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Abstract. 
High-performance lightweight aggregate concrete with inorganic polymers cement based on multiple minerals is a very promising new material. The research of mechanical properties of the new material is of great theoretical and practical significance. In this research, the failure behavior, cubic and prism compressive strength, elastic modulus, peak strain of the new material, and the nature of the stress-strain curve are studied. An analytical model is quoted to represent the ascending and descending parts of the stress-strain curve.


1. Introduction
The use of lightweight aggregate concrete has many advantages including dead load reduction, high thermal insulation, and enhanced fire resistance [1]. The principal hydraulic binder of the lightweight aggregate concrete adopted was typically Ordinary Portland Cement (OPC). However, OPC was not an environment-friendly product and also has many disadvantages, for example, it is not only energy intensive, but is also responsible for large emissions of carbon dioxide (CO2)—a greenhouse gas [2]. Inorganic polymer cement is a new class of green ecological cementitious materials which has better performance than OPC, including good mechanical properties, chemical resistance and temperature resistance, rapid setting property, low-energy consumption, and greenhouse emissions [3–5]. It has been attracting more and more attention of materials researchers in recent years [6–8]. High-performance lightweight aggregate concrete with inorganic polymers based on multiple mineralss has the advantages of light weight, high strength, high-dimensional stability, excellent durability, and good workability. Obviously, combination of inorganic polymer with lightweight aggregate concrete can reduce alkali aggregate reaction effectively and exhibit lower hydration heat, excellent corrosion resistance, good permeability, and frost resistance comparing with the OPC [9, 10]. There is few literature works reported on this new material.
The aim of this paper is to study the mechanical properties of the new high-performance lightweight aggregate concrete, in order to provide basic data for application of this new material in engineering.
2. Experimental Details
2.1. Materials
The multiple minerals used in this test was slag mixed with metakaolin and fly ash (wt. ratio: slag powder/metakaolin = 8, slag powder/fly ash = 8). Slag powder has mean particle size of 19.35 μm and Blaine fineness of 2700 cm2/g. Metakaolin was produced by calcination of kaolin at 750°C in rotary kiln. Fly ash was type I fly ash according to GB/T1596-2005. Table 1 lists main chemical compositions of the three minerals. The activators selected were liquid sodium silicate (wt. ratio: % Na2O = 8.26, % SiO2 = 26.12; % water = 65.62; industrial grade) blended with sodium hydroxide solution (30% w/v water solution).
Table 1: Chemical compositions of materials. 
	

		SiO2	Al2O3	CaO	Fe3O4	MgO	Na2O	K2O	SO3	Loss
	

	Slag powder	33.19	16.45	35.39	1.26	8.07	0.34	0.36	2.36	1.02
	Metakaolin	51.28	42.39	0.31	1.74	0.27	0.15	0.22		1.12
	Fly ash	53.36	25.52	4.63	7.86	1.10	0.92	1.35	0.44	2.52
	



The fine aggregate was river sand, with a specific gravity of 2.66 and a fineness modulus of 2.75. The coarse aggregate was a synthetic lightweight aggregate made from expanded shale, with particle density of 1550 kg/m3, bulk density of 620 kg/m3, and particle size ranging from 5 to 15 mm. Its water absorption values were 3.5% and 4.5% at 1 hour and 24 hours, respectively, and crushing strength was 5.2 MPa.
2.2. Mix Proportions
Table 2 shows four specimens of lightweight aggregate concretes with inorganic polymer having the same composition of mortar matrix but different volume fractions of lightweight aggregate in concrete (0, 30%, 40%, and 50%). 
Table 2: Mix proportions of the lightweight aggregate concretes with inorganic polymer. 
	

	No.	Liquid/multiple minerals (mass ratio)	Sand/multiple minerals (mass ratio)	Liquid sodium silicate/sodium hydroxide solution (mass ratio)	Lightweight aggregate volume fraction (%)
	

	M	
									0.45	
									0.9	
									0.9	
									0
	LAC1	
									0.45	
									0.9	
									0.9	
									30
	LAC2	
									0.45	
									0.9	
									0.9	
									40
	LAC3	
									0.45	
									0.9	
									0.9	
									50
	



2.3. Preparation of Specimens
Uniform lightweight aggregate concretes with inorganic polymer were prepared by dry-mixing the raw materials of lightweight aggregate concrete based on inorganic polymer for about 60 sec. adding the liquid activator and then mixing them for 90 s. Three specimens of this materials in each group were cast in steel moulds and compacted on vibration table. The specimens have sizes of 100 mm × 100 mm × 100 mm in cube and 100 mm × 100 mm × 300 mm in prism for testing the cubic compressive strength and the stress-strain curves, repectively. After being kept in indoor environment for 24 hours, all the specimens were demolded and stored in the curing room (
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°C, 95% relative humidity) until testing at 28 days.
2.4. Test Setup and Method
Compression strength of cubic specimens and stress-strain curve of prism specimen were tested on a 2000 kN hydraulic compression testing machine and an INSTRON 1346 electrohydraulic servouniversal testing machine, respectively. Figure 1 shows the test setup for the stress-strain curve. The strain rate was kept constant at 5 × 10−5 sec−1. Before testing, every prism specimen was preloaded and repeated three times at 30–40% of the estimated peak stress to reduce the error caused by the end effect of the specimens. The test results obtained were average values of three specimens in each group.







Figure 1: Test setup for the stress-strain curve.


