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Abstract

Eight concrete mixtures were prepared using the same Ordinary Portland Cement (OPC) and the same type of finely ground, low-lime fly ash, keeping the aggregate grading of concrete, water-binder ratio (0.35), and the maximum particle size of aggregate constant, but varying the partial replacement of cement by fly ash from 0 % (OPC concrete) to 70 %, with increments of 10 %. The replacement was on one to one weight basis. Compressive strengths and rapid chloride permeability values in the first year were determined. For optimization, a multi-objective simultaneous optimization technique containing desirability functions were used. To attain a durable concrete mixture, concrete with the highest compressive strength and the lowest rapid chloride permeability is to be obtained. The cost of concrete is also important from the applicability point of view. For this purpose, while the compressive strength was maximized, rapid chloride permeability and the cost were minimized. The responses in the optimization were considered to be of equal importance. 
Özet

Yapılan deneysel çalışmada aynı Portland çimentosu (PC 42,5) ve ince öğütülmüş (Blaine özgül yüzeyi 604 m2/kg) F tipi uçucu kül kullanılarak, sabit agrega granülometrisi ve maksimum agrega tane çapı ile aynı su/çimento oranına (0,35) sahip betonlar üretildi. Her üretimdeki toplam bağlayıcı madde miktarı da sabit tutuldu ve uçucu kül çimento ile % 70’e kadar kısmi yer değiştirilerek sekiz adet karışım hazırlandı. Uçucu külün çimentoyla yer değiştirilmesi bire bir ağırlık esasına göre ve % 10’luk artımlarla yapıldı. Üretilen betonların bir yıllık basınç dayanımları ve ASTM C 1202–97 standardına göre hızlı klor geçirimlilikleri belirlendi. Dürabilitesi yüksek beton elde etmek için, betonun yüksek basınç dayanımı ve düşük klor geçirimliliğine sahip olması amaçlanır. Daha ekonomik bir karışım elde etmek için maliyetin minimum tutulması da istenir. Bu nedenle, beton basınç dayanımının maksimum, hızlı klor geçirimliliği ve maliyetinin minimum olması için optimizasyon yapıldı. Optimizasyon için çok amaçlı simültane optimizasyon teknikleri kullanıldı. Optimizasyonda göz önüne alınan söz konusu parametreler eşit ağırlıkta kabul edildi.

1. Introduction

Concrete is the world’s most important and widely used construction material.  According to CEMBUREAU, in 1998, the total production of cement in the world was about 1.6 billion tones and if it is assumed that about 250 kg of cement are used to produce one m3 of concrete, about 6.5 billion m3 of concrete was used in 1998. Producing a ton of Portland cement requires about 5.5 GJ energy and this manufacture releases about one ton of CO2 greenhouse gas into the atmosphere. Increasing the effective use of the materials and Portland cement, production of low energy intensive cements, increasing the service life of the structures and infrastructure, recycling, and utilization of by-products will help to reduce the environmental impact of concrete (Aïtcin, 2000). The pressure of ecological constraints and environmental regulations are bound to increase in the coming years which will lead to greater use of supplementary cementitious materials such as fly ash, blast furnace slag or silica fume. There are two major reasons to use these by-products in concrete: i) decreasing cement consumption by replacing a certain part of cement with these pozzolanic materials, ii) improving fresh and hardened concrete properties.

Fly ash is the most available pozzolan worldwide. It is a by-product of the combustion of pulverized coal in thermal power plants, and it is estimated that about 600 million tonnes were available worldwide in 2000 but only 6% of it was used in cement or concrete industry (Mehta, 2000). There are eleven active coal-burning power plants in Turkey and the annual fly ash production in the country is about 15 million tons. Fly ash is removed by the dust collection system as a fine particulate residue from the combustion gases before discharging into atmosphere (Berry and Malhotra, 1987).

Chloride induced corrosion of the steel in concrete is one of the most severe durability problems of reinforced concrete structures. The ingress of chloride ions into the concrete may consist of different mechanisms and there are different test methods for the assessment of the chloride transport in concrete. Resistance of concrete to chloride ion penetration must be known for durability design of concrete structures. Chloride diffusion coefficient is an input parameter for the probability based durability analysis of concrete structures. 

Design and construction costs make up a large portion of the life cycle cost of a structure and the cost of concrete has a big impact on the initial investment costs. After the analysis of requirements, economical analyses are performed for similar technical solutions and the optimum solution between the alternatives is selected. Multiple criteria optimization techniques are used for decision making process. For a durable concrete mixture, concrete with the highest compressive strength and the lowest rapid chloride permeability is to be obtained. The cost of concrete is also important from the applicability point of view. Therefore, it must be minimized to get an economical mixture. 

