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ABSTRACT
       The effects of using rice husk ash (RHA), as a cement replacement material, on the flowability, rheology, rate of flowability loss and compressive strength of cementitious materials were extensively studied in a controlled experimental program. The possibility of using RHA for producing high strength concrete (HSC) was also attempted. Various 0.5 w/c OPC mortar mixes containing different contents of RHA were therefore prepared and subjected to the mortar flow test at different elapsed periods from mixing. Cubical specimens were taken from these mixes, cured with different curing regimes (air, moist and sealed) and finally tested for compressive strength at age of 56 days. Concrete specimens made with different RHA contents and water cement ratios (0.4, 0.3 and 0.25) were also prepared and tested for compressive strength. It was found that the incorporation of RHA in OPC mixes has led to a notable reduction in the initial flowability, rate of flowability loss and parameters of rheology, and an increase in the compressive strength. RHA can be used for manufacturing HSC provided that w/c ratios of less than 0.30 are avoided.     
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1.  INTRODUCTION

Recycling of waste materials is significantly needed nowadays to establish a clean and healthy environment. The disposal of rice husk has locally caused many environmental problems throughout the last few years. So, due to the environmental concerns and need to conserve energy and resources, rice husk ash was produced by burning rice husk at controlled temperature, and utilizing the ash so-produced as a supplementary cementing material1),2). The work shown in the literature revealed that the chemical composition of RHA is close to that of SF and mainly composed of amorphous SiO2 (>80%) which reacts with Ca(OH)2 to form fine C-S-H gel3),4),5). Such pozzlanic reaction could led to improving many of concrete properties, such as microstructure, resistance to alkali silica reaction, corrosion of reinforcement and drying shrinkage1),2),6).

Due to the high specific surface of RHA, the incorporation of RHA in OPC concrete may lead to increase the amount of water demand during its fresh state3),7). It has been also shown that the use of RHA as a partial replacement of OPC resulted in an increase in the initial and final setting time of concrete3). However, the effect of RHA on the other fresh parameters, such as flowability, rate of flowability loss occurring during its fresh state, and rheology, has not been fully understood. 

To the authors' knowledge, there is a contradiction in the literature regarding the effect of RHA on the compressive strength of concrete, where two different opinions were documented. The first opinion believes that the partial replacement of OPC with RHA in concrete mixes can lead to enhancing the compressive strength and the amount of enhancement increase with increasing RHA content until a certain content of RHA (optimum), at which the compressive strength will start to decrease with increasing RHA content. However, the value of such optimum content is not equal for all available published works, where it varies between 10 and 20 %1),2),7).  On the other hand, the second opinion believes that the use of RHA has no beneficial effect on the compressive strength of OPC concrete8),9) . Consequently, there is a need for an experimental study to resolve such contradictions showed in the literature and specify the exact value of the optimum RHA content that would be utilized in the OPC concrete mixes.
It was also noted, from the work carried out in literature, that there is still a lack of informations regarding the performance of RHA concrete made with low w/c ratios of less than 0.4, where most of published studies have used fairly higher w/c ratios in their concrete mixes. Understanding the performance of such RHA concrete during fresh and hardened state would be helpful in determining the possibility of using the RHA for producing high strength concrete (HSC).         

In an effort to gain improved understanding of the above-mentioned phenomena, the present study was undertaken with the following main objectives:

1- 
To study the effect of RHA on flowability, rate of flowability loss and rheology of cementitious materials.  

2- 
To clarify the role of RHA on the mechanical properties (compressive strength) of cementitious materials and then determine the optimum content of RHA, if found.  

3-
To investigate the effect of water cement ratio and various curing regimes on the mechanical properties of RHA concrete. 

4-
To elucidate the possibility of using RHA for developing a high strength concrete (HSC). 

