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Abstract

:

The construction industry is responsible for a large amount of both embodied carbon and emissions. Especially with concrete, there is still a lot of potential for designing recipes in a more ecological way. Approaches to reduce the environmental impact of concrete include the use of industrial and agricultural by-products. This study combines the approaches of replacing cement with granulated blast furnace slag and the use of NaOH-treated rice straw fibers. The research objective comprises the design of an ecologically optimized concrete as well as the question of whether a pretreatment of rice straw fibers with NaOH improves the performance of the designed concrete. The method includes mechanical and physical testing of the of the designed concrete as well as an optical analysis with a scanning electron microscope. The results indicated that treating rice straw with 1% NaOH indicates a better bond between fibers and the surrounding matrix. The tests in which the rice straw was treated with NaOH achieved a higher density, splitting strength, tensile strength and compressive strength. The study contributes an ecologically optimized concrete with granulated blast furnace slag and NaOH-treated rice straw concrete, which shows a great potential as an environmentally friendly, low-cost construction material.
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1. Introduction


To develop a sustainable future for all people, changes must be implemented in all industrial sectors. The construction industry in particular is responsible for a large percentage of resource consumption, grey energy, and emissions [1]. Emissions and required energy caused by buildings can be divided in two different parts: on the one hand operational energy, which includes heating, cooling, and electricity and on the other hand embodied energy, which includes the production, transport, and disposal of building materials [2]. In the last decades a lot of research projects focused on the development regarding operational energy, but recent studies show that it is very important to reduce embodied energy as well. This is possible with the use of building materials based on renewable resources.



Fibers from renewable resources represent a potential alternative to many synthetic materials and at the same time open up a diverse market for the further utilization of by-products from agriculture and the timber industry. Plant-based natural fibers, which can be found in many different countries and are usually a low cost renewable alternative for conventional fibers used in composites, predominantly have much lower emissions in production and processing [3]. An industrial interest also lies in the use of agricultural residues, since a sustainable cascade use of raw materials is becoming increasingly important with the higher use of renewable raw materials.



The use of agricultural residues reduces the environmental impact and the cost of cement-based composites. Resulting material mixes however often yield only limited mechanical performance and are more sensitive to moisture than conventional cementitious building products [4]. However, it has been shown that the addition of natural fibers can reduce the amount of cracks and enhances the flexural strength and the tensile strength of the concrete [5]. Many different natural fibers were investigated in several research projects over the last years [3]. To increase adhesion between wheat straw and cement, chemical pretreatment of the fibers with NaOH has been proven successful [4]. It is not yet known whether this method is applicable to other natural fibers.



Blast furnace slag is an industrial by-product that until recently was disposed of in landfills, but is now increasingly being used as an additive in the production of building materials such as cement. After it is granulated, blast furnace slag can partially replace cement in the concrete mix. Since 2006, EN 15167 “Blast furnace slag for use in concrete, mortar and grout” has been a harmonized European material standard for using granulated blast furnace slag in concrete mixes. Granulated blast furnace slag (GBFS) can be used to partially replace cement up to 50% in concrete without affecting its compressive strength [6]. This fact was taken as a basis to design an ecologically optimized concrete recipe.



Adding industrial and agricultural by-products to the concrete recipe are two approaches to reduce the environmental impact of concrete. These two approaches have not been combined yet. The design of ecologically optimized concrete with granulated blast furnace slag with the addition of NaOH-treated rice straw fibers could reduce both the embodied carbon and embodied energy of the building material, provide a sustainable cascade use of agricultural residues and could therefore be a low-cost alternative to conventional concrete. However, it is very important that the mechanical and physical properties do not deteriorate, which is why various experiments must be carried out.



Hence, the main goal of this project was



	
to find an ecological optimized concrete recipe that can be used as the basis for the rice straw concrete,



	
to investigate the effect of sodium hydroxide (NaOH) treatment on the characterization of rice straw, and



	
to investigate the physical and mechanical properties of the developed rice straw concrete.







2. Materials and Methods


First an ecologically optimized concrete mixture was created, that was used as a basis for the further investigations with either untreated or pretreated rice straw particles. Before the concrete recipe was designed, several experiments for investigating a suitable mortar were made.