The main objective of the work presented here is to optimize the design of high strength high volume fly ash concretes. The mixtures were optimized to obtain a more durable material than normal concrete. A finely ground fly ash (i.e. Blaine fineness 604 m2/kg) was used in the mixtures.

2. Experimental Details

2.1. Materials

F type 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. An ordinary Portland cement (OPC 42.5) was used in all concretes. Some physical properties of the fly ash before and after grinding are shown in Table 1. In this study, only the ground fly ash shown in the Table was used. The test results showed that the physical properties such as density and fineness change as the fly ash was ground. Chemical analyses confirmed that the fly ash used was Type F. 

Table 1. 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

	Retained on 90 m sieve, %
	33.0
	0.7

	Retained on 45 m sieve, %
	50.0
	3.7


Particle size distributions of fly ash before and after grinding were obtained. Figure 1 shows that the average particle size decreases by grinding the coarse fly ash. 


Figure 1. Particle size distributions of fly ashes before and after grinding

The pozzolanic activity test with lime was also made. An increase in the fineness of the fly ash leaded to a substantial increase in its activity index at 7 days. 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.

2.2. Mixture Design

Eight concrete mixtures 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 % to 70 %, in steps of 10 %. Partial replacement of cement by fly ash was done on one to one weight basis. The grading curve of concrete aggregate was chosen between ISO A16-B16 standard curves and closer to B16. All the concrete mixes had a water-binder ratio of 0.35. A superplasticizer was used to maintain approximately the same slump of 100 ( 20 mm.  

All mixes were prepared with a small laboratory mixer with vertical rotation axis by forced mixing. The detailed properties of the mixtures are shown in Table 2. All specimens were demolded after 24 hours, stored in water tank saturated with lime at 20
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2oC until the testing day.

The concrete mixes were designated with the following codes: M00, M10, M20, M30, M40, M50, M60, and M70. The number following M shows the partial replacement of cement by fly ash, which varied from 0 % (M00) to 70 % (M70). 

Table 2. Mix proportions and some properties of fresh concretes

	Mix Code
	M00
	M10
	M20
	M30
	M40
	M50
	M60
	M70

	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

	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

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


2.3. Test Procedure 
Compressive strength and rapid chloride ion permeability tests were performed on one year old specimens. Three 150 mm cubes were used for the standard compressive strength tests of concretes. The rapid chloride ion permeability of the concretes was obtained according to ASTM C 1202-97 (1997); three concrete disc specimens of 100 mm in diameter and 50 mm thick were used for the test. 

3. Test Results, Discussion and Cost Analysis 

3.1. Compressive Strength

As seen in Table 3, compressive strength was stable up to 40 % ground fly ash replacement. The compressive strength of concretes containing 40% fly ash was almost the same with that of the concrete without fly ash. Beyond this level, since the amount used was relatively high, fly ash had an insufficient binding and caused reduction in compressive strengths. At the end of one year, however, even the compressive strength of the concrete containing 70 % fly ash, was 80 MPa which can be considered as a high strength concrete. 

3.2. Resistance to chloride ion penetration

The results of ASTM C 1202 rapid chloride ion penetration tests of concretes at 1 year are given in Table 3. This test was based on the electrical conductivity of concrete. The concrete sample was subjected to a potential difference of 60 V and the total charge passing through at the end of 6 hours was measured and expressed in terms of Coulombs.

The total charge passing through the concrete without fly ash was 1536 Coulombs. As seen in Table 3, inclusion of fly ash greatly reduced the total charge which indicates better resistance to chloride ion penetration. The pozzolanic reaction of fly ash continued for a long time. The mechanical properties and permeability of the high volume fly ash concrete were lower than the OPC concrete at early ages; however, these properties improved significantly with time. The rapid chloride ion penetration tests were conducted on specimens of one year age which were cured in 20(20C water until testing and significant pozzolanic reaction took place during this period. The test results showed the potential chloride resistance of high volume fly ash concrete. The lower chloride permeability of high volume fly ash concrete was due to the denser microstructure. The pozzolanic reaction of fly ash may cause clogging of pores, which reduces porosity and also chloride ion transport (Li and Roy, 1986). Better Chloride ion resistance of high volume fly ash concretes was also shown in other studies (Sivasundaram et al., 1991). 

