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Abstract

:

For the same concrete quality, different types of coarse aggregates may result in different mechanical properties. This paper presents a study on the effect of aggregate types on the mechanical properties of two concretes, namely, geopolymer concrete (GP) and traditional Portland cement (TC) concrete. The mechanical properties were investigated through several large-scale tests. Moreover, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and laser scanning microscope (LSM) images were obtained to study the microstructure of tested mixes. The results revealed that the aggregate type has different effects on the mechanical properties of TC and GP, as they were behaving opposite to quartz and limestone aggregates. Microstructure analysis further confirmed the growth of well-bonded regions between the paste and aggregate in the GP with limestone aggregates, and the formation of several weak interfacial zones in concrete mixtures made with quartz aggregates. It was concluded that the mechanical properties of GP are very sensitive to the stiffness of aggregate, concentrations of stress, and the physical and chemical reactions occurring in the interfacial transition zone which may lead to improved or weakened bond strength between paste and aggregates.
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1. Introduction


Nowadays, geopolymer concrete (GP) has become a significant and growing research subject in the civil engineering field because it has the potential to satisfy mechanical, durability, and sustainability requirements [1,2]. Unlike traditional Portland cement-based concrete (TC), GP can be formed by mixing any material that is rich in silicon and aluminum in an amorphous form with alkaline activator solutions (i.e., sodium hydroxide solution and sodium silicate) [3]. Numerous research studies have reported that GP yielded remarkable mechanical properties, excellent thermal stability, low creep and shrinkage, and higher sulfate and corrosion resistance compared to TC [4,5,6,7,8]. Even with these promising properties, there are certain concerns regarding the performance of GP, such as (a) the geo-polymerization process is very sensitive to ingredient concentrations; (b) the mixture needs to be cured at elevated temperature (i.e., hydrothermal condition) to develop the desired strength; and (c) at later age, there might be a loss of strength due to the re-polymerization process [8,9].



It has been elaborated that the tensile strength, flexural strength, modulus of elasticity, and brittle behavior of all concrete types are highly affected by pore distribution, the characteristics of microstructures, and the content and type of coarse aggregates [10]. The typical coarse aggregate properties that might affect the strength of concrete are texture, mineralogy, shape, strength, water absorption, specific gravity, and stiffness properties. The literature review demonstrated that the effect of type of coarse aggregate on the mechanical properties of TC had been widely studied; however, there is less availability of literature on how the type of coarse aggregate influences the GP properties [11,12,13]. The effect of coarse aggregate contents (74, 76, 78, 80, and 82%) on the compressive of fly ash-based GP was investigated [14] to find that 76% of total aggregate content (crushed stone aggregate) is suitable for producing GP without hindering the fresh properties of the mixture. This research [15] studied the impact of aggregate sizes (from 4.75 mm to 50 mm) on the mechanical properties of fly ash-based GP. The highest compressive strength was obtained when the size of the coarse aggregates used in geopolymer concrete ranged between 12.5 mm to 25 mm.



Regarding the flexural behavior, two scenarios were stated in the literature. The first scenario obtained high flexure strength for low compressive strength, and they attributed this finding to the good adherence of composite paste on the aggregate particles [10]. The second scenario found low flexure strength for high compressive strength, and they attributed this phenomenon to stress concentration behavior [9]. Likewise, the modulus of elasticity of geopolymer concrete made with fly ash was found to be lower than that of conventional concrete [16]. The reduction in the modulus of elasticity was attributed to low bond strength of composite paste to aggregates, high porosity of the composite, and high water absorption. An experimental study was conducted on GP concrete prepared with rice husk–bark ash and fly ash [17], and the results revealed linear enhancement in the modulus of elasticity with the square root of the compressive strength. With mixtures containing waste products such as fly ash and slag, these studies [18,19] intensively investigated the effects of curing temperature and exposure to high temperature on a mixture containing clinker, fly ash, and slag with an alkaline activator.



It is believed that for the same concrete quality, different types of coarse aggregates may result in different mechanical properties. The question that arises is whether the typical coarse aggregate properties affecting the strength of TC likewise influence the mechanical properties of GP. Above all, the main objective of this research is to study the influence of aggregate types on the mechanical properties of GP and TC. Different length scale tests were conducted to understand the relation between aggregate types and binding agents. Apart from the effect of aggregate type on mechanical properties, the characteristics of geopolymer concrete cured at low temperatures also need further investigation. This is because the majority of conducted research on GP was carried out at elevated temperatures, but limited research was conducted on the performance of GP cured at low temperatures (i.e., the case of a cast in place of concrete construction).