2.  
EXPERIMENTAL WORK 

(1) 
Materials, mix proportions and mixing
Local Ordinary Portland Cement (OPC) and silica fume (SF) complying with BS 12 (1978) and ASTM C618 (1992a) were used, respectively. The chemical analysis of the used materials is summarized in Table 1. Clean siliceous sand and dolomite of maximum nominal size of 15 mm complying with ASTM C778-80 were used. Tap water was used for mixing and curing.      

Rice husk ash used in this study was produced by burning rice husks at a controlled temperature of 500ºC for 50 minutes. The burnt ash was heaped and left to cool for 20 hours, which is sufficient to turn most of the burnt ash into white ash (amorphous material). The white ash was then separated from the coke or charcoal, where, the rest of ash, coke and charcoal, was collected and retreated again for another 30 minutes using the same previous procedures. Finally, the collected white ash was ground for 30 minutes to achieve the minimum surface area of pozzolanic materials specified by ASTM C618-96, using the laboratory ball mill with maximum capacity of 10 kg. These procedures of preparation of RHA are similar to that done in literature7). The surface area of the produced ash was measured volumetrically from the adsorption of the nitrogen gas at the liquid nitrogen temperature (-195.8 (C) and found to be 42.1 m2/g. The chemical analysis of the used RHA is also presented in Table 1.

Table 1
  Chemical analysis of OPC, RHA and SF.

	Oxide, %
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Na2O
	K2O
	SO3
	L.O.I.

	OPC
	22.4
	3.5
	2.9
	64.4
	1.5
	0.58
	0.2
	1.9
	2.61

	RHA
	89.8
	0.96
	1.15
	1.28
	0.27
	0.42
	0.10
	0.4
	5.12

	SF
	96.4
	0.77
	1.05
	0.07
	0.03
	0.06
	0.24
	0.6
	1.21


Nine mortar and fifteen concrete mixes were used in this study. The details of the mix proportions of these mortar and concrete mixes are summarized in Table 2. Different contents of RHA (0, 5, 10, 15, 20, 25 and 35%) and SF (0, 10 and 20%) and water cement ratios (0.5, 0.4, 0.3 and 0.25) were considered. The used cement replacement materials, RHA and SF, were added to the rest of mortar and concrete ingredients as a part of OPC weight.    

Table 2
  Mortar and concrete mix proportions.

	Mix No
	Mortar mix Code
	W/C Ratio
	Binder: Sand
	OPC Content
	Blending material

	
	
	
	
	
	RHA
	SF

	1
	OPC
	0.50
	1:2.25
	100%
	-
	-

	2
	95%OPC/5%RHA
	0.50
	1:2.25
	95%
	5%
	-

	3
	90%OPC/10%RHA
	0.50
	1:2.25
	90%
	10%
	-

	4
	85%OPC/15%RHA
	0.50
	1:2.25
	85%
	15%
	-

	5
	80%OPC/20%RHA
	0.50
	1:2.25
	80%
	20%
	-

	6
	75%OPC/25%RHA
	0.50
	1:2.25
	75%
	25%
	-

	7
	65% OPC/35%RHA
	0.50
	1:2.25
	65%
	35%
	-

	8
	90%OPC/10%SF
	0.50
	1:2.25
	90%
	-
	10%

	9
	80%OPC/20%SF
	0.50
	1:2.25
	80%
	-
	20%


	Mix No


	Concrete mix code
	W/C ratio


	OPC content, kg/m3

	Fine aggregate, kg/m3

	Coarse aggregate, kg/m3

	Blending material content, kg/m3

	
	
	
	
	
	