As seen in Table 3, up to 30 % replacement, the total charge passing decreased significantly. The ASTM C 1202 suggests values for evaluating the test results and according to these values, the concretes in this study containing high volumes of fine fly ash can be considered as concretes of very low chloride permeability. 

3.3. Cost of Concrete Mixtures

A very simple approach was used in order to compare the cost of concrete mixtures. Assuming that the aggregate, water and admixture amounts were the same for all the mixtures, only the cement and fly ash were taken into account in the calculation of the cost of concretes. Cost analysis showed that the ground fly ash costs nearly the half of the cement. Thus, the price of one kg cement was taken as a unit, where that of the ground fly ash was 0.5 unit. Based on these assumptions, the cost of the concrete mixtures according to the amounts of cement and fly ash are given in Table 3.

Table 3. Compressive strength, chloride ion penetration and cost of concretes

	Mix

Code
	Cube compressive strength (MPa)
	Chloride ion penetration test (Coulomb)
	Cost of concrete mixture (unit)

	M00
	  116.2
	  1536
	472.0

	M10
	  127.8
	447
	447.5

	M20
	  125.2
	345
	422.0

	M30
	  125.1
	135
	400.5

	M40
	  115.4
	140
	377.5

	M50
	  107.8
	148
	355.5

	M60
	 94.6
	159
	331.0

	M70
	 80.0
	116
	307.0


4. Optimization 

Optimisation usually involves considering several responses simultaneously. For optimizing several responses, multi criteria optimization techniques were used. A useful approach for the optimization of multiple responses simultaneously is to use desirability functions which reflect the levels of each response in terms of minimum and maximum desirability. A desirability function (dj) varies over the range of 
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. In case of maximizing and minimizing the individual responses, di is defined by Eq. (1) and Eq. (2), respectively (Myers and Montgomery, 2002):
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(2)
where dj, Yj, min fj and max fj are the desirability function, the current, the lowest and the highest values of the jth response included in the optimization, respectively. The power value t is a weighting factor of the jth response.

By using an overall desirability function (D) given in Eq.(3), which is the geometric mean of the individual desirability functions (dj), the multi-objective optimisation problem was solved. D takes values between 0 and 1. The maximum value of D gives the optimum solution (the most desirable mixture) (Cornell, 2002). 
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where m is the number of the responses. 

For a durable concrete mixture, concrete compressive strength should be maximized whereas rapid chloride permeability must be minimized. For a cost effective project, the cost must be minimised to get an economical mixture. For each mixture, the individual desirability functions for the compressive strength were calculated by Eq.(1), and that of the rapid chloride permeability and the cost were calculated by using Eq. (2). The responses in the optimization were considered to be of equal importance (t=1). The overall desirability function was calculated by using Eq. (3) and given in Table 4.

Table 4. Individual and overall desirability functions for concretes
	Mix

Code
	Desirability function for compressive strength (d1)
	Desirability function for rapid chloride permeability (d2)
	Desirability function for cost (d3)
	Overall desirability function (D)

	M00
	0.76
	0.00
	0.00
	0.000

	M10
	1.00
	0.77
	0.15
	0.485

	M20
	0.95
	0.84
	0.30
	0.622

	M30
	0.94
	0.99
	0.43
	0.739

	M40
	0.74
	0.98
	0.57
	0.747

	M50
	0.58
	0.97
	0.71
	0.738

	M60
	0.31
	0.97
	0.85
	0.633

	M70
	0.00
	1.00
	1.00
	0.000
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Figure 2. The individual and overall desirability functions for concretes
As seen in Table 4 and Figure 2, the desirability functions were different for individual responses. The individual desirability function for compressive strength (d1) had the highest value at the 10 % replacement level. At 30% fly ash replacement level, the individual desirability function for rapid chloride permeability (d2) had the maximum value. The individual desirability function for cost (d3) was one for 70 % replacement.  Based on the highest overall desirability function, it can be concluded that the optimum ground fly replacement level is 40 % which maximizes the compressive strength and minimizes the rapid chloride permeability and the cost.
5. Conclusions 

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

1. At one year, the compressive strength of concrete containing 40% fly ash was almost the same as that of the concrete without fly ash. The compressive strength of the concrete containing 70 % fly ash was 80 MPa which can be considered as a high strength concrete.

2. The rapid chloride penetration tests conducted on one year old specimens indicated that high volume fly ash concrete had better resistance to the penetration of chloride ions.

3. The optimum ground fly ash replacement level was obtained as 40 % which maximizes the compressive strength and minimizes the rapid chloride permeability and the cost.
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