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Abstract

A low lime fly ash (ASTM type F) with a Blaine surface area of 222 m2/kg was ground to different finenesses as 337, 460, 538 and 604 m2/kg. Thus, five different ground fly ashes of the same origin were used in the experiments. Two different classes of concrete mixes and standard RILEM mortars were prepared using the same Ordinary Portland Cement (OPC) and the same type of low lime fly ash. In each concrete class,  the  aggregate grading, water-binder ratio, the maximum particle size of aggregate and the partial replacement of cement by fly ash were kept constant. In the RILEM mortars, however, the replacement was varied  as 10%, 20% and 30%, and a control mix without fly ash was also prepared. In all concretes and mortars, partial replacement of cement by fly ash was on one to one weight basis. At early ages, fly ash exhibits very little cementing value and acts rather as a filler aggregate, however, at later ages cementing activity becomes apparent. Grinding of fly ash can lead to a substantial increase in the strength of concretes with fly ash at especially later ages. It is shown that the usage of finer fly ash in both concrete and standard mortar as a partial replacement of cement contributes to increase the pozzolanic reaction corresponding to the consumption of the lime in the cementitious system.

Introduction

Fly ash is the most common artificial pozzolana. It 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 and includes meta-stable alumino-silicates that reacts with calcium ions, in the presence of moisture to form silica hydrates. (Neville, 1996; Joshi, 1998; Berry and Malhotra, 1987 and Ataç et al., 2001) The production of fly ash 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 (Mehta, 2000). There are eleven active coal-burning power plants in Turkey. The annual fly ash production in the country is about 15 million tons (Tokyay, 1998), however, in recent years its utilization is higher than the expected consumption. There are the following disadvantages in its unlimited use: i) insufficient data on the properties of the fly ashes, and ii)non-uniformity of their properties. It is expected that the use of coal in the power plants of Turkey will increase substantially in the next few decades. This indicates that more information is required about Turkish fly ashes.

There are two major reasons to use fly ash in concrete: i) reduction in the cost of concrete, and ii) improved fresh and hardened concrete properties.  The economical use of fly ashes depends on the quantity available, the amount of transportation required, the extend of benefication, 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, placing, and compacting (Erdoğan, 1997; Ataç et al. 2001) 

Chemical composition, particle size distrubition, fineness, and pozzolanic activity of fly ash and curing conditions of concrete are important factors affecting the mechanical properties of fly ash concrete (Monzo et al. 1994; Paya et al., 1997, and Kiattihomol et al., 2001). According to ASTM C 618, fly ash can be divided into two categories: Class F and Class C. The Class F fly ash generally contains analytical CaO less than 10 %, whereas Class C fly ash typically contains it 15 % to 35 %.  On the other hand , the Class F fly ash, produced from combustion of anthracite and bituminuous coals, is a low lime fly ash and mainly classified as a pozzolana. The Class C fly ash, however, is produced from combustion of either lignite or subbituminous coal. Due to the high calcium content  Class C ashes possess substantial cementious properties besides pozzolanic properties (Naik et al., 1992). It is well known that the use of fly ash in concrete causes the slow strength development at the early ages. Recent advances in concrete technology show that the calcium content and particle size distribution are the most important parameters governing the strength development rate (Mehta, 2000). Şengül et al. (2002) have shown that for concretes up to 40 % cement replacement by finely ground fly ash (604 m2/kg) and at the 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 their works, however, were in excess of 34 MPa at 28 days even at 70 % cement replacement by fly ash. Recent experimental studies show that the compressive strength of fly ash concrete increases with increase in the Blaine fineness of the fly ash used (Silanicka, 1991; Paya et al., 1995). It is also shown that the compressive strength of the mortar with finer fly ash was higher than that of the mortar with the coarser one.

There is, however, insufficient information about the fineness effect of ground fly ash on the properties of concrete. The main objective of this work is to investigate the effects of fineness of fly ash on the strength development of both mortar and concrete. Thus, the goal in this work is to study how grinding of a fly ash affects its physical properties, and how the fineness of ground fly ash influnces the strength development of concrete. 

