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ABSTRACT 
 

In recent years, plenty of countries face a crisis of growing water scarcity. According to the 

report of the Organization for Economic Cooperation & the Development (OECD), nearly half 

of the worlds’ population will inhabit in areas with severe water stress by 2030. Thus, a 

technology development is required for saving fresh water. From the viewpoint of saving fresh 

water, it is important to conduct research on utilization of seawater, which is approximately 

96% of total global water on the earth. It implies that utilization of seawater has a very potential 

to improve technology of saving fresh water. 
There are plenty of archipelagic countries such as Japan, Indonesia and others countries, 

where lots of peoples live in the distant and isolated islands. The transportation of fresh 

water and other materials for concrete production to distant and isolated islands will raise 

the cost of the concrete work. Hence, this research was carried out in order to evaluate 

utilization of seawater in concrete production and saving fresh water in the world. 

This dissertation consists mainly of the seven chapters.  

In Chapter 1, the background, problem statement, significance and contribution of this 

research are described. In this study, concrete mixed with seawater will be developed in 

durability aspects, such as carbonation and alkali-silica reaction (ASR). The strength 

development, carbonation characteristics and defect by ASR were investigated. The effects of 

seawater mixing, curing conditions, mineral admixtures and environmental exposure on 

strength development and these durability aspects were evaluated. Here, the durability of 

seawater mixed concrete against ASR was a newest contribution (novelty) of this research.  
In Chapter 2, the results of previous researches on investigation of seawater in concrete 

mixture are reviewed. Some factors affecting the durability of sea water mixed concrete are 

reviewed. It was clarified that investigation on strength development of seawater mixed 

concrete is still contradictory amongst researchers, that is, seawater improves strength 

development of concrete. The positive opinion against concrete mixed with seawater is 

obtained for concrete incorporating mineral admixture, for example, GGBS. The largest 

percentage to the contribution affecting durability is carbonation. No investigation related to 

ASR of seawater mixed was viewed from 1974 up to now.  

In Chapter 3, strength development and porosity of seawater mixed and tap water mixed OPC 

concrete, FA concrete and GGBS concrete with W/B of 40%, 50% and 60% in tap water curing 

(TC), seawater curing (SC) and air curing (AC) were evaluated up to 365 days. Besides, 
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strength development of 25-year old concrete mixed with seawater was also investigated. The 

results showed that seawater mixing improves compressive strength up to 365 days of OPC 

concrete and FA concrete compared with tap water mixed concrete in TC, SC and AC.The 

effectiveness of seawater mixing on strength enhancement up to 365 days was larger for OPC 

concrete than FA concrete or GGBS concrete. Moreover, compressive strength up to 365 days 

of FA concrete and GGBS concrete in TC and SC is not influenced by mixing water. In 

addition, the compressive strength up to 365 days of seawater mixed concrete and tap water 

mixed concrete is not affected by type of curing water, tap water or seawater. It was also 

obtained that the porosity of seawater-mixed concrete was smaller compared to tap water-mixed 

in TC, SC and AC. Pore size distribution of seawater mixed concrete and tap water mixed 

concrete is not affected by type of curing water, tap water or seawater. Similarly, seawater 

mixing improves the compressive strength of concrete compared with tap water mixing, not 

only strength at short-term exposure (curing) but also strength at long-term, 25-year exposure. 

Also, strength development of tap water mixed concrete and seawater mixed concrete was not 

influenced by amount of chloride content in 25-year old concrete. 

In Chapter 4, carbonation resistance of seawater mixed concrete and tap water mixed concrete 

using OPC and mineral admixtures (FA and GGBS) as binder were investigated. Also, 

carbonation of 25 years old concrete mixed with seawater and tap water were evaluated. The 

results exhibited that seawater mixing decreases carbonation depth of concrete with or without 

mineral admixtures in AC, and the carbonation rate of seawater mixed concrete in SC with and 

without mineral admixtures was smaller than that in TC. Mineral admixtures increased 

carbonation rate of seawater mixed concrete in all curing conditions, TC, SC and AC. The 

accelerated carbonation of tap water mixed and seawater mixed concrete with or without 

mineral admixtures was approximately seven times higher than that of natural exposure 

carbonation. In addition, seawater mixing improved carbonation resistance of concrete 

compared with tap water mixing, not only carbonation at short-term exposure, but also 

carbonation at long-term, 25-year exposure. 

In Chapter 5, investigation on expansion behaviors of seawater mixed concrete and tap water 

mixed concrete with 50% W/B due to alkali-silica reaction (ASR) was conducted. The effect of 

mixing water, curing condition and mineral admixture on ASR-related expansion of concrete 

were evaluated. Results denoted that seawater mixed OPC concrete causes expansion due to 

ASR in all curing conditions, in TC, SC and MC. Besides, the effect of curing condition on 

ASR expansion of seawater mixed OPC concrete was larger in MC than that in water curing 
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(SC, TC), and no significant distinction in the expansion level of seawater mixed OPC concrete 

was obtained in TC and SC. Mineral admixture such as FA and GGBS inhibited the expansion 

of seawater mixed concrete due to ASR in both SC and MC. In addition, influence of alkali on 

ASR-affected concrete was more deleterious for additional alkali (NaOH) than the alkali in 

seawater as mixing water, even with the same amount of alkali. In regard to pore solution, it 

was found that no relationship between alkali ions (Na+ and K+) concentration and hydroxyl 

ions (OH-) in pore solution was obtained for all concrete mixtures. However, hydroxyl ions in 

pore solution were decreased by chloride ions (Cl-) of seawater mix OPC concrete. Besides that, 

the expansion mechanism by ASR of seawater mixed OPC concrete was considerably 

influenced by alkali ions compared with a pH value in pore solution.  

In Chapter 6, strength, carbonation and ASR of seawater mixed concrete were evaluated to 

provide recommendations related to applicability of seawater in concrete structures. Firstly, by 

considering strength, for seawater mixed OPC concrete, the maximum 50% W/C is 

recommended with additional countermeasure at the steel surface. Secondly, replacement of 

cement by FA 30% or GGBS 50% in seawater mixed concrete is recommended for inhibiting 

concrete damage due to ASR. Thirdly, the minimum of nominal cover depth related to 

carbonation-induced corrosion for service life of 50 years was 40 mm, 45 mm and 50 mm for S-

OPC-AC, S-FA-AC and S-GGBS-AC, respectively. Fourthly, by considering the possibility of 

corrosion of reinforcing bars, it is recommended to use epoxy coated steel bar or stainless steel 

bar for corrosion resistance in concrete mixed with seawater in AC. Finally, seawater may be 

used as mixing water for plain concrete and reinforced concrete from the viewpoint of strength 

development, carbonation resistance and ASR damage. 

