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ABSTRACT

Most of concrete deterioration processes depend on deleterious substances penetrating from the surrounding environment into the bulk of the concrete through its surface. So, enhancing both transport and microstructure of the concrete in the exposed outer layer of the structure must be insured.  

This research investigates the sorptivity, nature and amount of hydration products and capillary porosity of OPC matrix containing different contents of rice husk ash (RHA). The effects of water-binder ratio and curing regime on sorptivity of OPC/RHA matrix were also outlined.

The test results showed that incorporating RHA in OPC concrete has led to a significant reduction in the volume of interconnected pores of diameters more than 30 nm (capillary porosity) and amount of C-H, a notable enhancement in sorptivity, and an increase in C-S-H content. These effects are pronounced with increasing RHA content. However, the enhancement in the fluid transport characteristic of OPC/RHA matrix is mainly dependent on the considered w/b ratio and curing regime.  
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الملخص
يتناول هذا البحث دراسة الخواص الانتقالية و التكوين الدقيق للخرسانة المحتوية علي رماد قشرة الأرز بدلالة خواص الامتصاصية و المسامية الشعرية وطبيعة و كميات مواد الأيدرة الرئيسية. كما تم إيجاز تأثير نسبة الماء/المواد اللاحمة و نظم المعالجة المختلفة علي امتصاصية هذه النوعية من الخرسانة. و لقد أوضحت النتائج المعملية بان إضافة رماد قشرة الأرز إلي الخلطة الخرسانية قد يؤدي إلي نقص ملموس في كمية الفراغات المتصلة وهيدروكسيد الكالسيوم بالخرسانة و يؤدي كذلك إلي تحسن خاصية الامتصاصية وزيادة محتوي سيليكات الكالسيوم المأئية .
 1. 
INTRODUCTION


Rice husks are agricultural waste materials and constitute about one-fifth (by weight) of rice produced annually in the world. Prior to 1970, rice husk ash (RHA) was usually produced by uncontrolled combustion causing many environmental pollution problems. It was also noted that the ash so-produced was generally crystalline and had poor pozzolanic reactivity [1]. So, great efforts have been made later to produce RHA in a highly reactive form, by burning the husks at a controlled temperature and utilizing the produced RHA as a supplementary cementing material [2], for its economical and environmental advantageous [3].

During the last few decades, the manufacture of concrete has been directed towards using of many cement replacement materials such as silica fume, ground granulated blast-furnace slag, fly ash and rice husk ash to improve its mechanical, durability and microstructure properties. Previous studies proved that durability of concrete is strongly related to its fluid transport properties (diffusion, capillary absorption, permeability and migration), which represents the ease with which fluids and gases can move through concrete and thereby transport aggressive agents such as chloride and sulphate ions [4,5]. 

Zhang and Malhotra [2] studied the resistance of RHA concrete to penetration of chloride ions, measured in terms of the electric charge passed through the specimens in coulombs as described in ASTM C1202. The tested concrete was prepared with w/b ratio of 0.4, RHA content of 10%. Their results showed that RHA concrete had an excellent resistance to chloride ions penetration since the charge pass in coulombs was below 1000, when compared with the corresponding OPC concrete. 

The water permeability and chloride diffusion in RHA concrete were also extensively investigated [5,6,7]. It was found that there are significant reductions in chloride ion concentration, coefficient of water permeability and coefficient of chloride diffusion when OPC was partially replaced with RHA and as the content of RHA increases. They  contributed their findings to the pozzolanic reaction of RHA with hydration products of OPC, which increases the concrete densification and enhances the concrete pore structure by converting the larger pores to small and discontinuous pores. However, this explanation was not fully supported by an experimental pore structure analysis proof.  

Generally, it was noted from literature that most of published work have been dealt with certain transport properties such as permeability and diffusivity of RHA concrete,  while the other transport mechanisms such as water absorptivity (sorptivity) have not been fully studied yet. Also, there are many variables such as RHA content, w/b ratio and curing regimes, which might affect the sorptivity  of RHA concrete, have not been fully clarified. 

