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ABSTRACT
It is generally known, that the fly ash has been used as cement additive due to its pozzolanic property. For this purpose mostly the „fresh” – active – fly ash coming directly from power plant has been applied and the deposited material remains on the dump area. Our research work was directed to the investigation of the elimination of deposits in order to save valuable field as well as to reduce environmental risk and dusting. Further advantage of the fly ash based binder utilization instead of clinker is that CO2-emission significantly can be reduced additionally big amount of natural resources (limestone and clay raw material) can be saved.
In 2004, the experts of the Department of Process Engineering at the University of Miskolc, the Institute for Transport Sciences Non-profit Ltd. and H-TPA Co. Ltd. elaborated a project to improve the condition of unpaved, damaged roads in Hungary, especially in rural areas. The aim was to build local roads at low cost and to reduce the considerable amount of unpaved roads using fly ash as binder for in capping and base layers and wastes from the construction industry. (The research work was supported by the GVOP-3.1.1.-2004-05-0113/3.0 project). The main aim of the research work was to examine fly ash mechanical activation by grinding in ball and vibration mill during different grinding time, furthermore to produce an individual binder as a mixture of ground fly ash and lime (or hydrated lime) in various ratios as a function of the strength value to be achieved.
First physical, chemical properties and pozzolanic activity of four (F type from three different kinds of coal burning and one C type) samples coming from different fly ash deposits were determined. Systematic research work was carried out, from which functional relationships were found between specific surface area, activity index (measured by standardized chemical and strength analysis method) and the strength of the fly ash samples mechanically activated at different levels. From the available data, a fly ash variant with most favourable binding properties was chosen, then a pilot plant experiment was carried out and a road test section was built. Compression and tensile strength tests were carried out in laboratory with specimens of  the selected variants after 14, 28, 56, 84 and 180 days. Important achievements of the above project are summarized in this paper, like the hydraulic activity, pozzolanic activity of fly ashes, compressive strength of concrete specimens made by using fly ash-lime binder for the planning and construction of road capping and base layers, and the experience of the construction work of test road section using the binder developed.
1. Introduction
Coal-fired thermal power plants produce large amounts of solid waste, fly ash. The disposal of this waste is a huge environmental problem. Fly ash is a heterogeneous material with various physical, chemical and mineralogical properties, depending on the mineralogical composition of the coal fired and on the combustion technology used. The utilization of fly ashes is determined according to their properties, fineness, specific surface, particle shape, density, hardness, resistance to frost/thaw, mineral and phase composition as well as the pozzolanic activity depending on the above properties.

A relatively new method of utilizing fly ashes might be the direct application of mechanically activated fly ash as an individual binder. There are many possible applications of this cheap binder, among other, the road construction industry can use it in large quantities, reducing the costs and solving environmental problems, as well.

Regarding the grinding of fly ash, there had been a general opinion earlier that it was sufficient to attrite the glassy coat of fly ash particles by means of the so-called peripheral activation. However later laboratory experience proved that size reduction (crushing the particles), is necessary to increase the pozzolanic and hydraulic potential (Opoczky, 2001), so fine grinding is needed.
Recently, several researchers reported on grinding ash types to activate them mechanically for being used as binders. For example, Cordeiro carried out grinding experiments with sugarcane bagasse ash in a vibratory mill (Cordeiro et al., 2004). It was shown that, after a grinding time of 15 minutes, an applicable binder admixture could be produced. Furthermore, it is emphasized that – in order to enhance the pozzolanic activity of this residual ash – it is necessary to increase the fineness of the material.

Sewage sludge ash (SSA) pozzolanic activity was determined by Pan, the replacement ratio was 20% (Pan et al., 2003). They pointed out that the application of mechanical grinding to adjust SSA fineness was an effective modification to improve SSA mortar properties including workability and compressive strength. Since grinding increased the outer surface of SSA particles, the amount of absorbed calcium grew, as well.
2. Materials
Previous experiments were conducted using fly ash from the combustion of various geological age (grade of coalification) coal, e.g. Eocene, Miocene, Lias Cretaceous. Particle size distribution (Figure 1) was determined by means of model Fritsch Analysette 22 laser particle size analyzer. Densities were determined by pycnometer method. For the determination of specific surface area, three methods were used: measurement with BET (Micrometrics TriStar 3000) and Blaine-equipment, as well as the calculation based on particle-size distribution data. Furthermore oxide components were determined by means of a Philips PW1410 RFA equipment. Detailed results can be found in our previous paper (Csőke et al., 2008).
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Figure 1. Particle size distribution of fly ash

