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Abstract

:

The cement industry generates very large amounts of CO2 into the atmosphere. In recent years, there has been a search for alternative cementitious materials and micro-fillers that could partially or fully replace cement in cement composites without compromising their durability. This paper investigates the possibility of using brick powder (BP) and clay powder (CP) as a partial replacement for cement (up to 20% by weight) in cement paste. The raw materials were characterized, and the physical and mechanical properties of the modified cement pastes were studied, as well as their resistance to a short-term thermal shock at 250 °C. The study was supplemented by intelligent modelling of compressive strength using the support vector machine (SVM) algorithms. The results indicated a significant increase in tensile strength (up to 100%) and an increase in thermal resistance of cement pastes modified with BP and CP. The proposed SVM model had high accuracy (R2 = 0.90), indicating its suitability to predict the compressive strength of the modified cement matrix. This study complements the knowledge in the field of inter alia, the effect of a short-term thermal shock at elevated temperature on the properties of BP and CP modified cement paste, and the effect of BP, which, due to its grain size, plays more the role of a microfiller than a pozzolanic additive.
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1. Introduction


With the beginning of the 21st century, global demand for building materials and cement production has grown rapidly, making it one of the major sources of increasing carbon dioxide emissions [1,2,3,4,5]. Current global concrete production is responsible for nearly 7.8% of nitrogen oxide emissions and 4.8% of sulfur oxide emissions [6]. In the past five decades, production activity has increased dramatically from 594 million tons of cement in 1970 to 2284 million tons in 2005, with the vast majority of production taking place in Asian countries [7,8]. It is estimated that by 2050, annual global cement production will be as high as 4380 million tons [9]. The production of excessive CO2 into the atmosphere leads to many negative climate variables on the economy and building structures. The process of degradation is one of the factors shortening the lifespan of concrete structures [10,11].



Given the current data, an important goal is to develop methods to reduce greenhouse gas emissions in concrete production, i.e., new kiln technologies, geopolymer cement [9], assessing the impact of mix design age on reducing greenhouse gas emissions [12], replacing clinker with mineral additions in cement [13], and using waste or demolition products as a substitute for cement mass. These materials can be divided based on their origin into three groups: the construction waste generated during the facilities’ construction, waste from renovation, demolition, destruction caused by natural disasters and armed conflicts, and waste from the processing industry [14,15,16,17].



One potential recycled material to replace cement in concrete production is brick powder (BP). Using BP as a substitute for cement has good economic benefits, reduces carbon emissions, and improves the material strength parameters [18,19,20,21,22,23]. Ma et al. [24] performed a study using waste brick powder (WBP) as additional cementitious material. They showed an improvement in the degree of hydration and refinement of the pore structure in the cement matrix in the case of high WBP fineness, where the pozzolanic activity of the WBP also increased with increasing fineness. It was verified that the compressive strength at a higher WBP fineness than cement fineness increased with an increase in WBP content up to 15%, and the maximum activity index was about 90%. At WBP fineness close to or similar to that of cement, the compressive strength decreases as the fineness ratio increases. Flexural strength decreases linearly with increasing WBP content in the mix.



Xue et al. [25] experimentally investigated the effect of content and fineness of BP on the strength of cement mortar. The study showed that the addition of BP reduced the early compressive strength more than the early flexural strength. It was assumed that the optimal content of BP in mortar could be 10–20%. Mortar strength can be improved by increasing the content of BP particles smaller than 20 μm. Similar strength results have been obtained by other researchers who made mortars with other percentages of BP in the mix [26,27,28,29].



A similar waste material is clay powder (CP), which, in combination with cement, creates the so-called alumina cement (AC). This product is made by grinding clay clinker and then sintering the limestone with bauxite without gypsum [30,31,32]. A small amount of AC makes the microstructure more compact, rapidly increases the compressive strength and adhesion to the concrete aggregates, and makes setting time shorter [33,34,35,36,37].



Zieliński and Kierzak [33] performed tests to determine the effect of cement with the AC addition on the basic physical and mechanical properties of cement mortars. The CEM I 42.5R cement and three types of AC with the following content of 40%, 50%, and 70% of Al2O3 were used for the tests. Additionally, mixtures containing various types of AC were made with percentages of 4%, 6%, 8%, 10% and 12%. Scientists showed that the initial and final binding process accelerates with the increasing amount of Al2O3 in the mix with CEM I 42.5R. It was found that the 6% content of AC gave a similar effect of immediate sample binding and better grain adhesion compared to 12% low AC. In summary, AC producers can reduce production costs and market prices in the case of replacing low-alumina cement with high-alumina cement.



