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ABSTRACT: This paper aims to elucidate the effectiveness of the artificial local-made pozzolanic materials on the degradation processes of reinforced concrete exposed to various aggressive conditions containing sulphate or/and chloride ions. Two series of mortar and reinforced concrete samples made with different Silica Fume (SF) or Rice Husk Ash (RHA) content (0, 10 and 20%, by weight of OPC) were prepared and exposed to various predetermined aggressive aqueous solutions  (10% sodium sulphate or/and 5% sodium chloride). The % expansion and weight gain of exposed test samples and the corrosion activity of reinforcing steel bars imbedded in concrete samples were regularly monitored every two weeks along a period of one year of exposure. It was concluded that the inclusion of either SF or RHA into OPC matrix has led to reducing the level of degradation of reinforced concrete, where the corrosion activity of reinforcing steel and % expansion and weight gain were significantly reduced. The beneficial effect of SF on reducing the degree of degradation of reinforced concrete was fairly close to that of RHA. However, the maximum degradation in the hardened paste matrix in concrete, from the volume and weight change point of view, was produced when it was subjected to environment containing sulphate ions only, while the maximum degradation in the reinforcement, from the corrosion point of view, can be produced at the environment containing both sulphate and chloride ions together.

INTRODUCTION

Nowadays, a great amount of rapid degradation that happens in reinforced concrete structures exposed to severe environments of sulphate or/and chloride is observed, causing serious technical and economical problem in many countries, especially in highly developed ones, Middle Eastern and  Arabian Gulf1,2,3,4. These harmful damages can be occurred to the hardened cement paste matrix (HCP) of concrete, in forms of excessive expansion, distortion of pore structure, cracks and delamination, and to reinforcement in the form of corrosion. So, several studies are conducted with the purpose of identifying and characterizing the various degradation forms and rehabilitation of this kind of damage in new and old existing structures2,3,4,5,6.

Corrosion of reinforcing steel is one of the most common cause of premature deterioration of concrete structure7. It was found that the two major aggressive ions which may provoke severe corrosion problems are chloride and sulphate ions. Free chloride ions in the pore solution surrounding the reinforcement react at anodic sites to form hydrochloric acid, of which can destroy the passive protective film of reinforcing steel5,7. While sulphate ions can accelerate the  propagation of reinforcement corrosion as a result of the produced deteriorations in HCP when exposed to such aggressive ions and changing the nature of the protective passive film of iron oxide to less protective sulphate film8,9,10.  

In order to improve the properties of concrete against such aggressive conditions, the production of concrete has been increasingly directed towards the use of pozzolanic materials, such as Silica Fume (SF) and Rice Husk Ash (RHA)9,10,11. The effectiveness of these materials on the various characteristics of reinforced concrete, such as compressive, tensile, splitting and bond strength, alkali-silica reaction, freezing and thawing, permeation and dry shrinkage, has been extensively investigated and elaborated by several authors8,9,10. Most of them have found that the inclusion SF or RHA in concrete mixes had notably improved these characteristics, due to the pozzolanic reaction between these materials and calcium hydroxide evolved from the hydration processes, producing a concrete with a very dense microstructure11. 

However, a little attention has been directed towards signifying the role of these two pozzolanic materials on the various aspects in relation to the degradation processes of reinforced concrete when subjected to severe conditions, expansion, formation of cracks, weight gain, disintegration of pore structure of HCP, and corrosion activity of reinforcement. Having a good understanding to such aspects and their relationships to each other could provide a good base for reducing the risk of degradation of reinforced concrete, consequently prolonging its service life and reducing the running cost (maintenance).     

Therefore, the present study was undertaken with the following objectives:

1- To clarify the role of incorporation of local-made pozzolanic materials (SF and  RHA) on rate of degradation processes of HCP of concrete (in terms of its % expansion and weight gain) and reinforcement (in terms of its corrosion activity).  

2- To ascertain the possible relationships between the various aspects of degradation of reinforced concrete when subjected to severe conditions containing sulphate or/and chloride ions. 

EXPRIMENTAL 

Local ordinary Portland Cement (OPC), Silica Fume (SF) and Rice Husk ash (RHA), complying with BS 12 (1978) and ASTM C618 (1992) were used. The used SF and RHA had SiO2 of more than 90%. Natural sand and gravel of maximum nominal size of 14 mm complying with ASTM C33 were used. Tap water was used in mixing and curing. Mild steel of 12 mm diameter complying with ESS 262 (2000) was used in reinforcing concrete specimens.  

Five mortar and five concrete mixes with a constant w/b ratio of 0.55 and containing different SF and RHA contents (0, 10 and 20%, replaced by weight of OPC) were considered. For mortar mixes, a constant binder/sand of 0.50 was used throughout. For OPC concrete mixes, the used contents of OPC, sand and gravel were 350, 700 and 1200 kg/m3, respectively. 