In Chapter 7, conclusion and recommendation for research works in future are presented. 

 

 

 

 

 

 

 

 

 

 

v 
 



 

TABLE OF CONTENTS 

 
ACKNOWLEDGEMENT i 

ABSTRACT iii 

TABLE OF CONTENTS vi 

LIST OF TABLES x 

LIST OF FIGURES xii 

LIST OF PHOTOS xv 

CHAPTER   

1. GENERAL INTRODUCTION 1 

  1.1 Background of Study 1 

  1.2 Problem Statement 1 

  1.3 Research Significance  2 

  1.4 Contribution of Research 3 

  1.5 Dissertation Outline 3 

  References 5 

    

2. PREVIOUS STUDY 6 

  2.1 Introduction 6 

  2.2 Strength Performance of Concrete Mixed With Seawater 6 

  2.3 Effect of Curing on Concrete Durability 7 

  2.4 Mineral Admixtures in Concrete  8 

  2.5 Durability Issue Related to Seawater Mixed Concrete 

2.5.1 Carbonation-Induced Deterioration of Concrete 

2.5.2 Concrete Damage by Alkali-Silica Reaction 

9 

10 

12 

  2.6 Issues Addressed in this Study 15 

  References 17 

    

3. STRENGTH CHARACTERISTICS OF SEAWATER MIXED CONCRETE 19 

  3.1 Introduction 19 

  3.2 Experimental Detail  

3.2.1 Materials 

3.2.2 Mixture Series, Mix Proportion and Specimen Preparation 

20 

20 

22 

vi 
 



 

3.2.3 Compressive Strength and Modulus of Elasticity Test 

3.2.4 Porosity Test (Mercury Intrusion Porosimetry) 

3.2.5 Differential Thermal-Thermogravimetric Analysis (DT-TGA) Test 

24 

25 

26 

  3.3 Compressive Strength and Modulus of Elasticity 

3.3.1 Strength Development 

3.3.2 Effect of Seawater Mixing, Mineral Admixtures and Curing 

Conditions 

3.3.3 Effect of FA Replacement Ratio and GGBS Fineness 

3.3.4 Strength-Elastic Modulus Relationship 

27 

27 

30 

 

32 

33 

  3.4 Pore Structure 

3.4.1 Total Pore Volume and Pore Size Distribution 

3.4.2 Compressive Strength vs. Pore Structure 

35 

35 

41 

  3.5 Strength Verification by DT-TGA Analysis 50 

  3.6 Strength Performance of 25-Year Old Concrete Mixed with Seawater 

3.6.1 Specimen Condition of 25-Year Old Concrete 

3.6.2 Engineering Properties of 25-Year Old Concrete 

52 

52 

54 

  3.7 Discussions 

3.7.1 Effectiveness of Mineral Admixtures on Strength Development of 

Seawater Mixing 

3.7.2 Strength-Porosity Relationship and Strength Prediction 

55 

55 

 

56 

  3.8 Summary 57 

  References 58 

    

4. DURABILITY OF SEAWATER MIXED CONCRETE  

AGAINST CARBONATION 

61 

  4.1 Introduction 61 

  4.2 Experimental Procedure  

4.2.1 Materials and Mix Proportion 

4.2.2 Series of Mixture and Specimen Preparation 

4.2.3 Carbonation Test 

4.2.4 Chloride Ion Content Test 

62 

62 

62 

62 

65 

  4.3 Accelerated Carbonation 

4.3.1 Accelerated Carbonation Progress 

4.3.2 Effect of Seawater Mixing 

66 

66 

69 

vii 
 



 

4.3.3 Influence of Curing Condition and Mineral Admixture 

4.3.4 Impact of Water to Binder Ratio 

70 

72 

  4.4 Natural Exposure Carbonation 

4.4.1 Progress of Natural Exposure Carbonation 

4.4.2 Effect Exposure Conditions 

73 

73 

73 

  4.5 Effect of Carbonation on Chloride Content Distribution 74 

  4.6 Carbonation Resistance of 25-Year Old Concrete Mixed with Seawater 76 

  4.7 Discussions 

4.7.1 Carbonation-Strength-Porosity Relationship 

4.7.2 Predicted Carbonation of Seawater Mixed 

79 

79 

83 

  4.8 Summary 85 

  References 86 

    

5. DURABILITY OF SEAWATER MIXED CONCRETE  

AGAINST ALKALI-SILICA REACTION 

88 

  5.1 Introduction 88 

  5.2 Experimental Program 

5.2.1 Materials 

5.2.2 Series Mixture and Mix Proportion 

5.2.3 Specimen Preparation 

5.2.4 Compressive Strength and Modulus of Elasticity Test 

5.2.5 Nondestructive Test 

5.2.6 Expansion Test 

5.2.7 Pore Solution Test 

5.2.8 Internal Crack Observation 

89 

89 

91 

92 

94 

95 

96 

97 

99 

  5.3 Expansion Characteristics 

5.3.1 Effect of Seawater Mixing and Curing Conditions 

5.3.2 Effect of Mineral Admixtures 

5.3.3 Effect of Additional Alkali 

100 

100 

101 

102 

  5.4 Engineering Properties 

5.4.1 Compressive Strength and Modulus of Elasticity 

5.4.2 Ultrasonic Pulse Velocity and Dynamic Modulus 

5.4.3 Strength-UPV- Modulus of Elasticity Relationship 

5.4.4 Effect of ASR Expansion on Concrete Properties 

103 

103 

107 

109 

112 

viii 
 



 

  5.5 Pore Solution  113 

  5.6 Internal Crack Observation 116 

  5.7 Discussions 

5.7.1 Relation between Expansion and Pore Solution 

5.7.2 Expansion Controlled by Engineering Properties 

118 

118 

120 

  5.8 Summary 123 

  References 124 

     

