the compressive strength at day 28 and 180 according to BS EN 1015-11:2019 [25]. The compressive strengths of the binder mortar specimens were established with the ratio of pressure rising to 244.7 ± 2.03 Kgf/m. Five specimens were tested from each lot, and the findings were investigated using the descriptive statistical methods of standard deviation and arithmetic average. The mean of five compressive strength test results for the hardened binder mortar was designated as a statistical description of compressive strength. Ultrasound pulse analysis (UPA) was performed using automatic pulse equipment on the binder mortar specimens according to rules of BS EN 12504-4:2021 [2,26] at 7 days. The transducers, lightly greased, were placed on both the longitudinal and transversal dimensions of prisms sized 50 mm × 100 mm × 200 mm. Five specimens were tested per mix. However, the pulse was established five times per specimen. The mean of the five UPA test results for the hardened binder mortar was designated as a statistical description of compressive strength.



To measure the surface hardness of the binder mortar specimen, a type N Schmidt hammer was used on the hardened binder mortar specimen according to BS EN 12504-4:2021 [2,26] at 7 days. Five specimens were tested for each mix. However, the Schmidt hammer was measured at least 10 times for each specimen.



The last measurement taken was the bending strength, which was performed on day 28 and 180. BS EN 1015-11:2019 [2,25] was followed to measure the bending strength. The bending strengths of the binder mortar specimens were established with the ratio of pressure rising to 2400 ± 200 Ns−1. For each mix of binder mortar, five specimens were tested; the findings were evaluated according to the descriptive statistical values of standard deviation and arithmetic average. The mean quantity of five bending strength test results for the hardened binder mortar was designated as a statistical description of bending strength [2,25].






3. Findings and Arguments


3.1. Unconfined Strength of Compression (USC)


Figure 1 illustrates the USC results for mortar specimens with and without GNP. Adding GNP to conventional mortars increased the unconfined compressive strength for all curing periods. A water-to-binder ratio of 0.50 was kept constant for all mortar composites and was sufficient based on the amounts of the constituents in the mix.



After 28 days, a maximum USC of 35.1 MPa for CEM type I 32.5 N + GNP mortar (Figure 1) was obtained. Thus, the addition of GNP proved to be a significant activator for Portland cement, white cement, gypsum, and lime binders. The USC of mortar containing GNP is related to the hydration of the cement and the activation reaction among the GNP and calcium hydroxide (CH), regardless of binder type. According to Meng and Khayat’s results [23], ultra-high strength construction materials, including those supplemented with GNP, exhibited an ultra-high strength gain. The data indicate that there was a decrease in bulk density when using ash. This was due to the specific density of ash being lower than that of the sand it replaced. The USC results for the mortar composites with GNP were slightly higher than for those without GNP at 28 d and 180 d (Figure 1). Due to the powerful effect of GNP, the calcium hydroxide was transformed to calcium carbonate hydroxide hydrate (CCH), and even at the later age (180 d), the determined USC for the mortars containing GNP was greater than that of the conventional mortars.




3.2. Mathematical Model for Predicting the Unconfined Strength of Compression


Popovics et al. showed that compressive strength is related to the components of cement-based materials [27]. The curve of calibration varies with material, and regression finding addresses the complicated features of mortar. The character of compaction and proper dispersion should be used to estimate the strength gain. The conclusions of these authors’ research on regressions between the UPA and the strength of compression of binder material must be established, such as unit volume mass, Schmidt surface hardness, stiffness, etc. [28].



Recently, many works on the relationships between setting time and hardening utilizing ultrasound testing (UT) for cement and concrete materials have been published [29,30,31]. In these works, the compressive strengths of the samples are not specified; however, the suggested regression among compressive strength and ultrasound pulse analysis is a mathematical model of both power law and exponential functions in the calcium aluminate cement (CAC) mortar [32]. The authors point out that the suggested regression should be used only for cement-based materials with similar compositions.



Recently, an exponential model for strength and pulse was proposed [33]. The models were developed one step further through a combined method using both UPA and its magnitude in estimating the strength of compression of cement-based materials. In the literature on strength estimation, there are a few challenges related to the possibility of establishing a regular correlation among the strength of compression and UPA for cement-based materials in terms of changes in the (i) mixture constituents, (ii) curing conditions, (iii) binder type, and (iv) various supplementary cementitious materials (SCM) added. Yet, various non-destructive testing (NDT) methods and estimation equations for strength have been utilized to examine the endurance and conformity of binder-based mortar composites. To investigate the compressive strength of mortar composites containing various binders, UPA is the NDT method used currently [34]. UPA is commonly utilized to establish material properties. It is also used to measure and estimate the dynamic elastic moduli and Poisson ratio of cement-based materials [35,36]. Thus, for each of the mortar composites, the relationship between the USC and UPA must be set; nevertheless, the complicated inner structure of the mortar composite may cause the data to be spread over a broad area [37].