The ingredients of mortar and concrete mixes were mechanically mixed according to BS 5075 part 2 (1982) and ASTM C305 (1982), respectively. Nine prismatic specimens (25.4x25.4x285 mm) from each mortar mix were prepared for both length and weight change measurements. Such specimens were attached with stainless steel gauge studs of 6 mm diameter, fixed throughout their axes, according to ASTM C490 (1983). While, nine concrete specimens (50x100x500 mm) from each concrete were made for corrosion potential measurements. Steel bars with 250 mm length were imbedded in these concrete specimens during their casting such that 200 mm was centrically fixed inside the concrete while the remainder 50 mm was kept outside. 

After casting, all molded samples were covered with polyethylene sheet for 24 hours and stored in water curing tanks for 27 days prior to exposing to predetermined aggressive solutions.  Then, the mortar specimens were fully submerged in their specified aggressive solutions containing either 10% sodium sulphate (Na2SO4) or 10% sodium sulphate (Na2SO4) +  5% sodium chloride (NaCl), while, the reinforced concrete samples were exposed to repeatable cycles of 11-days drying/3-days wetting in solutions of either 5% sodium chloride or 5% NaCl + 10% Na2SO4 for about one year. Also, three specimens from each mortar and concrete mixes were exposed to water by the same manner, control specimens. 
The length change of mortar specimens were regularly recorded every two weeks, according to ASTM C190 (1983), to monitor % expansion occurred during their  exposure to the various  above aqueous solutions. The % weight gain was also recorded for all specimens specified for length change measurements. On the other hand, the corrosion potential of reinforced concrete specimens were monitored every two weeks,  using half-cell apparatus, to investigate the corrosion activity of reinforcing steel bars, as described in ASTM C876 (1980). For all tests, triplicate specimens were used for each case of study and the average of results was then considered.  

RESULTS AND DISCUSSION

In this study, the degradation processes of reinforced concrete incorporating local-made pozzolanic materials (RHA and SF) was investigated through assessing its deteriorations occurred to HCP and reinforcement. So, two approaches (% length and weight change) were adopted to study the degree of degradation of HCP, while, one approach (corrosion potential of reinforcing steel) was considered for monitoring the corrosion activity of reinforcement.   

Degradation of Hardened Cement Paste Matrix (HCP)

The degradation of HCP was studied by monitoring regularly the % length change (expansion) and weight gain occurred to OPC, SF and RHA mortar specimens when exposed to various aggressive aqueous solutions containing sulphate ions and combined action of chloride and sulphate ions. Knowing of these parameters (% expansion and weight gain) can provide an indirect image to the extent chemical reactions between HCP and the considered studied aggressive ions, extent of disintegration in the pore structure and deteriorations of inherent chemical phases of HCP. Whereas, the more % expansion and weight gain in HCP, the more likely degradation of concrete is. The results of this study are demonstrated in Figures 1 and 2, at which the % expansion and weight gain measurements of OPC, SF and RHA mortar exposed to various aqueous solutions were plotted versus exposure period, respectively.  It is obvious that, in normal condition (represented by water), the measured expansion at all exposure periods for all studied mortar specimens is negligible and complies with ASTM C1012 criteria (% expansion = 0.1%), see Figure 1.a. 

On the other hand, for environment containing sulphate ions, the % expansion measured for all tested specimens remained close and less than 0.1% till an exposure period of about 8 weeks, after which the % expansion for OPC specimens started to exceed the proposed ASTM C1012 limit (0.1%). During the exposure period from 8 to 40 weeks, the % expansion for OPC specimens is much higher than the corresponding of SF and RHA specimens. After 40 weeks of exposure, the % expansion for OPC specimens started to increase very rapidly with increasing time of exposure to reach 1000 times more than that of RHA and SF specimens, by the end of exposure period (one year). This substantial increase in % expansion of OPC mortar was also insured when several cracks on the edge of the tested specimens were visually observed, while no cracks have been observed on RHA and SF specimens. Figure 1 also shows that the behavior of RHA and SF mortars in aggressive conditions are comparable and independently on their contents.

Similar trends were shown for the specimens exposed to both chloride and sulphate ions together (see Figure 1.c). However, the presence of chloride ions had led to a slight reduction in the adverse effect of aggressive environment containing sulphate ions, especially for OPC matrix, where the % expansion of the specimens subjected to combined action of sulphate and chloride ions is less than that of specimens subjected to individual action of sulphate ions.