Experimental Studies

Materials

The fly ash used in this study was brought from Çatalağzı 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 Akçansa Cement Factory in Büyükçekmece-Istanbul. The 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

	Composition (%)

	Oxides
	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


Some Physical properties of ground fly ashes are shown in Table 2. The average particle size of fly ash before grinding is relatively coarse and characterized by a low density.

Table 2. Some physical properties of fly ash

	Property
	Fly Ash

	
	Before grinding

B.S.A, 222 m2/kg


	After grinding

	
	
	Blaine surface area, m2/kg

	
	
	337
	460
	538
	604

	Density
	2.0
	2.27
	2.39
	2.45
	2.51

	  Retained on 200
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m

 sieve,%
	12.0
	0.2
	0.0
	0.0
	0.0

	Retained on 90
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 sieve,%
	33.0
	5.1
	0.6
	1.2
	0.7

	Retained on 45
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 sieve,%
	50.0
	29.9
	10.1
	5.2
	3.7


Particle size distributions were also obtained for all ground fly ashes. Details of these test results were previously reported (Demir et.al.,2002). The requirements of ASTM C 618 (1985) are given in Table 3 together with those of  EN 450 (1994). The test results of the fly ash used are given in the last column of the table. Here, S: SiO2, A: Al2O3, and Fe: Fe2O3 . The fly ash used in this study can be accepted as class F (low lime). 

Table 3. Specification requirements of EN 450 and ASTM C 618 for fly ashes.

	
	
	ASTM C 618
	Fly ash

	
	EN 450
	Class F
	Class C
	Used

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

	SO3, max. %
	3.0
	5.0
	5.3
	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
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) sieve, max. %
	40.0
	34.0
	34.0
	3.7


Pozzolanic Activity Test

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 carried out according to ASTM C 311-85 (1985). The test results obtained are given in Figure 1.

Mix Design

Two groups of concrete mix were designed: A and B. The water-binder ratios of these mixes were 0.65 and 0.40, respectively. Each group (i.e. each concrete class) was prepared using the same Ordinary Portland Cement (OPC) and the same type of low-lime fly ash (Class F in ASTM C 618). In each group, the aggregate grading and the maximum particle size of aggregate were kept constant, and the partial replacement of cement by fly ash was 30 %. The replacement was on one to one weight basis. Each group had five concrete mixes made with the same fly ash but in different finenesses. The finenesses of the fly ash used were 222, 337, 460, 538, and 604 m2/kg. Thus, totally ten concrete mixes were cast. Details of the mixes can be found in an internal report prepared by the authors of the presented work (Demir et al., 2002). The grading curve of concrete aggregate was chosen between ISO A16-B16 and closer to B16. A superplasticizer was used to maintain approximately the same slump of 100
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 20 mm.

The standard RILEM-Cembureau mortars were also prepared using the following mix composition, cement (or binder): sand: water=1:3:0.5. In these mortars, the partial replacement of cement by fly ash was varied from 0 % (cement mortar) to 30 % in steps of 10 %. The details of the mixes were given previously (Demir et al., 2002). All specimens were demolded after 24 hours, stored in a water tank saturated with lime at 20 0C until the testing day.

Test Procedure

The prismatic concrete specimens prepared for the mechanical tests were 280 mm in length and 70x70 mm in cross-section. The sizes of mortar specimens, however, were 40x40x160 mm similar to those given in RILEM-Cembureau standard. Strength tests of concretes were carried out  at 1, 3, 7, 28, 56, and 91 days, but the strengths of mortars were obtained at 1, 2, 7, 28, 91, and 182 days. After the bending test, compressive tests were performed on the broken parts of the specimens of concrete and mortar are shown in the inset of Figures 4 and 5. 
Results and Discussion

Physical Properties of Fly Ash 

The test results obtained in this study show that 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 the density by reducing the porosity of the fly ash particles, iii) the spherical fly ash particles transform into the mostly irregular shapes. Similar results were obtained by Cheng and Osbaeck (1986). 

Chemical Properties of Fly Ash

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 Çatalağzı, and it was used in this work. The others, however, are obtained from lignite or sub-bituminous coal (Tokyay, 1998). The amount of S+A+F in the fly ash used satisfies these standard specifications. BS 3892 (1982) 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.