	RHA 
	SF

	1
	OPC
	0.40
	500
	640
	1180
	-
	-

	2
	OPC
	0.30
	500
	640
	1180
	-
	-

	3
	OPC
	0.25
	500
	640
	1180
	-
	-

	4
	90%OPC/10%RHA
	0.40
	450
	640
	1180
	50
	-

	5
	90%OPC/10%RHA
	0.30
	450
	640
	1180
	50
	-

	6
	90%OPC/10%RHA
	0.25
	450
	640
	1180
	50
	-

	7
	80%OPC/20%RHA
	0.40
	400
	640
	1180
	100
	-

	8
	80%OPC/20%RHA
	0.30
	400
	640
	1180
	100
	-

	9
	80%OPC/20%RHA
	0.25
	400
	640
	1180
	100
	-

	10
	90%OPC/10%SF
	0.40
	450
	640
	1180
	-
	50

	11
	90%OPC/10%SF
	0.30
	450
	640
	1180
	-
	50

	12
	90%OPC/10%SF
	0.25
	450
	640
	1180
	-
	50

	13
	80%OPC/20%SF
	0.40
	400
	640
	1180
	-
	100

	14
	80%OPC/20%SF
	0.30
	400
	640
	1180
	-
	100

	15
	80%OPC/20%SF
	0.25
	400
	640
	1180
	-
	100


The mixing procedures of mortar and concrete were carried out according to ASTM C305-82 and BS 5075 Part 2 (1982), respectively. The processes of casting and compaction of the cube specimens used in the determination of the compressive strength were carried out, according to ASTM C109-99. For concrete mixes, high range water reducer admixture (superplasticizer) was used to attain a fairly constant slump (80-100 mm) for all studied concrete mixes. All processes of mixing, casting, curing, specimen preparations and testing were conducted at constant laboratory temperature of 19±2°C and 65% RH.    

(2)
Test techniques and procedures

Mortar Flow Table Apparatus (MFTA) was proposed in this investigation for determining the various parameters of fresh OPC, OPC/RHA and OPC/SF mortars, flowability, rate of flowability loss and rheology. MFTA mainly consists of an integrally cast rigid iron frame and a circular rigid table of 254 mm in diameter which can be raised and dropped vertically from a specified height of 13 mm to collide with the cast rigid iron frame and subsequently producing a blow, of which can lead to spreading of the tested mortar on the circular rigid table. The apparatus is attached with a standard brass cone with top diameter of 70 mm and bottom diameter of 100 mm and a caliper for measuring the diameter of mortar after it has been spread by the mechanical processes of MFTA, as a result of blows effect. A general view to MFTA with its main components is shown in Figure 1. The details of MFTA are fully described in ASTM C230-80.
[image: image1.jpg]



Figure 1 General view to the Mortar Flow Table Apparatus (MFTA) with its components.
Immediately after completing mixing processes, the flowability of mortar was measured using MFTA, as discussed in ASTM C109-99. The standard brass cone was firstly positioned on the circular rigid table, followed by filling the standard brass cone in two layers, compacting each layer with the tamping rod 10 times and lifting the cone after 30 sec from the leveling of the surface. Then, MFTA was immediately turned on to produce 25 blows within 30 sec and the flow diameters of mortar in four perpendicular directions marked on the circular table was measured.  The average of these measurements (flow diameters) was regarded. 

To examine the rate of flowability loss occurring during the fresh state, the flow diameters were measured at certain elapsed periods from mixing, 20, 40, 60 and 90 min, following the same procedures described above. On the other hand, for studying the rheological parameters of OPC/RHA mixes, the instant flow diameters were measured at certain allocated number of blows, 0, 3, 6, 9, 12, 15, 18, 21 and 25. 

After mixing, the mortar cubical specimens (5x5x5 cm) specified for determining the compressive strength were immediately prepared, covered with a plastic sheets for 24 hours, demolded and then left in the predetermined curing regime.  Two curing regimes, sealed and moist, were considered in this study. Emulsified polyolefins curing compound was used for sealing specimens specified for studying the effect of sealed curing on the compressive strength of OPC/RHA and OPC/SF mortars. For moist curing, the specimens were left in water for various periods, 0, 7, 28 and 56 days, until the age of testing.  The compressive strength of mortars was tested at age of 56- days, according to ASTM C109-99.  Concrete specimens (15x15x15 cm) were similarly prepared and left in water for 28 days prior to testing. Both mortar and concrete specimens were oven dried prior to testing of compressive strength.  The average mean of results for triplicate specimens was considered in this study. 