2.1. Materials


The investigated concrete mixtures are composed of cement, water, fillers, sand, aggregates, additives, and rice straw. The properties of the materials used are characterized as follows. Local tap water with a pH value of 7.0 was used. Natural river sand with 100% sieve passage on sieve no. 3/8 and at least 80% sieve passage on sieve no. 4 was used. The crushed aggregate used had a retention capacity of at least 20% on sieve no. 4.



The binders used are Portland cement, gypsum and blast furnace slag, each mixed with varying proportions of limestone powder and silica fume. CEM I 52.5N was used as Ordinary Portland cement (OPC) according to Egyptian standard ES 4756 and European standard EN 197. The oxide compositions of the cement used are shown in Table 1. The Silica fume powder (SF), which meets the requirements of ASTM C 1240 contained an average of 92.85% SiO2. Granulated blast furnace slag (GBFS) was grinded to a size of 0.15–0.20 mm. Local limestone powder CaCO3 (LSP) retained on sieve no. 200 with a specific weight of 2.61 kg/cm3.



To improve the workability of fresh concrete, a commercially available superplasticizer according to ASTM C 494, type G was used. Sodium hydroxide (NaOH) in flakes or pellets with a purity of 97%–98% was dissolved in water to produce a 1% lye. This lye was used to treat the rice straw particles to reduce their inhibitory effect on cement hydration.



Figure 1 shows the local Egyptian rice straw, on the left side it is untreated and on the right side it is pretreated with the NaOH lye.




2.2. Examined Mortar Mixtures


Table 2 shows the investigated mortar mixes. The indicated weight of the materials refers to the dry weight. OPC was replaced in varying proportions by LSP, SF, gypsum(G), and GBFS. The amount of sand and water remained the same in all tests. A control test specimen consists exclusively of OPC, sand and water. The mixtures differ in the different addition of GBFS, which replaces the OPC. The OPC GBFS binders were mixed with sand in a weight ratio of 1:3. The respective materials were mixed together to form a homogeneous mixture, then water was added. Afterwards, the mixture was mixed further for two minutes until a paste with the required workability was obtained. This was filled into a cubic cavity with a side length of 50 mm according to ASTM C 109, covered with a cling film to prevent moisture evaporation and cured for 24 h at room temperature. After 24 h, the specimens were demolded and stored under water at 25 °C in the laboratory until the time of testing.




2.3. The Effect of Chemical Pretreatment on Morphological and Structural Surface of Rice Straw


A scanning electron microscopy (SEM) was used in order to find out how the chemical pretreatment affects the morphology and structure of the rice straw particles. Observing the surface morphology of the straw provides information on the degree of interfacial adhesion between the rice straw fiber and the matrix.



According to ASTM D1109-84 [7], the treated rice straw was prepared by soaking it in a 1% NaOH solution for 24 h and afterwards was filtered through a 2 mm sieve. The ratio between rice straw and soaking solution was 1:10 by weight. The rice straw was rinsed with tap water until the water became lucent. After the pretreated rice straw was dried in an oven at 105 ± 2 °C it was separated into 1–30 mm long particles by cutting and packed in polyethylene bags to keep out moisture.




2.4. The Influence of Pretreated Rice Straw on the Physical and Mechanical Properties of Rice Straw Concrete


2.4.1. Concrete Design


The concrete mix was designed according to the standard BS5328. Part 2 [8], M-25 grade concrete. Normal-density aggregates were used, the unit weight of concrete was assumed to be 2400 kg/m3. The aggregate was chosen to represent 77% of the mass. The aggregates have been selected so that they correspond to the standard grading curves. For instance, the coarse aggregates (65%) comprise 590 kg/m3 (50%) of 20 mm aggregates, 590 kg/m3 (50%) of 10 mm aggregates, and 650 kg/m3 (35%) of fine aggregate, according to the standard grading curves. The water-binding material ratio is defined as 0.55. The mass of binding material amounts 370 kg/m3, the mass of the used water amounts 200 kg/m3.



The second step was to design the rice straw content. Since no code provision is available for a concrete mixture with rice straw, the M-25 mix was defined as a control sample for the other rice straw concrete mixes. Ten different rice straw concrete mixtures were obtained by replacing the OPC with different weight percentage of untreated and treated (1% NaOH solution) rice straw particles, namely, 3, 6, 9, 12, and 15%. The different recipes of the M-25 concrete with untreated and treated rice straw particles are presented in Table 3.