Pozzolanic Activity

[image: image11.bmp]As seen in Figure 1, an increase in the Blaine surface area from 222 m2/kg to 604 m2/kg has resulted in an increase of 80 % in corresponding compressive strengths at 7 days. This means that an increase in the fineness of the same fly ash used (i.e. ground fly ashes) leads to a substantial increase in its activity index at 7 days. It can be concluded there is a very good correlation between the Blaine surface area of fly ash and the compressive strength of  mortar made of the same ground fly ash. Recent studies also demonstrated that the fineness of ground fly ash influence significantly the pozzolanic activity index (Paya et al., 1995, and Ravina, 1980).
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Figure 1. Pozzolanic activity of fly ashes with various finenesses.

Setting Times

The value of normal consistency for paste with the original fly ash (i.e. Blaine surface area of 222 m2/kg) was 25 %, while the value for normal cement paste was 26 %. The setting times of cement paste with fly ash were determined using the Vicat needle. Pastes with ground fly ash, however, required more water resulting in higher normal consistency values. It was observed that the initial and final setting times of the paste with fly ash were longer than those of the paste without fly ash. For higher replacement of cement by fly ash, the setting times of pastes with the finest fly ash used were substantially longer than those of the others. There was, however, no significant effect of fly ash fineness on setting times for low content of fly ashes. Similar results were obtained elsewhere (Cheng and Osbaeck, 1986). The delay in the formation of C-S-H from the pozzolanic reaction results in a delay in the exothermic heat output. The low heat generation in concretes made with fly ash is beneficial in reducing thermal cracking in large concrete applications. The cement with fly ash, thus, can be used as an alternative to low heat Portland cements (Illston, 1998).

Compressive Strengths of Concretes

In order to determine the contribution of fly ashes to strength development in concrete due to the Pozzolanic reaction, following parameters were considered: i) fineness of fly ash, ii) water-binder ratio, and iii) age (curing time). As shown in Figure 2, for water-binder ratio of 0.65, there is no significant effect of fly ash fineness on the compressive strength of concrete at early ages (i.e., 1, 3, 7, and 28 curing days). It can be concluded that a delay in the pozzolanic reaction results in lower early age strengths. At later ages (56 and 91 curing days), however, there is a substantial increase in compressive strength of concrete, while the fineness of fly ash increases.
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Figure 2. Effect of fly ash fineness on the compressive strength of                            concretes with high water-binder ratio (W/C=0.65)

As seen in Figure 3, more noticeable results were obtained for low water-binder ratio (0.40) at all curing times except one day. The increase in compressive strength clearly reveals its pozzolanic effect of finely ground fly ash. 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 (Goldman and Bentur, 1993; Taşdemir et al., 1995, 1996, and 1999). On the other hand, the slower pozzolanic reaction seems to be more effective in reducing the overall porosity of hardened cement paste (hcp). The transition zone between the hcp and aggregate in concrete is enhanced by the pozzolanic reaction. This strengthening is particularly important for the modification of cement paste-aggregate interfacial zone when producing high strength concrete as indicated in this work using low water-cement ratio (i.e. 0.40). It should be noted that the curing conditions are more important for concrete with mineral admixture such as fly ash than for normal concrete.
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Figure 3. Effect of fly ash fineness on the compressive strength of  

concretes with low water-binder ratio (W/C=0.40)
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Figure 4. Comparison of rates of strength development for cement mortar with 30 % fly

ash (B.S.A. 604 m2/kg) and without fly ash

Compressive Strength of Mortars

As shown in Figure 4, replacement of a portion of cement with fly ash generally results in low compressive strength values at early ages, before 56 days. For all replacements from 10 % to 30 % fly ash, the compressive strength at ages beyond about 56 days generally exceed the compressive strength of cement mortar without fly ash. More results can be found in the earlier works of the authors of this work (Demir et al., 2002). Figure 6 shows the mortar strength development for the same fly ash with fineness ranging from 222 m2/kg to 604 m2/kg. It is clearly seen from Figure 5 that the fineness has a significant effect on the strength development.




Figure 5. Mortar strength development for fly ashes with various finenesses.