6. EVALUATION OF SEAWATER MIXED CONCRETE FROM  

THE VIEWPOINT OF STRENGTH AND DURABILITY 

127 

  6.1 Introduction 127 

  6.2 Review of Literature and Codes for Assessment of Durability  127 

  6.3 Durability Assessment Related to Carbonation and ASR 129 

  6.4 Discussion and Recommendations 131 

  6.5 Summary 133 

  References 134 

   

7. CONCLUSION AND FUTURE WORK 135 

  7.1 Conclusions 135 

  7.2 Future Work 137 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ix 
 



 

LIST OF TABLES 
 

Table No  Page 
Table 2.1 Advantages and disadvantages of mineral admixtures 9 

Table 3.1 Physical and chemical properties of  binders 21 

Table 3.2 Physical properties of materials 21 

Table 3.3 Chemical composition of seawater (natural seawater) 21 
Table 3.4 Mixture series of concrete specimen 23 

Table 3.5 Mix proportion of concrete specimen 24 

Table 3.6 Strength and porosity of concrete specimens 42 

Table 3.7 DT-TGA test results of concrete specimens (at 28 days) 51 

Table 3.8 Mix proportion of 25-year old concrete 53 

Table 3.9 Engineering properties of 25-year old concrete specimen 54 

Table 3.10 Prediction of strength related to porosity value 56 

Table 3.11 Prediction of strength related to pore of ITZ 56 

Table 4.1  Mixture series of concrete specimen 63 

Table 4.2 Relationship between carbonation depth and period (√weeks) 68 

Table 4.3  Carbonation and pore solution results of 25-year old concrete specimen 77 

Table 4.4 Predicted carbonation rate, k in various W/B 83 

Table 4.5 Predicted carbonation rate, k in various compressive strength (f'c28 days) 84 

Table 5.1 Chemical composition of binders 89 

Table 5.2 Physical properties of materials 89 

Table 5.3 Chemical composition of seawater 90 

Table 5.4 Series of ASR concrete specimen 91 

Table 5.5 Mix proportion of ASR concrete specimen 92 

Table 5.6 Alkali content in concrete mixture (Initial alkali) 93 

Table 5.7 Engineering properties of concrete specimens 110 

Table 5.8 Effect of ASR expansion on concrete properties 113 

Table 5.9 Chemical concentration in pore solution of concrete specimens 114 

Table 5.10 Result of external and internal crack observation of ASR concrete specimen 116 

Table 5.11 Deteriorated control of ASR-affected concrete by UPV and ED 122 

Table 6.1 Recommendation for limiting values for composition and properties of    

concrete in relation to exposure classes according to EN 206-1 

128 

   

x 
 



 

Table No  Page 

Table 6.2 Minimum values for concrete cover depth to corrosion protection of steel,       

according to Eurocode 2 and exposure classes N 206-1, service life of 50 

years 

129 

Table 6.3 Chloride threshold value 129 

Table 6.4 Recommendation (informative) for cover depth minimum to protect 

carbonation-induced corrosion of seawater mixed concrete in AC, service 

life of 50 years and 100 years 

130 

Table 6.5 Summary results of ASR-affected expansion of seawater mixed concrete 130 

Table 6.6 Possibility of corrosion of steel bar based on chloride threshold value 130 

Table 6.7 Summary for applicability of seawater mixed OPC concrete from                      

the viewpoint of strength in relation to exposure classes 

131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xi 
 



 

LIST OF FIGURES 
 

Figure No  Page 

Fig. 1.1 Positive and negative opinions against concrete mixed with seawater 2 

Fig. 1.2 Structure of dissertation outline 4 

Fig. 2.1 Investigated items related to seawater mixed concrete 6 

Fig. 2.2 Number of references made to factors influencing durability 8 

Fig. 2.3 Positive and negative opinions against seawater mixed concrete with                 

different cement type 

9 

Fig. 2.4 Contribution of various mechanisms influencing durability 10 

Fig. 2.5 Carbonation reaction in concrete 10 

Fig. 2.6 The sequence of ASR mechanism 13 

Fig. 2.7 The ternary representation of concrete damage caused by ASR 14 

Fig. 2.8 The solubility of silica (SiO2) of various reactive aggregates 14 

Fig. 2.9 Schematic of the pessimum proportion 15 

Fig. 2.10 Causes of deterioration of reinforced concrete 16 

Fig. 3.1 Strength development of concrete specimens in TC 27 

Fig. 3.2 Strength development of concrete specimens in SC 28 

Fig. 3.3 Strength development of concrete specimens in AC 29 

Fig. 3.4 Strength ratio of seawater-mixed concrete to tap water-mixed concrete 30 

Fig. 3.5 Strength in TC vs. Strength in SC 31 

Fig. 3.6 Strength of seawater mixed concrete in various FA replacement ratios 32 

Fig. 3.7 Strength of seawater mixed concrete in various GGBS fineness 33 

Fig. 3.8 Relationship between strength and elastic modulus 34 

Fig. 3.9 Total pore volume of concrete specimens at 28 days and 365 days 36 

Fig. 3.10 Effect of FA replacement ratio and fineness of GGBS on pore volume 37 

Fig. 3.11 Pore size distribution of concrete specimen with 40% W/B 38 

Fig. 3.12 Pore size distribution of concrete specimen with 50% W/B 39 

Fig. 3.13 Pore size distribution of concrete specimen with 60% W/B 40 

Fig. 3.14 Strength-porosity relationship of OPC concrete  44 

Fig. 3.15 Strength-porosity relationship of FA concrete 45 

Fig. 3.16 Strength-porosity relationship of GGBS concrete  46 

Fig. 3.17 Strength-pore volume of 50nm∼2µm (VITZ) of OPC concrete  47 

xii 
 



 

Figure No  Page 

Fig. 3.18 Strength-pore volume of 50nm∼2µm (VITZ) of FA concrete 48 

Fig. 3.19 Strength-pore volume of 50nm∼2µm (VITZ) of GGBS concrete 49 

Fig. 3.20 TGA and DTA graphs of selected concrete specimens 50 

Fig. 3.21 Strength vs. Ca(OH)2 relationship of concrete specimens 52 

Fig. 3.22 Curing sequence of 25-year old concrete specimens  53 

Fig. 4.1 Accelerated carbonation progresses of OPC concrete  66 

Fig. 4.2 Accelerated carbonation progresses of FA concrete 67 

Fig. 4.3 Accelerated carbonation progresses of GGBS concrete 67 

Fig. 4.4 Carbonation ratio of seawater-mixed concrete to tap water-mixed 

concrete 

69 

Fig. 4.5 Carbonation rate of seawater mixed concrete in various curing conditions 70 