2.4.2. Preparation of the Test Samples


The materials for the concrete mixtures were first weighed and mixed in a dry state for 3 to 4 min. Water and superplasticizer were then added to the dry mixture to improve the processing properties. Mixing was continued for about 6 to 8 min and the fresh concrete was divided into two identical test specimens.



The first part was used to measure the fresh concrete properties, the second part was placed in different steel moulds, compacted and covered with a diffusion-proof foil. After 24 h, the specimens were demoulded and stored in water at 25 °C in the laboratory until the time of testing.




2.4.3. Test Procedure


The fresh concrete was tested according to ASTM C231-03 [9]. The hardened concrete was tested according to BS 1881:Part 114 [10].



The porosity was calculated after 28 days using the following equation:


P = {(wa − wd)/(wa − ww)} × 100



(1)




where P: Saturated porosity, %, wa: Sample weight of the saturated sample in air, g., wd: Dry weight of the sample after 24 h in the oven at 105 ± 5 °C, g., ww: Sample weight in water, g.



This method was used for the measurement of the porosity of cement-based materials according to [11,12,13].



The compressive, splitting tensile and flexural strength were measured in accordance to BS 1881:Part 108 [14], ASTM C 496 [15] and ASTM C 293 [16] and respectively, using a universal testing machine. Cube specimens with dimensions of 150 mm for concrete and 50 mm for mortar were used to measure the compressive strength. The splitting tensile strength was measured with a cylindrical specimen of 150 mm diameter and 300 mm height. The flexural strength was also carried out on a prism sample with dimensions of 100 × 100 × 400 mm. The compressive, splitting tensile and flexural strength tests were carried out after 28 days. Three specimens were tested for each material property.






3. Results and Discussion


3.1. Morphological and Structural Surface of Rice Straw Particles


It was expected that the surface morphology of untreated straw fibers would differ from the surface morphology of treated straw fibers in terms of smoothness and roughness. The SEM images of untreated fibers in Figure 2a show that the initial condition of rice straw has a regular and compact surface structure. In addition, the surface is covered with a layer of oils, waxes and extracts, which are part of the natural constitution of the lignocellulose fiber. This layer was also detected by [17,18] in the analysis of untreated coconut fiber, sugar cane bagasse and brown coconut fiber. The micrographs in Figure 2b show the treatment of straw fibers with NaOH, which produced a rough surface. According to Troedec et al. [19], treatment with NaOH removes the extractives, waxes, oils, and amorphous components such as hemicellulose and lignin from the fiber surface, thus increasing the overall roughness of the surface. With the removal of these substances, the presence of parenchyma cells, which are the natural component of lignocellulose fibers, as well as the presence of spherical protuberances, which are fat deposits known as “tyloses”, can be detected [20]. Figure 2b shows the rough surface of the NaOH-treated fiber and thus creates a basis for the assumption that the connection to the cement matrix will be better than with untreated fibers.




3.2. Influence of Blast Furnace Slag on the Compressive Strength


The results of the tests on the compressive strength of OPC and OPC with 10, 20, 30, and 40% GBFS mixtures after 3, 7, and 28 days are shown in Figure 3. All mixtures showed a continuous increase in compressive strength with increasing curing time. The diagram also illustrates that all mixtures containing up to 20% GBFS showed higher compressive strength values than the control sample. The samples with more than 30% GBFS showed a decrease in compressive strength. The maximum compressive strength of 61 MPa was achieved after 28 days using a GBFS content of 10%. The minimum compressive strength of 13.3 MPa was achieved using a GBFS content of 40% after three days. After 28 days the compressive strength values of 39, 52.5, 58.9, and 61 MPa were achieved using the mix with GBFS rations of 40%, 30%, 20%, and 10%, respectively. The aim was to use as much GBFS as possible without significantly reducing the compressive strength. This is achieved when the OPC is substituted with 30% GBFS. Therefore, a GBFS-OPC mixture with a GBFS content of 30% was chosen for the next part of the investigation.



The increased compressive strength of mixtures with a GBFS replacement content of up to 20% could be explained due to the following combined reasons:




	
Due to the presence of more silica in the mortar as a result of the replacement of OPC by SF and GBFS (see Table 2), the pozzolanic reaction was improved and resulted in the development of more calcium silicate hydrate (CSH) [21];



	
In consequence of the chemical cross-linking effect of binary or ternary mixtures of pozzolans with OPC and gypsum [22];



	
Because of the grinding effect of the used materials, which led to an increase in surface area and to the reinforcement of cavities between OPC particles because part of the OPC is replaced by limestone powder [23];



	
Finally, the reduction in strength of mortars with a higher GBFS content may be due to the lack of availability of calcium hydroxide for the pozzolanic reaction of GBFS and SF.