Conclusions

The results obtained in this work can be summarized as follows:

1) The physical properties such as density and fineness change as the fly ash is ground. There is substantial increase in density by reducing the porosity of the fly ash particles during grinding. 

2) The pozzolanic activity index increases significantly, as the Blaine surface area of fly ash increases. 

3) Cement pastes with ground fly ash requires more water resulting in higher normal consistency values. 

4) In high volume fly ash paste, the setting times of paste are prolonged. 

5) There is substantial effect of fly ash fineness on the strength development of concrete especially for long curing times; as the fineness of fly ash increases, the compressive strength of concrete increases significantly, more noticeable results are obtained for low-binder ratio. The performance of concrete with fly ash will depend not only on the mineralogical and chemical composition of fly ash, but also on its physical properties such as fineness and particle shape, and most importantly on the water-binder ratio of the mix, as expected. 

6) The fineness also has the significant effect on the compressive strength of mortar. The mortars with finer fly ashes gain higher compressive strengths than those with coarser fly ashes. For long curing times, the increase in compressive strength of mortar with fly ash clearly shows its pozzolanic effect of finely ground fly ash.
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		1		9.3		11.1		10.1		10.6		11.6				1		11.7		13		14.1		13.6		12.7				1		14.3		14.5		15.5		14.1		16

		2		15.4		17.4		18.3		18.8		18.6				2		19.2		20.7		23.2		22.3		23.2				2		21.7		22.7		24.3		23.7		26

		7		27.7		29.4		32		32.5		33.5				7		30.5		33.6		38.4		37		37.1				7		36.1		40.4		37.9		39.1		41.1
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		56		39.8		46.4		55.2		58.7		60.1				56		45.1		50.5		60.3		59		61.7				56		50.3		55.2		56.2		57.9		59.9

		91		43.2		52.9		57.3		61.4		65.9				91		52.1		54.3		62.9		62.4		64				91		53.1		56		57.5		58.7		62.6

		180		48.9		61.2		66.5		70.3		73.3				180		56		61		71.3		69.9		72.2				180		56		60.7		62.5		66.4		69.2
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		1 GÜNLÜK		222		337		460		530		604

		0		12.5		12.5		12.5		12.5		12.5

		10		10.3		7.4		9.3		8.7		11.3

		20		5.6		11.9		9		5.4		6.6

		30		6.5		5.4		5.1		5.6		5.8

		3 GÜNLÜK

		0		25.8		25.8		25.8		25.8		25.8

		10		24.8		19.9		22.7		23.6		25.3

		20		16.8		14.6		19.8		19.6		18.7

		30		16.5		15.4		18.3		19.3		16

		7 GÜNLÜK

		0		29.4		29.4		29.4		29.4		29.4

		10		31.2		27.1		30.9		31.8		34.8

		20		22.8		25.4		25.5		26.3		25

		30		23.4		21.8		23.3		25.8		25

		28 GÜNLÜK

		0		36.5		36.5		36.5		36.5		36.5

		10		36.6		33.7		39.9		39.8		40.6

		20		30.2		38.4		38.6		37.1		38.8

		30		31.1		31.5		35.4		39.2		38.4

		56 GÜNLÜK

		0		35.2		35.2		35.2		35.2		35.2

		10		38.7		36.4		42.3		45.6		44.2

		20		32.8		43.8		42.8		46.3		45.3

		30		35.7		39		39.2		40.4		42.6

		91 GÜNLÜK

		0		36.7		36.7		36.7		36.7		36.7

		10		39.6		39.4		44.4		47.5		47.6

		20		30.7		45.5		45.9		47.1		46.8

		30		38.7		41.2		43.2		47.8		47.5





BS20

		0		0		0		0		0		1		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0				0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0				0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0				0		0		0		0		0		0		0		0		0		0

