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Abstract. This paper presents the research results of the influence of different curing regimes on the compressive strength of lightweight concrete using fly ash cenospheres (FAC) and multi-component binder system (cement combined with mineral additives) to make lightweight concrete structures with low bulk density and high compressive strength. The experimental results show that the curing regimes influence significantly on the development of the compressive strength of concrete. The steam curing and autoclave regimes improve the compressive strength of concrete at both early and late age, at early age, concrete strength can also reach about 80% of the final strength value after steam curing and autoclave curing. In particular, when the samples are treated with autoclave curing (2100C, 2 MPa), the intensity is higher than that in other curing regimes (steam curing (700C and 900C, RH ≥ 95%) and standard curing (27 ± 20C, RH ≥ 95%)). The highest compressive strength was nearly 80 MPa, approximately 20% higher than that of  the standard curing samples.
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1 Introduction
The research and development of lightweight concrete with high performance, especially using this type of concrete for load-bearing structures, is still a topic of interest in the field of concrete. This is also consistent with current trends in the manufacture and application of concrete in construction works, such as the use of high grade concrete, high performance concrete and prestressed reinforced concrete. Lightweight concrete using fly ash cenosphere (FAC) is a lightweight concrete with many outstanding features compared to traditional lightweight concrete such as low water absorption, so it can be used for reinforced concrete structures in high-rise buildings, road structures, complex architectural structures contribute to improve construction quality and reduce construction costs.
FACs are light particles present in thermoelectric fly ash, their bulk density is from 400 to 900 kg/m3, their particle size is mainly from 20 to 300 (m [1,2], which is large compared to ordinary fly ash. The FAC particles have a shell that is resistant to water and gas, and the compressive resistance of the seeds is about 15.6 – 17.5 MPa [3]. Therefore, studies on the use of FAC as lightweight micro-aggregate for lightweight concrete have been of great interest in recent years. Lightweight concrete using fly ash cenosphere has low bulk density and higher strength than traditional lightweight aggregate concrete types. Besides, when it is made in the form of precast concrete and if there is a humid heat curing regime to accelerate the rate of strength development, it can bring about high technical and economic efficiency. In addition, we can predict the long-term strength of this type of concrete in a short time, similar to the method applied to normal concrete without waiting for the concrete to develop until 28 days.

This paper presents the results of research on the effect of a reasonable curing regime to promote intensity development of lightweight concrete using fly ash cenosphere and a multicomponent binder system (cement and mineral admixtures) developed for lightweight concrete structures with bulk density not greater than 1800 kg/m3 and high compressive strength.
2 Experiments

2.1 Materials

The materials used in this study include: Nghi Son PC50 cement meeting the technical requirements according to TCVN 2682-2009; fly ash cenosphere - FAC from Song Da Cao Cuong fly ash according to TCVN 10302-2014; ground granulated blast-furnace slag (GGBFS) of CHC Vietnam Resources Company grade S95 according to TCVN 11586-2016; silica fume (SF) in loose powder form of Elkem, with SiO2 content of 91.84% according to TCVN 8827-2011; superplasticizer (PGSD) in liquid form, based on polycarboxylate ether (PCE), brand ViscoCrete 3000-20 of Sika, density 1.2 g/cm3, 38% water reduction capacity according to TCVN 8826-2011; The water (N) used is clean water, meeting the requirements of TCVN 4506-2012.

The chemical compositions and properties of the materials used in this study are shown in Tables 1 and 2, respectively.
Table 1. The chemical compositions.
	Materials
	The chemical compositions (% by mass)

	
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Caotd
	K2O
	Na2O
	SO3
	TiO2
	LOI

	PC50
	19.4
	5.22
	3.4
	1.61
	63.5
	0.24
	0.91
	-
	2.25
	0.59
	1.23

	FAC
	60.2
	26.61
	2.79
	1.81
	0.28
	-
	5.91
	0.28
	-
	0.28
	0.43

	GGBFS
	 35.54
	10.95
	0.72
	9.2
	40.95
	-
	0.67
	0.43
	0.14
	0.32
	0.99


Table 2. The The properties of the materials.
	No.
	Properties
	Unit
	PC50
	FAC
	GGBFS
	SF