One of the main factors which affect the transport and other concrete properties is concrete microstructure [8,9]. Therefore, it is important to have good understanding to the nature and amount of the main hydration products and pore structure of OPC matrix which contains RHA. Consequently, the mechanism of such blending material (RHA) on transport properties of OPC matrix can be well clarified and explained.  

So, in an effort to gain improved understanding of the above-mentioned aspects, the present study was undertaken with the following objectives:

1- To investigate the fluid transport (in terms of its sorptivity) and microstructure (in terms of C-H and C-S-H content and capillary porosity) characteristics of OPC matrix  containing various contents of RHA.

2- To study  the effects of w/b ratio, period of water curing and different curing regimes on the sorptivity of OPC and OPC/RHA matrix.  
3- To relate the modification associated with the pore structure of OPC matrix, as a result of inducing RHA,  with the resulted alterations in its cement-phase composition (C-H and C-S-H).  
2. 
EXPERIMENTAL PROGRAM

2.1. Materials and Mix Proportions


Clean siliceous natural sand and well graded crushed lime stone of maximum nominal size of 20 mm complying with ASTM C33 were used. High- range water reducing admixture (HRWR) was used in concrete mixes for for achieving a workable concrete (initial slump=8-10cm). Local ordinary Portland cement (OPC) complying with BS 12 (1978) was utilized throughout the work. Rice husk ash used in this investigation was prepared using the same procedures described earlier in literature [2]. The chemical analysis and surface area of the used OPC and RHA are presented in Table 1. The specific surface area of the used RHA was measured by means of nitrogen absorption through the application of BET equation over its normal range of applicability.  

Twelve cement paste and mortar mixes made with constant w/b ratio of 0.50 and different RHA contents (0, 5, 10, 15, 20 and 25%, by weight of OPC) were prepared. Another nine OPC and OPC/RHA concrete mixes with different w/b ratios (0.40, 0.30 and 0.25) and various RHA contents (0, 10 and 20%) were also considered. The mix proportions of concrete, mortar and cement paste are summarized in Tables 2 to 4, respectively.
2.2. Preparation of Test Samples


The mixing procedures of mortar and concrete were carried out according to ASTM C305-82 and BS 5075 part 2 (1982), respectively. 100x100x100 mm concrete cube and 50x50x50 mm mortar cube specimens were taken to assess their transport characteristics (using sorptivity approach). On the other hand, mixing of cement paste was carried out manually, until complete homogeneity of mixes was achieved.  Circular  cement paste discs of thickness 5 mm and 50 mm diameter were then prepared for microstructure analysis (using thermo-gravimetric and de-sorption approaches).

After casting, all molded samples were covered with polythene sheets for 24 hours and then transferred to their respective studied curing regime till age of testing (56 days). Four curing regimes were adopted in this investigation, water, air, interrupted and sealed curing. For water curing regime, the specified specimens were immersed in water curing tank for different periods (7, 28 and 56 days). The specimens cured in water for 7 and 28 days were left in air at the curing room (21+2 ºC) till  age of testing. On the other hand, the specimens specified for air curing study were left in air for 56 days. 

Interrupted curing regime was studied herein to simulate the site conditions in many Egyptian construction works. This had been performed by immersing the specimens in water twice a day for half hour each (at morning and evening). The wetted specimens were left to dry in air. The cycle of wetting and drying was continued for 7 days, followed by leaving the specimens in air till testing. 


Sealed curing regime was studied to simulate the advanced technology in manufacturing of building materials. The used curing compound (water based emulsified polyolefin) was sprayed on the finished surface of the fresh concrete after disappearance of bleeding water, while, the other untreated surfaces of specimens were brushed by water-based curing compound immediately after their demolding and then left in air till testing.   

2.3 
Test Techniques

2.3.1 Sorptivity test


When concrete or mortar specimen is subjected to water, some water can be absorbed. The amount of water absorbed by capillary action through a specified area of the tested specimen at certain periods can be determined by calculating the difference in weight of the specimen before and after exposure to water [10]. The sorptivity of the tested specimens can be calculated using the classical square root-time relationship described by Hall [11] and Claisse et al [12], where the water absorption into concrete increases with increasing the square root of elapsed time (t), according to the following equation; 


i =a+ St0.5               

Where, 

i = cumulative volume of water absorbed per unit area of inflow surface. 