The resulted expansion of the specimens exposed to sulphate ions can be attributed to the formation of ettringite8,13, as a result of the chemical reactions between sulphate ions with aluminate phase of cement and Ca(OH)2, leading to an excessive expansion and consequently degradation of HCP. The noted reduction in % expansion of both SF and RHA specimens when compared to the corresponding of OPC specimens may be attributed to the enhancement in the microstructure and permeation characteristics of HCP as a result of inclusion of such pozzolanic material in their matrix. This could reduce the amount of aggressive ions transported into its matrix. The inclusion of either RHA or SF in OPC mortar can also lead to a remarkable reduction in the amount of Ca(OH)2 in its matrix, as a result of their pozzolanic reaction, of which reduces the porosity of matrix and makes it more resistant to the penetration of aggressive species from outside. 

On the other hand, the reduction in % the expansion measured for the specimens immersed in combined solution of chloride and sulphate ions has been  a consequence of  the chemical reaction  between chloride ions and the aluminate phase of cement, forming calcium chloro-aluminate (Friedel's salt) and hence reducing the amount of aluminate phase available to react with sulphate ions.
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Figure 1  % Expansion of OPC, RHA and SF mortar specimens exposed to various conditions.
The above-mentioned chemical reactions and hydration processes are accompanied with deposition of chemical reaction products in the pores structure of HCP, and hence increasing its weight with time, see Figure 2. Also, at certain age of exposure to severe environments, the chemical reactions between the HCP phases and aggressive ions can lead to creating a net of internal cracks and deteriorating of its pore structure and inherent phases, causing a rapid increase in the % weight gain of HCP with increasing the exposure period, as confirmed by the results shown in Figures 2 and 3.  

Figure 2 shows the % weight gain of OPC, SF and RHA mortar specimens exposed to the various above-mentioned solutions. As expected, for specimens immersed in water, the % weight gain of OPC, RHA and SF mortar specimens are similar and negligible (see Figure 2.a). While, the opposite was true when those specimens were stored in various aggressive solutions containing either sulphate ions or combined action of chloride and sulphate ions, where, a remarkable increase in % weight gain was produced with increasing exposure period, especially for OPC mortar (see figures 2.b and 2.c). 
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Figure 2  % Weight gain of OPC, RHA and SF mortar specimens exposed to various conditions.

The results of Figure 2 also emphasized that the inclusion of either RHA or SF into OPC matrix has caused a reasonable reduction in the % weight gain of OPC specimens. However, the amount of reduction has not been significantly affected with increasing the contents of the considered pozzolanic materials from 10 to 20%. For specimens exposed to the combined action of chloride and sulphate ions, similar effects were produced as those found for the specimens exposed to sulphate ions only.  However, it seems that the presence of chloride ions can slow down the rate of degradation of HCP exposed to sulphates. 
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Figure 3 Relationship between % of expansion and weight gain of hardened cement paste matrix.

Generally, these observations are in agreement with that obtained by length change measurements. As a result, an attempt was done to correlate the measurements of the two considered approaches, length and weigh change, as demonstrated in Figure 3. As seen, a reasonable direct correlation between % expansion and weight gain of HCP is found. This can provide an explanation to the agreement between the findings obtained from the two considered approaches in this study. 

Degradation of Reinforcement
In order to assess the degradation process of reinforcement embedded in concrete made with either SF or RHA, the corrosion activity of reinforcement was monitored using the half-cell device, to measure the corrosion potential (CP) of reinforcing steel bars and hence indicating its extent of degradation. The results of such study are shown in Figure 4, where, a relationship between the corrosion potential of OPC, RHA and SF concrete specimens subjected to various severe conditions and exposure period, is plotted. It is obvious that, at normal exposure condition (water), there is no significant increase in the corrosion potential of reinforcing steel for all specimens (see Figure 4.a), where, most of CP results are less than -200 mV. According to ASTM C876 limits, there is greater than 90% probability that corrosion does not occur for specimens exposed to normal exposure condition. 

On the other hand, the corrosion potential for OPC, RHA and SF concrete specimens exposed to either chloride ions or combined action of chloride and sulphate ions was notably increased with increasing exposure period and reached more than -350 mV by the end of exposure period (62 weeks), see Figures 4.b and 4.c. This means that, according to ASTM C876, the probability of occurrence of reinforcement corrosion is greater than 90%. It can be also seen from Figure 4 that RHA and SF concretes have attained lower values of corrosion potential, compared to that of OPC when exposed to aggressive environments. This means that the inclusion of RHA and SF in OPC concrete has led to improving the resistance of reinforcement corrosion, and consequently reducing the risk of reinforced concrete degradation. However, the corrosion potential measurements have not been significantly affected when the contents of RHA and SF were increased from 10 to 20%. The reduction occurred in the corrosion potential of RHA and SF concrete compared to that of OPC specimens may be attributed to the enhancement occurred to their permeation properties as a result of incorporating of such pozzolanic materials6,9,10,13.  

