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Abstract

:

This study presents the experimental results of fresh and hardened properties of concrete incorporating high-volume fly ash (HVFA). Two kinds of low-calcium fly ash with loss on ignition (LOI) of 5% and 8% were used as replacement for cement and/or fine aggregate of 0% (control), 20%, 40%, 50%, 60% and 80% by weight of the total cementitious materials. The properties of fresh concrete tested included the slump, air content, unit weight and setting time; those of hardened concrete determined included compressive strength, modulus of elasticity, flexural strength and drying shrinkage. Test results indicate that the concretes made with high-LOI (8%) fly ash can be successfully produced for structural concrete, which contains fly ash of up to 60% of the total cementitious materials. The high-LOI fly ash-concretes with higher replacement levels presented longer setting times. However, although both the fresh and hardened properties of high LOI fly ash concretes were inferior to those of the low-LOI (5%) fly ash concretes, the high modulus of elasticity, the adequate strength development characteristics both at early and later ages (up to 365 days) and the low dry shrinkage were observed when compared to those of the control concrete with a comparable 28-day compressive strength of 30 MPa.
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1. Introduction


Fly ash is an industrial by-product from coal-fired power plants. The pozzolanic reaction of fly ash (FA) makes it useful in the concrete industry where the most important application for fly ash is as a partial replacement of Portland cement in concrete. It has been well established that the proper use of fly ash improves the properties of concrete both in the fresh and hardened states (e.g., workability, heat evolution, strength development, durability) [1,2,3,4,5,6] and results in a lower cost of concrete due to the lower price of fly ash as compared to cement [7]. Typically, the amount of fly ash used in structural concrete ranges from 15% to 25% by mass of total cementitious materials [8,9]. Larger proportions of fly ash (e.g., up to about 70% by mass) is recommended to be used in other special applications (e.g., mass concrete, roller-compacted concrete) where the low early-age strengths are not of concern [8].



With the progress in water-reducing chemical admixtures [10,11], high-volume fly ash (HVFA) concrete with adequate early-age strength and reasonable workability was first introduced by Malhotra when he initiated the related studies at the Canadian Centre for Mineral and Energy Technology (CANMET) in the mid 1980s [12]. The term HVFA concrete is most commonly defined as one specific type of fly ash concrete containing more than 50% of fly ash by weight of total cementitious materials and low water-to-binder ratio (w/b) of less than 0.4 [13]. In order to achieve a desired workability at such low w/b, the use of a high-range water reducer is essential for HVFA concrete in most cases. This type of concrete takes full advantage of the enhanced properties of concrete provided by fly ash and the high-early strength obtained by reducing the w/b ratio [13,14,15]. Therefore, it has been reported to have significant improvement in mechanical properties and durability (e.g., high long-term strength and modulus of elasticity, low shrinkage and creep, excellent freezing-and-thawing resistance, low water permeability and chloride-ion penetration) [16,17,18,19,20,21,22] when compared to conventional Portland-cement concrete. Through proper mixture proportioning, a more economically- and environmentally-friendly (i.e., reducing CO2 emissions from cement production) concrete by minimizing its cement content can be made.



In Taiwan, more than 1.2 million tons of fly ash are produced annually from the combustion of coal in power plants. However, the utilization rate of fly ash has tended to decrease in recent years (e.g., from 95.1% in 2004 to 49.4% in 2009) [23]. The wet disposal of increasing amounts of unused fly ash into ash ponds has gradually become one of the major environmental problems in Taiwan. Because some fly ashes produced from power plants have higher loss on ignition (LOI) values and are accordingly grey-black in color (aesthetically unacceptable in most applications), the applicability and the commercial outlet of these fly ashes are limited, which make them difficult to market. The fly ashes obtained from power plants in Taiwan often have high LOI values exceeding the maximum value of 6% (which was originally set at 12%) specified by American Standard Testing and Materials (ASTM) C 618 [24] for use in concrete. This could be attributed to the following reasons: (1) the source of coal, (2) the conditions of combustion (i.e., the processes employed for the combustion of pulverized coal in power plant boilers) and (3) the installation of air pollution control equipment (i.e., the low-NOx burners for reducing NOx emissions). All of them generally lead to increasing amounts of residual (unburned) carbon in the produced fly ashes [25,26].