S = sorptivity of concrete. 

t = elapsed time from starting the test .

The sorptivity of mortar/concrete specimens was measured in this study using the abovementioned basics and following the same procedures described earlier in literature [12]. Triplicate samples taken from each mix were tested and the average result was then considered.         

2.3.2
De-sorption test


This test was used for estimating the amount of interconnected pores (capillary porosity). The saturated specimens specified for this study were dried at 90.7% relative humidity by placing them above saturated salt solution of barium chloride contained in a desiccators until a near constant sample weight was obtained. The weight loss on drying was then converted to volume fraction of the bulk paste. This particular capillary porosity corresponds to pores wider than about 30 nm. The Full details of this test techniques and procedures are described elsewhere in literature, where reliable results were attained [8,13,14]. The average capillary porosity results were calculated using five specimens. 
2.3.3
Thermo-gravimetric analysis


The hardened cement paste specimens specified for this study were subjected to thermo-gravimetric analysis (TGA), by monitoring the % weight loss that can take place (% decomposition) as a result of raising the temperature with a defined range. Previous studies found that C-S-H and  C-H decomposes at a range of temperature of 110 to 250 ºC and 450 to 600 ºC, respectively [15,16]. Therefore, the amount of C-S-H and C-H can be expressed as a function of the difference in the % weight loss occurred at that defined range of temperatures [16]. 

Following this concept, the hardened cement paste samples were subjected to wide range of temperature increase and the specimen weight was recorded at 110, 250, 450 and 600ºC. The % weight loss due to the decomposition of C-S-H and C-H were consequently  estimated for all tested samples. The full details of this analysis are described elsewhere [16]. The average results of these abovementioned parameters for five samples were then calculated.   

3. RESULTS AND DISCUSSION

3.1
Fluid Transport Characteristic of OPC/RHA Matrix

The term sorptivity has been used herein to describe the slope for plots of weight of water imbibed per unit area of wetted surface versus square root of wetting time. The rate at which water is absorbed into concrete by capillary suction, can provide useful information relating to permeation characteristics and durability of concrete [10,11,12,13]. Among the absorptivity tests, the longest established method, is sorptivity test, which was utilized in this study to provide comparative results for the mass transport characteristics of OPC mortar and concrete mixes containing various contents of RHA. 

To study the effect of RHA content on the transport properties of OPC/RHA matrix, the sorptivity of OPC/RHA mortar specimens containing various contents of RHA, made with constant w/b ratio of 0.5 and cured in water for 56 days, was calculated as described earlier in Section 2.3.1. The relationship
between the sorptivity of OPC matrix was then plotted versus RHA content, see Figure 1. An inverse proportional relationship between RHA content and sorptivity of OPC matrix was obtained, where the sorptivity of OPC mortar was significantly reduced with increasing RHA content. The amount of reduction reaches 10 , 30, 45,  90 and 110%,  when 5, 10, 15, 20 and 25% of OPC was partially replaced by RHA, respectively.  This means that the inclusion of RHA in  OPC matrix can led to reducing the rate of water transportation into the surface zone of concrete, consequently improving its durability. 

However, two main questions are raised from the above discussion; 1) would this beneficial effect of RHA on transport properties of OPC concrete remains unchanged when the other relatively low w/b ratios are used, and 2) what is the role of various curing regimes on such beneficial role of RHA?. On other words, it is essential to clarify the impact of utilizing RHA in OPC concrete when various concrete mix proportions and curing regimes are adopted,  which led the authors to consider these aspects and carry out the following exploration, as discussed below.  