 Moreover, Figure 4 shows that the corrosion potential of all studied concretes the specimens submerged in 5% NaCl + 10% Na2SO4 are slightly greater than that of specimens submerged in 5% NaCl up to 16 weeks of exposure. This means that, at early ages of exposure, the presence of sulphate ions in environments containing chloride ions can lead to increasing the rate of corrosion activity of reinforced concrete and consequently its degree of degradation. 
Finally, an attempt was performed to find a reasonable correlation between the rate of degradation of both HCP and reinforcement. So, the % expansion results were plotted versus the corrosion potential measurements, see Figure 5. Dramatic increase in the corrosion activity of reinforcement with increasing %expansion of HCP from 0 to 0.3% was shown, followed by a fairly steady-state increase of corrosion with increasing the %expansion. This means that the degradation processes of both HCP paste and reinforcing steel are notably related and dependent.
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Figure 4 Corrosion potential (CP) of OPC, RHA and SF concrete exposed to various conditions.
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Figure 5 Relationship between % expansion and corrosion activity of reinforcement of RC

CONCLUSIONS

From the results of this experimental investigation, the following conclusion can be put forth: 

 (1)
A significant role for pozzolanic materials (SF and RHA) on reducing the degradation processes of reinforced concrete in severe environments was shown, where the corrosion activity of reinforcing steel and % expansion and weight gain of hardened cement paste matrix (HCP) were notably reduced. However, the level of degradation of reinforced concrete containing 20% of either SF or RHA did not differ from that made with 10% of pozzolanic material. 

        (2)
The maximum degradation of hardened cement paste matrix of OPC and pozzolanic concrete, 
         from the length and weight change point of view, was produced when exposed to aggressive sulphate ions, while the maximum degradation of reinforcement, from the corrosion point of view, was shown when subjected to both sulphate and chloride ions together.
        (3)
Reasonable correlations between the various durability aspects (% expansion and weight gain of HCP and corrosion activity of reinforcement) of reinforced  concrete were established. 
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		56		56		56		56		56



OPC

10 % RHA

20 % RHA

10 % SF

20 % SF

Exposure period, week

Weight gain, %

c- combined action of chloride and sulphate

0

0

0

0

0

0.72

0.19

0.34

0.3

0.17

0.96

0.34

0.39

0.39

0.26

1.16

0.38

0.47

0.59

0.33

1.35

0.48

0.47

0.68

0.32

1.53

0.52

0.56

0.85

0.41

1.61

0.57

0.57

0.92

0.5

1.73

0.64

0.57

1.08

0.54

1.8

0.68

0.69

1.22

0.59

1.8

0.78

0.71

1.24

0.59

1.94

0.79

0.71

1.44

0.74

1.97

0.81

0.73

1.45

0.77

2.03

1

0.75

1.45

0.78

2.2

1.22

0.78

1.47

0.78

2.4

1.4

0.79

1.49

0.78

2.58

1.64

1.42

1.51

0.77

2.75

1.68

1.44

2.1

1.59

2.85

1.68

1.63

2.17

1.62

3

1.68

1.68

2.23

1.68

3.03

1.72

1.72

2.33

1.72

3.08

1.94

1.76

2.43

1.76

3.19

1.98

1.8

2.71

2.06

3.33

2

1.88

2.72

2.09

3.5

2.03

1.9

2.74

2.11

3.65

2.06

1.96

2.78

2.14

3.8

2.13

2.03

2.8

2.15

4.01

2.2

2.08

2.8

2.18



ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56

		OPC		0		0		0.72		0.96		1.16		1.35		1.53		1.61		1.73		1.8		1.8		1.94		1.97		2.03		2.2		2.4		2.58		2.75		2.85		3		3.03		3.08		3.19		3.33		3.5		3.65		3.8		4.01

		10 % RHA		0		0		0.19		0.34		0.38		0.48		0.52		0.57		0.64		0.68		0.78		0.79		0.81		1		1.22		1.4		1.64		1.68		1.68		1.68		1.72		1.94		1.98		2		2.03		2.06		2.13		2.2

		20 % RHA		0		0		0.34		0.39		0.47		0.47		0.56		0.57		0.57		0.69		0.71		0.71		0.73		0.75		0.78		0.79		1.42		1.44		1.63		1.68		1.72		1.76		1.8		1.88		1.9		1.96		2.03		2.08

		10 % SF		0		0		0.3		0.39		0.59		0.68		0.85		0.92		1.08		1.22		1.24		1.44		1.45		1.45		1.47		1.49		1.51		2.1		2.17		2.23		2.33		2.43		2.71		2.72		2.74		2.78		2.8		2.8

		20 % SF				0		0.17		0.26		0.33		0.32		0.41		0.5		0.54		0.59		0.59		0.74		0.77		0.78		0.78		0.78		0.77		1.59		1.62		1.68		1.72		1.76		2.06		2.09		2.11		2.14		2.15		2.18
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تخطيط1

