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ABSTRACT

Eight concrete mixes were prepared using the same Portland cement (OPC) and the same type of low-lime ground fly ash, in which the aggregate grading of concrete, water-binder ratio, and the maximum particle size of aggregate were kept constant, but the partial replacement of cement by fly ash was varied from 0 % (OPC concrete) to 70 %, in steps of 10 %. The replacement was on one to one weight basis. At 28 days, however, there was little reduction in compressive strength up to 40 % cement replacement by ground fly ash; then significant decrease was recorded for the further fly ash dosages. The 56-day compressive strength up to 40 % cement replacement by fly ash is almost identical to that of the no fly ash concrete. Beyond this level, the compressive strength decreases significantly. It is also shown that the brittleness index increases substantially with increasing compressive strength of concrete. The mortar phases of these concretes were also prepared.  The results obtained show that, for the mortar phases, when the dosage of fly ash increases, 2-, 7-, and 28-day compressive strengths decrease. The 56-day compressive strength of mortar, however, up to 40 % cement replacement by ground fly ash was nearly equal to that of no fly ash mortar. 

1 Introduction

Fly ash is a by-product of the combustion of pulverized coal in thermal power plants.  It is removed by the dust collection system as a fine particulate residue from the combustion gases before discharging into atmosphere [1,2]. The structures, compositions and properties of fly ash particles depend on the structure and composition of the coal and the combustion process by which fly ash is formed. Fly ashes exhibit pozzolanic activity in concrete. They include meta-stable alumino-silicates that will react with calcium ions, in the presence of moisture, to form calcium silicate hydrates [2,3]. The fly ash production in the world is approximately 450 million tons per year. Only about 6 percent of the total available fly ash is used as an artificial pozzolan in blended Portland cements or in concrete mixtures [4]. There are eleven active coal-burning power plants in Turkey. The annual fly ash production in the country is about 15 million tons, however, its utilization is less than the expected consumption. There are two reasons for this: i) insufficient data on the properties of the fly ashes, and ii) non-uniformity of their properties [5]. 

There are two major reasons to use fly ash in concrete; i) economy and ii) fresh and hardened concrete properties. The economical use of fly ashes depends on the quantity available, the amount of transportation required, the extend of beneficiation, and the design of requirement. Fly ash reduces heat of hydration, and because of spherical particles, it improves the stability of fresh concrete leading to easy mixing and placing [2,3]. There is a growing interest in the use of high performance concrete, which provides overall durability and high strength [6]. The utilization of fly ash as a partial replacement of cement has important economical, environmental, and technical benefits such as reduced waste materials, cleaner environment, reduced energy requirement, durable service performance during the service life and cost-effective structures [4,7,8].

Recent advances indicate that the design of concrete structures should be based on the principle “Strength through Durability” rather than “Durability through Strength” [7]. There have been many published reports on the microstructure, production, durability and mechanical properties of high strength concrete using superplasticizers and mineral admixtures such as fly ash, ground granulated blast-furnace slag and silica fume. Chemical composition, particle size distribution, fineness, and pozzolanic activity of fly ash, and curing conditions of concrete are important factors affecting the mechanical properties of fly ash concrete [3,9-11].

In recent years, it has been shown that the filler effect of mineral admixtures may be as important as their pozzolanic effects; according to some researchers, however, the filler effect is more important than the pozzolanic effect [8,12-14]. Particle size distribution clearly plays a very important role in the rate of chemical reactivity and in the water demand [15]. According to ASTM C 618, fly ash can be divided into two categories: Class F and Class C. The Class F ash is produced from combustion of anthracite and bituminous coals which is low lime fly ash and mainly classified as pozzolans. The Class C ash, however, is produced from combustion of either lignite or subbituminous coal.  Due to high calcium content the Class C ashes possess substantial cementitious properties besides pozzolanic properties [16,17]. Pozzolanic reaction takes place on the surface of the particles, thus, increasing surface area of fly ash has an important effect on pozzolanic activity. Thus, the fineness of the fly ash is very important for the modification of cement paste-aggregate interfacial zone, which is the weakest link in concrete. In a recent investigation done by the research group of this study [18], a coarse F type fly ash with a Blaine surface area of 222 m2/kg was ground to four different finenesses such as 337, 450, 538 and 604 m2/kg. The purpose of the work mentioned was to study how grinding of a fly ash affects its physical properties, and how the fineness of fly ash influences the strength development of both standard cement mortar and concrete. The aim of this work presented here, however, is to investigate the amount of finely ground fly ash (i.e. 604 m2/kg) on the mechanical behaviour of high and normal strength concretes.