Castillo et al. [38] examined the effect of an additive in the form of a clay powder as a cement replacement in concrete production. They paid special attention to reinforced concrete elements that are exposed to steel corrosion and are located in a marine area. In the study area, there are buildings that were designed without durability criteria, in which the use of pozzolanic materials is being considered. For this purpose, a reference concrete without the additive and concrete with a cement substitute in the form of a clay powder with a percentage of 5%, 15%, 25%, and 30%, respectively, were compared. It was found that as the CP additive increases, the fluidity of the mixture decreases by absorbing water in the mixture, making the mixture less workable. An increase in compressive strength by 25% for samples with CP addition was also obtained. A reduction in the pore volume of the cement matrix in CP-added specimens was observed by filling pores with fine CP particles.



Rani and Jenifer [39] have studied the behavior of CBP in a concrete mix. The crushed grounded clay was a product from the demolition of masonry buildings. It was grounded in the laboratory and added to cement-based mixtures as a replacement. Concrete recipes with 10%, 20% and 30% CBP replacement were made and tested for mechanical properties. It was found that compressive, flexural, and tensile strengths increased at 10% and 20% CBP content in the mix, but for 30% there was a decrease to a value comparable to the reference concrete. With this procedure, concrete becomes environmentally friendly as the amount of construction waste, i.e., clay powder, in the environment is reduced through its use. It was noted that the w/c ratio is kept constant with an increase in the percentage of CBP.



A study of the replacement ability of parched and grounded clay powder in cement matrix was also conducted by Zhu et al. [40]. A series of specimens with varying percentages of CP and silica fume were made. It was found that flexural strength at day 3 and 28 decreased by 27% and 18%, respectively, when the CP percentage ratio increased from 9% to 27%. This is due to the fact that the cement has a higher pozzolanic activity than CP. The decrease in compressive strength was small. As the amount of CP increases, the resistance of the concrete to the negative effects of chloride ions decreases. For some concrete with 10% CP replacement, the chloride ion charge transferred to the mix increased by 109% and for 25% CP replacement it was 179%.



The prediction of mechanical properties of cementitious composites, especially compressive strength, is of great practical importance. The ability to predict the behavior of a cementitious material under given operating conditions on the basis of information on its composition brings a number of tangible benefits, such as lower costs of material testing or assessment of durability and wear [41]. The standard predictive approach is based on simple correlation relationships, but this approach is inefficient and can often result in large prediction errors [42]. In recent years, there has been a very strong development of sophisticated methods of data analysis based on machine learning algorithms. Their main advantage is that the algorithm learns and increases its prediction accuracy as new data are supplied to the model, which allows accurate prediction of even nonlinear problems [43]. For cementitious materials, the support vector machines (SVM) approach is particularly popular for this purpose. For example, in [44], SVM was used to predict the mechanical performance of the cement paste based on the cracking patterns properties. The prediction accuracy of the analyzed models was in the range of 91–99%. In [45], the exposed temperature of fire-damaged concrete structures was predicted by means of the SVM. Depending on the cases studied, an accuracy of 53–89% was obtained.



In this study, the influence of BP and CP on the physical and mechanical properties of cement paste was investigated. Three types of samples were tested: standard samples made of pure cement paste, samples with the BP replacing a part of the cement mass in the amount of 5%, 10%, 15% and 20%, and samples with the CP replacing a part of the cement mass in the same amounts as in the BP samples. In the first stage of the research, the raw materials were characterized, and then a number of physical and mechanical properties of the modified cement pastes were examined. Moreover, the resistance of the tested materials to a short-term thermal shock at a temperature of 250 °C was investigated. The predictive modeling of compressive strength was also performed, based on the knowledge of BP and CP content, and information om whether the cement matrix was subjected to thermal loading or not. For this purpose, the SVM regression approach was used. The test results confirmed the possibility of using BP and CP in the production technology of cement composites.



The conclusions and analyses presented in the paper are mainly limited to the tested material and test conditions, i.e., BP and CP with specific properties, especially in terms of the particle size distribution and chemical composition; the content of BP and CP in the range of 0–20% used as a mass replacement for cement; water to cement ratio (w/c) in the range 0.4–0.5; load temperature in the range of 20–250 °C; and the size of the test specimens equal to 40 × 40 × 160 mm.



A scientific novelty in the paper, compared to other works on similar topics, is the evaluation of the properties of BP- and CP-modified cement pastes subjected to a short-term thermal load at an elevated temperature. Another advantage is the use of the SVM regression approach to predict the compressive strength of cement pastes with BP and CP. In addition, the vast majority of works available in the literature use BP with a finer grain size than in the studies conducted, which puts BP in the role of a non-reactive micro-filler rather than a pozzolanic additive.