		0		0		0		0		0

		2		2		2		2		2

		4		4		4		4		4

		6		6		6		6		6

		8		8		8		8		8

		10		10		10		10		10

		12		12		12		12		12

		14		14		14		14		14

		16		16		16		16		16

		18		18		18		18		18

		20		20		20		20		20

		22		22		22		22		22

		24		24		24		24		24

		26		26		26		26		26

		28		28		28		28		28

		30		30		30		30		30

		32		32		32		32		32

		34		34		34		34		34

		36		36		36		36		36

		38		38		38		38		38

		40		40		40		40		40

		42		42		42		42		42

		44		44		44		44		44

		46		46		46		46		46

		48		48		48		48		48

		50		50		50		50		50

		52		52		52		52		52

		54		54		54		54		54

		56		56		56		56		56

		58		58		58		58		58

		60		60		60		60		60

		62		62		62		62		62



OPC

10 % RHA

20 % RHA

10 % SF

20 % SF

Exposure period, week

CP, -v

a- water

0.115

0.099

0.098

0.08

0.09

0.14

0.11

0.125

0.088

0.12

0.167

0.126

0.207

0.067

0.246

0.168

0.187

0.179

0.107

0.128

0.153

0.108

0.184

0.108

0.169

0.134

0.145

0.148

0.045

0.156

0.154

0.209

0.158

0.076

0.153

0.15

0.13

0.14

0.08

0.15

0.143

0.113

0.128

0.054

0.151

0.19

0.159

0.13

0.097

0.13

0.118

0.174

0.174

0.06

0.12

0.127

0.17

0.196

0.103

0.135

0.147

0.109

0.152

0.047

0.113

0.094

0.112

0.047

0.046

0.12

0.127

0.167

0.198

0.1

0.148

0.19

0.2

0.17

0.09

0.15

0.281

0.19

0.175

0.108

0.165

0.237

0.173

0.065

0.09

0.09

0.24

0.092

0.084

0.092

0.058

0.233

0.275

0.188

0.113

0.162

0.249

0.222

0.251

0.113

0.156

0.242

0.26

0.244

0.12

0.176

0.236

0.27

0.233

0.13

0.179

0.223

0.221

0.22

0.153

0.183

0.24

0.238

0.231

0.169

0.191

0.237

0.243

0.233

0.143

0.176

0.249

0.251

0.241

0.139

0.18

0.238

0.241

0.218

0.129

0.2

0.248

0.239

0.231

0.166

0.188

0.273

0.241

0.246

0.179

0.187

0.28

0.253

0.251

0.188

0.198

0.288

0.261

0.253

0.193

0.2



ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56		58		60		62		64

		OPC		0		0.115		0.14		0.167		0.168		0.153		0.134		0.154		0.15		0.143		0.19		0.118		0.127		0.147		0.094		0.127		0.19		0.281		0.237		0.24		0.233		0.249		0.242		0.236		0.223		0.24		0.237		0.249		0.238		0.248		0.273		0.28		0.288

		10 % RHA		0		0.099		0.11		0.126		0.187		0.108		0.145		0.209		0.13		0.113		0.159		0.174		0.17		0.109		0.112		0.167		0.2		0.19		0.173		0.092		0.275		0.222		0.26		0.27		0.221		0.238		0.243		0.251		0.241		0.239		0.241		0.253		0.261

		20 % RHA		0		0.098		0.125		0.207		0.179		0.184		0.148		0.158		0.14		0.128		0.13		0.174		0.196		0.152		0.047		0.198		0.17		0.175		0.065		0.084		0.188		0.251		0.244		0.233		0.22		0.231		0.233		0.241		0.218		0.231		0.246		0.251		0.253

		10 % SF		0		0.08		0.088		0.067		0.107		0.108		0.045		0.076		0.08		0.054		0.097		0.06		0.103		0.047		0.046		0.1		0.09		0.108		0.09		0.092		0.113		0.113		0.12		0.13		0.153		0.169		0.143		0.139		0.129		0.166		0.179		0.188		0.193

		20 % SF				0.09		0.12		0.246		0.128		0.169		0.156		0.153		0.15		0.151		0.13		0.12		0.135		0.113		0.12		0.148		0.15		0.165		0.09		0.058		0.162		0.156		0.176		0.179		0.183		0.191		0.176		0.18		0.2		0.188		0.187		0.198		0.2
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تخطيط1

		0		0		0		0		0
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		8		8		8		8		8