LOI is routinely used as an indicator for determining the residual carbon content in fly ash. In fact, LOI also includes the presence of carbonates and combined water in clay minerals [19] but the combustion of carbon is the major contributing component of ignition loss [3]. Although the allowable fly ash LOI depends on local practice, many countries have recently tended to institute more strict specifications for the limit on LOI (ranging from 3% to 6%) for quality assurance [24,27,28]. The two properties of fly ash that are of most concern are the LOI (carbon content) and the fineness. They are often interdependent because the carbon particles tend to be coarser [29]. The residual carbon present in the fly ash can absorb water and chemical admixtures (e.g., superplasticizer, air-entraining agent), reducing their efficiency or even resulting in an inadequate air-void system in the concrete [30,31,32]; the low fineness due to the coarser carbon particles will lead to a decrease in pozzolanic reaction of the fly ash. Consequently, low-quality fly ash with high LOI and low fineness is generally expected to be detrimental to the strength development of concrete. However, it was reported that carbon particles may act as an air-reducing agent which have a beneficial effect on the strength of concrete when high LOI (12%) fly ash was used [33,34]. There are few studies on the strength development of concrete containing HVFA with high LOI that fails to meet the LOI requirement of ASTM C 618 [24].



For the above reasons, the objective of this study is to assess the effects of the LOI of locally produced fly ash on the fresh and hardened properties of HVFA concrete. The long-term strength development with the age of concrete (up to 365 days) with different fly ash replacement levels (0% to 80%) was also further investigated. The results of this study will be useful in promoting the utilization of fly ash in Taiwan.




2. Experimental Program


2.1. Materials


The materials used to produce the concrete mixtures were all commercially available in Taiwan. The cement used was an ordinary Portland cement equivalent to ASTM C 150 [24] Type I. Two types of low-calcium fly ash (named FA1 and FA2) equivalent to ASTM C 618 [22] Class F (except for LOI) with different values of LOI (5% and 8%) were obtained from the coal-fired power plants of Taichung, Taiwan. The chemical composition and physical properties of cement and fly ashes are given in Table 1. A crushed gravel with a maximum size of 19 mm was used as the coarse aggregate and a natural river sand was used as the fine aggregate. The physical properties of aggregates are given in Table 2. A high-range water reducer or superplasticizer (SP) conforming to ASTM C 494 [24] Type G was added to all concrete mixtures to improve their workability. The SP has a specific gravity of 1.11 and a total solid content of 42% by mass.




2.2. Concrete Mix Proportions


The concrete mix design followed the absolute volume method described in ACI 211.1 [35]. Two series of concrete mixtures (S20 and S30 series) were prepared with a 28-day target compressive strength of 20 ± 5 MPa and 30 ± 5 MPa, respectively. They were both designed to have a target slump of 200 ± 30 mm. The mix proportions were established through trial batches. A series of mixtures was prepared and tested to determine the required total amount of cementitious materials (fly ash + cement) to obtain the specified strength with various percentages of fly ash. For each grade of target compressive strength, a control mixture (S20 and S30) without fly ash was made. Fly ash was used in the proportions of 20%, 40%, 50%, 60% and 80% of total cementitious materials (i.e., FA/(cm+ FA)). For the former four levels (20%, 40%, 50% and 60%), the fly ash concrete mixtures were made by partially replacing the cement used in the control mixture. At the replacement level of 80%, 60% of fly ash was used as the replacement for cement, while the other 20% of fly ash was further used as the replacement for fine aggregate. The final mix proportions of concrete mixtures are given in Table 3.




2.3. Preparation and Casting of Specimens


All concrete mixtures were mixed for about 5 min in a laboratory mechanical mixer. The sand, cement and fly ash were first dry-mixed together and followed by the addition of about 2/3 of the water content. The rest of the water content and the superplasticizer were then pre-mixed and added to the mixture. The coarse aggregate was finally added, and mixing continued until a uniform mixture was obtained. After the mixing, tests were conducted on the fresh concrete to determine the slump, air content, unit weight and setting time. One 150 × 150 × 150 mm- mold was filled with mortar obtained by sieving the fresh concrete for the setting time test. All the specimens were cast in steel molds, covered with wet burlap and left in the casting room for 24 hours. After demolding, the specimens were cured in a standard curing room at 23 ± 2 °C and 100% relative humidity until the time of testing. The only exception was the specimens for the drying shrinkage test. They were stored in a chamber at 23 ± 2 °C and 50% relative humidity.