2 Experimental Studies

2.1 Materials 

The fly ash used in this study was brought from Catalagzi power plant, which is located in the west coast region of Black Sea in Turkey. The Portland cement used (OPC 42.5) is a production of Akcansa Cement Factory in Buyukcekmece-Istanbul.   7- and 28-day compressive strengths of the standard RILEM-Cembureau cement mortars are 45.8 MPa and 57.3 MPa, respectively. Compositions of OPC and fly ash are shown in Table 1.

Table 1. Chemical compositions of OPC and fly ash

	Oxide Composition (%)
	OPC
	Fly Ash

	SiO2
	20.0
	60.2

	Fe2O3
	3.6
	6.7

	Al2O3
	5.1
	21.8

	CaO
	63.2
	2.5

	MgO
	1.1
	1.6

	SO3
	2.8
	0.5

	K2O
	0.8
	4.9

	Na2O
	0.3
	0.5

	Cl-
	0.03
	0.006

	Loss on ignition
	2.8
	0.3


The average particle size of the fly ash used is relatively fine and characterized by a high density. Some physical properties of fly ash are shown in Table 2. In this study, only the ground fly ash indicated in Table 2 was used.

Table 2. Some physical properties of fly ash

	Property
	Fly Ash

	
	Before grinding
	After grinding

	Density
	2.00
	2.51

	Blaine surface area, m2/kg
	222
	604

	Retained on 200 m sieve, %
	12.0
	0.0

	Retained on 90 m sieve, %
	33.0
	0.7

	Retained on 45 m sieve, %
	50.0
	3.7


The test results obtained by the authors of this study show that [18], the physical properties such as density and fineness change as the fly ash is ground. The physical changes due to grinding are: i) the fineness of fly ash increases, ii) there is a remarkable increase in density by reducing the porosity of the fly ash particles, iii) the spherical fly ash particles transform into the mostly irregular shapes; some small fly ash particles keep their original shapes. The setting times of cement paste with fly ash were determined using Vicat needle. As seen in Figure 1 the setting times of the paste are prolonged with increasing fly ash content in the paste. Similar results were obtained in references 15 and 18.
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Fig. 1.  Setting times versus fly ash contents in the paste

As seen in Figure 2, particle size distributions were also obtained in reference 18.  Figure 2 shows that the average particle size decreases by grinding of the coarse fly ash. Details regarding the fineness of fly ash are given in reference 18.
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Fig. 2.  Particle size distributions of fly ashes before and after grinding

The requirements of ASTM C 618 [16] are given in Table 3 together with those of   EN 450 [19]. The test results of the fly ash used are given in the last column of the table. Here, S: SiO2, A: Al2O3, and F: Fe2O3
Table 3. Specification requirements of EN 450 and ASTM C 618 for fly ashes [16,19]

	
	EN 450
	ASTM C 618
	Fly Ash used

	
	
	Class F
	Class C
	

	S + A + F, min. %
	70.0
	70.0
	50.0
	88.6

	SO3 , max. %
	3.0
	5.0
	5.0
	0.5

	Moisture content, max. %
	3.0
	3.0
	3.0
	0.1

	LOI, max. %
	5.0
	6.0
	6.0
	0.4

	Available alkalis, as Na2O max. %
	-
	1.5
	1.5
	0.3

	Amount retained when wet-sieved on No.325 (45(m) sieve, max. %
	40.0
	34.0
	34.0
	3.7


As seen in Table 3, EN 450 and ASTM C 618 Class F limit the minimum amount of S+A+F to 70%. ASTM C 618 Class C, however, limits the S+A+F to 50%.  According to ASTM C 618 which classifies fly ashes based on their S+A+F contents and the parent coal from which they are obtained, only one of the fly ashes produced in the eleven thermal power plants in Turkey satisfies Class F, which is produced in Catalagzi, and it was used in this work. The others, however, are obtained from lignite or sub-bituminous coal [5]. The amount of S+A+F in the fly ash used satisfies these standard specifications. BS 3892 [20] limits the maximum amount of the loss on ignition (LOI) to 7 %. The specification requirements of EN 450 and BS 3892 for SO3 are less than that of ASTM C 618. The fly ash used in this study, however, satisfies the maximum values for SO3 indicated in these standards.