Figure 2 shows the 56-days sorptivity results of OPC/RHA concrete made with different w/b ratios (0.4, 0.3 and 0.25). The results shown in Figure 2 emphasized that the performance of RHA concrete is significantly affected by the ratio of w/b utilized in the concrete mix. For RHA concrete made with w/b ratio of 0.4 and 0.3, the inclusion of RHA in OPC concrete mixes had led to a notable reduction in their sorptivity, while the opposite was true for 0.25 w/b RHA concrete made with 20%RHA, where a remarkable increase in the sorptivity was produced. For OPC/RHA concrete containing 10%RHA, the amount of reduction in its sorptivity reaches 20, 15 and 10% when 0.4, 0.3 and 0.25 w/b ratios were considered, respectively. This means that the amount of improvement in the transport properties of RHA concrete is declined with decreasing  w/b ratio.


On contrary, using high quantity of RHA (20%) in concrete made with very low w/b of 0.25 has led to disimproving the transport characteristic of OPC concrete, where the sorptivity was 3.5 times higher than that of OPC concrete. This agrees with the visual observation noted during carrying out this experimental, at which deep cracks on the surface of the specimens were observed, see Figure 3. As a result, it is not advisable to use high content of RHA in high performance concrete if very low w/b ratio of less than 0.3 is adopted.


To clarify the effectiveness of various curing regimes on the transport characteristic OPC mortar incorporating RHA, 0.5 w/b OPC mortar specimens made with 10 and 20% RHA were cured with various curing regimes, air, sealed, interrupted and water curing, and subjected to sorptivity test. The results of this investigation are shown in Figures 4 and 5. It is clear that a detrimental effect was observed when RHA mortar was cured in air, while the opposite was true when it was  cured in water, where the sorptivity of RHA 
specimens cured in air is greater by about 350% than that cured in water for 56 days. 


As seen from Figure 4, sealing of RHA concrete with curing compound has no great beneficial effect on its sorptivity when compared with that cured in water, where the sorptivity of RHA specimens cured with curing compound is much higher by about 125%. Also, the sorptivity of OPC and OPC/RHA mortar specimens subjected to interrupted water curing is lower than that cured in air and much higher than that measured for the specimens cured in moist environment. This means that interrupted water and air curing regimes can be considered as inadequate curing regimes for OPC/RHA matrix. On other words, it is clear that utilization of water curing regime is strongly recommended for such type of mortar (OPC/RHA).  

To signify the importance of water curing regime on transport properties of OPC/RHA matrix, the sorptivity of RHA mortar cured with water for different periods, 0, 7, 28 and 56 days were determined and the results are demonstrated in Figure 5. As expected, increasing of water curing period resulted in reducing the sorptivity of OPC specimens containing RHA. The amount of reduction in sorptivity of 90%OPC/10%RHA specimens reached 60, 70 and 75%, while it reached for 80%OPC/20%RHA specimens 65, 70 and 80%, when 7, 28 and 56 days water curing were specified, respectively, compared with that of control OPC specimen cured in air. 


The adverse effect of air curing on the sorptivity of OPC/RHA mortar mixes cured in air may be attributed to the extensive shrinkage cracking which develops in dry environment. Moreover, air curing is not suitable environment to satisfy the conditions required for both the hydration process of cement and pozzolanic reactions of RHA to continue and hence improving  the pore structure of OPC/RHA matrix.


Both interrupted and sealed curing for RHA concrete is not effective curing regimes as water curing for proceeding the pozzolanic reaction that would occur between RHA and the hydration products of OPC, despite of the produced slight improvement in the mass transport properties of OPC/RHA matrix. The highest improvement in the mass transport properties 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 better enhancements in the pore structure and hence mass transport properties of OPC/RHA concrete are.    


There is no evidence in literature supporting the bad performance of OPC/RHA concrete when it is made with 0.25 w/b ratio and 20% RHA. However, this may be attributed to the excessive dry shrinkage strains of OPC/RHA caused by  the high specific surface area of the used RHA. So, the problem appeared when high content of RHA (20% ) was considered.