2.4. Testing of Fresh Concrete


At the end of each mixing procedure, the characterization of fresh concrete consisted of the determination of slump (ASTM C 143), unit weight (ASTM C 138), air content (ASTM C 231, Type B pressure meter) and setting time (ASTM C 403) [24]. The results of the above tests are given in Table 4.




2.5. Testing of Hardened Concrete


The properties of hardened concrete were tested in accordance with the relevant ASTM specifications [24]. Cylinders (φ100 × 200 mm in size) were tested for compressive strength (ASTM C 39) and modulus of elasticity (ASTM C 469); prisms (100 × 100 × 360 mm in size) were tested for flexural strength (modulus of rupture) (ASTM C 78); and prisms (100 × 10 × 285 mm in size) were tested for drying shrinkage. Three cylinders and three 100 × 100 × 360-mm prisms were tested at each age, while a total of three 100 × 10 × 285-mm prisms were cast.





3. Results and Discussion


3.1. Properties of Fresh Concrete


3.1.1. Dosage of the SP and Slump


The test results of slump, air content, setting time and unit weight of the fresh concrete are given in Table 4. Each series of concrete mixture can achieve good workability after adjusting the amount of water and SP, where its slump is between 160 and 260 mm. During the test, none of the series of concrete mixtures showed a dispersion; however, S30F80-2 concrete presented a bleeding phenomenon due to a long period of mixing and vibration. In order to maintain similar workability, the dosage of SP must increase with increasing with the substitution ratio of fly ash. From the trial batches, it was found that the performance was stable at SP/(C + FA) = 1.75%, so the ratio of SP/(C + FA) was controlled within 1.5% during for mixing. For the S30 series concrete, the dosage of SP (1.5 to 10.0 kg/m3) required for high-LOI (8%) fly ash (FA2) concrete at the same substitution ratio is also higher than the low-LOI fly ash (FA1) concrete (0.8 to 4.9 kg/m3).




3.1.2. Air Content


As shown in Table 4, the air content of S20 series concrete mixtures is between 2.2% and 3.1%; in S30 series, the low-LOI (5%) fly ash (FA1) concrete has air content between 2.1% to 3.5%, while the high-LOI (8%) fly ash (FA2) concrete is between 2.6% and 6.6%. In the case of non-air-entrained concrete, except for S30F80-2, the air content of the remaining concrete was still within acceptable limits. According to the comparison among the series concrete mixtures, it can be seen that the concrete with higher total binder content (S30 series), higher fly ash substitution ratio (>50%) and high-LOI (8%) fly ash (FA2) concrete heeded a higher SP dosage, which tended to have a higher air content.




3.1.3. Setting Time


From Table 4, it is seen that the setting time was mainly affected by the cement content and the higher the substitution rate of fly ash, the longer the initial and final setting time. Taking the fly ash substitution ratio of 60% as an example, the initial setting time of fly ash concrete was 2.6 to 3.7 times of the control concrete. For the S30 series, at the same substitution ratio, the high-LOI (8%) fly ash (FA2) concrete had a longer setting time than that of low-LOI (5%) fly ash (FA1) concrete, which would take seven hours to reach the initial setting and more than nine hours to reach the final setting. In addition, the set retardation of the concrete was also associated with the addition of higher doses of plasticizer. Therefore, when mixing high-volume fly ash concrete, especially when adding high-LOI fly ash, special attention should be paid to the delayed setting time. However, this phenomenon can be improved by increasing the curing temperature or adding a suitable set-accelerating agent [1].





3.2. Properties of Hardened Concrete


3.2.1. Compressive Strength


Compressive strength was determined for all concrete mixtures (i.e., both S20 and S30 series) at the ages of 1, 3, 7, 28, 56, 91, 182 and 365 days. The results are shown in Figure 1. The 28-day compressive strength of S20 series mixtures was between 17.1 and 26.4 MPa (Figure 1a); in the S30 series mixtures, the 28-day compressive strength of the low-LOI (5%) fly ash (FA1) concrete was between 26.1 and 40.3 MPa (Figure 1b) and the high-LOI (8%) of fly ash (FA2) concrete was between 13.4 and 34.9 MPa (Figure 1c). Except for the obviously low strength of S30F80-2 concrete (13.4 MPa), the strength of other groups of concrete was roughly in line with the requirements of 28-day design strength.