3.  
RESULTS AND DISCUSSION

(1)
Fresh properties  

Different parameters of fresh cementitious materials containing different contents of RHA were investigated in this study. These parameters include initial flowability (measured immediately after mixing), rate of flowability loss and rheology. So, OPC mortar mixes made with various contents of RHA (0, 5, 10, 15, 20, 25 and 35%, by weight of OPC) were prepared and assessed. Meanwhile, the previous parameters were also evaluated for OPC mortar mixes containing selected contents of SF, 0, 10 and 20%, to be compared with its corresponding of OPC/RHA. Carrying out of such comparison would be helpful in characterizing the main coincidences and differences between the properties of a fairly new matrix (OPC/RHA) and widely-used matrix (OPC/SF). SF was chosen from the various available common-used cement replacement materials due to the fact that both RHA and SF have almost similar chemical compositions and pozzolanic reactivity3),4),5).       

Figure 2 shows the effect of RHA and SF contents on the flowability of OPC mortars. It is clear from the results shown that the incorporation of either RHA or SF in OPC mortars had led to a notable reduction in its initial flowability. Such effect was increased with increasing RHA and SF. The amount of reduction occurred in the initial flowability of OPC mortar reach 20 and 70% when 20% of OPC was replaced by either RHA or SF content, respectively, of which means that, at constant content of RHA and SF, the initial flowability of RHA mortars is higher than that of SF.
The resulted reduction in the flowability of OPC mortar as a result of partially replacing of  OPC with RHA or SF in the mix may be attributed to the fact that RHA and SF posses much higher surface area than that of OPC3),7). Therefore, the more replacement of OPC with either RHA or SF, the more reduction in the flowability of OPC mortar is. On the other hand, the flowability of OPC/RHA mortars is greater than that of OPC/SF may be due to the differences in the particle size distribution, cohesioness and lubrication ability of such used blending materials.   

[image: image2.emf]100

150

200

250

0 5 10 15 20 25 30

Blending material content, % wt of OPC

Initial flow, mm

RHA

SF


Fig. 2 Flowability of OPC mortars containing different contents of either RHA or SF.

The rate of flowability loss of OPC, OPC/RHA and OPC/SF mortars were investigated in this study by measuring the instant flowability at different elapsed periods from mixing (EP), 0, 20, 40, 60 and 90 min. The results of such study are presented in Figure 3, where the values of relative flowability values (% of instant flowability to initial flowability) against EP were plotted.  It can be seen from Figure 3 that the relative flowability for all studied mixes was decreased with increasing EP. This effect is however more pronounced with increasing RHA content and not influenced as a result of inducing SF in OPC mixes. Generally, the rate of flowability loss of cementitious materials containing RHA (OPC/RHA) is higher than that of OPC/SF. 
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Fig. 3 Flowability loss of OPC mortars containing different contents of either RHA or SF.

The hydration process of cementitious materials mainly occurs on the outer surface of cement grains. For RHA mortars, most of mixing water was absorbed by RHA grains, due its higher surface area and the amount of adsorbed water increase with increasing EP and RHA content. This could give an explanation to the obtained observation shown in Figure 3, at which rapid flowability loss was happened for OPC/RHA mortar when compared to the corresponding of OPC. The difference between rate of flowability loss of RHA and SF mortar may be attributed to the rate of hydration and pozzolanic reactivity of both materials.   