Fig. 4.6 Carbonation rate of seawater mixed concrete in various FA replacement 

ratios 

71 

Fig. 4.7 Carbonation rate of seawater mixed concrete in various GGBS fineness 71 

Fig. 4.8 Carbonation rate of concrete in various water-binder ratios 72 

Fig. 4.9 Natural exposure carbonation progresses of concrete specimens 73 

Fig. 4.10 Acc. Carbonation at 26 weeks vs. Nat. Exposure carbonation at 26 weeks  74 

Fig. 4.11 Chloride content distribution of carbonated seawater mixed concrete 75 

Fig. 4.12 Chloride content distribution of 25-year old carbonated concrete 78 

Fig. 4.13 Relationship between comp. strength and natural exposure carbonation 79 

Fig. 4.14 Relationship between compressive strength and accelerated carbonation 80 

Fig. 4.15 Relationship between porosity and natural exposure carbonation 81 

Fig. 4.16 Relationship between porosity and accelerated carbonation 82 

Fig. 5.1 Result of chemical test of andesite reactive aggregate 90 

Fig. 5.2 ASR concrete specimen 94 

Fig. 5.3 Expansion of concrete specimens in various curing 101 

Fig. 5.4 Expansion of seawater mixed concrete in various admixtures 101 

Fig. 5.5 Expansion of concrete specimens in various alkali content 102 

Fig. 5.6 Compressive strength of concrete specimens 103 

Fig. 5.7 Elastic modulus of concrete specimens 104 

Fig. 5.8 Stress-strain relationship of concrete specimens 106 

Fig. 5.9 Ultrasonic pulse velocity (UPV) of concrete specimens 107 

Fig. 5.10 Ultrasonic pulse velocity (UPV) of concrete in various alkali content 108 

xiii 
 



 

Figure No  Page 

Fig. 5.11 Dynamic modulus (Ed) of concrete  specimens 109 

Fig. 5.12 UPV-Dynamic modulus relationship 111 

Fig. 5.13 Strength-UPV relationship 111 

Fig. 5.14 Strength- Dynamic modulus relationship 111 

Fig. 5.15 Strength- Elastic modulus relationship 112 

Fig. 5.16 Alkali of concrete (initial alkali) v.s Alkali in pore solution 115 

Fig. 5.17 Alkali concentration vs. pH in pore solution 115 

Fig. 5.18 Expansion vs. pH in pore solution 118 

Fig. 5.19 Expansion vs. Alkali in pore solution 119 

Fig. 5.20 Relation between expansion and compressive strength 119 

Fig. 5.21 Relation between expansion and compressive strength 121 

Fig. 5.22 Relation between expansion and modulus of elasticity 121 

Fig. 5.23 Relation between expansion and UPV 121 

Fig. 5.24 Relation between expansion and dynamic modulus 122 

Fig. 6.1 Indicative value of the maximum chloride content (% mass of cement) 

that can be reached at the surface of reinforcement before corrosion 

initiates with some additional protection measures 

 132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

xiv 
 



 

LIST OF PHOTOS 
 

Photo No  Page 

Photo 2.1  Corrosion of reinforcing bars due to carbonation 11 

Photo 2.2 Deterioration of bridge structure due to ASR 12 

Photo 3.1 Binders and aggregate of concrete specimens 22 

Photo 3.2 Curing conditions of concrete specimens 25 

Photo 3.3 Mercury intrusion porosimetry (MIP) equipment 26 

Photo 3.4 Differential Thermal-Thermogravimetric Analysis (DT-TGA) instruments 26 

Photo 3.5 Existing condition of 25-year old concrete specimens 52 

Photo 4.1 Accelerated carbonation chamber (20°C, 100% R.H., 5% CO2) 64 

Photo 4.2 Specimens exposed at 20°C, 100% R.H. (upper) and specimens 

carbonated in natural exposure site (bottom) 

64 

Photo 4.3 Specimen for chloride ion test 65 

Photo 4.4 Potenteiometric Titrator apparatus 65 

Photo 4.5 Carbonation depth of 25-year old concrete specimens 78 

Photo 5.1 Coarse and fine aggregate for ASR concrete mixture 90 

Photo 5.2 Initial curing of ASR specimen (28 days), left; specimen moisturized with      

wet towel, right; specimen cured at 20°C, 60% R.H. 

93 

Photo 5.3 Curing conditions, left; tap water curing (TC), middle; seawater curing 

(SC) right; moist curing (MC) 

94 

Photo 5.4 Accelerated chamber (40°C, 100% R.H.) 95 

Photo 5.5 Ultrasonic pulse velocity apparatus 96 

Photo 5.6 Ultrasonic pulse velocity apparatus 96 

Photo 5.7 Contact gauge apparatus (base length ± 100 mm) 97 

Photo 5.8 Apparatus for expressing the pore solution 98 

Photo 5.9 Digital pH meter apparatus 98 

Photo 5.10 Specimen preparation of internal crack observation, left; vacuum 

container apparatus, right; specimen filled with fluorescent resin 

99 

Photo 5.11 Internal crack observation in ultraviolet light irradiation 99 

Photo 5.12 External and internal crack observation of concrete specimens 117 

   

 

xv 
 



 

CHAPTER 1  GENERAL INTRODUCTION 
 
 
1.1 Background of Study 

In recent years, plenty of countries face a crisis of growing water scarcity. According to 

the report of the Organization for Economic Cooperation & the Development (OECD), nearly 

half of the worlds’ population will inhabit areas with severe water stress by 2030. Based on this 

problem, a technology development is required for saving fresh water. From the viewpoint of 

saving fresh water, it is important to conduct research on utilization of seawater.  It is well 

known that distribution of water on the earth is widest ocean, which is approximately 96% of 

total global water. It means that utilization of seawater has a very potential to improve 

technology of saving  fresh water and anticipate the lack of drinking water as well.  