Mohammed et al. [38] and Tsioulou et al. [39] suggested a correlation between the strength of compression and the UPA of cement-based materials using rubber additions. Rao et al. [35] suggested another correlation between the compressive strength and UPA of roller-compacted building material using ash in pavement practices. Furthermore, it is possible to use the UPA method to evaluate the density and porosity of hardened cement-based materials as well as to measure the uniformity of the material, detect cracks and honeycomb areas, and estimate the compressive strength [35]. A standard correlation among the UPA and USC of binder-based mortar composites is needed. Figure 2 presents a powerful correlation among the unconfined strength of compression and longitudinal UPA on the (a) 28th day and (b) 180th day.



The suggested math models for predicting the unconfined compressive strength from longitudinal UPA on the 28th day and 180th day are demonstrated in Equations (1) and (2), respectively, in Table 3.



In light of this explanation, we expect that these equations can be used in practices such as the tracking of material conformity and the qualitative and quantitative evaluation of construction and detrimental effects, e.g., frosting and thawing, earthquake, and fire. Possibly, the equations could be found in practices regarding the conservation of existing buildings and cultural heritage. By rapidly measuring the material response non-destructively, the results of non-destructive measurement can be compared with materials that are not subjected to difficult conditions in terms of homogeneity, uniformity, and monitoring the deterioration of material properties with time. Figure 3 illustrates the powerful correlation among the unconfined strength of compression and transversal UPA on the (a) 28th day and (b) 180th day.



The suggested calibration equations for predicting the unconfined strength of compression from transversal UPA on the 28th day and 180th day are demonstrated in Equations (3) and (4), respectively, in Table 4.



Figure 4 presents the powerful correlation among the unconfined strength of compression and Schmidt surface hardness on the (a) 28th day and (b) 180th day. In the Schmidt hammer test, the outer firmness was established by number of rebounds when using the hammer of Schmidt. The hammer includes a steel spring that loads and slides throughout the bar; when allowed, it impacts with the help of a steel plunger on the outer surface of binder-based materials. The mass of steel shoots back from the steel plunger after impact. A linear scale on the Schmidt hammer measures the opening of the hammer’s rebound from the steel plunger, and one can calculate the non-destructive strength of compression through the correlation graph of a standard [40]. Therefore, the Schmidt hammer test provides information regarding both surface hardness and estimated compressive strength gain for scientists, industrialists, contractors, and construction end users. Here, the Schmidt surface hardness of various binder mortars was utilized to investigate their compressive strength with the help of the given curve of correlation for Schmidt surface hardness.



A linear and exponential correlation has been shown between the compressive strength and Schmidt surface hardness of ultra-high performance fiber-reinforced concrete. Another research team suggested an exponential correlation among the compressive strength and Schmidt surface hardness of concrete supplemented with rubber [38,39]. In this study, polynomial relationships were developed for estimating the compressive strength of various binder mortar composites on the 28th and 180th day from Schmidt surface hardness.



The suggested calibration equations for predicting the unconfined strength of compression from Schmidt surface hardness on the 28th day and 180th day are demonstrated in Equations (5) and (6), respectively, in Table 5.




3.3. Ultrasound Pulse Analysis (UPA)


The continuous evaluation of the state of fresh mortar composite is required [40,41], and non-destructive methods are commonly utilized. The practice of ultrasound pulse analysis (UPA) in the quality control of cement-based material dates back to 1980 for ordinary cement types and blended cement types [42]. It can be measured in four different ways: longitudinal velocity measurement, transverse velocity measurement, and surface velocity measurement. In binder-based construction materials, the most commonly measured parameter is the longitudinal ultrasound pulse. The velocities of the transverse and outer-surface ultrasound pulses can be tested, and correlations among these UPA aspects and the physical and mechanical features of construction materials can be identified [27,43,44]. Figure 5 plots the UPA values in the longitudinal and transversal directions for the various mixes. Apart from the white cement mortar mix, the presence of GNP caused a reduction in UPA.