Rheology of cementitious materials is mainly defined by its flow characteristics, plastic viscosity (µ) and yield stress required to generate flow10). It was considered adequate to use an engineering approach for characterizing rheological properties of concrete such as (slump, flow time and compacting density) to classify the mixtures in terms of workability and to determine the amount of energy required to achieve a certain degree of compaction10),11). So, the rheology of OPC/RHA, behavior of fresh OPC/RHA matrix under various levels of applied external stresses, is analyzed in this study using MFTA approach. This was done by measuring the instant flowability of OPC/RHA matrix at certain consecutive number of blows. The amount of blows generated by MFTA was considered as an indicative parameter for the applied external stress on the mortar specimen, to make it flow. The results of this investigation are illustrated in Figure 4, at which the relationship between the number of blows and the corresponding instant flowability of OPC containing various contents of RHA, 0, 10 and 20%, is plotted. 

Figure 4 shows that a direct proportional correlation between the number of blows (applied external stress) and the resulted flowability of OPC and OPC/RHA is found. These correlations seem to be more linear for OPC/RHA mortars when compared to the corresponding of OPC, where the correlation factor of the trend-line (R2) are 0.89 and 0.97 for OPC and OPC/RHA, respectively. This means that the inclusion of RHA in OPC mixes can alter its behavior under external applied stresses (e.g. Compaction processes). 

It also seems that this obtained relationship is similar to that shown in Bingham's material model. The intercept of the best-fit lines with the instant flow axis can be referred to yield stress (Sy), and the slopes of these trend-lines (() can be related to the plastic viscosity (µ) of the studied mortar mix. Both ( and Sy were used in this study as an indicative qualitative measures for characterizing the rheological parameters of cementitious materials containing RHA. Consequently, the values of ( were estimated and found to be 21, 18 and 13.5º when 0, 10 and 20% RHA were utilized in OPC mix, respectively. Also, the value of Sy is decreased with increasing RHA content. This indicates that the rheological parameters (plastic viscosity and yield stress) of the cementitious material may be altered as a result of inducing RHA. However, there is a need for further investigation to quantify these rheological parameters of OPC mixes incorporating RHA.  
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Fig. 4
Flowability of OPC mortar containing different contents of RHA

versus the external applied stresses (No of blows).
The work have been discussed above was mainly carried out on mortar mixes of a constant water cement ratio (0.50). However, there is a need to extend the work to ascertain the fresh properties of RHA concrete if it is made with lower water cement ratios. This could be helpful to understand the effect of RHA on fresh properties of high strength concrete, at which very low w/c ratios always regarded.  
To examine the fresh properties of OPC concrete made with RHA at various low water cement ratios, the amount of superplasticiser required to be added to the concrete mix for improving its initial fresh properties to a certain level of workability (slump = 80-100 mm) was quantified. The amount of added superplasticizer was regarded in this study as an indicative measure for assessing the fresh properties of concrete. The measured quantities of superplasticizer for OPC, OPC/RHA and OPC/SF concrete were plotted against water cement ratio, as shown in Figure 5. 
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Fig. 5 Amount of superplasticizer added to OPC, OPC/RHA and OPC/SF concrete made

with different water cement ratio, required to achieve a slump of 80 to 100 mm.

It is clear from Figure 5 that the dosage of superplasticizer is increased with decreasing w/c ratio and using the blending materials, of which is expected. For mixes made with 0.4 w/c, the dosage of admixture added to RHA and SF concrete is insignificantly different, i.e. the performance of both RHA and SF concrete is almost similar.  However, for mixes made with relatively lower w/c ratios of 0.3 and 0.25, the dosage of admixture added to RHA concrete is dramatically higher than that added to SF concrete. This dramatic effect was pronounced with increasing RHA content. 
Generally, the dosage of superplasticizer added to RHA concrete with w/c of 0.30 and 0.25 is much higher than that specified by manufacture and specifications, where the dosage of superplasticizer was greater than 3%.  Therefore, from the economical point of view, care should be considered if RHA is suggested to be used in concrete mixes made with very low water cement ratios (≤ 0.30).      
(2)
Mechanical properties  