2. Materials and Methods


2.1. Materials


Of the commercially available hydraulic binders, the CEM I 42.5 R Ordinary Portland Cement (OPC) was used in the study. The main ingredients are Portland clinker (95% content) and sulfate raw material, which act as a setting time regulator with a 5% content. The specific surface area (s) was tested in Blaine’s apparatus, and the value obtained was s = 4139 cm2/g. One of the materials serving as a replacement for cement was brick powder (BP), obtained from the manufacturer in the form of a fine red powder, which (s) tested in Blaine’s apparatus is s = 3337 cm2/g. The second material was clay powder (CP). The material was used in the form of dried and ground at the production stage, loose clay of brown color, with a fraction of 0–1 mm. The specific surface area measured in Blaine’s apparatus was equal to s = 4135 cm2/g.



Nine recipes of cement mixtures based on the cement alone and mixtures with a different BP and CP content were prepared for the study. The modification consisted of replacing the cement mass with BP or CP in the amount of 5%, 10%, 15%, and 20%, respectively. The series were marked as P0 (reference series—a pure cement paste); CP5, CP10, CP15, and CP20 series with CP; BP5, BP10, BP15, and BP20 series with BP. The number in the designation indicates the percentage replacement of cement by the BP or CP.



The mixing process was the same for all nine recipes. The paste was prepared by pre-mixing the bulk ingredients, then water was added. The w/c (water/cement) ratio in the series of pastes using CP was 0.4; for the BP replacement samples it was 0.5. The prepared paste was filled into tripartite molds in two layers, and compacted on a vibrating table. Nine sets of rectangular specimens of 40 × 40 × 160 mm were made in the molds in accordance with the PN-EN 196-1:2016-07 [46]. After 24 h, the samples were unmolded and then placed in a water bath, where they were conditioned for another 28 days.



After the maturation period, the samples were taken out of the water bath, and some of them were subjected to a short-term thermal shock (TS) by putting them into an oven pre-heated to 250 °C for a period of 4 h. In this case, the aim was to study the performance of the modified cement pastes under short-term thermal shock in a temperature range in which the cement matrix is still relatively chemically stable. The main changes that occur in the cementitious material at temperatures up to 250 °C are mainly the evaporation of free water and large deformations related to swelling in the heating phase and shrinkage in the cooling phase, which results in the formation of cracks and micro-cracks.




2.2. Methods


The methods used in the study are listed below and shown schematically in Figure 1.



Characterization of raw materials:



	
X-ray diffraction (XRD),



	
X-ray fluorescence (XRF),



	
particle size distribution (PSD) by the laser diffraction (LD) method,



	
specific surface area (SSA) according to Blaine’s method.






Testing of mechanical properties:



	
tensile strength (fcf) in the bending test,



	
compressive strength (fc),



	
tensile strength after exposure to the elevated temperature (fcfT),



	
compressive strength after exposure to the elevated temperature (fcT).






Testing of physical properties:



	
shrinkage (S),



	
specific density (Ds),



	
bulk density (D),



	
water absorption (WA).






Intelligent prediction modelling:



	
Support vector machines (SVM).






The PSD test of CEM, BP, and CP was carried out using the laser diffraction (LD) method. It was determined using a Mastersizer 2000 equipment (Panalytical, Malvern, UK). The test was carried out using isopropanol as a dispersing agent.



XRD was used to determine the phase composition of the materials studied. The analysis was performed with an X’pert PRO diffractometer (Panalytical, Almelo, The Netherlands) with a PW 3050/60 goniometer. The tests were carried out on samples grounded in an agate mortar. The analysis was carried out with CuKα radiation over an angular range of 5–65° 2θ, with a measurement step size of 0.03° 2θ and a time of 4 s per step.



The chemical composition of CEM, BP, and CP was determined using the X-ray fluorescence (XRF) method. Prior to testing, samples were dried to a constant weight and then grounded in an agate mortar. The powder was transferred to plastic containers for analysis. The test was carried out using an Epsilon 3 spectrometer (Panalytical, Alamo, The Netherlands).



The SSA of CEM, BP, and CP was determined using Blaine’s apparatus in accordance with [47].



The tensile strength (fcf) test was carried out on the reference samples and samples after the thermal shock and cooled to room temperature (~20 °C). The test was carried out after 28 days using an MTS 810 strength machine (MTS Systems, Eden Prairie, MI, USA) with a 10 kN head in a three-point bending scheme. The samples were placed in the strength machine, in which the position of the concreting surface was perpendicular to the direction of loading. After the test was completed, the halves of the broken samples were subjected to a compressive strength test. The tensile strength was calculated according to the formula in the standard [48]. The results are the arithmetic mean of three specimens for each series.