		10		10		10		10		10

		12		12		12		12		12

		14		14		14		14		14

		16		16		16		16		16

		18		18		18		18		18

		20		20		20		20		20

		22		22		22		22		22

		24		24		24		24		24

		26		26		26		26		26

		28		28		28		28		28

		30		30		30		30		30

		32		32		32		32		32

		34		34		34		34		34

		36		36		36		36		36

		38		38		38		38		38

		40		40		40		40		40

		42		42		42		42		42

		44		44		44		44		44

		46		46		46		46		46

		48		48		48		48		48

		50		50		50		50		50

		52		52		52		52		52

		54		54		54		54		54

		56		56		56		56		56

		58		58		58		58		58

		60		60		60		60		60

		62		62		62		62		62



OPC

10 % RHA

20 % RHA

10 % SF

20 % SF

Exposure period, week

CP, -v

c- combined action of chloride and sulphate

0.11

0.075

0.087

0.135

0.099

0.178

0.185

0.23

0.21

0.175

0.243

0.268

0.404

0.296

0.473

0.33

0.23

0.378

0.407

0.305

0.428

0.298

0.466

0.367

0.358

0.39

0.293

0.392

0.403

0.37

0.446

0.397

0.43

0.43

0.489

0.46

0.39

0.42

0.42

0.4

0.438

0.387

0.439

0.411

0.412

0.446

0.451

0.452

0.386

0.506

0.476

0.393

0.46

0.45

0.502

0.563

0.438

0.477

0.46

0.511

0.49

0.379

0.487

0.418

0.387

0.56

0.414

0.436

0.392

0.423

0.531

0.412

0.47

0.363

0.431

0.54

0.405

0.48

0.39

0.37

0.576

0.412

0.472

0.404

0.324

0.53

0.319

0.494

0.358

0.35

0.54

0.38

0.472

0.38

0.31

0.525

0.389

0.453

0.377

0.342

0.534

0.371

0.467

0.372

0.36

0.548

0.376

0.468

0.287

0.344

0.597

0.39

0.503

0.389

0.37

0.619

0.41

0.49

0.456

0.389

0.649

0.398

0.48

0.449

0.431

0.666

0.411

0.505

0.398

0.433

0.698

0.421

0.504

0.432

0.457

0.73

0.428

0.493

0.456

0.489

0.741

0.43

0.487

0.436

0.48

0.76

0.417

0.48

0.476

0.479

0.767

0.431

0.493

0.489

0.483

0.771

0.448

0.511

0.508

0.498



ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56		58		60		62		64

		OPC		0		0.11		0.178		0.243		0.33		0.428		0.39		0.446		0.46		0.438		0.446		0.476		0.563		0.49		0.56		0.531		0.54		0.576		0.53		0.54		0.525		0.534		0.548		0.597		0.619		0.649		0.666		0.698		0.73		0.741		0.76		0.767		0.771

		10 % RHA		0		0.075		0.185		0.268		0.23		0.298		0.293		0.397		0.39		0.387		0.451		0.393		0.438		0.379		0.414		0.412		0.405		0.412		0.319		0.38		0.389		0.371		0.376		0.39		0.41		0.398		0.411		0.421		0.428		0.43		0.417		0.431		0.448

		20 % RHA		0		0.087		0.23		0.404		0.378		0.466		0.392		0.43		0.42		0.439		0.452		0.46		0.477		0.487		0.436		0.47		0.48		0.472		0.494		0.472		0.453		0.467		0.468		0.503		0.49		0.48		0.505		0.504		0.493		0.487		0.48		0.493		0.511

		10 % SF		0		0.135		0.21		0.296		0.407		0.367		0.403		0.43		0.42		0.411		0.386		0.45		0.46		0.418		0.392		0.363		0.39		0.404		0.358		0.38		0.377		0.372		0.287		0.389		0.456		0.449		0.398		0.432		0.456		0.436		0.476		0.489		0.508

		20 % SF				0.099		0.175		0.473		0.305		0.358		0.37		0.489		0.4		0.412		0.506		0.502		0.511		0.387		0.423		0.431		0.37		0.324		0.35		0.31		0.342		0.36		0.344		0.37		0.389		0.431		0.433		0.457		0.489		0.48		0.479		0.483		0.498
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تخطيط1
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		12		12		12		12		12