The amorphous phase has very important role in the pozzolanic (C-S-H) reaction of fly ash. For this reason, phase composition of two examined samples was determined using Bruker D8 ADVANCE apparatus. The detailed results can be seen in Table 1, both Tiszaújváros and Berente fly ash samples from brown coal burning are deposited. It can be seen that the quality (composition) of fly ash strongly depends on the raw coal and  the firing furnace conditions.

Table 1. Phase composition of fly ash samples

	Sample
	Tridymite,
SiO2
	Quartz
	Alpha-Cristobalite
	Alpha-Cristobalite
	Anorthite
	Rambergite
	Calcite
	Sillimanite

Al2SiO5
	Illite
	Maghemite

Fe2O3
	Hematite
	Amorph

	Tiszaújváros
	29
	14
	
	
	
	
	4
	26
	
	4
	
	23

	Berente 
	
	28.2
	0.8
	1.2
	19.4
	0.9
	1.7
	1.7
	1.1
	
	1.3
	43.7


The amorphous phase content of Berente fly is higher than that of Tiszaújváros sample. Its effect will be discussed later in the pozzolanic activity results.
3. Experimental methods
3.1. Determination of hydraulic activity by chemical way
Usually, hydraulic admixtures (depending on quantity) modify the properties of cement. The generated hydration heat, the initial strength and 28-day-strength are lower, the water need is higher, the after-curing period (90 days) is longer, the sulfate resistance is higher whereas the frost resistance (because of high constitutional water content) is lower for this kind of cement than in the case of pure Portland cement.

From the point of view of utilization of fly ash in cement industry, it is necessary to qualify the materials using another test method in addition to the  determination of chemical composition. For this purpose, there are several activity test methods to determine and compare the reactivities of ground and original ash. 

For the investigation of hydraulic activity, the standard CK HSZ 4706-2 was used with lime addition and lime absorption. 1 g of fly ash was sampled from each material ground differently, then it was placed into a graduated cylinder of 100 ml, together with 100 ml of saturated lime solution, and was shaken. During the test, the cylinder was shaken every day. Every second day, 50 ml is sampled and titrated, and finally another 50 ml saturated lime solution is placed into the pregnant solution. Then the CaO-absorption capacity of the fly ash types could be determined and described as a function of time.
3.2. Pozzolanic activity measurement

Keeping in mind the intended use of grinds in road construction, the hydraulic activity of the material is characterized with an activity index (in compliance with the standard MSZ EN 450). The activity index refers to the measure of the applicability of fly ash to replace cement. The activity index is interpreted as the percentage ratio of compressive strength of a standard test specimen made with 75 m.% reference cement and 25 m.% fly ash to the compressive strength of a standard test specimen made purely with reference Portland cement CEM I. Compressive strength measurements must be made under identical conditions. 

Specimens were made of a mixture of one part by mass binder and three parts by mass sand with a water-cement ratio of 0.5. In every case, 2 x 3 specimens (size of 40 mm x 40 mm x 160 mm) were produced. Specimens were stored together with the moulds in an atmosphere of min. 90% relative humidity in water sealed storage vessel. After 24±2 hours, the specimens were removed from the moulds, and after marking, they were immediately placed into water filled basin. Compressive strengths of specimens were measured after 28 and 90 days, respectively (MSZ EN 196-1).
3.3. Compressive and bending strengths of concrete specimens using fly ash – lime binder for the design and construction of road capping or base layers.
In this test series, real (cylindrical) compressive strengths of various binder content mixtures were measured in accordance with MSZ EN 13286-41 and MSZ EN 13286-42. Various fly ash (brown coal) - lime binder mixtures were prepared using non-activated, mechanically activated-I (t = 20 min. grinding time) and mechanically activated-II (t= 30 min. grinding time) fly ash, respectively. Concrete test-specimens made with such binder mixtures were then tested and evaluated for strength in accordance with the Technical Specification ÚT 2-3.207 at the ages mentioned before.
4. Results
4.1. Hydraulic activity of fly ash