The compressive strength (fc) test was conducted in accordance with the EN 12390-3 [49]. The test was performed using a Advantest 9 strength machine (Controls, Milan, Italy) with a maximum pressure of up to 250 kN, with overlays used for compressive strength testing on 40 × 40 × 40 mm specimens. The compressive strength was calculated according to the formula in the standard [49]. The results are the arithmetic mean of six specimens.



Thermal loading of the specimens in a furnace pre-heated to 250 °C caused damage to the structure, mainly by cracks due to the volumetric deformations that occurred. During the thermal loading process, the swelling of the specimens occurred, while during the cooling phase the specimens were subjected to excessive shrinkage. As a result of the heating process, the energy created is a source of change of free water molecules into water vapor, which, under the influence of increased pressure in the pores and capillaries, leads to the expansion of cracks in the paste structure. Thermal loading was aimed at determining the effect of a thermal shock on the mechanical properties of modified cement pastes.



The linear shrinkage (S) test was carried out with the Graf-Kaufman apparatus (EMEL, Warszawa, Poland). Samples were tested after 3, 7, 14, 21, and 28 days. The reference measurement was made immediately after the samples were unmolded, i.e., 24 h after forming. The samples for this study were conditioned under air-dry conditions (RH ≈ 50%, temperature ≈ 20 °C). The results obtained are the arithmetic mean of three samples for each series.



Specific density (Ds) was determined using the pycnometric method. Crushed paste samples were grounded in a ball mill. Pycnometers were filled with liquid alcohol with a density of δp = 0.835 g/cm3. The prepared pycnometers with samples were vented in a vacuum dryer. The test was carried out for BP, CP, and modified cement paste samples.



Apparent density (D) was determined after 28 days in accordance with the EN 1015-10 [50]. Samples were weighed on a laboratory scale, and dimensions were measured with a caliper. The results are the arithmetic mean of three samples for each series.



Water absorption (WA) was calculated by measuring the weight of the samples after 28 days in water conditions and after drying to a constant weight. Calculations were made for three samples for each series. Tightness (T) was calculated as the ratio of the apparent density (D) to specific density (Ds). Total porosity (Po) was calculated using the percentage difference in tightness. The Po and T results are the arithmetic mean of three samples for each series.



This paper also considers the problem of fc prediction based on material data and other technological variables. For this purpose, the SVM regression approach was used. This approach is recommended for developing regression models for low-dimensional data sets [51], in comparison to other approaches, i.e., the artificial neural networks (ANN) or self-organizing maps (SOM). Inputs used the percentage content of BP and CP in the cement matrix, and whether the material was subjected to thermal loading or not. Output was the fc value. A number of SVM models were analyzed, selecting the most optimal one for further analysis, i.e., the one with the highest prediction accuracy, expressed by the root mean squared error (RMSE) value. The model parameters that were subjected to the optimization were: kernel function (linear, quadratic, cubic, Gaussian), kernel scale (0.001–1000), epsilon (0.006–600), box constraint (0.001–1000), and standardization data (true, false). The analysis was carried out in the Matlab software.





3. Results and Discussion


3.1. Cement, Brick Powder, Clay Powder—Basic Characteristics


3.1.1. Physical, Chemical, and Phase Properties


The specific density of CEM was 2.93 g/cm3, while the specific surface area tested with Blaine’s apparatus was 4139 cm2/g. The specific density of BP was 2.67 g/cm3, and the specific surface area of BP was 3337 cm2/g. In contrast, the specific density of CP was 2.72 g/cm3, and the specific surface area of CP was 4135 cm2/g. The CEM and CP used have a very similar specific surface area, while BP has a lower specific surface area by 19.4%. The higher specific surface area of CEM and CP gives the material greater reactivity, resulting in a faster binding process in an early period. The lower specific surface area of BP indicates a lower particle size, which leads to improved properties of the mixtures, i.e., increased workability and reduced water demand.



The crystalline phases analysis on the XRD pattern for CEM, BP, and CP is shown in Figure 2. The chemical composition determined by the XRF method for CEM, BP, and CP is shown in Table 1.



The predominant elements in the composition of BP are SiO2, which accounts for 59.3%, aluminum oxide (Al2O3), which accounts for 14.1%, and iron oxide (Fe2O3) at 7.6%. The silica present in the BP may react with the hydration products of the cement to form a secondary C-S-H phase. Trace elements were also identified, e.g., SO3, TiO2, Cr2O3, MnO, NiO, ZnO, Rb2O, ZrO2, Ag2O, and BaO, in a total amount of 1.2%.



The main components of CP are SiO2 with a content of 56.1%, Al2O3 (14.7%), and Fe2O3 (8.6%). The high content of magnesium oxide may have a negative effect on the modified paste with CP and can lead to the formation of cracks. In the chemical composition of CP, trace amounts of elements were detected, which do not affect its physico-chemical properties. These include: TiO2, MnO, NiO, ZnO, Rb2O, BaO, ZrO2, Ag2O, with a total content of 1.2%.