		14		14		14		14		14

		16		16		16		16		16

		18		18		18		18		18

		20		20		20		20		20

		22		22		22		22		22

		24		24		24		24		24

		26		26		26		26		26

		28		28		28		28		28

		30		30		30		30		30

		32		32		32		32		32

		34		34		34		34		34

		36		36		36		36		36

		38		38		38		38		38

		40		40		40		40		40

		42		42		42		42		42

		44		44		44		44		44

		46		46		46		46		46

		48		48		48		48		48

		50		50		50		50		50

		52		52		52		52		52

		54		54		54		54		54

		56		56		56		56		56

		58		58		58		58		58

		60		60		60		60		60

		62		62		62		62		62



OPC

10 % RHA

20 % RHA

10 % SF

20 % SF

Exposure period, week

CP, -v

b- chloride

0.099

0.125

0.128

0.14

0.088

0.17

0.17

0.2

0.21

0.189

0.232

0.288

0.329

0.427

0.33

0.223

0.319

0.455

0.473

0.316

0.445

0.457

0.438

0.374

0.479

0.477

0.461

0.487

0.422

0.468

0.468

0.485

0.424

0.385

0.406

0.475

0.47

0.42

0.39

0.411

0.481

0.434

0.416

0.353

0.411

0.49

0.431

0.415

0.351

0.407

0.52

0.439

0.421

0.367

0.447

0.576

0.494

0.446

0.393

0.457

0.49

0.488

0.398

0.352

0.406

0.513

0.407

0.442

0.383

0.388

0.534

0.474

0.392

0.342

0.384

0.53

0.473

0.415

0.36

0.37

0.496

0.427

0.433

0.33

0.31

0.476

0.348

0.333

0.31

0.31

0.56

0.418

0.37

0.34

0.34

0.574

0.489

0.388

0.369

0.321

0.552

0.443

0.419

0.376

0.337

0.541

0.454

0.435

0.366

0.352

0.589

0.46

0.44

0.38

0.38

0.633

0.45

0.449

0.393

0.393

0.66

0.43

0.456

0.379

0.409

0.64

0.468

0.479

0.419

0.428

0.683

0.46

0.469

0.443

0.448

0.703

0.463

0.483

0.421

0.463

0.69

0.44

0.488

0.47

0.443

0.737

0.45

0.496

0.463

0.481

0.747

0.462

0.5

0.488

0.487

0.757

0.468

0.506

0.5

0.493



ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56		58		60		62		64

		OPC		0		0.099		0.17		0.232		0.223		0.445		0.477		0.468		0.475		0.481		0.49		0.52		0.576		0.49		0.513		0.534		0.53		0.496		0.476		0.56		0.574		0.552		0.541		0.589		0.633		0.66		0.64		0.683		0.703		0.69		0.737		0.747		0.757

		10 % RHA		0		0.125		0.17		0.288		0.319		0.457		0.461		0.485		0.47		0.434		0.431		0.439		0.494		0.488		0.407		0.474		0.473		0.427		0.348		0.418		0.489		0.443		0.454		0.46		0.45		0.43		0.468		0.46		0.463		0.44		0.45		0.462		0.468

		20 % RHA		0		0.128		0.2		0.329		0.455		0.438		0.487		0.424		0.42		0.416		0.415		0.421		0.446		0.398		0.442		0.392		0.415		0.433		0.333		0.37		0.388		0.419		0.435		0.44		0.449		0.456		0.479		0.469		0.483		0.488		0.496		0.5		0.506

		10 % SF		0		0.14		0.21		0.427		0.473		0.374		0.422		0.385		0.39		0.353		0.351		0.367		0.393		0.352		0.383		0.342		0.36		0.33		0.31		0.34		0.369		0.376		0.366		0.38		0.393		0.379		0.419		0.443		0.421		0.47		0.463		0.488		0.5

		20 % SF				0.088		0.189		0.33		0.316		0.479		0.468		0.406		0.411		0.411		0.407		0.447		0.457		0.406		0.388		0.384		0.37		0.31		0.31		0.34		0.321		0.337		0.352		0.38		0.393		0.409		0.428		0.448		0.463		0.443		0.481		0.487		0.493
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ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56

		OPC		0		0		0.8		1.17		1.33		1.55		1.73		1.84		1.99		2.17		2.17		2.37		2.44		2.59		2.9		3.25		3.5		3.75		3.98		4.08		4.22		4.38		5.24		5.6		5.65		5.85		6.1		6.3

		10 % RHA		0		0		0.26		0.46		0.54		0.69		0.71		0.84		0.99		0.98		1.18		1.2		1.27		1.53		1.78		2.03		2.27		2.28		2.3		2.39		2.46		2.71		2.8		2.88		2.93		2.98		3		3

		20 % RHA		0		0		0.28		0.43		0.48		0.55		0.65		0.77		0.79		0.94		0.97		0.98		1.04		1.15		1.2		1.25		1.57		1.71		1.83		1.86		1.89		2.01		2.05		2.06		2.08		2.1		2.1		2.12

		10 % SF		0		0		0.36		0.61		0.9		0.99		1.24		1.24		1.46		1.63		1.66		1.78		1.83		1.91		2.05		2.15		2.3		2.47		2.56		2.62		2.67		2.86		3.04		3.05		3.06		3.07		3.09		3.1

		20 % SF				0		0.2		0.28		0.46		0.46		0.62		0.66		0.77		0.89		0.89		1.05		1.07		1.09		1.14		1.14		1.15		2		2.02		2.05		2.11		2.21		2.31		2.33		2.35		2.38		2.41		2.43
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ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56