To compare the properties of different fly ashes a C and an F type sample were chosen, then both samples were ground by means of a laboratory ball mill to Blaine-finenesses of about 5000, 5500 and 6000 cm2/g. From Figure 2, it can be seen that:

· mechanical activation has a significant effect on the hydraulic activity of the Tiszaújváros sample (F type); 125.9 % CaO-absorption capability can be reached after 60 days,
· for the C type Ajka sample, the CaO-absorption decreased by 7.56 % as a function of dispersion degree,
· a linear relationship can be observed between the specific surface and the CaO-absorption for both ground fly ash samples.
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Figure 2. Calculated cumulative volume of absorbed CaO for 1 g 
of fly ash sample plotted against Blaine-fineness

To have a reasonable binder, the most important index is hydraulic activity or pozzolanic activity. The higher hydraulic activity the better is the binding capacity of the ash based composite material. The hydraulic activity (according to earlier studies and experiences) is the function of the specific surface area. The hydraulic activity (the specific surface area) is directly proportionate to the grinding time. From the grinding time, the necessary work can be calculated, and this might be the basis of the economical decisions or the decisions on reliable grinding time (Table 2).
Table 2. Grinding time as a function of specific surface area and particle size
	Grinding time [min]
	x10 [(m]
	x50 [(m]
	x90 [(m]
	Sm [cm2/g]

	0
	13,2
	48,58
	103,8
	2664,66

	5
	7,31
	29,3
	49,06
	5312,33

	10
	5,14
	24,85
	47,62
	6667,77

	20
	3,5
	20,76
	47,51
	7931,16

	30
	2,73
	18,96
	46,21
	8871,35


One more important thing is the necessary additive. The fly ash and the lime (calcium oxide) composite is finer than normal Portland cement.
4.2. Pozzolanic activity index
The results of two F class fly ashes from different (Tiszaújváros and Berente) power plants  are compared. According to the measurement of strength after 90 days (Figure 3), the activity index of the Tiszaújvaros fly ash mechanically activated by 30 minutes grinding was 93.6% compared to the 57.4 % of raw (unground) fly ash. Experimental results suggest that pozzolanic activity of the investigated acidic fly ash can be reasonably controlled by grinding (Csőke et al., 2006 and 2007). However, in the case of Berente fly ash (Figure 4), the index increased from the initial 55 % up to 82 % in the I. grade state. Further extreme improvement in the II. grade activated state could not be seen, the values remain practically constant.
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Figure 3. Activity index of mechanically activated and non-activated Tiszaújváros (brown coal) fly ash based on compressive strength (I. grade activated: t=20 min; II. grade activated: t=30 min)
To explore the reason of different mechanical activation behaviour between the two deposited brown coal fly ash samples, the specific surface areas of ground fly ashes were calculated of the particle size data. These results can be seen in Table 3. 
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Figure 4. Activity index of mechanically activated and non-activated Berente (brown coal) fly ash based on compressive strength (I. grade activated: t=20 min; II. grade activated: t=30 min)
The initial activity of both samples were more or less the same: 0.54 and 0.55. Furthermore, it can be stated that – unlike Tiszaújváros fly ash with much higher specific surface area (I. grade) – the pozzolanic activity index of Berente is higher. It can be said that higher amorphous phase content is more active after 28 days.

Table 3. Calculated specific surface area of lignite and brown coal fly ash samples (shape factor: 1.75)
	
	Berente (brown coal) fly ash
	Tiszaújváros (brown coal) fly ash

	Non-activated
	2920.25
	2664.66

	I. grade mechanically activated
	5587.15
	7931.16

	II. grade mechanically activated
	7294.39
	8871.35


However, if the two activated states of Berente fly ash is compared it, can be seen that the activity slightly reduced in the II. grade with increasing specific surface area. One possible reason of this might be that the liberated hematite – having good sorption properties – particles can absorb the free CaO from C-H-S.
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Figure 5. Bending strength of Tiszaújváros fly ash as a function of mechanical activation and time
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Figure 6. Bending strength of Berente fly ash as a function of mechanical activation
When comparing the bending strength of above samples, for compressive strength activity index similar tendency can be seen than before.
4.3. Compressive strength of concrete specimens made by using fly ash-lime binder for the design  and construction of road