It can be seen that the use of GNP in various mortars caused a decrease in both the longitudinal UPA and the transversal UPA. The use of GNP decreased the longitudinal UPA from 2.35 KHz, 2.03 KHz, 2.66 KHz, and 2.97 KHz to 1.83 KHz, 2.33 KHz, 2.21 KHz, and 2.74 KHz for the Portland cement mortar, white cement mortar, gypsum mortar, and lime mortar, respectively. Furthermore, the addition of GNP reduced the transversal UPA from 2.4 kHz, 2.11 kHz, 2.72 kHz, and 3.1 kHz to 1.86 kHz, 2.38 kHz, 2.27 kHz, and 3.02 kHz for the Portland cement mortar, white cement mortar, gypsum mortar, and lime mortar, respectively. This reduction in UPA with the addition of GNP could be related to the enrichment effect of the GNP on the constituents of the hydration product; a reduction in UPA means a reduction in strength and in hydration products, especially the calcium silicate hydrate. Since nanocarbon increases the compaction in mortar composites, which include Portland cement, white cement, gypsum, and lime, various strong regressions among compressive strength, bending strength, and UPA are also reported in the following subsection.



The classification of the quality of binder-based composites depends on the UPA value. If the UPA is more than 4 km/s, the binder-based composite has very good to excellent quality; if the UPA is between 3.5 and 4 km/s, the binder-based composite has favorable to very favorable quality and possibly some porosity; if the UPA is between 3 and 3.5 km/s, the quality of the binder-based composite is satisfactory, but a loss in integrity is suspected; if the UPA is under 3 (km/s), the quality of the binder-based composite is poor and a loss in integrity exists [45,46]. This quality assessment is a guideline for classifying binder-based composites using UPA test results. In addition to this classification, Himawan et al. [47] evaluated the quality of graphite material. Their results indicated that the graphite material showed frequency amplitudes between 2.4 and 3 km/s in the UPA test. According to the UPA classification above, the mortar composite containing cement was a very soft material with good quality.




3.4. Schmidt Surface Hardness


Figure 6 shows the change in the Schmidt surface hardness of the mortar composites as a function of 28d of water curing. The addition of GNP increased the Schmidt surface hardness from 17.2% to 15.1% for Portland cement mortar; 13.9% to 14.3% for white cement mortar; 13.1% to 16.4% for gypsum mortar; and 8% to 9% for lime mortar. This positive effect of the GNP is due to the generation of the hydration product and the reduction in pores related to the water in the mixture.



This experiment consists of a sclerometer test, impact hammer, and rebound hammer and is a non-destructive method for testing binder-based composite materials. There is an approximately 45–50% experimental relation among Schmidt surface hardness and the unconfined strength of compression [48]. This correlation is related to aspects affecting the outer surface of cement-based materials; that is, the degree of saturation, carbonation, and coarse aggregate reaching the surface. Therefore, the Schmidt surface hardness test is helpful for determining the conformity and individual character of cement-based composite materials in construction.



In addition to UPA material classification, there is another quality assessment for the surface hardness of binder-based composites that depends on the results of the Schmidt rebound hammer test. When assessing surface hardness using the Schmidt rebound hammer, if the rebound number is more than 60, the composite is a very strong material; if the rebound number is between 50 and 60, the composite is a strong material; if the rebound number is between 40 and 50, the composite is a moderately strong material; if the rebound number is between 35 and 40, the composite is a weak material; if the rebound number is between 10 and 35, the composite is a very soft material [45,46]. According to the material classification with the Schmidt hammer test, the mortar composite was a very soft material with good quality as well. This result supports the classification of the mortar composites using UPA.




3.5. Bending Strength


Mortar has a highly complicated structure that not only responds to applied stresses but is also related to the interaction between its components. The inner structure of a mortar composite containing a broad range of aggregates differs from that of a bulk binder particle or supplementary particle, as this affects the morphology of the interfacial zone of transition (ITZ). The ITZ, in turn, significantly affects the firmness, bending strength, and capillarity in binder-based mortar composites with fine mortar sand, due to its lower density and delayed strength when compared to binder paste. Figure 7 shows the change in the bending strength of the mortar composites as a function of water curing.