Globally, in the concrete industry, several billion tons of fresh water are annually used 

for mixing water, curing water and cleaning water (1.1). However, the utilization of seawater 

in the concrete industry is avoided. Besides that, the using seawater in concrete is not 

permitted in the most of the concrete structures standards, because the risk corrosion of 

reinforcement bars was induced by chloride in seawater compounds. While, if the utilization 

of seawater is permitted as a concrete material, it will be highly beneficial and economical 

not only in saving fresh water, but also in the construction, especially in coastal areas. 

Furthermore, there are plenty of archipelagic countries such as Japan, Indonesia and 

others countries, where lots of peoples live in the distant and isolated islands. The  

transportation of fresh water and others concrete materials for concrete production to distant 

and isolated islands will raise the cost of the concrete work. Based on aforementioned 

background, this research was carried out in order to evaluate utilization of seawater in 

concrete production and saving fresh water in the world.  
 

1.2 Problem Statement 
Seawater contains about 35,000 ppm dissolved salt and total salinity is approximately 

3.5%, of which 78% is sodium chloride (1.2). Thus, seawater is avoided to use as mixing water 

for reinforced concrete, because it increases the risk of corrosion of steel bars in concrete. 
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However, in case of unavoidable circumstances, seawater may be used as mixing water, not 

only for plain concrete, but also for reinforced concrete (1.3)-(1-5).  

The investigation of concrete mixed with seawater has been reported by several studies. 

Since 1974 to 2011, 68 papers have been published, which are related to the strength and 

durability of seawater mixed concrete. The percentage of negative opinion and positive opinion 

on seawater mixed concrete was almost same, as shown in Fig. 1.1. Fukute et al in 1990 has 

revealed that the influence of seawater used as mixing water on longterm durability of 

reinforced concrete structures is negligible under marine environment  (20 years’ exposure) (1.6). 

From previous studies, it can be stated that seawater is potential to use as mixing water in 

concrete production. 

 

 

Fig. 1.1 Positive and negative opinions against concrete mixed with seawater (1.1) 

In this study, concrete mixed with seawater will be developed to other durability aspects, 

such as carbonation and alkali-silica reaction (ASR). The strength development, carbonation-

induced corrosion and concrete defect by ASR of seawater mixed concrete was investigated.  

The effects of seawater mixing, curing conditions, mineral admixtures and environmental 

exposure on strength development and these durability aspects were evaluated.  

 

1.3 Research Significance 

 Based on earlier research background, considering saving fresh water and transportation 

problem of concrete materials on the isolated island of archipelagic state in the development of 

national infrastructures is the main issue of this research. By utilization of seawater in concrete 

production, it will not only benefit saving fresh water, but also reduce construction cost and 

CO2 gas emissions in operational transportation, indirectly. Beside that, by using mineral 

admixtures as industrial by-product in seawater mixed concrete, it will be obtained durable 

concrete, sustainable concrete (environmentally friendly) and low cost cause of by-product. 

Total: 68 papers 

Moderate or 
unclear          

29% 

Positive        
35% 

Negative        
36% 
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1.4 Contribution of Research 

The main objective of this research is to study possibilities of using seawater in concrete 

production, which can be applied not only plain concrete, but also reinforced concrete in the 

coastal area. The influence of seawater mixing concrete on strength development, carbonation-

induced corrosion and concrete damage by ASR was evaluated. Here, the durability of seawater 

mixed concrete against ASR is a newest contribution (novelty) in this research.  

The potential results can be expected until the end of this research, the results can be 

contributed to, 

1. Anticipating fresh water scarcity 

2. Determining the better performance of concrete mixed with seawater 

3. Developing a guideline in the utilization of seawater in concrete structures, and 

4.  Promoting the low cost concrete production and construction in coastal areas. 

 Hopefully, by conducting this research, it can provide a precious contribution in the 

concrete industry in the world, especially Asian countries. 

 
1.5 Dissertation Outline 

Fig. 1.2 shows the structures of dissertation outline, which compiled of seven chapters as 

follows: 

Chapter 1 describes the background of this study, its problem statement and the 

limitation of the study. Also, the objective and the contribution of the study were listed. 

Chapter 2 reviews the results of previous studies on the utilization of seawater in 

strength and durability of concrete. Some factors affecting durability of concrete were viewed. 

The issues to be addressed in this study were discussed. 

Chapter 3 evaluates strength development of seawater water mixed and tap water mixed 

up to 365 days. The effects of mixing water, curing conditions and mineral admixtures were 

discussed. Besides that, the verification of the strength results by porosity and Differential 

Thermal Thermogravimetric Analysis (DT-TGA) of concrete were described. This chapter also 

presents on engineering properties, namely compressive strength, tensile strength, elastic 

modulus of 25 years old concrete mixed with seawater and tap water. Finally, strength-porosity 

relationships and predicted strength of concrete were discussed. 

Chapter 4 presents carbonation up to 18 months of seawater mixing concrete and tap 

water mixing concrete. The discussion of effect of chloride ion content on carbonated concrete 

of the mixed with seawater was discussed. The carbonation rate, chloride ion profile and pore 

solution of 25 years old concrete mixed with seawater and tap water were evaluated. Lastly, 
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strength-porosity-carbonation relationships and  predicted carbonation rate of concrete were 

discussed. 

Chapter 5 Discusses the expansion behaviors up to 1 year of seawater mixed concrete or 

tap water mixed concrete due to alkali-silica reaction (ASR). The effects of seawater mixing, 

curing conditions, mineral admixtures and additional alkali on ASR expansion of concrete were 

evaluated. This chapter also presents engineering properties, non-destructive test, pore solution 

and internal crack observation of concrete deteriorated by ASR. Finally, pore solution-

expansion-engineering properties relationship was discussed. 

Chapter 6 Evaluates of seawater mixed concrete from the viewpoint of compressive 

strength (Chapter 3), carbonation (Chapter 4) and alkali-silica reaction (Chapter 5). This chapter 

provides recommendations related to utilization of seawater in concrete.  

Chapter 7 concludes the results that obtained from Chapter 3 to Chapter 6. From these 

conclusions, some future works were recommended.  