In addition to the compressive strength requirements, the material has to fulfil the frost-thaw ones, too. The characteristic age of this ash-lime composite bound material is 63 days (after storing in humid area.) This Technical Specification is compulsory on the national road network, and recommended on the local (municipality) roads.
Table 4. Requirements of ÚT 2-3.207-2007 Technical Specification
	Strength class in accordance with Út 2-3.207-2007
	Estimated expected value of compressive strength, N/mm2
	Indirect tensile strength, 
N/mm2

	
	Cube/cylinder
	Cylinder

	
	H/D=1
	H/D=1,5
	H/D=2,0
	

	CB 1,5/2
	3.4
	2.9
	2.6
	-

	CB ¾
	6.8
	6.0
	5.1
	0.5


In accordance with the Technical Specification ÚT 2-3.207:2007, several series of specimens with specified binder contents were produced (Compaction in Proctor-moulds, base material of sandy-gravel 0/32 aggregate).
Compositions:
· Type 1: 85 kg/m3 (65 kg ash+20 kg CaO), series „a”,
· Type 2: 170 kg/m3 (127.5 kg ash+42.5 kg CaO), series „c”,
· Type 3: 255 kg/m3 (191.25 kg ash, 63.75 kg CaO), series „e”.
Based on the experimental results of both site and laboratory mixed material meet the requirements of Class CB1.5/2 after 63 days. However, the requirements of CB3/4 strength class (6.0 N/mm2) is achieved in the case of tumbling mill (mixed in laboratory) at the age of 63 days.

It can be seen in  Fig. 7 that curing process,  decelerates significantly after the age of 63 days, i.e. the characteristic  age of 63 days can characterize adequately the examined mixture. The compressive strengths of cylindrical specimens made on-site were mostly around 4,8 N/mm2.
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Figure 7. Compressive strength of test specimens made of differently activated and 
mixed fly ash based binder  (170 kg/m3)
It is important to note that the hardening curve of mixture using laboratory (ball mill) activated fly ash is more abrupt than that of other cases (black curve in Figure 7), significant after-curing can be observed after 63 days. The different behaviour can be explained by different specific surface areas and particle size distributions.
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Figure 8. Compressive strength of different binder mixtures as function of time

A laboratory compressive strength test series was also performed using sandy gravel – binder mixtures. The binder types applied were as follows: Portland cement + I. grade activated Tiszaújváros fly ash + hydrated lime (ratio: 3:5:2); Portland cement + I. grade activated Tiszaújváros fly ash (ratio: 3:7); I. grade activated  Tiszaújváros fly ash + hydrated lime (ratio: 6:4). Some results of the test series:

· an additional (2-15%) compressive strength increase can be observed for the samples between the ages of 56 and 84 days stored in a humid area,

· the mixture of three binders had the highest compressive strength after 7 days, reaching the Hungarian requirements for cement stabilization after 84 days,

· the most cost-effective mixture without Portland cement has reasonable compressive strength for the use of capping layers.

5. Construction of a test road section

Pilot-scale production aimed mainly for producing sufficient binder for the construction of experimental road section (Csőke et al., 2008). Preparation of the fly ash consisted of drying and grinding of the raw ash followed by the mixing the grinds with lime. 

Pilot scale grinding experiments were performed using the model 20U PALLA vibration mill. Prior to grinding, the raw feed material was screened on 5 mm granular size screen to remove coarse foreign material (clay clogs, grass and other organic materials). For grinding, the upper section of the mill body was used. 

Using the 4.4 tons of produced fly ash-lime binding mixture having the mentioned properties, a 40-m long experimental road section was constructed for monitoring the variation of road properties in a large sample, under real weathering conditions. The site mixed material was laid on the suitably prepared earthwork. The plate bearing test and density were measured for each layer, besides laboratory tests of the materials were also carried out. On the surface of the partly fly ash bound composite base layer, repeated measurements were performed to monitor the characteristic secondary consolidation of the fly ash based binder. Figure 9 illustrates some elements of the construction.
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Figure 9. Construction of experimental road section
Despite certain scattering of E2 (plate loading test) values, it is obvious that the bearing capacity of the experimental layer met the requirements specified for the capping and base layers (Figure 10). The higher than expected compaction factor is deemed to be a consequence of the complications in water-draining. Such problems can, of course, be eliminated in large scale road construction projects.
Site samples of the mixture were compacted in a standard method under laboratory conditions using Proctor-equipment. Specimens with standardized size of 100 x 150 mm were produced.
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Figure 10. Bearing capacity measurements on experimental road section
Additionally, construction mixtures with planned binder content were reproduced under laboratory conditions, too.