2. Materials and Experimental Procedures


2.1. Materials


Two different coarse aggregates (limestone and quartz) and two binding agents, ordinary Portland cement (Type I-PC) and fly ash, were used in this study. The fly ash used to manufacture geopolymer concrete is classified as class F fly ash, complying with ASTM C618 [20], whereas Type I Portland cement was used to manufacture the traditional concrete. Table 1 presents the chemical compositions of raw materials. The fly ash mainly contains silica and alumina, which are about 80% of its composition. In contrast to fly ash, calcium oxide is the main component in cement content. The alkaline solution used in this study was a combination of sodium hydroxide solution and sodium silicate solution. Hydroxide pellets with a purity of 98% were dissolved in distilled water to prepare the sodium hydroxide solution with 12 molar concentrations. The chemical composition of the sodium silicate solution used in this study was 28% SiO2, 9% Na2O, and 63% water.




2.2. Samples Preparation


Four different mixes were prepared in this study: geopolymer with limestone, geopolymer with quartz, PC with limestone, and PC with quartz. The formed mixes had the same amount and sizes of aggregates. The aggregates were introduced in the mixture in the saturated surface dry (SSD) moisture condition. It should be mentioned that the concrete specimens were prepared with only coarse aggregate sieves of 4.75 to 12.5 mm. The fine aggregate was excluded, to focus the study on the effect of coarse aggregate with relation to the interfacial transition zone (ITZ) and mechanical properties. The aggregates and cementitious material were first mixed for two minutes, then the water or alkaline solution was gradually added in 45 s and mixed for another five minutes. The TC, which made with PC had a water-to-cement ratio of 0.40, while the GP had an alkaline solution to fly ash ratio of 0.40. A minimum of three cylinders of the concrete specimens (100 mm × 200 mm) were casted for the compressive strength test and six concrete beam specimens (60 mm × 40 mm × 160 mm) were casted for the bending test. After casting, the GP specimens were cured at 60 °C for 24 h in a laboratory oven, then demolded and stored at room temperature until the day of testing. The TC specimens were also demolded after 24 h of casting, then cured in water till the day of testing.




2.3. Test Methods


Compressive and flexural strength and dynamic modulus tests were carried out for all the formed mixes. Compressive strength tests were conducted after 28 days of curing. The tests were conducted following the ASTM C39. Three replicants were tested for each mixture, using a compression machine which applies a constant load at a constant loading rate of 0.25 MPa per second till failure.



For the three-point bending test, the specimens were tested using Universal Testing Machine (UTM-25kN) manufactured by IPC Global of Australia. Beam specimens were tested at 28 days of curing, and the beam specimens were simply supported with the notched face down. A single point load was applied at the center of the beam at a rate of 0.5 mm/min. Six specimens were tested for each mix, and the maximum load and displacement at failure were recorded. E-modumeter is used to find the Young modulus by determining the resonant frequency that is generated by an impact in accordance with ASTM C215 [21].



Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) tests were conducted using a high-energy electron beam to investigate the microstructure of the casted mixtures. SEM is a useful technique that is commonly used to obtain high-resolution images and important details of microstructures. The secondary electron images were captured at different magnifications (from 350× to 10,000×) with a voltage of 5 KV using FEI Helios NanoLab 660. The spot size was 4 nm and the working distance between the specimens and the final lens was 4 mm. The chamber pressure was always below 6.65 × 10−5 Torr. An EDS detector installed on the SEM is used to determine the chemical composition of the three zones. Moreover, a laser scanning microscope (LSM) was utilized to study the microstructure of the concrete specimens with different binding agents. The laser scanning technology used is a Keyence 3D Laser Scanning Microscope VK-X200K. This microscope can capture optical and laser scanned images and combine them together to create high-quality images of the microstructure.





3. Results and Discussion


3.1. Compressive Strength


The effect of aggregate types on the compressive strength of GP and TC is shown in Figure 1. Three repeated cylinders from each mixture were tested, and the average values with standard errors were reported. The results indicated that the compressive strength of GP and TC was influenced by the aggregate type. TC made up with quartz showed the highest strength values compared to other mixtures, while the GP made with quartz showed the lowest strength values compared to other mixtures. The compressive strength of TC with quartz is 33% higher than the strength of GP with quartz. The compressive strength of TC and GP is comparable when limestone was used as coarse aggregate. Since the TC and GP mixes were mixed with a similar aggregate, any change in the strength would be related to changes in the ITZ or chemical composition.