3.1.2. Particle Size Distribution


The results of the CEM particle size distribution obtained using the LD method are shown in Figure 3. The material is dominated by a fraction with a size in the range of 1–100 μm, accounting for 93.3% of all grains. Overall, 50% of the grains of the cement used were found to be smaller than 17.9 μm (Dx50 = 17.9 μm), and 10% of the grains were in the range of 0.01–2.69 μm. The content of large grains larger than 100 μm, accounting for 3.1%, may indicate the phenomenon of grain clumping.



The BP particle size distribution curve (Figure 4) shows that grains with dimensions in the range of 0.01–52.8 μm account for 10% of the total content. Overall, 50% of BP grains were smaller than 709 μm (Dx50 = 709 μm). The presented higher percentage of large BP fractions relative to the percentage of large cement fractions indicates that BP is likely to act as a micro-filler (micro-aggregate). Only the smallest grains will be characterized by relative reactivity with the cement matrix components.



The particle size distribution figure (Figure 5) shows that the use of CP grains is similar in nature to that of BP grains. In the case of CP, grains smaller than 316 μm (Dx50 = 316 μm) account for 50% of the volume share, while 10% of the grains occur in the 0.01–7.37 μm range. As with BP, as a result of the significant content of grains larger than 100 μm, not much pozzolanic activity is expected.





3.2. Physico-Mechanical Properties of Hardened Cement Paste


3.2.1. Physical Properties


The physical properties of cement pastes are shown in Table 2. The CP caused a decrease in the apparent density of cement pastes by 1.8% on average. The most significant decrease (of 3.8%) was recorded for the CP5 series. As the CP content increased, the value of specific density decreased until the CP20 series, for which practically the same D was obtained as for the reference P0 series. The increase in CP content resulted in an increase in total porosity. The most significant increase was observed for the CP20 series (36%). The increase in total porosity is directly related to the decrease in the tightness of the samples. A decreasing trend was shown for the CP5, CP10, and CP20 series. A 1% increase in tightness was recorded for the CP15 series, a value that can be considered not quite correct given the increase in density in this series. Given the decreasing value of tightness with increasing CP content, it is inferred that CP causes an increase in cement paste porosity. This is due to the higher content of the smallest particles fractions in the cement (Figure 3). The CP also caused an increase in the water absorption of the cement paste in each series of samples. For CP20, an increase of 21.7% relative to P0 was recorded.



When BP was used, the BP5, BP10, BP15, and BP20 series had a lower apparent density compared to P0, with the largest recorded decrease in Ds equal to 4.8% for BP5. The average decrease in Ds for BP samples is 3.8%. A decrease in specific density was obtained for BP5, BP10, and BP15, while BP20 showed an increase of 1.6%. A decrease in tightness was recorded in the BP5, BP15, and BP20 series, while in the BP10 series, the parameter did not change compared to the P0 reference series. An increase in the percentage of BP affects the increase in porosity, the highest value of which was recorded for the BP20 series (35.5%). This phenomenon has an adverse effect on the mechanical strength of the material, since it is well known that as the porosity of the cement composite increases, its compressive strength will decrease. Finally, similar water absorption was obtained in all series modified with BP (24.5–25.1%). The emerging disturbances in the trend of the obtained results may be due to imperfections at the stage of forming the samples and possible differences in the degree of compaction.



Figure 6 shows the shrinkage of the samples at 1, 3, 7, 14, 21, and 28 days. The measurement taken on the first day was the reference measurement. After 3 days, the BP20 series showed the smallest shrinkage equal to 0.35 mm/m, 10.6% less than P0. Shrinkage increases of 73.5% and 84.0% were recorded for the BP5 and BP15 samples, respectively. After 7 days, the shrinkage of the BP15 and BP20 series was 26.1% and 17.4% higher than P0, respectively, and a similar relationship persisted in subsequent ages. Cement pastes with 5% and 10% of BP content from day 7 to the end of the period investigated obtained the lowest shrinkage values. At 28 days, the BP10 series had the lowest shrinkage value of all series, equal to 2.09 mm/m. In contrast, the BP20 series had the highest shrinkage value of 2.44 mm/m. The average linear shrinkage increment for all mixtures with BP was 8.2%. Considering the current values, the optimal percentage of BP in the mix is 10%; above this range, the kinetics of shrinkage increment increases, which is a negative phenomenon. This is confirmed by studies by other researchers [52], in which the increase in linear shrinkage increased with a higher percentage of BP content in the mix.