2.2 Pozzolanic Activity

Pozzolanic activity is the most critical property of the fly ash. There are different methods for the determination of the pozzolanic activity index of fly ashes. For the fly ash used in this study, the pozzolanic activity test with lime was done according to ASTM C 311-85 [21]. The test results obtained are given in Table 4 together           with ASTM C 618-85 [16]. An increase in the fineness of the same fly ash used in reference 18 leads to a substantial increase in its activity index at 7 days. As seen in this table increasing the Blaine surface area from 222 m2/kg to 604 m2/kg has resulted in an increase of 79.7 % in corresponding compressive strengths at 7 days.

Table 4. Results of pozzolanic activity index test

	Compressive strength     at 7 days, MPa
	Fly ash

	
	Before grinding,

Blaine S.A.: 222m2/kg
	After grinding,

Blaine S.A.: 604m2/kg

	Experiment
	7.9
	14.2

	Class F in 

ASTM C618-85, min.
	5.5
	5.5


2.3 Mix Design 
Eight concrete mixes were prepared using the same Portland cement (OPC) and the same type of low-lime ground fly ash (Class F in ASTM C 618), in which the aggregate grading, water-binder ratio, and the maximum particle size of aggregate were kept constant, but the partial replacement of cement by fly ash was varied from 0 % (OPC concrete) to 70 %, in steps of 10 %. Partial replacement of cement by fly ash was on one to one weight basis.  The grading curve of concrete aggregate was chosen between ISO A16-B16 and closer to B16. Concrete mixes produced had a water-binder ratio    of 0.35. A superplasticizer was used to maintain approximately the same slump          of   100 ( 20 mm.

The concrete mixes were designated with the following codes: NC, FAC 00, FAC 10, FAC 20, FAC 30, FAC 40, FAC 50, FAC 60, and FAC 70. Concretes without and with fly ash were named NC and FAC, respectively. The number following FAC shows the partial replacement of cement by fly ash, which varies from 0 % (NC) to 70 %      (FAC 70). All mixes were prepared in a small laboratory mixer with vertical rotation axis by forced mixing. Details of the mixes are shown in Table 5.

Table 5. Mix proportions and some properties of fresh concretes

	Mix Code
	NC
	FAC 10
	FAC 20
	FAC 30
	FAC 40
	FAC 50
	FAC 60
	FAC 70

	Cement (C), kg/m3
	472
	424
	375
	330
	283
	237
	189
	142

	Fly Ash (FA), kg/m3
	0
	47
	94
	141
	189
	237
	284
	330

	Water (W), kg/m3
	166
	165
	164
	165
	165
	165
	165
	165

	Superplasticizer, kg/m3 
	2.6
	2.1
	2.3
	2.4
	2.5
	2.5
	2.5
	2.5

	Sand (0-2 mm), kg/m3 
	260
	259
	256
	256
	255
	254
	252
	249

	Basalt fines,    (0-4 mm), kg/m3
	475
	472
	467
	466
	465
	463
	460
	456

	Crushed basalt No. I, (4-16 mm) kg/m3
	1121
	1114
	1101
	1100
	1096
	1092
	1084
	1074

	Air, %
	2.2
	2.2
	2.8
	2.3
	2.1
	1.8
	1.9
	2.2

	Slump, mm
	110
	90
	105
	105
	110
	100
	95
	110

	W/(C+FA)
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35

	Unit weight, kg/m3
	2496
	2483
	2459
	2460
	2455
	2450
	2436
	2418


Mortar phase of each concrete was also produced. In the preparation of these mixes; water, cement, fly ash, sand, and basalt fines were in the mortar phase. Table 6 shows mix compositions and some properties of fresh mortars. The mortar mixes               were designated with the following codes: NM, FAM 10, FAM 20, FAM 30, FAM 40, FAM 50, FAM 60, and FAM 70. Mortars without and with fly ash were named NM and FAM, respectively; the number following FAM shows the partial replacement of cement by fly ash, which varies from 0 % (NM) to 70 % (FAM 70). The beams prepared for the standard RILEM-Cembureau tests were 160 mm in length and          40 mm x 40 mm in cross-section. All specimens were demolded after 24 hours, stored in water tank saturated with lime at 20oC until the testing day. After the bending tests, the compressive tests were performed on the half beams using 40 mm x 40 mm    cross-section. 