 

 

Fig. 1.2 Structure of dissertation outline 

CHAPTER 1
GENERAL INTRODUCTION

CHAPTER 2
PREVIOUS STUDY 

CHAPTER 4
DURABILITY OF SEAWATER 
MIXED CONCRETE AGAINST

CARBONATION 

CHAPTER 6
EVALUATION OF SEAWATER MIXED CONCRETE                            

FROM THE VIEWPOINT OF                           
STRENGTH AND DURABILITY

CHAPTER 7
CONCLUSION AND FUTURE WORK

CHAPTER 3
STRENGTH CHARACTERISTICS          

OF 
SEAWATER MIXED CONCRETE 

CHAPTER 5
DURABILITY OF SEAWATER 
MIXED CONCRETE AGAINST
ALKALI-SILICA REACTION 
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CHAPTER 2  PREVIOUS STUDY 
 

 

2.1  Introduction 

In this chapter, several literatures concerning investigation seawater as mixing  concrete 

are reviewed. The durability issues related to carbonation and alkali-silica reaction (ASR) of 

concrete mixed with seawater are described, briefly. Some factors affecting durability of 

concrete such as cement, mineral admixtures (FA and GGBS) and curing are discussed, also. 

Besides, the current issues that addressed in the this study are discussed in the last section. 

 

2.2  Strength Performance of Concrete Mixed With Seawater  

The literature-based investigations of seawater mixed concrete have widely been 

discussed by Nishida et al in 2013 (2.1). They reported that since 1974 to 2011, 68 papers have 

been published regarding  seawater mixing, as shown in Fig. 2.1.  From this figure, it implies 

that the properties and durability of concrete mixed with seawater have been investigated in 

several aspects, widely. 

 
Fig. 2.1 Investigated items related to seawater mixed concrete (Total number: 68 papers) (2.1) 

In regard to strength, Tarek et al in 2003 has stated that there was no significant 

difference in compressive strength of concrete for concrete mixed with seawater tap water, after 

exposure 20 years in the tidal environment (2.2). The concrete strength after 20 years exposure 
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under marine environment is not affected by mixing water as stated by Fukute et al (2.3). The 

other researcher ( Ghorab et al 1989) also reported that the compressive strength of plain 

concrete cubes ages up to 17 months is unaffected by mixing and curing water (2.4).  Similar 

tendency is also revealed by Mori in 1981 that the difference in the strength of concrete mixed 

with seawater and fresh water is small after 10 years exposure test (2.5).  

However, another researcher (Donald et al 1964) concluded that natural seawater does not 

deteriorate plain concrete, strength is generally increased with salinities up to nearly three 

times (2.6). Similar finding also revealed by Taylor et al in 1978 that the compressive strength of 

concrete is increased by the presence of sodium chloride or ocean salts in the mixing water (2.7). 

It is also concluded (Otsuki 2011) that mixing with seawater decreases the amount of pores, and 

then strength BFS cement with seawater is increased (2.8). The early strength of sea water and 

unwashed sea sand concrete (total chloride ion content: around 4.5 kg/m3) is high, long-term 

strength is also retained at a high level by Katano et al in 2013 (2.9). On the other hand, Kausik et 

al in 1995 expressed that  seawater affects the gain in strength of cement when used for mixing, 

It increases the early strength up to 7 days, but ultimately the strength decreases about 13% at 

28 days (2.10).  

From this literature review, it can be concluded that the investigation on compressive 

strength of concrete mixed with seawater is still contradictory amongst researchers. Based on 

this conclusion, strength of concrete mixed with seawater is considered by the author as one of 

current issue addressed in this research. The investigations on strength of concrete mixed with 

seawater are presented in Chapter 3. Here, the influence of binder types such Ordinary 

Portland Cement, Fly Ash and Ground Granulated Blast-Furnace Slag and three type curing 

conditions, namely tap water curing, seawater curing and air curing will be evaluated.  

   

2.3  Effect of Curing on Concrete Durability 

One of factors affecting the durability is quality of concrete. For instance, the resistance 

of structure against corrosion depends strongly on the properties that attributed by quality of  

concrete (2.11). It is well known, the items of importance related to concrete quality; water to 

cement ratio (W/C), cement content cement type, mixing, curing, cracking and other aspects, 

such air content.   

The deterioration mechanisms of concrete structures  have deeply been described by 

previous reference (2.12). They have reviewed more than 400 published documents on the 

deterioration of concrete. Numerous factors influence the durability of concrete is depicted in 

Fig. 2.2. As indicated, the potential deterioration can range from water to environmental 
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interaction. From this figure, it can be seen that curing is the largest factor affecting durability. 

It means curing is the primary variable for assessing the durability of concrete. 

  

Fig. 2.2 Number of references made to factors influencing durability                                   

(Total: more than 400 references) (2.12) 

 

Furthermore, curing of concrete involves combining conditions such time, temperature 

and humidity condition that promote the cement hydration. The hydration of cement can 

proceed satisfactorily only under conditions of saturation; it almost stops when the vapor 

pressure of water in capillaries falls below 80 percent of the saturation humidity (2.13).  Time and 

humidity are be important factors in the hydration process controlled by water diffusion, and 

temperature has an accelerating effect on the hydration reaction, as well. In this research, all 

concrete specimens were cured at 20°C, 60% R.H. controlled room, which were observed up to 

365 days curing time in three type curing methods.  

 

2.4  Mineral Admixture in Seawater Mixed Concrete 

The literature-based investigation regarding concrete mixed with seawater from the 

viewpoint of investigating items have been described in the earlier explanation  (Section 2.2 in 

this chapter). Fig. 2.3 illustrates positive and negative opinions against seawater mixed concrete 

in distinct cement type. From this figure, it seemed that the positive  opinion of FA and BFS 

was larger than OPC and other. The the largest positive opinion was pointed out for  BFS 

compared FA. It implies that the potential utilization seawater as mixing water in concrete is 

larger for BFS than that of the FA.   
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Fig. 2.3 Positive and negative opinions against seawater mixed concrete with                 

different cement type   (Total number: 68 papers) (2.1) 

Furthermore, some advantages and disadvantages of using mineral admixtures (FA and 

GGBS) are summarized based on some references (2.14) (2.15), as described in Table 2.1. From 

this table, it was indicated that mineral admixtures have potential properties to use as binder in 

concrete mixed with seawater. In this study,  two type mineral admixtures, namely FA and 

GGBS were selected as binder specified in Japan Industrial Standard (JIS). 