In this study, the mechanical property of cementitious materials made with either RHA or SF is represented by evaluating the compressive strength of such materials. The results of this investigation are illustrated in Figures 6 to 9. It can be seen from the results shown in Figure 6 that the 56-days compressive of OPC mortar increases with increasing the amount of RHA in OPC mix till a certain content of RHA (25%), at which the compressive strength started to decrease with increasing RHA content.  The amount of improvement in compressive strength reached 6, 10, 13, 18 and 20% when 5, 10, 15, 20 and 25% of OPC was partially replaced by RHA. This effect agrees with that reported by Zhang and Malhorta (1996), Abdelmonem (2000) and Nasr et al (2001)1),7,2).
[image: image7.emf]200

300

400

500

0 5 10 15 20 25 35

RHA content, % wt of OPC

Compressive strength, kg/cm

2


Fig. 6 Effect of RHA content on 56-days compressive strength of OPC

mortar, cured with water for 56 days.

To elucidate the effectiveness of various curing regimes on the gained strength that produced from the inclusion of RHA in OPC mixes, OPC specimens made with 10 and 20% RHA were cured with various curing regimes, air curing, curing compound (emulsified polyolefines) and water curing. The results of this investigation are demonstrated in Figure 7. It is clear that an adverse effect was produced when RHA specimens were exposed to air curing regime, while the opposite was true if the specimens were cured in water. The compressive strength of RHA specimens cured in water for 56 days is greater than that cured in air by 200 to 300%. 

On the other hand, sealing of RHA and SF specimens has no great beneficial effect on its mechanical properties, where the compressive strength of RHA specimens cured with curing compound is much lower than that of specimens cured in moist environment (water curing). However, utilizing of sealed curing instead of air curing regime had led to a significant improvement in the compressive strength of OPC/RHA matrix.  This again signifies the importance of adopting the water-curing regime in curing such matrix. 
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Fig. 7 Compressive strength of OPC mortar containing different contents of either

RHA or SF, cured with different curing regimes.

The results shown in Figure 8 also emphasize that the period of water curing has a decisive role for determining the amount of improvement in the compressive strength of cementitious materials containing either RHA or SF. The compressive strength of OPC/RHA specimens increases with increasing the period of water curing and the amount of increase reach 140, 210 and 250 % when 7, 28 and 56 days water curing were specified, respectively.    

Comparing the 56-days compressive strength results of RHA and SF specimens, it can be concluded that the behavior of cementitious materials incorporating with either RHA or SF is almost the same, regardless the absolute values of the results where the strength of SF specimens is slightly higher than that of RHA specimens. Finally, it is important to mention that the resulted improvement in the compressive strength of cementitious materials as a result of utilizing RHA or SF in OPC mix is accompanied by a notable reduction in their unit weight, see Table 3. This would be helpful when the concept of designing reinforced concrete elements is considered.
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Fig. 8 Compressive strength of OPC mortar containing different contents of either

RHA or SF, cured with water curing for different periods.

Again, the work discussed above was mainly done on mortar specimens made with a constant water cement ratio of 0.5. The used w/c is fairly high and not appropriate for manufacturing high strength concrete. However, there is a need to understand the behavior of RHA concrete if it is made with relatively lower water cement ratios for three main reasons. These reasons are as follows; 1) to study the performance of RHA concrete at a wide range of water cement ratios, 2) to clarify the effect of w/c on the amount of improvement in the mechanical properties that produced from the inclusion of RHA in OPC concrete, 3) to investigate the possibility of producing high strength using RHA. Therefore, the 28-days compressive strength of fifteen OPC concrete mixes made with different contents of RHA and SF (0, 10 and 20%) and various water cement ratios (0.4, 0.3 and 0.25) were investigated. The results of this investigation are illustrated in Figure 9. 
Table 3  Unit weight of OPC mortars containing either RHA or SF, kg/m3.