Table 6. Mix compositions and some properties of fresh mortars

	Mix Code
	NM
	FAM 10
	FAM 20
	FAM 30
	FAM 40
	FAM 50
	FAM 60
	FAM 70

	Cement (C), kg/m3
	804
	722
	639
	557
	477
	395
	314
	234

	Fly Ash (FA), kg/m3
	0
	79
	160
	238
	317
	395
	470
	545

	Water (W), kg/m3
	281
	280
	280
	278
	278
	271
	274
	273

	Sand, (0-2 mm), kg/m3 
	444
	441
	436
	432
	428
	423
	417
	411

	Basalt fines,      (0-4mm), kg/m3
	809
	803
	796
	787
	781
	772
	762
	753

	W/(C+FA)
	0.35
	0.35
	0.35
	0.35
	0.35
	0.34
	0.35
	0.35

	Air, %
	0.9
	0.7
	0.5
	0.6
	0.4
	1.0
	0.9
	1.0

	Spread, %
	72
	62
	68
	60
	62
	65
	54
	47

	Unit weight, kg/m3
	2337
	2325
	2311
	2293
	2280
	2256
	2237
	2216


2.4 Test Procedure 
Three 150 mm cubes were used for the standard compressive strengths of concretes.  Strength tests of mortars, however, were done in accordance with the RILEM-Cembureau Method. For the determination of modulus of elasticity and hystereris loops, at least three cylinders of 150 mm diameter and 300 mm height were prepared. Compressive strengths of concretes with and without fly ash were determined at 28 and 56 days.  The tests of the brittleness index and modulus of elasticity were done at 56 days.  Strength tests of mortars were determined at 2, 7, 28, and 56 days.  Mechanical test results are given in Table 7 and 8.

Table 7. Mechanical properties of concretes

	Mix

Code
	Cube compressive strength of concrete, MPa 
	Modulus of elasticity           at 56 days, MPa
	Brittleness Index          at 56 days

	
	28 days
	56 days
	
	

	NC
	82.8
	92.1
	47300
	3.60

	FAC 10
	70.2
	87.5
	47400
	3.47

	FAC 20
	60.2
	90.9
	49300
	3.26

	FAC 30
	66.0
	93.0
	47800
	3.63

	FAC 40
	66.1
	84.7
	47500
	3.32

	FAC 50
	58.5
	74.6
	46200
	2.90

	FAC 60
	43.4
	64.3
	44600
	2.27

	FAC 70
	34.1
	49.3
	40100
	1.75


Table 8. Compressive strengths of mortars

	Mix 

Code
	Compressive strength of mortar, MPa 

	
	2 days
	7 days
	28 days
	56 days

	NM
	48.3
	80.8
	97.3
	103.8

	FAM 10
	43.3
	75.3
	97.1
	105.6

	FAM 20
	38.0
	67.1
	91.7
	103.1

	FAM 30
	33.3
	58.5
	92.1
	102.8

	FAM 40
	25.9
	51.0
	85.2
	101.6

	FAM 50
	18.3
	43.3
	74.4
	92.7

	FAM 60
	14.0
	34.3
	64.8
	75.4

	FAM 70
	7.3
	21.9
	46.1
	56.9


2.5 Modulus of Elasticity and the Brittleness Index 
The elastic moduli were calculated from the stress-strain curve for stresses below approximately 30 percent of the ultimate strength and the results obtained are given in Table 7. The Brittleness Index B, obtained from the loading-unloading curve for each concrete with and without fly ash in compression, is defined as the ratio of the elastic deformation energy to the irreversible deformation energy corresponding to the       pre-peak point of the stress-strain curve.