																				0



0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



BS40

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

								0



B. A. 222 kg/m2

B. A. 337 kg/m2

B.A. 460 kg/m2

B.A. 530

B.A 604 kg/m2



Sheet3

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



BA:222

BA:337

BA:460

BA:530

BA:604

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet1

		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0



BA:222

BA:337

BA:460

BA:530

BA:604

3-91

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



priz süreleri

		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0



222

337

460

530

604

222

7-56

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Sheet2

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



BA:337

BA:604

3-91

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Puzolanik aktivite

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0



222

604

222

460

7-56

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Harç

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0



BA:222

BA:460

BA:604

3-91

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



BA:222

BA:604

1-28-91

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		BS 20

		1 GÜNLÜK		222		337		460		530		604

		0		30.8		30.8		30.8		30.8		30.8

		10		15.4		10.7		17.2		13.5		17.3

		20		9.2		15.2		13.9		11.4		11.3

		30		2.6		6.2		6.1		6.5		5.7

		3 GÜNLÜK

		0		40.8		40.8		40.8		40.8		40.8

		10		40.6		43.9		42.3		44.6		44.5

		20		37.7		41.8		44.7		39.4		38.8

		30		26.7		32.6		34.4		34.1		34.2

		7 GÜNLÜK

		0		42		42		42		42		42

		10		57.4		55.8		53.8		52.5		57.1

		20		47.1		52.8		49.9		55.5		53.1

		30		39.2		41.5		46.2		44.8		49.1

		28 GÜNLÜK

		0		61.2		61.2		61.2		61.2		61.2

		10		64.4		64.7		64.4		64.7		65.7

		20		59.8		60.5		61.9		62.7		65.9

		30		50		55.1		59.7		65		67.1

		56 GÜNLÜK

		0		70.1		70.1		70.1		70.1		70.1

		10		69.7		70.8		72.1		69.4		71

		20		64.9		69.4		69		74.2		76.8

		30		55.1		62.2		72.7		74.8		78

		91 GÜNLÜK

		0		73.6		73.6		73.6		73.6		73.6

		10		74.8		72.5		76.1		78.4		77.6

		20		68.2		74.4		75.6		80.4		81.5

		30		61.2		69.6		70.8		77.6		79.9
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		BS 40		222		337		460		538		604

		1		2.6		6.2		6.1		6.5		5.7

		3		26.7		32.6		34.4		34.1		34.2

		7		39.2		41.5		46.2		44.8		49.1

		28		50		55.1		59.7		65		67.1

		56		55.1		62.2		72.7		74.8		78

		91		61.2		69.6		70.8		77.6		79.9

		BS 20		222		337		460		538		604

		1		6.5		5.4		5.1		5.6		5.8

		3		16.5		15.4		18.3		19.3		16

		7		23.4		21.8		23.3		25.8		25

		28		31.1		31.5		35.4		39.2		38.4

		56		35.7		39		39.2		40.4		42.6

		91		38.7		41.2		43.2		47.8		47.5

		BS 40		222		337		460		538		604

		0		2.6		6.2		6.1		6.5		5.7

		0.477		26.7		32.6		34.4		34.1		34.2

		0.845		39.2		41.5		46.2		44.8		49.1

		1.447		50		55.1		59.7		65		67.1

		1.748		55.1		62.2		72.7		74.8		78
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		1.96		38.7		41.2		43.2		47.8		47.5





		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



222

337

460

538

604

Zaman (gün)

Dayanım

BS 40 - % 30 yerdeğiştirme

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



222

337

460

538

604

Zaman

Dayanım

BS 20 - % 30 yerdeğiştirme

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



222

337

460

538

604

BS 40

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



BS 20

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		

				222		2.6		26.7		39.2		50		55.1		61.2

				337		6.2		32.6		41.5		55.1		62.2		69.6

				460		6.1		34.4		46.2		59.7		72.7		70.8

				538		6.5		34.1		44.8		65		74.8		77.6

				604		5.7		34.2		49.1		67.1		78		79.9

				222		6.5		16.5		23.4		31.1		35.7		38.7

				337		5.4		15.4		21.8		31.5		39		41.2

				460		5.1		18.3		23.3		35.4		39.2		43.2

				538		5.6		19.3		25.8		39.2		40.4		47.8

				604		5.8		16		25		38.4		42.6		47.5





		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0



1 day

3 days

7 days

28 days

56 days

91 days

Blaine surface area, m2/kg

Compressive strength, MPa

W/C=0.40

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0



1 day

3 days

7 days

28 days

56 days

91 days

Blaine surface area, m2/kg

Compressive strength, MPa

W/C=0.65

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		10%														20%												30%