	1
	Specific gravity
	g/cm3
	3.07
	0.81
	2.92
	2.15

	2
	Particle bulk density
	kg/m3
	-
	780
	-
	-

	3
	Bulk specific gravity
	kg/m3
	-
	430
	-
	-

	4
	Fineness
	cm2/g
	3850
	-
	5090
	-

	5
	Retained on sieve 45 µm
	%
	-
	-
	-
	2.4

	6
	Average diameter
	µm
	-
	116.6
	-
	-

	7
	Alkalinity coefficient
	
	-
	-
	1.72
	-

	8
	Standard water
	%
	26.4
	-
	-
	-

	9
	Setting time
	min
	
	
	
	

	
	- Initial
	
	120
	-
	-
	-

	
	- Final
	
	170
	-
	-
	-

	10
	Compressive strength
	MPa
	
	
	
	

	
	- 3 days
	
	37.8
	-
	-
	-

	
	- 28 days
	
	53.4
	-
	-
	-


The shape of cenospheres used in the study:
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Fig. 1. Shape of cenospheres used in the study
2.2 Experimental methods

The consistence of fresh concrete is determined according to TCVN 3121-3:2003.

The bulk density of fresh concrete is determined according to TCVN 3121-6:2003.

The compressive strength of hardened concrete is determined with the sample 40x40x160 mm according to TCVN 3121-11:2003. The samples were molded and cured at standard conditions for 24 h 3h, then the samples were removed from the mold and divided into 3 curing groups with different curing modes: (1) Standard curing (DH TC) at 27 ± 2oC, RH ≥ 95%; (2) Steam curing (DH) at 70oC and 90oC, RH ≥ 95%; (3) Autoclave curing (DH AC) at 210oC, 2MPa.
2.3 The concrete mix proportion
Concrete samples using binder include PC50 cement and mineral admixture with different compositions. The investigated mineral additives consisted of 10% SF combined with GGBFS at the ratios of 0, 20, 40 and 60% by mass of the binder. Concrete mix proportion have the same water/binder ratio of 0.4. The concrete mix proportion in the study is shown in Table 3.

Table 3. The concrete mix proportion.
	Symbol
	Mineral additives (% by mass of the binder)
	Compositions of materials in 1m3 of concrete

	
	
	PC50

(kg)
	SF

(kg)
	GGBFS

(kg)
	FAC

(kg)
	PGSD (l)
	N

 (l)

	
	SF
	GGBFS
	
	
	
	
	
	

	OPC100
	0
	0
	770
	0
	0
	341
	3.85
	308

	SF10GS0
	10
	0
	693
	77.0
	0
	332
	4.54
	308

	SF10GS20
	10
	20
	539
	77.0
	154
	329
	3.85
	308

	SF10GS40
	10
	40
	385
	77.0
	308
	327
	2.93
	308

	SF10GS60
	10
	60
	231
	77.0
	462
	324
	2.31
	308


3 Results and discussion

3.1 The workability and the bulk density of fresh concrete
The workability of fresh concrete is assessed by consistence. The test results of the bulk density and consistence of fresh concrete in the study with a water/binder ratio of 0.4 are shown in the following table and graph.
	Table 4. Bulk density and consistence of fresh   concrete.
  Symbol

Bulk density, kg/m3
Consistence, cm

OPC100
1423
20

SF10GS0
1414
21

SF10GS20
1411
19

SF10GS40
1408
19

SF10GS60
1405
18
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Fig. 2. Bulk density and consistence of fresh concrete


The experimental results showed that the bulk density of fresh concrete did not change significantly. Samples using binder consisting of cement combined with SF and GGBFS, the consistence of fresh concrete is not much reduced (5-10%) because of high fineness ground granulated blast-furnace slag and silica fume (Table 2), so the total specific surface area in the system increases, that leads to the amount of free water in the system decreases, therefore the consistence of the fresh concrete tends to decrease.
3.2 Effect of curing regimes on the compressive strength of lightweight concrete using fly ash cenophere
The results of the study on the effect of curing regimes on the compressive strength of lightweight concrete using fly ash cenosphere are shown in the following table.