	Age, days
	RHA Content
	SF Content

	
	0%
	10%
	20%
	0%
	10%
	20%

	28 days
	2292
	2270
	2256
	2292
	2179
	2187

	56 days
	2310
	2286
	2261
	2310
	2152
	2125
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Fig. 9  Compressive strength of OPC, OPC/RHA and OPC/SF concrete

made with various water cement ratios.

The results shown in Figure 9 emphasized that the performance of RHA is significantly affected by the ratio of water cement ratio. For RHA concrete made with 0.4 and 0.3, the inclusion of RHA in OPC concrete mixes had led to enhance the compressive strength, while the opposite was true for 0.25 w/c RHA concrete, where a remarkable reduction in the compressive strength was happened, especially when 20% RHA was utilized in the concrete mix. For 90%OPC/10%RHA concrete, the amount of improvement reached 20, 10 and 5% when 0.4, 0.3 and 0.25 w/c ratio was considered, respectively. This means that the amount of improvement in the compressive strength of RHA concrete decreases as the water cement ratio is reduced. 

On the other hand, the amount of reduction in the compressive strength for 0.25 w/c concrete as a result of utilizing 20%RHA in OPC concrete reached 50%, compared to that of OPC concrete, of which agrees with observation noted during carrying out the experimental program, where deep cracks on the surface of specimens were found. Therefore, it is advisable not to use RHA in high strength concrete if it is made with very low w/c ratio of less than 0.3. 
Figure 9 also shows a comparison study between the performance of SF and RHA concrete made with such ratios of w/c. It can be stated that, at w/c of 0.4 and 0.30, the compressive strength results of both SF and RHA concrete are still comparable, where the compressive strength of both concrete types are higher than that of OPC concrete. The amount of improvement in the compressive strength of OPC concrete varies from 10 to 35% as a result of incorporating RHA or SF in the concrete mix. On the other hand, at very low w/c ratio (0.25), the mechanical properties of SF and RHA concrete are significantly different, where the compressive strength of SF concrete is higher than that of OPC concrete by about 20% and the compressive of strength of RHA concrete is not significantly higher than that of OPC concrete.    

The improvement in the compressive strength of cementitious that produced as a result of incorporating RHA may be due to the pozzolanic reaction occurring between RHA and Ca2+ and OH- ions, or Ca(OH)2 in hydrating cement1),2),7),12). The adverse effect of air curing on the compressive strength of OPC/RHA mortar mixes cured in air may be attributed to the extensive shrinkage cracking which develops in dry environment13). Finally, sealing of RHA concrete is not suitable curing regime for proceeding the pozzolanic reaction that would occur between RHA and the hydration products, where a slight improvement in the mechanical properties of OPC/RHA matrix was achieved.  The utmost improvement in the compressive strength of RHA mortar was obtained when water curing regime was considered, at which wet environment (100% RH) is enough for proceeding the hydration process and pozzolanic reaction. Therefore, the more period of water curing, the more gain in the compressive strength of OPC/RHA concrete is.    

4.
CONCLUSIONS

On the basis of the experimental program carried out in this investigation, the main conclusions can be summarized as follows: 

1-
The incorporation of either RHA or SF in OPC mixes has led to a notable reduction in the flowability.  The flowability of RHA mixes is however diminished rapidly with increasing the elapsed periods from mixing and RHA content. 
2-
The rheology of the cementitious materials is significantly altered as a result of utilizing RHA in OPC mixes.
3
Inclusion of either RHA or SF in cementitious materials resulted in a significant increase in the compressive strength. This effect is pronounced with increasing RHA content and water curing period. The optimum content of RHA to be utilized in concrete mixes was found to be 25%, by weight of OPC. However, an adverse effect was shown when air curing regime was utilized.  
4-
RHA can be used for manufacturing high strength concrete provided that very low w/c ratios of less than 0.30 are avoided.     

5-
The effects of RHA on the fresh and mechanical properties of cementitious materials seem to be close to that of SF, especially for mixes made with w/c of more than 0.3.
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