Table 2.1 Advantages and disadvantages of mineral admixtures 

Item  Advantage and disadvantage of 
mineral admixtures  

Fresh Properties:   
Setting time  Retarded 
Workability Improved 
Bleeding Lowered 
Hardened Properties:   
Permeability Lowered 
Porosity Reduced 
Strength Improved 
Durability:   
Carbonation Increased 
Alkali-silica reaction Reduced 
Corrosion Inhibited 

 

2.5  Durability Issues Related To Seawater Mixed Concrete 

Fig 2.4 demonstrates literature reviews to the contribution of various mechanisms 

affecting durability, which were reviewed more than 400 references (2.12). From this figure, it 

can be seen that the carbonation and chloride attack mechanism were the largest percentage 

Positive
35%

Moderate 
or unclear

29%

Negative
36%

TOTAL

: 68 papers

Positive
23%

Moderate 
or unclear

40%

Negative
37%

OPC, Others

: 40 papers

Positive
63%

Moderate 
or unclear

23%

Negative
14%

BFS

: 22 papers

Positive
58%

Moderate 
or unclear

25%

Negative
17%

FA

: 12 papers
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affecting durability. It means that the majority deterioration cases of concrete are connected to 

corrosion of reinforcing steel bars due to carbonation or chloride-induced corrosion. Meanwhile, 

alkali-aggregate reaction (AAR) is the fifth grade of major factors affecting durability. Both 

durability issues carbonation and AAR will be briefly viewed in this section.           

 

Fig. 2.4 Contribution of various mechanisms influencing durability                    

(Total: more than 400 references) (2.12) 

 

2.5.1 Carbonation-Induced Deterioration of Concrete 

Carbonation is a diffusion process of carbon dioxide in the atmosphere (0.03% by 

volume) into the concrete and alters the hydrated cement paste (2.16). The product of carbonation 

is calcium carbonate (calcite), as expressed in following equation, 

                        Ca(OH)2 + CO2   →  CaCO3 + H2O                                ……………………  
(2.1) 

 

 

Fig. 2.5 Carbonation reaction in concrete  

H2O 

H2O 
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The process of carbonation may induce initial corrosion because the surface of steel bars 

is not passivated anymore due to a drop in pH of concrete from approximately 13 to below 

9 (2.17). In addition, the result of carbonation, not only initiates corrosion of embedded steel bars, 

but also liberates bound chloride into pore solution, which makes the pore solution even more 

aggressive (2.18), (2.19). Photo 2.1 shows concrete reinforcing steel bars corroded by carbonation.  

 

 

Photo. 2.1 Corrosion of reinforcing bars due to carbonation   

Generally, the carbonation depth of concrete is a linear relationship against the square 

root of the exposure period, thus carbonation may be estimated by the equation as follows, 

X = k . √t                                               …………………..  (2.2) 

where X is the carbonation depth (mm, cm), k is slope related to carbonation rate (mm/√t) 

and t is the exposure period. Furthermore, the following conditions describe possible 

carbonation will more likely take place (2.20),  

Relative Humidity (R.H.). The carbonation process of concrete will be more deleterious 

that are exposed to an environment where the R.H. is ranging from 50% to 70%. When the   

relative humidity is higher than 70%, the concrete pore trends to saturate with water, as a result 

the diffusion of CO2 through the concrete very slow. On the other hand,  when the relative 

humidity is lower than 50%, the pores tend to be dry and the solution of Ca(OH)2 and CO2 that 

necessary for the carbonation does not take place. 

Temperature. The reaction of carbonation increases with the increasing temperature. It is 

expected that carbonation depth is higher in the regions with higher nominal temperature.  

Concentration of CO2. Normally, the concentration CO2 in the atmosphere is about 

0.03%. However, in certain areas in bridge with heavy traffic, or close to industrial areas the 

SLAB BEAM 
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level of CO2 contamination may reach and even exceed 0,1% concentration. Under these states 

the penetration of carbonation increases proportional to the square root of the external CO2 

concentration.  

Low Rain Precipation.  When the concrete surface is wetted by rain, the diffusion of 

CO2 is momentarily blocked as the pores are filled with water. Then, the diffusion of CO2 will 

continue once the concrete start drying. It is expected that carbonation  will be more severe in 

the regions with low precipitation. 

In this research, concrete specimens were carbonated in the accelerated chamber at 20°C, 

60% R.H. and 5% CO2 concentration, which were observed up to 26 weeks exposure time.  

 

2.5.2 Concrete Damage by Alkali-Silica Reaction 

Alkali-Silica Reaction (ASR) is a reaction between certain silica minerals e.g. cristoballite, 

tridymite, glass and hydroxide ions in pore solution. This reaction forms alkali silica gel, which 

swells due to water absorption and causes expansive pressure and cracking of concrete 

structures (2.21). Photo 2.2 shows deterioration of bridge structure due to ASR.   

 

Photo 2.2 Deterioration of bridge structure due to ASR 

The mechanism of reaction and expansion due to ASR is shown in Fig 2.6 (2.22). The 

concrete pore solution is composed primarily of sodium (Na+) and Potassium (K+), balanced by 

hydroxyl ions (OH-), giving rise to a high pH (typically is 13.2 to 14). At high pH, the OH- 

attack the silanol (Si-OH) groups, subsequently, the siloxane (Si-O-Si) groups of reactive  silica 

provid in the aggregate, causing dissolution of the silica. These reactions are represented by    

Eq. 2.3 and Eq. 2.4 as follow (2.22),  
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                        Si-OH + OH- + Na+   →  Si-O-Na +H2O                        ……………………  
(2.3) 

Si-O-Si + 2OH- + 2Na+   → 2(Si-O-Na) +H2O                   ……………………  (2.4) 

 

In the presence of calcium, the silica precipitates from solution as an alkali-silica gel, mainly 

composed of sodium, potassium and silica, with small amounts of calcium. The gel forms 

within and/or around the aggregate, is hygroscopic and has the capacity to absorb water and 

swell. Under certain conditions, the formation and subsequent swelling of the gel may cause 

expansion and cracking of the concrete, eventually.  