The addition of GNP increased the 28d bending strength from 1.4, 1.5, 1.7, and 0.1 MPa to 2.7, 3.4, 2.6, and 0.5 MPa for the Portland cement mortar, white cement mortar, gypsum mortar, and lime mortar, respectively. At 28 d, the addition of GNP to the mortar composite made of 100% CEM I 32.5N cement led to a 92% increase in the bending strength; beyond this increase, a remarkable hardness was also observed. The bending strength of the mortar composite containing white cement increased by up to 266.67% with the addition of GNP. The comparative increment in the bending strength of 100% gypsum and 100% lime mortar composites with GNP were recorded as 52.9% and 500%, respectively. Additionally, an increase similar to that of the 28d bending strength was also provided by the GNP supplement for the 180d bending strength of the mortar composites. A GNP concentration of 0.22% also increased the 180d bending strength from 1.6 MPa, 1.8 MPa, 2.3 MPa, and 0.3 MPa to 3.8 MPa, 4.2 MPa, 3.2 MPa, and 0.7 MPa for the Portland cement mortar, white cement mortar, gypsum mortar, and lime mortar, respectively. At 180 d, the addition of 0.22% GNP to the mortar composite made of 100% CEM I 32.5N cement led to an increase of 237.5% in the bending strength; similarly, a remarkable strength gain was also observed. The bending strength of the mortar composite containing white cement increased by up to 233.3% with the addition of 0.22% GNP. The comparative increment in the bending strength of the 100% gypsum and 100% lime mortar composites with 0.22% GNP were recorded as 39.1% and 233.3%, respectively.



To better understand the effect of 0.22% GNP on the bending strength of the mortar composites, a comparison between the results of 28 d bending strength and 180 d bending strength tests is presented here. The effect of the addition of 0.22% GNP on bending strength from 28 days to 180 days of water curing was measured as a 40.7% increment for the 100% CEM I 32.5N mortar composite, a 23.5% increment for the 100% white cement mortar composite, a 23% increase for the 100% gypsum mortar composite, and a 40% increase for the 100% CEM I 32.5N mortar composite. These increments are in line with other research in which GNP caused a higher bending strength in zirconium [7,45], ultra-high performance concrete [49], self-consolidating cementitious systems [8], concrete with E-waste plastic coarse aggregate [9], geopolymers [10], electrically conductive cementitious composites [11], concrete incorporating an iron-particle contained nanographite by-product [12], and other construction binder-based materials [13,14,15,16,17]. Additionally, the highest bending strength of the mortar composites was observed with the addition of 0.22% GNP, which is also in line with other existing results demonstrating better bending strength properties in high-performance cementitious composites with GNP addition [50]. Other authors evaluated the properties of an aluminum–magnesium–silica combined material modified through hybrid mixing and SiC powder [51]. Their results revealed that the stiffness of the composite rose by about 11% along with a rise in steel powder from four to eight percent, and the stress in the composite with 8% steel powder—compressive, bending, and splitting tensile—was greater than that of the composite modified with 8% SiC powder. These results can be attributed to the fact that SiC is tailored steel powder, which also contains carbon and could enhance the resiliency of the solid. Kurian et al. reported a new way to make nanocarbon and rubber [52]. They studied the mechanic, caloric, electronic, and electric properties and heat of the materials. They demonstrated that their nanocarbon rubber composite could protect resilient circuits and prevent increases in the temperature of sensors due to its thermal conductivity and stability as well as its non-deformability.



Mathematical Model for the Prediction of Bending Strength


Figure 8 shows the correlation between bending strength and the longitudinally measured UPA on (a) the 28th day and (b) the 180th day.



The suggested calibration equations for predicting the bending strength from the longitudinal UPA on the 28th day and 180th day are demonstrated in Equations (7) and (8), respectively, in Table 6.



Figure 9 shows the correlation between bending strength and the transversal UPA on (a) the 28th day and (b) the 180th day.



The suggested calibration equations for predicting the bending strength from transversal UPA on the 28th day and 180th day are demonstrated in Equations (9) and (10), respectively, in Table 7.



Figure 10 shows the powerful regression relationship between bending strength and Schmidt surface hardness on (a) the 28th day and (b) the 180th day.



The suggested calibration equations for predicting the bending strength from Schmidt surface hardness on the 28th day and the 180th day are demonstrated in Equations (11) and (12), respectively, in Table 8.