		148		174		166		160		150		153				164		155		150		162		159				169		150		145		179		183

		160		211		206		205		190		189				198		200		205		202		205				200		195		215		209		230

		100		148		160

		222		174		211		164		198		169		200

		337		166		206		155		200		150		195

		460		160		205		150		205		145		215

		538		150		190		162		202		179		209

		604		153		189		159		205		183		230

		100		148		160

		222		164		198

		337		155		200

		460		150		205

		538		162		202

		604		159		205

		100		148		160

		222		169		200

		337		150		195

		460		145		215

		538		179		209

		604		183		230

		100		148

		222		174		164		169

		337		166		155		150

		460		160		150		145

		538		150		162		179

		604		153		159		183

		100		160

		222		211		198		200

		337		206		200		195

		460		205		205		215

		538		190		202		209

		604		189		205		230

		0		148		160

		10		174		211

		10		166		206

		10		160		205

		10		150		190

		10		153		189

		20		164		198

		20		155		200

		20		150		205.1

		20		162		202

		20		159		205

		30		169		200

		30		150		195

		30		145		215

		30		179		209

		30		183		230





		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



fineness

setting times

10 % replacement

0

0

0

0

0

0

0

0

0

0

0

0



		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



initial setting

final setting

fineness

setting times

20 % replacement

0

0

0

0

0

0

0

0

0

0

0

0



		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



fineness

setting times

30 % replacement

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		0		0		0		0		0



fineness

setting times

10 % replacement

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



fineness

initial setting time

initial setting times

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



final setting times

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0



0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0



0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		





		100		100		100

		222		222		222

		337		337		337

		460		460		460

		538		538		538

		604		604		604



10%

20%

30%

fineness

initial setting time

initial setting times

148

174

164

169

166

155

150

160

150

145

150

162

179

153

159

183



		100		100		100

		222		222		222

		337		337		337

		460		460		460

		538		538		538

		604		604		604



10%

20%

30%

final setting times

160

211

198

200

206

200

195

205

205

215

190

202

209

189

205

230



		222		222		222

		337		337		337

		460		460		460

		538		538		538

		604		604		604



Blaine surface area (m2/kg)

initial setting time (min.)

initial setting times

174

164

169

166

155

150

160

150

145

150

162

179

153

159

183



		222		222		222

		337		337		337

		460		460		460

		538		538		538

		604		604		604



10%

20%

30%

Blaine surface area (m2/kg)

final setting time (min.)

final setting times

211

198

200

206

200

195

205

205

215

190

202

209

189

205

230



		222		7.9

		337		11.8

		460		13.4

		538		13.8

		604		14.2





		0

		0

		0

		0

		0



Blaine surface area, m2/kg

Compressive strength, MPa

0
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		0%

		1		17.3		11.6		12.7		16

		2		27.4		18.6		23.2		26

		7		43.5		33.5		37.1		41.1

		28		52.6		50.7		51.9		52.2

		56		54.8		60.1		61.7		59.9

		91		58.1		65.9		64		62.6

		180		59.5		73.3		72.2		69.2

		30%														20%														10%

		1		9.3		11.1		10.1		10.6		11.6				1		11.7		13		14.1		13.6		12.7				1		14.3		14.5		15.5		14.1		16

		2		15.4		17.4		18.3		18.8		18.6				2		19.2		20.7		23.2		22.3		23.2				2		21.7		22.7		24.3		23.7		26

		7		27.7		29.4		32		32.5		33.5				7		30.5		33.6		38.4		37		37.1				7		36.1		40.4		37.9		39.1		41.1

		28		33.5		41.4		43.8		48.1		50.7				28		40.7		45		53.5		49.9		51.9				28		46.1		50.9		49.4		51.5		52.2

		56		39.8		46.4		55.2		58.7		60.1				56		45.1		50.5		60.3		59		61.7				56		50.3		55.2		56.2		57.9		59.9

		91		43.2		52.9		57.3		61.4		65.9				91		52.1		54.3		62.9		62.4		64				91		53.1		56		57.5		58.7		62.6

		180		48.9		61.2		66.5		70.3		73.3				180		56		61		71.3		69.9		72.2				180		56		60.7		62.5		66.4		69.2
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