The series with CP showed that an increase in the content of CP in the mix negatively affects the linear shrinkage. After 7 days, the shrinkage value of the P0 reference sample was 0.95 mm/m, against which only the CP5 series achieved a lower value (by 11.9%). The CP10 and CP15 series were characterized by a higher shrinkage of 32.6%, while for the CP20 series, the shrinkage increase was 87.1% relative to the P0. Test results after 14, 21, and 28 days confirm the earlier trend. For the CP5 series, the results at each successive age were characterized by a smaller increase in shrinkage relative to the P0. For the CP10, CP15, and CP20 series, a significant increase in linear shrinkage values was shown. For the CP20 series, it showed the largest increase in linear shrinkage at 14 days, equal to 106.6% relative to P0. At 28 days, the CP20 series was shown to have the highest shrinkage value, equal to 4.0 mm/m. The average increase in linear shrinkage for all mixes with CP was 41.9%. The study shows that a 5% content of CP in the mix relatively reduces the shrinkage value throughout the investigated period. Hay et al. [53] observed similar shrinkage increase relationships for higher CP content in the mix.



The probable reason for the above relationship (for both BP and CP) is that a large part of the material used is unreactive with the hydration products of the cement and acts as a micro-filler, as also indicated by the grain size distribution curve of BP and CP. In this case, as the amount of material used increases, less and less water reacts with the binder. In the experiments conducted, the amount of water used in each series was the same, thus, a larger amount of water remained free at the initial stages of hydration, which intensified the drying process and drying shrinkage of the modified cement paste.



An increase in the content of CP and BP in cement pastes generally negatively affects the physical parameters of the samples. It should be noted that an increase in the content of CP in the mix clearly affects the increase in linear shrinkage. Taking into account a 5% content of CP, a reduction in early shrinkage relative to pure cement paste was demonstrated. In the case of specimens with BP, a much smaller upward trend was found relative to the CP samples. For the sake of clarity of Figure 6, the standard deviation for the BP and CP series is shown in Table 3. The occurrence of larger grains of CP and BP particles negatively affected the tightness of the mixtures, with an increase in the overall porosity of the samples relative to the P0. After the application of BP and CP, the water absorption of cement pastes also increased.




3.2.2. Mechanical Properties


Compressive Strength


The highest compressive strength (fc) for the BP series was obtained in the BP10 series (65.6 MPa) for samples not subjected to the thermal loading (Figure 7). The highest strength result with specimens subjected to the short thermal load (fcT) was obtained for the BP5 series with a value of 60.7 MPa, which represents 98.6% of the value of the reference cement paste (P0). The lowest fc was recorded for the BP15 series equal to 55.5 MPa and fcT of 46.6 MPa, which represents 75.6% of the strength of the reference series (P0). In the conducted tests, an increase in BP content in the cement paste mixtures resulted in a decrease in compressive strength. The BP20 series showed an increase in fcT equal to 57.9 MPa, compared to the decreasing trend of the P5, P10, and P15 series. No increase in strength after the thermal shock was detected in the BP series.



The CP series (Figure 7) shows that the CP5 series has the highest fc, with a value of 65.8 MPa. The highest recorded fcT is 53.2 MPa, which represents 86.4% of the fcT value of the P0. It is worth noting that all the fcT results of the mixtures with CP, differ slightly from each other, and the maximum difference between them is only 1.7 MPa. Comparing the CP series results to the BP series, it can be seen that the spread of results for BP is much larger. The lowest fc value was obtained for P20 (46.5 MPa). In this case, the short-term thermal load caused a significant increase in fcT to a value of 52.4 MPa.



The results confirm previous predictions—that both BP and CP used in the tests play more the role of a microfiller than a reactive form of addition. It is worth noting that the largest decrease in fc after the thermal loading occurred for the unmodified series (P0)—a 31% decrease in strength. For the cement pastes with BP and CP, the decrease in fc after thermal shock was much smaller, averaging 11% and 6%, respectively. Ceramic materials inherently have a high resistance to elevated temperatures and their addition to cementitious composites generally improves their thermal resistance. This is due to the sheer thermal stability of the ceramic material, as well as the robust ITZ zone between the grains of the ceramic material and the cement matrix, as also confirmed by other studies [54,55].




Flexural Strength


A particularly favorable effect from the use of BP was obtained in the context of fcf (Figure 8). The highest tensile strength (fcf) for the BP series was obtained for the BP20 series, which is 9.8 MPa, and this is an increase of 98.7% over the P0 series. The reference paste, BP5 and BP10 series, show fcf at similar levels, i.e., 4.9–5.0 MPa. The BP10 series obtained the lowest tensile strength after the short-term thermal loading (3.4 MPa). There is an upward trend in fcfT with the BP15 series (4.7 MPa) and BP20, for which the value is the highest among all samples (5.0 MPa). The average increase in fcf for all series with the BP is equal to 33%, relative to the P0. In this case, the higher the BP content in the cement matrix, the generally higher the fcf value. The reason for this can be attributed to two phenomena, i.e., first, the smaller amount of cement, in a fixed volume of material, with the increase in BP content promoting a reduction in the formation of microcracks during the testing period. Secondly, the BP grains present in the structure of the cement matrix can interlock against each other, increasing the strength.