3.2
Microstructure of OPC/RHA Matrix


In order to understand the above phenomenon, it is necessary to investigate the microstructure of OPC/RHA matrix, for providing a clear explanation to the previous obtained observations shown in Figures 1 to 5. One of the main factors affecting the microstructure of concrete is the amount and nature of hydration products which play a major role on the resulted pore structure and consequently affecting its mass transport properties. Determination of the amount of hydration products is also helpful in measuring the pozzolanic reactivity of RHA with OPC. So, the nature and amount of hydration products and pore structure of OPC/RHA matrix are considered herein, as discussed below. 

The amount of weight loss due to the decomposition of C-S-H and C-H (as percentage of the specimen weight at 110 ºC) were plotted against RHA content, as shown in Figures 6 and 7. It is apparent from Figure 6 that the amount of weight loss due to decomposition of C-S-H increased as a result of inclusion of RHA in the mix, where the amount of C-S-H increases with increasing RHA content. The amount of increase in C-S-H reaches 10, 20 and 30%, when 10, 20 and 25% RHA were induced in OPC matrix. On contrary, the amount of weight loss due to decomposition of C-H decreases with increasing RHA content, see Figure 7. The amount of decrease in % of C-H reaches 70, 40 and 30% for OPC/RHA mixes containing RHA contents of 10, 20 and 25%, respectively, when compared with that of OPC. 

The pore structure of hardened cement paste incorporating RHA was investigated using de-sorption test, of which was considered as a simple and successful tool for evaluating the capillary porosity of cement matrix [8,13]. The capillary porosity for different OPC hardened cement paste containing various contents of RHA, made with 0.5 w/b ratio and cured in water for 56 days, are illustrated in Figure 8. As seen, the capillary porosity of OPC/RHA matrix decreases as a result of incorporation of RHA and the amount of reduction in the capillary porosity increases with increasing RHA content, where it reaches about 20 and 35%, when 10 and 20% RHA were used, respectively. 

The sequence of consuming of the large hexagonal crystals of CH and formation of more poorly crystalline C-S-H phase in OPC matrix due to the pozzolanic reactions  has led to modifying the microstructure and make it more dense. This was confirmed by the reasonable obtained relationship derived between capillary porosity and amount of hydration products (C-H and C-S-H), see Figure 9. As noted, there is a direct  relationship between C-H and capillary porosity of OPC/RHA matrix, where the capillary porosity decreases with reducing the level of C-H in OPC/RHA matrix. Whilst, the opposite was true for C-S-H, increasing of C-S-H has led to reducing the amount of interconnected pores (capillary porosity) of hardened cement paste containing RHA.


Such relationship emphasize the fact that the pozzolanic reaction products modify the microstructure of OPC matrix through filling the unoccupied spaces within the paste matrix with C-S-H, consequently reducing the amount of continuous pores (capillary pores) and converting them into small and discontinuous pores. This mechanism of consuming C-H, growing C-S-H and reducing capillary porosity of OPC matrix due to inclusion RHA can lead  to restricting the rate of water flow into OPC concrete, consequently enhancing its transport properties, as confirmed by the obtain observations illustrated in Figures 1 to 5.

4.
 CONCLUSIONS


According to the experimental work carried out in this investigation, the main conclusions can be summarized as follow:

1- 
Inclusion of RHA in OPC matrix has led to a notable modification in nature and amount of the main hydration products, where an increase in the amount of C-S-H and a 
reduction in the amount of C-H can be produced. Such effect is pronounced with increasing the content of RHA. 

2- 
The amount of interconnected pores (capillary porosity) in RHA concrete was found to be less than that of OPC concrete and is notably compacted with increasing RHA content in its matrix. 

3- 
RHA concrete has shown a better fluid transport characteristics than the corresponding of 
OPC concrete, of which was confirmed experimentally when a notable reduction in the sorptivity of OPC concrete was produced as a result of inclusion RHA. The resistivity  of 
RHA concrete against the movement of fluid increases with increasing RHA content in its matrix.    

4- 
The enhancement in the fluid transport properties of OPC  concrete due to utilization of RHA is mainly dependent on the considered w/b ratio and curing regime, where the amount of improvement is significantly reduced with decreasing w/b ratio and increases with increasing water curing period. However, the significant role of RHA on the transport characteristic may be declined with adopting air, interrupted and sealed curing regimes. 