To sum up, the concrete recipes with a replacement of OPC with 30% GBFS shows the highest amount of GBFS without a significant reduction of strength compared to the reference sample.




3.3. Influence of the Rice Straw Content and Its Chemical Pretreatment on the Properties of the Mortar Mixture


In the following chapters the properties of the investigated concrete with pre-treated and untreated rice straw fibers are shown. In every experiment a control sample was tested to compare the findings with the performance of a conventional concrete. The values of these control samples are shown in the following figures at 0% rice straw content.



3.3.1. Air Content


The results of the tests carried out are illustrated in Figure 4 and clearly show that the addition of straw particles increased the air content. The values vary from 1.5% for the control sample to 14% for concrete with untreated straw fibers. The compaction of concrete with straw fibers becomes difficult at high contents, as air voids are inserted. The addition of treated rice straw fibers increases the workability compared to untreated rice straw fibers, which explains the lower air content. However, it must be emphasized that the air content depends on many variables, such as the mixing process, composition, grain size distribution, physical and chemical properties of the cement used, and many other complex parameters [24].



A higher air content leads to a lower density, but at the same time the weight can be reduced, which normally leads to a lower environmental impact as transport is minimized. A higher air content can also improve the insulating effect of the building material.




3.3.2. Dry Weight


The dry unit weights of untreated and pretreated rice straw concrete with different straw contents are shown in Figure 5. The values for the dry weight units decrease from 2243 kg/m3 for the control sample to 1444 kg/m3 and 1320 kg/m3 for concrete mixes containing 15% pretreated and untreated straw fibers respectively. These values correspond to reductions of up to approximately 35.6% for treated and 41% for untreated straw particles respectively. In general, the higher the straw content, the lower the density of the composite material. This property is also frequently observed with composite materials made of wood and cement, as wood particles generally have lower bulk densities than cement. The treated particles tend to have smaller particle sizes and are therefore probably better able to bond to the cement matrix, which minimizes air voids [22]. The NaOH-treated rice straw concrete shows a higher dry weight at every tested rice straw concrete.



The Egyptian standard specification No 1349-1991 state a dry density of 2 g/cm3 for cementitious sandstones. Based on this value, the rice straw content of 0–9% is acceptable for cementitious sandstones.




3.3.3. Porosity


The correlation between the porosity of the tested material samples and the straw content is shown in Figure 6. In general, the porosity of the material increases when the straw content is increased. Overall, the porosity varies between 13.7% at 0% straw content by weight and 32.05% at 15% untreated straw content. The samples with NaOH-treated rice straw fibers show a lower porosity than the samples with untreated rice straw fibers.



The addition of a certain amount of straw fibers (up to 20%) leads to an accumulation of voids, especially when untreated straw particles are used. This effect offers the possibility to reduce the composite compressive strength. A regression analysis was carried out to determine the relationship between straw content and porosity, as shown in Figure 6.




3.3.4. Compression Strength


Figure 7 shows the compressive strength of the concrete in relation to the straw fiber content and treatment over a period of 28 days. The results show that the compressive strength decreases with an increasing straw fiber content. The compressive strength of the untreated straw concrete was lower than the strength of the treated straw concrete at the same straw content.



The compressive strength value for the reference concrete decreased from 32 MPa to 3.44 MPa for untreated and 3.7 MPa for treated straw concrete, respectively, at 15% straw content. This corresponds to an 89% and 88% decrease in compressive strength for untreated and treated straw concrete at 15% straw content. The compressive strength values are in the range of the values given by [22] for composite materials containing straw particles. A possible explanation for this situation is provided by [24], where the influence of different fibers on the compressive strength of cement-like materials is described. The porosity of the materials largely determines the strength properties of cementitious materials. At low contents (0.5–1.0 vol%) fibers improve the compressive strength by minimizing crack growth. However, a higher fiber content increases the porosity of the composite and leads to a loss of compressive strength [22]. Other reasons for an increase in porosity at higher straw contents may be a higher water content and poorer compaction [24]. The decrease in compressive strength is also attributed to the physical properties of the straw particles because they are not as stiff as the cement matrix. Under high loads, cracks form around the particles, which subsequently accelerate the failure of the cement matrix.