For comparison, the strength development of concretes with different fly ash replacement levels (0% to 80%) for each series (S20 and S30 series) was revealed by the ratios of compressive strength at different ages with reference to 28 and 91 days, as shown in Figure 2 and Figure 3, respectively. In Figure 2, for S20 series (Figure 2a), the ratio of 7-day to 28-day strength was 0.75 for S20 control concrete and the ratios ranged from 0.56 to 0.75 for FA1 concretes; for S30 series (Figure 2b,c), the ratio was 0.78 for S30 control concrete and the ratios ranged from 0.53 to 0.66 for FA1 concretes (Figure 2b) and 0.44 to 0.69 for FA2 concretes (Figure 2c). Except for S20F80-1 and S30F80-1, the ratios of 7-day to 28-day strength decreased with the fly ash replacement levels increasing for both series corresponding to the highest ratios for control concretes (S20 and S30). By contrast, there was an opposite trend for the ratios of strength at later ages (>28 days) to strength at 28 days. For S20 series (Figure 2a), the ratio of 365-day to 28-day strength was 1.29 for S20 control concrete and the ratios were between 1.53 and 2.82 for FA1 concretes. For S30 series (Figure 2b,c), the ratio was 1.30 for S30 control concrete and the ratios were between 1.38 and 2.40 for FA1 concretes (Figure 2b) and were between 1.34 and 2.64 for FA2 concretes (Figure 2c).



As it can be seen in Figure 2—whether it is the S20 or S30 series—even if the fly ash substitution rate was increased to 80% by adding low-LOI (5%) fly ash (FA1) to concrete, there was an appropriate early strength and a larger strength gain compared to the 28-day strength.



Siddique [36] reported similar results as for the HVFA concretes containing 40% to 50% of low-calcium (ASTM Class F) fly ash (with LOI = 1.9%) at the same w/cm ratio of 0.4, the 7-day strength was observed to be 62% to 64% of the 28-day strength (23.1 to 26.7 MPa) and the increase in strength from 28 to 365 days was between 39% and 45%. However, the high-LOI (8%) fly ash (FA2) concrete (S30F80-2) with a substitution ratio of 80% showed significantly lower initial strength development and failed to achieve the 28-day designed strength. According to the results of the compressive strength test conducted in this study, the substitution ratio of high-LOI (8%) fly ash (FA2) could be up to 60% for most of the applicable concrete construction or even structural concrete.



In Figure 3, for S20 series (Figure 3a), the ratios of strengths of 28 to 91 days and 365 to 91 days were 0.88 and 1.13 for S20 control concrete and the ratios were 0.51 to 0.73 and 1.12 to 1.46 for FA1 concretes; for S30 series (Figure 3b,c), the ratios were 0.87 and 1.12 for S30 control concrete and the ratios were 0.58 to 0.78 and 1.07 to 1.39 for FA1 concretes (Figure 3b) and 0.56 to 0.79 and 1.06 to 1.47 for FA2 concretes (Figure 3c), respectively. From the results of Siddique [36], the increase in strength from 28 to 91 days was between 20% and 26%, whereas that from 91 to 365 days was only between 14% and 16%.




3.2.2. Modulus of Elasticity


Modulus of elasticity was determined for S30 series mixtures at 28, 56, 91 and 365 days. The results are shown in Figure 4. At 28 days, the elastic modulus of the S30 control concrete was 24.3 GPa and its low-LOI (5%) fly ash (FA1) concrete was between 18.6 and 27.7 GPa (Figure 4a), with the high-LOI (8%) fly ash (FA2) concrete between 12.9 and 27.0 GPa (Figure 4b). Overall, in the S30 series, when only the fly ash was used to replace part of the cement (20% to 60%), it could improve the elastic modulus of the concrete. When the age of the concrete reached 91 days, the elastic modulus of S30 series fly ash concrete (except S30F80-1 and S30F80-2) was higher than that of S30 control concrete.