4. Conclusions


The transformation of a conventional binder mortar into a high-performance nanocarbon binder mortar was investigated here. The following conclusions were drawn based on the results obtained:




	
The use of GNP transformed conventional construction binders and grouts into high-performance nanocarbon binders and grouts by increasing the compression and bending strengths, which increased the strength to 42.5 N, in comparison to the 32.5 N of the ordinary cement, at 28 and 180 days;



	
The high-performance nanocarbon binder mortar containing graphite nanoplatelet (GNP) exhibited the greatest UPA, Schmidt surface hardness, bending strength, and unconfined strength of compression;



	
The initial and long-term strength of the high-performance nanocarbon gray binder mortar was increased by 14% and 23%, respectively, by the GNP. The nanocarbon binder mortars with white cement, lime, and gypsum showed same trend of initial and long-term strength gains in terms of UPA and Schmidt surface hardness. In addition, both the conventional construction binder mortar and high-performance nanocarbon gray binder mortar were classified as soft building materials by the UPA and Schmidt surface hardness guidelines given in the article;



	
Many calibration equations were suggested to set a few powerful relationships between the USC and bending strength and the UPA and Schmidt surface hardness of conventional and high-performance nanocarbon binder mortars. The sixth relationship had the best correlation among these equations; therefore, it is the most suitable equation for estimating the USC and bending strength of mortars from their UPA and Schmidt surface hardness.



	
GNP was identified as a beneficial supplement for today’s construction binder-based mortars in terms of increasing their non-destructive and mechanical features. The present results and modelling of calibration equations could be applied as a benchmark to improve the performance of innovative infrastructure constructions, e.g., highways, dams, tall buildings, offshore structures, and public transportation road networks.
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Figure 1. USC results for conventional and technological nanocarbon mortars after curing at 28 d and 180 d. 
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Figure 2. Correlation among the unconfined strength of compression and longitudinal UPA on the (a) 28th day and (b) 180th day. 
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Figure 3. Powerful correlation among the unconfined strength of compression and transversal UPA on the (a) 28th day and (b) 180th day. 
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Figure 4. Powerful correlation among the unconfined strength of compression and Schmidt surface hardness on the (a) 28th day and (b) 180th day. 
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Figure 5. Changes in the UPA of various mortars and the binder type, binder percent, supplement type, and supplement percent. 
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Figure 6. Changes in the Schmidt surface hardness of the various types of mortars and the binder type, binder percent, supplement type, and supplement percent. 






Figure 6. Changes in the Schmidt surface hardness of the various types of mortars and the binder type, binder percent, supplement type, and supplement percent.



[image: Buildings 12 01041 g006]







[image: Buildings 12 01041 g007 550] 





Figure 7. Changes in the bending strength of various types of mortars and the binder type, binder percent, supplement type, and supplement percent. 
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Figure 8. Strong regression relationship for the estimation of bending strength from the longitudinal UPA on (a) the 28th day and (b) the 180th day. 
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Figure 9. Strong regression relationship for the estimation of bending strength from the transversal UPA on (a) the 28th day and (b) the 180th day. 
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Figure 10. Strong regression relationship between bending strength and Schmidt surface hardness on (a) the 28th day and (b) the 180th day. 
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Table 1. Mixture proportions (kg/m3) of conventional mortars.
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Type of Conventional Mortar

	
Mixture Proportion (kg/m3)




	
Conventional Binder

	
Type of Supplement

	
Type of Mortar Material




	
CEM I 32.5N Cement

	
White Cement

	
Gypsum

	
Lime

	
GNP

	
Sand

	
Water






	
Control Portland cement mortar

	
586

	
0

	
0

	
0

	
0

	
1758

	
293




	
White cement mortar

	
0

	
586

	
0

	
0

	
0

	
1758

	
293




	
Gypsum mortar

	
0

	
0

	
586

	
0

	
0

	
1758

	
293




	
Lime mortar

	
0

	
0

	
0

	
586

	
0

	
1758

	
293
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Table 2. Mixture proportions (kg/m3) of advanced nanotechnological mortars.
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Type of Technological Nanocarbon Mortar

	
Technological Nanocarbon Binder

	
Types of Mortar Material




	
CEM I 32.5N Cement

	
White Cement

	
Gypsum

	
Lime

	
Graphite Nanoparticle (GNP)

	
Sand

	
Water






	
Control Portland cement + GNP mortar

	
586

	
0

	
0

	
0

	
1.3

	
1758

	
293




	
White cement + GNP mortar

	
0

	
586

	
0

	
0

	
1.3

	
1758

	
293




	
Gypsum + GNP mortar

	
0

	
0

	
586

	
0

	
1.3

	
1758

	
293




	
Lime + GNP mortar

	
0

	
0

	
0

	
586

	
1.3

	
1758

	
293
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Table 3. Calibration equations for predicting unconfined strength of compression from longitudinal UPA.
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	Number
	Calibration Equation
	Correlation Coefficient (r2)
	Parameter





	Equation (1)
	   y = 4898.6  x 6  − 68655  x 5  + 398854  x 4  − 1 ×  10 6   x 3  + 2 ×  10 6   x 2  − 2 ×  10 6  x + 738241   
	0.99
	y represents unconfined strength of compression at 28 days and x is the longitudinal UPA at 7 days.