		OPC		0		0		0.043		0.046		0.073		0.092		0.122		0.137		0.16		0.213		0.251		0.262		0.282		0.316		0.365		0.421		0.471		0.529		0.609		0.686		0.721		0.814		1.191		1.302		1.35		1.48		1.67		1.83

		10 % RHA		0		0		0.0006		0.0015		0.0034		0.003		0.008		0.012		0.016		0.024		0.034		0.032		0.039		0.051		0.056		0.085		0.094		0.099		0.117		0.122		0.144		0.166		0.168		0.17		0.177		0.183		0.188		0.193

		20 % RHA		0		0		0.0073		0.013		0.015		0.048		0.05		0.062		0.063		0.066		0.07		0.079		0.075		0.087		0.092		0.098		0.101		0.105		0.111		0.122		0.128		0.139		0.143		0.146		0.149		0.155		0.163		0.173

		10 % SF		0		0		0.014		0.017		0.021		0.025		0.026		0.028		0.029		0.03		0.03		0.032		0.024		0.027		0.028		0.028		0.027		0.026		0.026		0.024		0.027		0.033		0.025		0.03		0.039		0.06		0.07		0.09

		20 % SF				0		0.008		0.012		0.015		0.038		0.04		0.042		0.046		0.051		0.052		0.052		0.054		0.055		0.054		0.057		0.055		0.061		0.062		0.058		0.056		0.061		0.062		0.064		0.068		0.078		0.089		0.099
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ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56

		OPC		0		0		0.047		0.052		0.057		0.072		0.118		0.126		0.151		0.18		0.193		0.203		0.218		0.225		0.252		0.268		0.274		0.285		0.293		0.289		0.265		0.303		0.341		0.371		0.386		0.399		0.42		0.48

		10 % RHA		0		0		0.002		0.005		0.004		0.0011		0.0025		0.0081		0.013		0.0145		0.024		0.025		0.032		0.039		0.034		0.05		0.056		0.051		0.052		0.077		0.082		0.067		0.077		0.083		0.09		0.099		0.099		0.099

		20 % RHA		0		0		0.0042		0.0062		0.0094		0.039		0.039		0.057		0.058		0.055		0.056		0.063		0.058		0.065		0.064		0.064		0.065		0.063		0.063		0.076		0.079		0.079		0.082		0.089		0.097		0.098		0.098		0.099

		10 % SF		0		0		0.0023		0.0067		0.0098		0.015		0.013		0.014		0.02		0.024		0.022		0.028		0.027		0.027		0.028		0.028		0.026		0.026		0.021		0.022		0.031		0.031		0.023		0.033		0.039		0.047		0.053		0.059

		20 % SF				0		0.0028		0.0066		0.0093		0.027		0.026		0.027		0.033		0.04		0.043		0.043		0.044		0.044		0.045		0.045		0.046		0.048		0.051		0.046		0.046		0.05		0.05		0.053		0.059		0.069		0.078		0.087
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ورقة1

		Age, weeks		0		0		2		4		6		8		10		12		14		16		18		20		22		24		26		28		30		32		34		36		38		40		42		44		46		48		50		52		54		56

		OPC		0		0		0.0037		0.0084		0.0099		0.01		0.038		0.04		0.041		0.047		0.05		0.052		0.059		0.056		0.061		0.078		0.066		0.048		0.044		0.04		0.04		0.037		0.04		0.04		0.045		0.055		0.054		0.06

		10 % RHA		0		0		0.0019		0.0037		0.0075		0.0086		0.0094		0.012		0.014		0.019		0.022		0.024		0.028		0.0412		0.0374		0.0412		0.0187		0.0262		0.03		0.0243		0.0187		0.0112		0.019		0.02		0.023		0.02		0.024		0.026

		20 % RHA		0		0		0.00865		0.0134		0.0153		0.051		0.051		0.061		0.06		0.056		0.058		0.06		0.058		0.062		0.065		0.062		0.062		0.063		0.062		0.064		0.067		0.066		0.068		0.063		0.07		0.073		0.072		0.073

		10 % SF		0		0		0.0057		0.009		0.01		0.01		0.015		0.016		0.018		0.022		0.024		0.02		0.012		0.011		0.012		0.011		0.0098		0.0133		0.0103		0.0141		0.0113		0.023		0.0122		0.013		0.025		0.029		0.027		0.029

		20 % SF				0		0.0002		0.0065		0.014		0.026		0.028		0.047		0.047		0.048		0.044		0.046		0.026		0.03		0.034		0.036		0.036		0.036		0.036		0.034		0.034		0.036		0.039		0.043		0.048		0.05		0.046		0.05