5- 
When RHA is considered in producing high performance concrete, very low w/b ratios of 
less than 0.3 should be avoided, particularly when high contents of RHA is suggested. 

6- 
A reasonable relationship between the main hydration products of RHA concrete and its 
pore structure (in terms of capillary porosity) was found. Consuming of C-H and 
growing up of more C-S-H resulted in reducing the amount of interconnected pores in RHA concrete, i.e. densifying its microstructure.   
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Table 1 Chemical analysis  and surface area of OPC and RHA.
	
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Na2O
	K2O
	SO3
	LOI
	Surface area, m2/g

	OPC
	20.4
	5.48
	2.86
	64.4
	1.46
	0.58
	0.20
	1.97
	2.61
	0.4

	RHA
	89.8
	0.96
	1.15
	1.28
	0.27
	0.42
	0.10
	0.4
	5.12
	42.1


Table 2  Concrete mix proportions.
	Mix No
	w/b ratio
	OPC content, kg/m3
	RHA content, kg/m3


	Coarse aggregate, kg/m3

	Fine aggregate, kg/m3

	Dosage of HRWR admixture, %*
	Slump, mm

	1
	0.40
	500
	-
	1180
	640
	0
	

	2
	0.30
	500
	-
	1180
	640
	0.8
	

	3
	0.25
	500
	-
	1180
	640
	1.5
	

	4
	0.40
	450
	50
	1180
	640
	0.8
	80-100

	5
	0.30
	450
	50
	1180
	640
	2.4
	

	6
	0.25
	450
	50
	1180
	640
	4.2
	

	7
	0.40
	400
	100
	1180
	640
	1.2
	

	8
	0.30
	400
	100
	1180
	640
	3.8
	

	9
	0.25
	400
	100
	1180
	640
	6
	


*by weight of binder 
Table 3  Mortar mix proportions.
	Mix No
	w/b ratio
	Binder: Sand
	OPC, %
	RHA, % by weight of OPC

	1
	0.50
	1:2.25
	100
	-

	2
	0.50
	1:2.25
	95
	5

	3
	0.50
	1:2.25
	90
	10

	4
	0.50
	1:2.25
	85
	15

	5
	0.50
	1:2.25
	80
	20

	6
	0.50
	1:2.25
	75
	25


Table 4 Cement paste mix proportions.
	Mix No
	w/b

ratio
	OPC, %
	RHA, % by weight of OPC

	1
	0.50
	100
	-

	2
	0.50
	95
	5

	3
	0.50
	90
	10

	4
	0.50
	85
	15

	5
	0.50
	80
	20

	6
	0.50
	75
	25
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Figure 1 
56-day sorptivity of OPC mortar made with different contents of RHA 

and 0.5 w/b ratio.

[image: image2.emf]0.0

0.5

1.0

1.5

2.0

2.5

0.4 0.3 0.25

Water/binder ratio

Sorptivity, m

.

s

0.5

 x

10

-5

OPC

10 % RHA

20% RHA


Figure 2 
56-day sorptivity of OPC concrete incorporating different contents of 


RHA, made with various w/b ratios and cured in water for 56 days.
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Figure 3 
General view for OPC/RHA concrete specimens made with 0.25 w/b ratio 

and 20%RHA.
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Figure 4 
Effect of various curing regimes on the 56-day sorptivity of OPC and 


OPC/RHA mortar, made with 0.5 w/b.  
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Figure 5 
Effect of water curing period on the 56-day sorptivity of OPC and 


OPC/RHA mortar, made with 0.5 w/b.
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Figure 6 
% decomposition of C-S-H formed during the hydration of OPC with 


different contents of RHA.
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Figure 7 
% decomposition of C-H formed during the hydration of OPC with 


different contents of RHA. 
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Figure 8 
Capillary porosity of OPC hardened cement pastes with different contents 

of RHA, w/b = 0.50. 
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Figure 9
The relationship between the capillary porosity and hydration products of 

OPC/RHA matrix.
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