An interesting finding is the relative high difference between the compressive strength of the untreated and NaOH-treated rice straw concrete at a rice straw content of 3% compared to the almost identical results at a rice straw content of 15%.



Compared to other studies, the relationship between the compressive strength of concrete made from rice straw fibers is closely related to the cement composites made from cotton straw produced by [25]. According to the Egyptian standard, specification number 1349-1991 the compressive strength of cementitious sandstones should not be less than 7 MPa for load-bearing and not less than 2.5 MPa for non-load-bearing stones. Due to this fact, the cement specimens made of rice straw with up to 9% straw content are suitable for load-bearing structures.




3.3.5. Splitting Tensile Strength


Figure 8 shows the effect of rice-straw on the splitting tensile strength of hardened concrete over the time period of 28 days. The results show that it decreases by increasing the rice straw percentage, for both treated and untreated rice-straw samples. The splitting tensile strength ranges of 2.65–1.17 for treated and 2.52–1.03 MPa for untreated rice straw were obtained by using a concrete mix with a rice straw content of 3–15%, respectively. The control sample obtained a splitting tensile strength of 2.78 MPa.



Similar to the previous experiments, the results of the NaOH-treated samples show an improved performance compared to the untreated samples.




3.3.6. Flexural Strength


The flexural strength is shown in Figure 9. The results show that the flexural strength ranges of 6.49–1.66 for pretreated and 5.98–1.41 MPa for untreated rice straw were obtained by using concrete mixtures with a straw content of 3–15%. The control specimen obtained a flexural strength of 5.9 MPa.



According to the Egyptian standard, specification number 1349-1991 states that the flexural strength should not be less than 3 MPa. Due to this fact, the cement specimens made of rice straw with up to 9% straw content are suitable for loadbearing structures. In general, a better performance could be observed in the tests with treated rice straw fibers.




3.3.7. Microscopic Morphological Fracture Surface


Figure 10 shows the microscopic morphological fracture surface between untreated and treated rice straw and concrete at 15% rice straw content. A gap between untreated straw and the rest of the material mix is visible, which indicates a defective bond. This may be due to the fact that the alkaline properties of rice straw impair the hydration phase of the cement. The more untreated rice straw was added, the greater the impairment to the hydration phase and the worse the bonding of the different composites. Due to the removal of the alkaline surfaces by the lye, no gap is visible between treated rice straw and the rest of the material mixture. Therefore, SEM pictures verify the hypothesis that the degree of bonding between the rice straw and the concrete mix is increased when rice straw is treated with an NaOH solution.






4. Conclusions


The carried out experimental studies determine the physical and mechanical properties of an ecologically optimized rice straw concrete with granulated blast furnace slag (GBFS). It was possible to design a concrete mix with a substitution of 30% OPC with GBFS. A lower content of GBFS would have led to a higher compressive strength, but the aim was to use as much GBFS as possible to lower the environmental impact.



In general, the use of rice straw fibers as an aggregate in concrete minimizes weight as well as the compressive and splitting tensile strength. The porosity increases with the additional use of straw fibers. The flexural strength of rice straw concrete has been increased by increasing the straw content up to 3%. To sum up, the addition of the organic component reduces the engineering parameters of the concrete mix, with the exception of the flexural strength. As an advantage the higher air content could improve the thermal insulation. In addition, the use of industrial and agricultural by-products such as GBFS and rice straw contributes to resource protection and a sustainable cascade use of raw materials.



The mechanical tests in which the rice straw was treated with NaOH achieved a higher density, a lower porosity, a higher compressive strength, splitting tensile strength and flexural strength than tests with untreated straw fibers. The degree of bonding between the rice straw and the concrete mix is increased when rice straw is treated with a NaOH solution. In general, the performance of the rice straw concrete increases, when the rice straw particles are treated with a NaOH solution. The initial hypothesis whether the treatment of NaOH also improves the performance of rice straw as an additive in concrete can be answered with yes.



The specimens containing 9% straw particles show great potential in the application for load bearing structures.



The results validate that rice straw concrete can provide a basis for the development of constructions in hot and dry climates, as [26] also investigated with barley straws sand concrete. Further research could also investigate the ability of increased vibration damping, as organo-mineral cements often show this ability.