As shown in Figure 3, Brittleness Index B may be expressed as the ratio of area SII to area SI, where SI is the irreversible deformation energy due to damage and SII is the elastic (reversible) deformation energy. When the ratio of SII/SI approaches zero, all energies become irreversible; when it tends to infinity, all energies become reversible. Thus, an increase in B indicates increased brittleness. Table 7 summarizes the test results obtained for all concretes tested.
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Fig. 3.  Definition of reversible and irreversible energies

3 Results and Discussion

3.1 Compressive Strengths of Concretes

As seen in Table 7 and Figure 4, in general, compressive strengths increase with the age of concrete and decrease with the amount of fly ash. The compressive strengths obtained in this study were in excess of 34 MPa at 28 days even at 70 % replacement of cement by a ground fly ash; such a fly ash concrete can be considered as a structural concrete. For concretes up to 70 % cement replacement by fly ash and 28-day age, the fly ash concretes show slightly lower strengths compared to no fly ash concrete. The 56-day compressive strength becomes stable up to 40 % ground fly ash replacement. Beyond this level, since the amount of fly ash used is relatively high, it has insufficient binding value and causes reduction in both 28- and 56-day compressive strengths.  The results obtained shows that the rate of strength gain in concretes with fly ash is significant between 28 and 56 days. It can be concluded that high strength concrete could be made with 40 % cement replacement by finely ground fly ash.

3.2 Compressive Strengths of Mortar Phases

As seen in Table 8 and Figure 5, as the dosage of fly ash increases, the 2, 7, and 28-day compressive strengths decrease. As seen in figure at 56 days the compressive strength of mortar phase of concrete, up to 40 % cement replacement by ground fly ash becomes stable and almost the same. Beyond this level, compressive strengths of both concretes and their mortar phases decrease significantly. The rate of strength gain in fly ash concretes is substantial. Thus, it can be concluded that mortar made with low cement content and high volumes of ground low lime calcium fly ash exhibits relatively low strengths at early ages, but higher strengths at later ages.  


Fig. 4.  Compressive strengths of concretes at 28 and 56 days


Fig. 5.  Compressive strengths of mortar phases at 2, 7, 28 and 56 days

3.3 The Brittleness Index

Figure 6 shows the brittleness index versus compressive strength plot in concretes with and without fly ash at 56 days. The circles indicated in the figure show individual test results obtained from the brittleness index test, but the data given in last column of Table 7 shows the average values. As seen in this figure, substantial increase in the brittleness index is typical for high strength concretes. At HSCs, the interface becomes more homogeneous and dense; as a result bond strength increases. The stress-strain relation in these concretes is almost linear up to a stress as high as 90 % of the ultimate strength and the loop obtained becomes narrower. Thus, in these concretes the irreversible deformation energy decreases and the material becomes more brittle.   Similar results were obtained in some previous works [22-25].
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Fig. 6.  Brittleness index versus compressive strengths at 56 days





4 Conclusions

Following conclusions could be drawn from the results obtained in this study.

1. Compressive strength of concrete increases with age, but decreases with inclusion of fly ash. Similar trends are obtained for the mortar phases of concretes with fly ash.

2. For concretes up to 40 % cement replacement by ground fly ash and 28-day age, the fly ash concretes show slightly lower strengths compared to the concrete without fly ash. Beyond this level, compressive strength decreases significantly. The compressive strengths obtained in this work, however, were in excess of 34 MPa at 28 days even at 70 % cement replacement by finely ground fly ash.

3. The experimental results obtained in this work show that the finely ground fly ash percentage can be used up to 40 % of total cementitious material in order to produce high strength concrete.

4. The concretes with fly ash show significant increases in compressive strength at 56 days. The 56-day compressive strength up to 40 % cement replacement by ground fly ash is almost identical to that of the concrete without fly ash. Beyond this level, there is substantial decrease in strength.

5. In high strength concretes, the brittleness index increases significantly with increasing compressive strength. The brittleness index can be used as an indication of the brittleness in concrete.

6. For both concretes and their mortar phases, the rate of strength gain is lower for mixtures containing fly ash, at early ages. Beyond 28-day age, the rate of strength gain in concretes (or in their mortar phases) with fly ash is significant between 28- and 56-days.

7. The modulus of elasticity of concretes up to 50 % cement replacement by ground fly ash is almost constant, and then it decreases slightly with fly ash content.     
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