In addition to the effect of compressive strength (Figure 1), the higher modulus is mainly due to the larger percentage of aggregates despite the unhydrated fly ash particles also acting as a fine filler material in concrete [1]. In concrete with a fly ash substitution ratio of 80% (S30F80-1 and S30F80-2), the fly ash was not only used to replace the cement but further replaced the fine aggregate, which greatly reduced the amount of fine aggregate with a significantly lower elastic module than that of the S30 control concrete. In addition, under the same age and fly ash substitution ratio (except the substitution rate of 20%), the elastic modulus of the concretes with high-LOI (8%) fly ash (FA2) were lower than those concretes with low-LOI (5%) fly ash (FA1). This result should be related to the lower compressive strength of FA2 concrete (Figure 1).




3.2.3. Flexural Strength


Flexural strength (modulus of rupture) was determined for S30 series mixtures at the ages of 7, 28, 56, 91 and 365 days. The results are shown in Figure 5. The development trend of flexural strength of the S30 series over time was similar to the results of compressive strength. At 7 days, whether adding high-LOI (8%) fly ash (FA2) or low-LOI (5%) fly ash (FA1), the concrete flexural strength was lower than that of the S30 control concrete. At this stage, the flexural strength of the concrete decreased substantially as the fly ash substitution ratio increased. At the 28-day, the flexural strength of S30 series fly ash concrete was relatively close to or even slightly higher than that of S30 control concrete mixtures, indicating that the fly ash continued the pozzolania reaction in this stage, which increased the strength of concrete growth. At this time, the flexural strength of S30 control concrete was 6.1 MPa; the low-LOI (5%) fly ash (FA1) concrete was between 3.7 and 6.3 MPa and the high-LOI (8%) fly ash (FA2) concrete between 2.7 and 6.0 MPa. After 56 days age, the flexural strength of some S30 series fly ash concrete was higher than that of S30 control concrete. In addition, comparing the effects of adding different LOI of fly ash (Figure 5a,b), it could be found that most of the concrete with low-LOI (5%) fly ash (FA1) had higher flexural strength.




3.2.4. Drying Shrinkage


Drying shrinkage was determined for S30 series concrete at the ages of 4, 7, 14, 28, 56, 112 and 224 days. The results are shown in Figure 6. The dry shrinkage of S30 series concrete increased with age. Since the dry shrinkage of concrete is directly related to the amount of cement, the concrete shrinkage was lower than that of the S30 control concrete, whether it was added to high-LOI (8%) or low-LOI (5%) fly ash. At the beginning of the age (<28 days), the effect of the fly ash substitution ratio was not obvious, however, as the age increased, the dry shrinkage of the concrete decreased with the increase of the fly ash substitution ratio. At 224 days, S30 control concrete had a dry shrinkage of 718 μ, low-LOI (5%) fly ash (FA1) concrete mixtures was between 504 and 613 μ (Figure 6a) and high-LOI (8 %) fly ash (FA2) concrete was between 590 and 632 μ (Figure 6b). From the comparison of Figure 6a,b, it was found that under the same age and fly ash substitution ratio, the dry shrinkage of high-LOI (8%) fly ash (FA2) concrete was higher than that of the low-LOI (5%) fly ash (FA1) concrete but still lower than S30 control concrete. This result indicated that when a high-LOI fly ash was used, the shrinkage deformation of the concrete was inferior to that of the low-LOI fly ash.






4. Conclusions


The locally produced fly ash that does not meet the LOI requirement (a maximum of 6%) of ASTM C 618 was investigated for producing HVFA concrete to increase its percentage utilization. Based on the test results, the following conclusions can be drawn:

	
Based on the SP effect for the water reduction, the ratio of SP/cm in this study was controlled within 1.5%. At the same fly ash substitution ratio, the amount of SP required for high-LOI (8%) fly ash (FA2) concrete (1.5 to 10.0 kg/m3) was higher than that of low-LOI of fly ash (FA1) concrete (0.8 to 4.9 kg/m3) but it still could achieve good workability with a slump value between 220 and 250 mm. However, when the substitution ratio was 80%, the high-LOI (8%) fly ash (FA2) concrete (S30F80-2) presented a bleeding phenomenon due to the long period of mixing and vibration.



	
Concrete with a higher amount of total binder (S30 series), higher fly ash substitution ratio (> 50%) and high-LOI (8%) fly ash (FA2) tended to have higher air content. However, except for S30F80-2, the air content of the remaining concrete (2.1% to 3.7%) was still within acceptable limits.