	Equation (2)
	   y = 3962.4  x 6  − 55231  x 5  + 319161  x 4  − 978911  x 3  + 2 ×  10 6   x 2  − 2 ×  10 6  x + 579862   
	0.99
	y represents unconfined strength of compression at 180 days and x is the longitudinal UPA at 7 days.
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Table 4. Calibration equations for predicting unconfined strength of compression strength from transversal UPA.
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	Number
	Calibration Equation
	Correlation Coefficient (r2)
	Parameter





	Equation (3)
	   y = − 64.743  x 6  + 1036.2  x 5  − 6725.3  x 4  + 22689  x 3  − 42022  x 2  + 40558 x − 15916   
	0.99
	y represents unconfined strength of compression at 28 days and x is the transversal UPA at 7 days.



	Equation (4)
	   y = − 638.05  x 6  + 9610.7  x 5  − 59778  x 4  + 196474  x 3  − 359867  x 2  + 348283 x − 139117   
	0.99
	y represents unconfined strength of compression at 180 days and x is the transversal UPA at 7 days.
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Table 5. Calibration equations for predicting unconfined strength of compression from longitudinal UPA.






Table 5. Calibration equations for predicting unconfined strength of compression from longitudinal UPA.





	Number
	Calibration Equation
	Correlation Coefficient (r2)
	Parameter





	Equation (5)
	   y = − 0.0109  x 6  + 0.876  x 5  − 28.878  x 4  + 499.09  x 3  − 4760.6  x 2  + 23730 x − 48250   
	1
	y represents unconfined strength of compression at 28 days and x is the Schmidt surface hardness at 7 days.



	Equation (6)
	y = −0.0077x6 + 0.633x5 − 21.425x4 + 379.11x3 − 36926x2 + 18737x − 38688
	1
	y represents unconfined strength of compression at 180 days and x is the Schmidt surface hardness at 7 days.
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Table 6. Calibration equations for predicting bending strength from longitudinal UPA.
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	Number
	Calibration Equation
	Correlation Coefficient (r2)
	Parameter





	Equation (7)
	   y = 730.14  x 6  − 10505  x 5  + 62676  x 4  − 198498  x 3  + 35191  x 2  − 331112 x + 129156   
	0.78
	y represents bending strength at 28 days and x is the longitudinal UPA at 7 days.



	Equation (8)
	   y = 1043.1  x 6  − 15002  x 5  + 89467  x 4  − 283212  x 3  + 501847  x 2  − 471938 x + 183995   
	0.76
	y represents bending strength at 180 days and x is the longitudinal UPA at 7 days.
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Table 7. Calibration equations for predicting bending strength from transversal UPA.
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	Number
	Calibration Equation
	Correlation Coefficient (r2)
	Parameter





	Equation (9)
	   y = 322.71  x 6  − 4932.1  x 5  + 31219  x 4  − 104732  x 3  + 196363  x 2  − 195049 x + 80175   
	0.79
	y represents bending strength at 28 days and x is the transversal UPA at 7 days.



	Equation (10)
	   y = 463.83  x 6  − 7072.9  x 5  + 44670  x 4  − 149640  x 3  + 279801  x 2  − 277393 x + 113819   
	0.77
	y represents bending strength at 180 days and x is the transversal UPA at 7 days.
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Table 8. Calibration equations for predicting bending strength from Schmidt surface hardness.
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	Number
	Calibration Equation
	Correlation Coefficient (r2)
	Parameter





	Equation (11)
	   y = 0.0003  x 6  − 0.0232  x 5  + 0.7135  x 4  − 11.446  x 3  + 100.97  x 2  − 464.49 x + 870.86   
	0.84
	y represents bending strength at 28 days and x is Schmidt surface hardness at 7 days.



	Equation (12)
	   y = 0.0028  x 6  − 0.2148  x 5  + 6.8637  x 4  − 115.11  x 3  + 1067.4  x 2  − 5183.9 x + 10295   
	0.86
	y represents bending strength at 180 days and x is Schmidt surface hardness at 7 days.
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