Overall, it could be shown that rice straw concrete is a potential ecologically optimized building material.
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Figure 1. Local Egyptian rice straw: (a) untreated rice straw; (b) pretreated rice straw with 1% NaOH lye. 
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Figure 2. SEM micrographs of rice straw fiber surface of: (a) untreated fiber; (b) NaOH-treated fiber. 
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Figure 3. Compressive strengths of different GBFS contents after 3, 7, and 28 days. 
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Figure 4. Air content of the treated and untreated rice straw concrete at different rice straw contents. 
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Figure 5. Dry unit weights of the treated and untreated rice straw concrete at different rice straw contents. 
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Figure 6. Porosity of the treated and untreated rice straw concrete at different rice straw contents. 
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Figure 7. Compressive strength of the treated and untreated rice straw concrete at different rice straw contents. 
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Figure 8. Splitting tensile strength of the treated and untreated rice straw concrete at different percentages of rice straw. 
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Figure 9. Flexural strength of the treated and untreated rice straw concrete at different percentages of rice straw. 
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Figure 10. Optical microscopic morphology of concrete fracture surface at 15%wt. rice straw: (a) un-treated straw, and (b) NaOH-treated straw. 
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Table 1. Chemical compositions of the binder materials.
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	Oxides
	OPC (%)
	GBFS (%)
	SF (%)
	LSP (%)
	G (%)





	SiO2
	19.6
	35.55
	92.85
	1.34
	0.23



	Al2O3
	4.89
	11.53
	-
	0.69
	0.08



	Fe2O3
	2.62
	0.39
	-
	0.12
	0.05



	CaO
	63.07
	36.42
	-
	55.13
	32.70



	MgO
	2.03
	6.70
	-
	0.13
	0.46



	SO3
	3.9
	1.31
	-
	-
	43.68



	Na2O
	0.18
	0.12
	-
	-
	0.03



	K2O
	0.85
	0.14
	-
	-
	-







OPC…Ordinary Portland Cement; GBFS…granulated blast furnace slag; SF…silica fume; LSP…limestone powder; G…gypsum.
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Table 2. Mortar recipes.
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	OPC (g)
	GBFS (g)
	SF (g)
	LSP (g)
	G (g)
	Sand (g)
	Water (g)





	Control
	200
	0
	0
	0
	0
	600
	80



	10% GBFS
	140
	20
	20
	10
	10
	600
	80



	20% GBFS
	120
	40
	20
	10
	10
	600
	80



	30% GBFS
	100
	60
	20
	10
	10
	600
	80



	40% GBFS
	80
	80
	20
	10
	10
	600
	80







OPC…Ordinary Portland Cement; GBFS…granulated blast furnace slag; SF…silica fume; LSP…limestone powder; G…gypsum.
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Table 3. Recipes of concrete mixtures.






Table 3. Recipes of concrete mixtures.





	No.
	OPC
	GBFS
	SF
	LS
	G
	Rice Straw
	Treat-Ment
	Fine Agg.
	20 mm Agg.
	10 mm Agg.
	Water (g)
	SP





	T1
	350
	0
	0
	0
	0
	0
	No
	650
	590
	590
	200
	2.5



	T2
	164.5
	105
	35
	17.5
	17.5
	10.5
	No
	650
	590
	590
	200
	2.6



	T3
	154
	105
	35
	17.5
	17.5
	21
	No
	650
	590
	590
	200
	2.7



	T4
	143.5
	105
	35
	17.5
	17.5
	31.5
	No
	650
	590
	590
	200
	2.8



	T5
	133
	105
	35
	17.5
	17.5
	42
	No
	650
	590
	590
	200
	2.9



	T6
	122.5
	105
	35
	17.5
	17.5
	52.5
	No
	650
	590
	590
	200
	3.0



	T7
	164.5
	105
	35
	17.5
	17.5
	10.5
	Yes
	650
	590
	590
	200
	2.6



	T8
	154
	105
	35
	17.5
	17.5
	21
	Yes
	650
	590
	590
	200
	2.7



	T9
	143.5
	105
	35
	17.5
	17.5
	31.5
	Yes
	650
	590
	590
	200
	2.8



	T10
	133
	105
	35
	17.5
	17.5
	42
	Yes
	650
	590
	590
	200
	2.9



	T11
	122.5
	105
	35
	17.5
	17.5
	52.5
	Yes
	650
	590
	590
	200
	3.0







OPC…Ordinary Portland Cement; GBFS…granulated blast furnace slag; SF…silica fume; LS…limestone powder; G…gypsum.
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