6. Conclusions
Based on the research experimental results obtained,  it can be stated  that:
· due to the fine grinding of F type fly ash, the pozzolanic activity can be readily controlled  in order to produce a binder,
· the hydraulic activity of the C type fly ash investigated can not be improved by mechanical activation (milling),
· the activity of different kinds of brown coal power plant fly ashes strongly depends on the quality of raw coal and the firing conditions,
· the amorphous content of the fly ash has a key role in its applicability, 
· the compressive strengths of concrete specimens (Tiszaújváros F type fly ash – lime binder) increased significantly after 63 days in case of its higher specific surface areas; considerable after-hardening was observed,
· most of the mixtures meet the criteria of the relevant Technical Specification (excluding the binder content “Class A”, the tendency of the strengthening process is very promising),
· both in series „c” (170 kg/m3) and „e” (255 kg/m3), the results were around 6.0-6.5 N/mm2, obviously the 50% increase in binder content didn’t cause significant increase in the compressive strength values at the age of 63 days,
· the major outcome of the test series is that – in  case of a binder dosage between 85 kg/m3 and 170 kg/m3, – the mixtures are able to meet the criteria of stabilisation and capping layers, and if the use of the Technical Specifications mentioned is not compulsory, the  requirements of base layer materials, as well,
· bearing capacity test carried out on the test section showed good results (E2), only the compaction factor (Tt) was a bit scattered due to execution problems and site barriers, 
· indirect tensile test results meet the requirements in the case of 170 kg/m3 dosage,
· freeze-thaw test showed that these mixtures are resistant against  to it. 
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										Without activation		I. grade activated		II. grade activated		Reference CEM I
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Diagram2

		Without activation

		I. grade activated

		II. grade activated
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				Berentei pernye-28 napos minták (40×40×160)

						Hajlítósz.		Nyomósz.I		Nyomósz.II		Sum.nyom.						Without activation		4.51

				REF.		8.11		39.01		39.09		39.05						I. grade activated		6.68

				O AKT.		4.51		15.81		17.44		16.63						II. grade activated		6.38

				I AKT.		6.68		30.89		32.65		31.77						Reference CEM I		8.11

				II AKT.		6.38		36.41		23.59		30

																										Berentei perny, aktiválatlan		0.419

																										Berentei pernye, I aktivált		0.813

																										Berentei pernye, II aktivált		0.76
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Diagram3

		Berente fly ash, without activation

		Berente fly ash,  I. grade

		Berente fly ash, II. grade
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				Berentei pernye-28 napos minták (40×40×160)

						Hajlítósz.		Nyomósz.I		Nyomósz.II		Sum.nyom.						Aktiválatlan		4.51				Berente fly ash, without activation		0.55

				REF.		8.11		39.01		39.09		39.05						I-es aktivált		6.68				Berente fly ash,  I. grade		0.82

				O AKT.		4.51		15.81		17.44		16.63						II-es aktivált		6.38				Berente fly ash, II. grade		0.78

				I AKT.		6.68		30.89		32.65		31.77						Referencia		8.11

				II AKT.		6.38		36.41		23.59		30

																										Berentei perny, aktiválatlan		0.419

																										Berentei pernye, I aktivált		0.813

																										Berentei pernye, II aktivált		0.76
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Diagram1

		Tiszaújváros fly ash, without activation		Tiszaújváros fly ash, without activation

		Tiszaújváros fly ash, I. grade		Tiszaújváros fly ash, I. grade

		Tiszaújváros fly ash, II. grade		Tiszaújváros fly ash, II. grade
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						Tiszaújváros fly ash, without activation		0.54		0.57

						Tiszaújváros fly ash, I. grade		0.64		0.66

						Tiszaújváros fly ash, II. grade		0.69		0.93

						Tatabányai pernye aktiválatlan		0.51		0.41

						Tatabányai pernye I.aktivált		0.79		1.02

						Tatabányai pernye II.aktivált		0.98		0.86

						Ajkai pernye I.aktivált		0.48		0.29

						Ajkai pernye II.aktivált		0.58		0.49
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