As can be seen, the 28-day compressive strength of the GP made using quartz was lower compared to the GP made using limestone, which is opposite to what was observed in traditional concrete. One plausible reason is that this is due to the influence of ITZ or interfacial chemical reactions, which may lead to a weakening of the bond strength. The higher compressive strength of GP made with limestone is probably due to the good bond between the aggregate and geopolymer paste. According to [22], geopolymer paste was observed to be well-bonded to the limestone aggregates in the interphase region in the specimen. In general, the compressive strength of concrete is significantly affected by the strength of binder paste, type of aggregate, and bond strength of ITZ. At low water-to-binder materials ratio (i.e., typically used in high-strength, cement-based concrete) the compressive strength of concrete is usually controlled by the properties of the coarse aggregate and ITZ characteristics.




3.2. Elastic Modulus


The elastic modulus results of all casted mixes are shown in Figure 2. The presented results are the average of three specimens associated with standard errors. The elastic modulus of GP mixtures ranged between 22 GPa and 27 GPa, while the elastic modulus of TC mixtures ranged between 34 GPa and 44 GPa. The low modulus of geopolymer concrete specimens is related to the lower modulus of its paste as compared to the TC paste since both geopolymer and TC mixtures have similar amounts and types of aggregates. Similar findings were reported by [23,24]. TC specimens with quartz had 44 GPa of modulus, which is the highest among the mixtures, and in agreement with the compressive strength results. The modulus of quartz aggregate is higher than the modulus of other aggregates by 30 to 50%, as reported by [25]. In contrast to the compressive strength results, GP with quartz had a higher modulus (approximately 21%) than the geopolymer with limestone. These results confirm that the stiffness of the aggregate has a significant influence on the modulus of concrete. The impact of aggregate stiffness on the modulus of concrete was studied by [26]. Moreover, the results agree with the finding in this study.




3.3. Three-Point Bending Test Results


The three-point bending test was conducted in a displacement control mode and the stress and strain were recorded. The ultimate stress and strain for the four mixes are shown in Table 2. Six specimens were tested for each mix and the reported results were the average with standard errors. Generally, all specimens were elastic with brittle failure mode. The ultimate stress of traditional or GP specimens made up with quartz was higher than that of specimens made up with limestone. The stress results (Table 2) have a similar trend as the modulus results. However, it is interesting to observe that the strain values for specimens made up with limestone for GP or TC mixtures behaved opposite to the stress results. This could be related to the interfacial bond strength. All specimens demonstrated brittle failure, and the fracture surface was mostly interfacial fracture, as shown in Figure 3. As reported by [26], the influence of aggregate type on the compressive strength of concrete is significant, but it is limited in the three-point bending or tensile test results. This is due to the limit of concentrations of stress from different aggregate stiffness. It should be highlighted that the results of flexural or tensile tests are not typically repeatable as compared to the repeatability of results of compressive strength.




3.4. Microstructural and Chemical Analysis


The SEM images at the ITZ of the GP made with quartz after 28 days of curing are shown in Figure 4. The SEM images were taken from multiple locations around the aggregate particles. It was observed that in some locations in the geopolymer specimen made with quartz, a clear ITZ exist between the geopolymer paste and the quartz aggregate. This observation is substantially different than the observation from previous research on the ITZ in geopolymer concrete made with limestone. It was reported that geopolymer paste was well-bonded to the limestone aggregate in all ITZ when the GP was made with limestone aggregate [27].



Regarding the geometric characteristics of ITZ (Figure 4a), the microstructures in the vicinity of the large aggregate (quartz) presented clear differences from the matrix phase microstructure. The zoomed-in images presented in Figure 4b further demonstrate the microstructure of the ITZ between the aggregate and the GP matrix. Additionally, spherical particles (unreacted fly ash particles) were not observed in the ITZ, as shown in Figure 4a,b. The boundary of the ITZ and the matrix could be identified from fly ash spherical particles.