3. Results and Discussion
3.1. Stress-Strain Curves
Figure 2 shows stress-strain curves of the concrete with different volume fractions of lightweight aggregate. There are four stages: compacting stage, elastic stage, plastic stage, and failure stage. Clearly, the lightweight aggregate volume fraction has great effect on mechanical properties of the aggregate concretes, the curvature of every ascending branch of the stress-strain curve decreased with an increase in lightweight aggregate content; this means that the elastic and ultimate strength of the concrete decreased as the lightweight aggregate volume fraction increased.





	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
	


	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
	
	
		
	


Figure 2: Stress-strain curves of concrete containing different volume fraction of lightweight aggregate.


3.2. Compressive Strength
Table 3 lists cubic and prism compressive strengths of the lightweight aggregate concretes with inorganic polymer. It is seen that both the cubic (
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) and prism (
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) compressive strength of the concrete decreases as the lightweight aggregate volume fraction increases, due to lower strength of the lightweight aggregate than that of the concrete. The ratio of the cubic compressive strength (
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) to the prism compressive strength (
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) increases and tends to 1. This is because the more the lightweight aggregate, the lower the strength of the lightweight aggregate concretes and the smaller the cyclo-hoop effect, resulting in fewer difference between the cubic and the prism compressive strengths.
Table 3: Cubic and prism compressive strength of lightweight aggregate concretes with inorganic polymer.
	

	No.	Cubic compressive strength 
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(MPa)	Prism compressive strength 
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 (MPa)	
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/
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	Lightweight aggregate volume fraction (%)
	

	M	
									92.3	
									81.1	
									0.88	
									0
	LAC1	
									62.6	
									56.6	
									0.90	
									30
	LAC2	
									55.7	
									51.0	
									0.92	
									40
	LAC3	
									48.2	
									45.8	
									0.95	
									50
	



3.3. Elastic Modulus
The elastic modulus 
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 of the lightweight aggregate concretes with inorganic polymer can be calculated by the following formula [11] based on the stress-strain curve:
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 is the stress corresponding to a strain of 0.005%, 
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 is the stress corresponding to the 40% of the peak load, 
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 is the stress corresponding to a strain of 0.005%, and 
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, respectively. As shown in Figure 3, the elastic modulus of concretes with different volume fraction of lightweight aggregate decreased as the volume of lightweight aggregate increased. This is due to the elastic modulus of lightweight aggregate being lower than that of mortar.





	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 3: Elastic modulus of concretes with different volume fractions of lightweight aggregate.


3.4. Peak Strain
Figure 4 shows the peak strain of lightweight aggregate concrete with inorganic polymer binder. As shown in Figure 3, the peak strain of lightweight aggregate concrete increased as the volume fraction of lightweight aggregate increased. The main reason for the peak strain increase was that the elastic modulus of lightweight aggregate was lower than hardened inorganic polymer binder.





	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 4: Peak strain of lightweight aggregate concrete with inorganic polymer binder.


3.5. Prediction of Stress-Strain Relations
In this study, a model proposed by Ding et al. [12] is used to obtain an equation applicable to lightweight aggregate concrete with inorganic polymer binder. The expression is of the following form.
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(2) Expression for the descending branch (
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In (2) and (3), 
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, and 
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 are coefficients to be determined. The parameter 
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 is the ratio of elastic modulus and the peak secant modulus. The parameter 
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 is related to control the attenuation degree of the elastic modulus of ascending branch of the curve. The parameter 
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 is related to the ductility of the lightweight aggregate concrete with inorganic polymer binder. The larger the 
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-value is, the smaller is the ductility.
The parameter 
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, and 
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 were obtained from least-square fitting based on the stress-strain curves of concretes containing different volume fraction of lightweight aggregate; the values of 
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, and 
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 are given in Table 4.
Table 4: The parameters 
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, 
	
		
			

				𝐵
			

		
	
, and 
	
		
			

				𝐶
			

		
	
 of the model. 
	

	No.	A	B	C
	

	LAC1 (30%)	0.3147	0.9975	901.0249
	LAC2 (40%)	0.3706	0.8262	231.6766
	LAC3 (50%)	0.4561	0.7339	325.7177
	



Three stress-strain curves of concretes containing 30%, 40%, and 50% volume fraction of lightweight aggregate, which take 
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 and 
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 as dimensionless coordinates, are shown in Figures 5(a), 5(b), and 5(c), respectively.
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(c)
Figure 5: (a) Comparison of the predicted and experimental curves of concrete containing 30% lightweight aggregate. (b) Comparison of the predicted and experimental curves of concrete containing 40% lightweight aggregate. (c) Comparison of the predicted and experimental curves of concrete containing 50% lightweight aggregate.


A comparison of the curves for proposed model equation with the experimental stress-strain curves showed good agreement for concretes containing 30%, 40%, and 50% volume fraction of lightweight aggregate.
4. Conclusions
(1)When the volume fraction of lightweight aggregate in the high-performance lightweight aggregate concrete based on inorganic polymer binder increased from 0 to 50%, all the cubic compressive strength, prism compressive strength, and elastic modulus decreased, while the ratio value of 
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 increased from 0.88 to 0.95.(2)The peak strain of concrete with inorganic polymer binder increases as the volume fraction of lightweight aggregate increased.(3)The stress-strain curves of high-performance lightweight aggregate concrete based on inorganic polymer binder under uniaxial compressive loading can be fitted by cubic polynomial and rational fraction.Acknowledgment
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