The CP effect was already less favorable compared to the BP series. The highest fcf was shown for the series with the highest CP content, and it was equal to 5.6 MPa (CP20). The lowest fcf value was obtained for the CP15 series (3.0 MPa), which represents 59.7% of the fcf value of the reference samples (P0). Due to the low apparent density (1.59 kg/m3) of the samples with 15% CP, their fcf is the lowest of all the series (3.0 MPa). It is worth noting that the CP20 series has the highest fcfT value of 4.3 MPa, which is 5.4% higher than P0. There was no leading effect of CP on fcf, as the two highest values were obtained for the lowest and highest CP content in the cement matrix (CP0 and CP20). In the case of fcfT, the presence of CP at low contents decreases the value of this parameter, after which, as CP content increases, fcfT also increases.




Brittleness


Table 4 shows the fcf and fc ratio of cement pastes with BP. The fcf/fc ratio is also a basic measure of the brittleness of the material. Based on the following results, we checked what the BP effect on the brittleness of the hardened cement paste was. As the BP content increases, the brittleness of the material decreases, i.e., the fcf/fc ratio increases. For non-thermally stressed specimens, the difference is as much as three times between the P0 and BP20 series. For thermally shocked samples, there is a similar relationship, but the difference between the extreme results is much smaller.



The CP also significantly affected the brittleness of the material for all the series (Table 5), but the differences between series are smaller than for BP. In comparison, the values of all CP series without thermal loading, are smaller compared to the BP series, indicating an increase in the brittleness of the cement matrix. For the specimens after thermal shock, a uniform decrease in the brittleness of the cement matrix with increasing CP content was noted. The correlations obtained indicate that due to the applied load, the BP and CP make the cement matrix fail less explosively.






3.3. Intelligent fc Prediction Using SVM


From a practical point of view, it is valuable to be able to predict fc based on knowledge of the composition of the cement composite [56,57]. Considering the results obtained and the lack of a clear relationship, BP/CP content—fc, traditional linear or polynomial regression models—would have very low accuracy. Very good results with nonlinear problems are obtained using supervised machine learning algorithms. In this study, the SVM regression approach was applied to solve the fc prediction problem. Details of the approach are described in the “Methods” section. The results are shown in Figure 9. The most optimal model was obtained for Gaussian function, kernel scale—0.5, box constraint—7.5612, epsilon—0.7561, and standardized data.



The RMSE value for the SVM model is 2.9813 MPa, the MSE (mean squared error) is 8.8883 MPa2, the MAE (mean absolute error) is 1.9980 MPa, and the R2 (coefficient of determination) is 0.90. The residuals distribution shows that the vast majority of them are below 4 MPa. Only in 6 cases out of 54 observations was the model distribution greater than this value. Considering the fact that the obtained fc results are in the range of 45–90 MPa, the prediction of fc using the SVM regression approach is characterized by a high accuracy.





4. Summary and Conclusions


The purpose of this study was to analyze the effect of cement mass replacement, in the form of BP and CP, on the basic physical and mechanical characteristics of the cement matrix. Due to the worrying topic of global warming and the continuous increase of cement production, there is an increasing demand for additions and admixtures for cement composites that will be environmentally friendly and become a good substitute for the common binder that is cement. The scientific novelties of the work include the study of the properties of cement pastes, with BP and CP subjected to a short-term thermal load and the use of BP with a larger grain size than in the vast majority of works available in the literature. On the basis of the conducted research, the following conclusions were formulated:




	
The CP and BP reduced the compressive strength of the cement matrix. In the case of the thermal shock effect, a positive effect of BP and CP was observed, as fcT was 11% and 6% lower than fc, respectively. For the P0 series, the difference was as much as 31%.



	
As BP content increased, an increase in fcf and fcfT was observed. For the BP20 series, the value of fcf was as much as twice that of P0. For CP-modified cement matrix, the effect on fcf and fcfT varied depending on the CP content.



	
With an increase in BP and CP content, a decrease in the tightness and an increase in the overall porosity of the cement matrix were observed. This is the same as an increase in the water absorption of the modified samples. The highest water absorption was obtained for CP20 and was as much as 19% higher compared to P0.



	
The CP series was characterized by higher shrinkage strain growth kinetics compared to the BP series. The BP10 series had the lowest shrinkage strain, reaching a shrinkage of 2.094 mm/m after 28 days. On the other hand, the content of BP and CP at 15% and 20% significantly increased the shrinkage strain compared to P0.