	
Under the same substitution ratio, the setting time of the S30 series high-LOI loss (8%) fly ash (FA2) concrete was longer than that of the low-LOI (5%). The fly ash (FA1) concrete took seven hours to reach initial setting and more than nine hours to the final setting.



	
The substitution ratio of fly ash in S30 series high-LOI (8%) fly ash (FA2) concrete could be up to 60%, which had an appropriate early strength and a larger late strength gain compared to those of the 28-day strength. The ratios of 7-day to 28-day and 28-day to 365-day strength were 0.53 to 0.69 and 1.34 to 2.10, respectively. Even after 91 days, the strength of FA2 concrete with a substitution ratio of 40% to 60% continued to increase significantly. The ratios of strengths for 365 to 91 days were observed to be 1.16 to 1.40.



	
Due to the influence of compressive strength, the S30 series high-LOI (8%) fly ash (FA2) concrete has low elastic modulus at the same age and fly ash substitution ratio (except for the rate of 20%) than that of low-LOI (5%) fly ash (FA1) concrete. When replacing some cement with fly ash (20% to 60%), most of them could improve the elastic modulus of concrete, yet when the fly ash further replaced the fine aggregate (such as S30F80-1 and S30F80-2); the elastic modulus were lower than that of the S30 control concrete.



	
Since the drying shrinkage of concrete was directly related to the cement content, the dry shrinkage of S30 series fly ash concrete was lower than that of the S30 control concrete. The effect of the substitution ratio of fly ash on dry shrinkage was more obvious after 28 days and the shrinkage of concrete generally decreased with the increase of the substitution ratio of fly ash. Under the same age and substitution ratio of fly ash, the drying shrinkage of the S30 series high-LOI (8%) fly ash (FA2) concrete was lower than that of the low-LOI (5%) fly ash (FA1) concrete but it was still lower than that of the S30 control concrete.



	
High-volume fly ash concrete is an economical, durable and environmentally friendly concrete. However, this concrete uses a large amount of fly ash to replace cement. It needs to add a high-range water reducer with trial mixing tests during production. The high-volume fly ash concrete may also have a long setting time, so attention should be paid to the demolding time of the concrete.
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Figure 1. Compressive strength development of concrete with age (log scale) for different fly ash (FA1 or FA2) replacement ratios. 
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Figure 2. Ratio of compressive strength at different age with reference to 28 days for different fly ash replacement ratios. 
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Figure 3. Ratio of compressive strength at different age with reference to 91 days for different fly ash replacement levels. 
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Figure 4. Development of modulus of elasticity of concrete with age (log scale) for different fly ash replacement levels. 
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Figure 5. Development of modulus of rupture of concrete with age (log scale) for different fly ash replacement levels. 
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Figure 6. Development of drying shrinkage of concrete with age (log scale) for different fly ash replacement levels. 
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Table 1. Chemical composition and physical properties of cement and fly ashes.
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Item

	
Cement

	
Fly Ash (FA)




	
FA1

	
FA2






	
Chemical Composition

	

	

	




	
SiO2 (%)

	
20.90

	
50.00

	
49.96




	
Fe2O3 (%)

	
3.21

	
6.98

	
7.88




	
Al2O3 (%)

	
5.65

	
28.41

	
22.99




	
CaO (%)

	
63.63

	
5.99

	
5.99




	
MgO (%)

	
2.52

	
1.39

	
2.03




	
SO3 (%)

	
2.16

	
0.47

	
0.68




	
Alkali as Na2O (%)

	
0.44

	
0.18

	
0.35




	
Physical properties

	

	

	




	
Loss on ignition (%)

	
0.92

	
4.62

	
7.78




	
Density (specific gravity)

	
3.15

	
2.31

	
2.30




	
Fineness (wet sieve, >45 μm) (%)

	
−

	
13.24

	
26.60




	
Specific surface area (cm2/g)

	
3440

	
−

	
−
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Table 2. Physical properties of aggregates.






Table 2. Physical properties of aggregates.





	Type of Aggregate
	Density (SSD a) (Specific Gravity)
	Absorption (SSD a) (%)
	Dry-rodded Density (kg/m3)
	FM b





	Coarse
	2.61
	1.55
	1470
	–



	Fine
	2.69
	0.90
	–
	2.62







a SSD = saturated surface dry condition. b FM = fineness modulus.
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