Table 5. Compressive strength
	Symbol
	Compressive strength, MPa

	
	At 3-day of age
	At 28-day of age

	
	DHTC
	700C
	900C
	AC
	DHTC
	700C
	900C
	AC

	OPC100
	38.6
	49.1
	52.0
	61.2
	59.8
	64.6
	66.4
	71.2

	SF10GS0
	40.2
	53.3
	58.9
	67.2
	63.3
	69.0
	72.2
	75.5

	SF10GS20
	38.6
	53.5
	59.2
	67.4
	60.2
	66.8
	69.2
	72.6

	SF10GS40
	36.3
	52.9
	59.9
	68.0
	58.7
	 64.2
	68.1
	72.2

	SF10GS60
	34.2
	49.5
	55.6
	65.1
	54.6
	59.0
	61.8
	68.3


The results of studying the effects of different curing regimes on the compressive strength of concrete (as shown in Figures 3 and 4) show a clear effect of the steam curing regime on the compressive strength of concrete samples at 3 and 28 days. Their compressive strength increased when using steam curing methods, in which, the strength of samples treated with autoclave curing (210oC, 2 MPa) was highest. When the samples were treated with moist heat, the hydration of cement was accelerated, and the puzolanic reactions of mineral admixtures such as SF and GGBFS were also activated. In addition, at temperatures above 150oC, there is the formation of tobermorite minerals (Ca5Si6O16(OH)2.4H2O), and above 200oC, there is the appearance of the mineral xonotlite (Ca6Si6O17(OH)2 - C6S6H) which has a small crystal structure and higher density when compared to CSH crystals, thus increasing the strength of concrete [6,7].

The results of the study on the influence of the steam curing regimes on the strength development of the concrete samples showed that the compressive strength ascended with the curing temperature and higher than that of the standard curing, specifically, the intensity at the age of 3 days of the samples reached by 27.3-44.8%, 34.8-62.7% and 58.5-90.4% respectively in steam curing regimes at 70oC, 90oC and autoclave curing.

In addition to the reasons analyzed above, the use of FACs as aggregates under thermal-humidity conditions accelerated the puzolanic reaction of FAC particles at an early stage when compared with standard conditions (the puzolanic reaction rate of FAC particles is very slow). This is the cause of improving the bond between the cement stone and the FAC particles, which is believed to be a weak region in the structure of concrete using FAC. This result is also similar to the results of the study on the effect of steam curing in improving the strength and microstructure of the transition zone between FAC particles and cement stone of concrete using cenospheres [6,7,8].
The compressive strength graphs of the samples with different curing regimes are shown in the following figures:
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Fig. 3. Effect of curing regimes on 3-day compressive strength
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Fig. 4. Effect of curing regimes on 28-day compressive strength


The above graphs show the results of compressive strength of concrete with mineral admixtures with different compositions at the survey ages 3 and 28 days. In which, the 3-day compressive strength of samples using mineral additives (including 10%SF and 20-60% GGBFS in composition) when curing at 90oC and curing with autoclave respectively was approximately equal to and higher than the 28-day compressive strength in standard curing. The compressive strength when being treated with steam treatment rised in the range of 58.9-59.9%, 46.5-65.1% and 67-90.4%, respectively, in the steam curing mode at 70oC, 90oC and autoclave curing at 3 days old with samples using 10% SF and 10% SF + 20-60% GGBFS in composition. However, with steam curing at 70oC and 90oC, the strength of samples using 60% GGBFS increased less than the strength of samples using 40% GGBFS under standard curing. In terms of strength development rate, the concrete strength after 3 days when curing at 70oC, 90oC and autoclave regime respectively reached 76-84%, 78-90% and 86-95% of the strength after 28 days, while this value only reached 63-65% in standard curing. Experimental results show that the effect of increasing the compressive strength of concrete at early age when being treated with steam curing at 70oC, 90oC for 48h ( 3h and autoclave curing for 8h is very obvious. The strength of development is stronger when the content of mineral additives (SF and GGBFS) to replace cement is greater. 
Thus, this study has shown that the steam curing and autoclave regimes improve the compressive strength of concrete at both early and late age. At early age, concrete strength can also reach about 80% of the final strength value after steam curing and autoclave curing. It can be said that for concrete samples with a large content of mineral additives, a reasonable curing regime will be one of the important factors for making concrete.
4 Conclusions

From the presented research results, we draw some conclusions as follows:
Steam curing at 70oC, 90oC and autoclave curing at 210oC promotes strength development of lightweight concrete using fly ash cenopheres at both early and late age. The degree of concrete strength increases in the following directions: autoclave curing > steam curing at 90°C > steam curing at 70°C > standard curing at 27°C. 

The effect of increasing compressive strength of lightweight concrete using fly ash cenopheres when steam curing at 70oC, 90oC and autoclave curing at 210oC is better than when using mineral admixtures (10% SF + 20-60% GGBFS). This can be clearly seen through the 3-day compressive strength of concrete using mineral admixtures including 10% SF and 20-60% GGBFS when steam curing at 90oC, which is approximately equal to the compressive strength of 28 days when standard curing. In conclusion, the intensity is even higher when the samples are treated with autoclave curing.
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