	
An intelligent modelling approach was applied to predict fc using SVM regression approach. The results show high accuracy of the model (R2 = 0.90), which can be used in practice to predict fc of cement matrix with BP and CP.








Overall, it was found that the BP and CP have a positive effect on only some properties of cement pastes. A definite positive phenomenon is an increase in the tensile strength of specimens with the BP, as well as better properties in terms of resistance to short-term thermal shock.
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Figure 1. Flowchart of the test methods. 
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Figure 2. XRD pattern of the CEM, BP, and CP; A—alite, An—anhydrite, B—belite, Br—brownmillerite, G—grossular, H—hematite, I—illite, Ka—kaolinite, M—magnetite, R—rutile, Q—quartz, W—vermiculite. 
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Figure 3. Particle size distribution of CEM. 
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Figure 4. Particle size distribution of BP. 
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Figure 5. Particle size distribution of CP. 
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Figure 6. Linear shrinkage of BP (a) and CP (b) modified cement pastes. 
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Figure 7. Compressive strength after 28 days: (a) BP series; (b) CP series. 
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Figure 8. Tensile strength after 28 days: (a) BP series; (b) CP series. 
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Figure 9. Prediction of compressive strength using the SVM: (a) fc-fcf relation with prediction errors; (b) predicted-measured values relation; (c) distribution of residuals. 
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Table 1. Chemical composition of CEM, BP, and CP.
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Content (%)




	
Compound

	
CEM

	
BP

	
CP






	
SiO2

	
17.3

	
59.3

	
56.1




	
CaO

	
67.3

	
2.0

	
1.8




	
Al2O3

	
3.1

	
14.1

	
14.7




	
Fe2O3

	
3.5

	
7.6

	
8.6




	
K2O

	
-

	
3.4

	
3.9




	
MgO

	
-

	
2.3

	
2.9




	
SO3

	
4.0

	
-

	
-




	
Others

	
1.7

	
1.2

	
1.2




	
LOI *

	
3.1

	
10.1

	
10.8








* LOI—loss of ignition.
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Table 2. Physical properties of cement pastes modified with CP and BP.
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	Series
	P0
	CP5
	CP10
	CP15
	CP20
	BP5
	BP10
	BP15
	BP20





	Specific density

Ds [kg/m3]
	2.44
	2.38
	2.39
	2.32
	2.44
	2.41
	2.32
	2.39
	2.48



	Bulk density

D [kg/m3]
	1.66
	1.60
	1.56
	1.59
	1.55
	1.62
	1.59
	1.58
	1.60



	General porosity

Po [%]
	32.0
	32.8
	34.7
	31.5
	36.5
	32.8
	31.5
	33.9
	35.5



	Tightness

T [%]
	68.0
	67.2
	65.3
	68.5
	63.5
	67.2
	68.5
	66.1
	64.5



	Water absorption

WA [%]
	23.2
	25.0
	25.0
	25.5
	27.7
	24.5
	25.0
	25.1
	24.7
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Table 3. Standard deviation of the linear shrinkage results.
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Standard Deviation






	
Series

	
P0

	
BP5

	
BP10

	
BP15

	
BP20

	
CP5

	
CP10

	
CP15

	
CP20




	
[%]

	
0.127

	
0.179

	
0.124

	
0.126

	
0.082

	
0.051

	
0.197

	
0.152

	
0.133
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Table 4. Brittleness of cement matrix modified with BP.






Table 4. Brittleness of cement matrix modified with BP.





	
Brittleness of BP




	
Series

	
Reference Sample

(R)

	
Samples Subjected to Thermal Stress

(T)

	
Difference in Relation to P0




	
fcf/fc

	
fcf/fc

	
(R)

	
(T)






	
P0

	
0.055

	
0.066

	
-

	
-




	
BP5

	
0.080

	
0.066

	
44%

	
19%




	
BP10

	
0.074

	
0.065

	
34%

	
17%




	
BP15

	
0.118

	
0.101

	
114%

	
83%




	
BP20

	
0.162

	
0.087

	
193%

	
57%
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Table 5. Brittleness of cement matrix modified with CP.
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Brittleness of CP




	
Series

	
Reference Sample (R)

	
Samples Subjected to Thermal Stress (T)

	
Difference in Relations to P0




	
fcf/fc

	
fcf/fc

	
(R)

	
(T)






	
P0

	
0.055

	
0.066

	
-

	
-




	
P5

	
0.080

	
0.063

	
44%

	
15%




	
P10

	
0.068

	
0.067

	
22%

	
21%




	
P15

	
0.053

	
0.070

	
−3%

	
27%




	
P20

	
0.119

	
0.082

	
116%

	
47%
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