As shown in Figure 4c,d, the microstructure of GP is inhomogeneous and made up of multiple phases (pores, sodium aluminosilicate hydrate (N-A-S-H) gel, and partially reacted and unreacted fly ash particles). Pores and cracks appear black in the SEM images. Some of the pores are formed within the fly ash particles that were originally hollow (cenospheres). However, other locations around the aggregate surface show a good bond between the quartz and the matrix, and there is no weak ITZ (Figure 4c,d). The zoomed-in image presented in Figure 4d further demonstrates the bonding that occurs at the ITZ between aggregates and the geopolymer matrix. The microcracks are shown in the images; although it is not certain at this stage, they may have been caused by extra stress during the polishing (surface smoothing) process or the cementitious shrinkage during the curing process. Figure 5 and Figure 6 display the laser-scanned images of geopolymer and traditional concretes made with quartz, respectively. The images revealed that weak ITZs can be found in both mixtures.



To investigate the chemical compositions of three different zones, namely, aggregate, ITZ, and matrix, EDS along with SEM was performed on the same specimen (geopolymer made with quartz) to quantify the chemical compositions of the three zones. Table 3 presents EDS results from three different zones, namely, aggregate, ITZ, and matrix. The analysis specifically identified the atomic percentage of silicon (Si), aluminum (Al), sodium (Na), and calcium (Ca). The values listed in Table 3 indicate that there is a difference between the chemical composition in the ITZ and the matrix. In the ITZ, the content of Ca is higher compared to the Ca content in the matrix. The Ca only comes from the fly ash particles, since the quartz aggregate is 100% Si and the alkaline solution is a combination of NaOH and Na2SiO3. The Si/Al ratio of the matrix is higher than that of the ITZ. There was a little change in the Na contents in the ITZ and the matrix.





4. Conclusions


This study experimentally investigated the effect of aggregate type on the mechanical properties of two different binding agents. The following conclusions can be drawn from test results and analyses:




	
TC and geopolymer binding agents behave differently with different types of coarse aggregate.



	
The compressive strength of TC and GP with limestone is comparable, while there is a significant difference in the compressive strength of TC and GP with quartz.



	
The results revealed that compressive strength, modulus, and ultimate stress of concrete made with quartz aggregate are higher than those made with limestone aggregate for TC, but the trend did not exist for the GP mixtures.



	
The compressive strength of GP made with quartz is approximately 9% lower compared to GP made with limestone. However, the modulus of elasticity of GP concrete made quartz is higher than that of concrete made with limestone by approximately 21%.



	
Interestingly, it was found that the strain values for specimens made up with limestone aggregate of the GP or TC mixtures behaved oppositely to the compressive strength trend.



	
The microstructure analysis observations have further confirmed the formation of several weak interfacial zones in concrete mixtures made with quartz aggregates.



	
Weak ITZs with more pores and different morphologies were observed in both mixtures in several location.



	
The mechanical properties of geopolymer concrete are susceptible to the stiffness of aggregate, concentrations of stress, and the physical and chemical reactions occurring in the interfacial zone which may lead to improved or weakened bond strength at the interfacial zone.
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Figure 1. Compressive strength for OPC and geopolymer mixes made using quartz and limestone aggregate. 
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Figure 2. Elastic modulus for OPC and geopolymer mixes made using quartz and limestone aggregate. 
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Figure 3. Fracture surface: (a) limestone; (b) quartz. 
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Figure 4. SEM images of geopolymer made with quartz. 
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Figure 5. Laser-scanned images of geopolymer with quartz. 
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Figure 6. Laser-scanned images of OPC with quartz. 
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Table 1. Chemical compositions of class F fly ash and PC.






Table 1. Chemical compositions of class F fly ash and PC.





	Component %
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	SO3
	Na2O
	K2O
	LOI *





	Fly ash
	56.52
	22.75
	4.56
	8.53
	2.64
	0.4
	0.69
	1.16
	0.35



	PC
	21.75
	5.15
	3.23
	63.75
	1.15
	1.95
	0.33
	0.56
	2.08







* Loss on ignition.
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Table 2. Results from three-point bending test associated standard error.
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	Mix
	Stress (MPa)
	Strain





	OPC-Q
	1.352 ± 0.043
	0.008477 ± 0.000946



	OPC-LS
	1.311 ± 0.089
	0.010991 ± 0.001165



	GP-Q
	1.217 ± 0.029
	0.009672 ± 0.001194



	GP-LS
	1.015 ± 0.051
	0.009813 ± 0.001863
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Table 3. EDS analysis results.






Table 3. EDS analysis results.





	Zone
	Si (%)
	Al (%)
	Na (%)
	Ca (%)





	Aggregate
	100.0
	0.0
	0.0
	0.0



	ITZ
	52.3
	24.6
	6.2
	16.9



	Matrix
	62.1
	26.5
	8.5
	2.9
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