 
Fig. 2.6 The sequence of ASR mechanism (2.22) 
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Based on the explanation above, it is clear that ASR can take place when three conditions 

is required. Firstly, a sufficient quantity of reactive aggregate (within aggregate). Secondly,          

a sufficient concentration of alkali (primarily from cement) and, finally, sufficient moisture. 

The ternary representation of these conditions is illustrated in Fig. 2.7.  

 

Fig. 2.7 The ternary representation of concrete damage caused by ASR  

As for reactive aggregate, many rocks contain a component silica (SiO2), but not all silica 

form reacts significantly to the pore solution of concrete. In other words, not all siliceous 

aggregates generate damaging ASR. For instance, the mineral quartz is stable, whereas the 

mineral opal is highly reactive. Fig 2.8 shows the differences in the solubility of the silica in 

various minerals. 
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Fig. 2.8 The solubility of silica (SiO2) of various reactive aggregates (2.22)  

From this figure, it can be seen that Opal has a highly disordered (amorphous) structure which 

renders it unstable at a high pH. On the other hand, quartz will not react deleteriously regardless 

of the alkali content of the concrete. 

Furthermore, the expansion level of concrete is not always proportional to its reactive 

aggregate content. At a certain the amount of reactive aggregate can be achieved the maximum 

level of expansion that is well known as the pessimum proportion  (2.21), (2.23).  Fig. 2.9 presents 

the schematic of the pessimum proportion  related to ASR.   

 

Fig. 2.9 Schematic of the pessimum proportion (2.21) 

In this research, andesite stone were used as a reactive coarse aggregate in the pessimum 

proportion. The reactive coarse aggregate in concrete was added 30% of total coarse aggregate, 

as revealed by previous researchers that the pessimum proportion of reactive aggregate in 

mortar or concrete is exhibited approximately 30% proportion by total aggregate (2.23), (2.24). 

Furthermore, the cement replacement by FA 30% and GGBS 50% were selected to use as 

binder in mitigating ASR expansion. As known, the FA replacement ratio of 25% more is 

required to suppress ASR expansion in concrete at the pessimum proportion.   

  

2.6  Issues Addressed in This Study 

It is well known, the degradation of concrete structures is classified in two type 

degradations, that is defects in concrete and reinforcement corrosion. The common causes 

deterioration of reinforced concrete structures is presented in Fig. 2.10. Based on literature 

reviews and these causes of deterioration, the durability issues of seawater mixed concrete will 

be described in this section.   
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Fig. 2.10 Causes of deterioration of reinforced concrete  (2.11) 

As described in the aforementioned section that carbonation-induced corrosion is majority 

mechanism affecting durability of concrete, and curing aspect is the primary variable for 

assessing the durability of concrete, as well. The investigations on the carbonation of concrete 

with and without mineral admixtures have been revealed by many studies. However, the 

research on the carbonation of concrete mixed with seawater is not explored enough. By these 

reasons, the carbonation resistance of concrete mixed with seawater to be an issue addressed in 

this study. Discussions on the carbonation of seawater mixing concrete are presented in 

Chapter 4. Here, the effects of seawater mixing, mineral admixtures, water-binder ratio (W/B), 

curing conditions and exposure environment were evaluated.  

It is well known, seawater has about 3.5 % salinity, which sodium chloride (NaCl) is 

major alkali salts in seawater. The presence of alkali salts in seawater able to potentially 

cause deterioration of concrete structures containing reactive aggregate that is known as 

mechanism of alkali-silica reaction (ASR). Moreover, studies on ASR-related expansion of 

seawater mixed concrete have not been explored enough. Based on these reasons, ASR 

expansion of concrete mixed with seawater becomes issue addressed in this research. The 

expansion behaviors due to ASR of seawater mixed concrete are discussed in Chapter 5.  
 Overall, the discussion results in this research provide a precious contribution as a 

reference in the utilization of seawater  in concrete production.   
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CHAPTER 3  STRENGTH CHARACTERISTICS            

OF SEAWATER  MIXED CONCRETE  
 

 

3.1   Introduction 

The strength of a material is described as the ability to resist stress without failure (3.1). 

Strength is a fundamental characteristic to assess durability of concrete in term “quality of 

concrete”. Strength and durability of concrete structure are interrelated, where a strength and 

durability relationship of concrete may always be estimated. For instance, Rita in 2013 has 

revealed that a decrease in carbonation with an increase in compressive strength (3.2). Abrasion 

resistance increases with increasing the compressive strength, as reported by Nurazuwa (3.3). 

While, Omar et al stated, a good correlation is obtained between compressive strength and the 

durability characteristics (3.4). Moreover, the minimum required compressive strength of 

concrete for service exposure specified in several standards such as JSCE Guideline:2007,                 

ACI-318:2005, AS 3600:2001 and EN-206-1:2000 implies that strength affects the durability of 

concrete.  

The investigation of concrete mixed with seawater on strength performance has been 

reported by several studies. Since 1974 to 2011, 68 papers have been published, which are 

related to concrete mixed with seawater. 42 papers among them revealed strength    

performance (3.5). Nevertheless, the study on the strength of seawater mixed concrete is not still 

acquired the agreement, and among researcher, whether seawater-mixing improve the strength 

development of concrete is still unclear (3.6). Some studies mentioned that the compressive 

strength of concrete at 28 days increases with seawater or salt water (3.7, (3.8). On the other hand, 

it is stated that seawater decreases the 28 days strength of concrete (3.9). Meanwhile, the other 

researcher reported that the compressive strength of concrete is not affected by type of mixing 

water (3.10), (3.11).  

In this chapter, strength characteristics of seawater or tap water mixed concrete 

incorporating mineral admixtures such as Fly Ash, Ground Granulated Blast-Furnace Slag with 

water-binder ratio of 40%, 50% and 60% in tap water curing, seawater curing and air curing 

were investigated. The objective of this study is to evaluate the effectiveness of seawater 
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mixing, mineral admixtures, curing conditions and water-binder ratio on strength performance 

of concrete. As understood, both curing condition and water-binder ratio have a strong effect on 

mechanical strength related concrete quality (3.12). Besides, By using mineral admixtures in 

concrete, expected compressive strength of seawater mixed concrete are enhanced, as well 

mentioned by other references that mineral admixtures improve compressive strength and 

durability (3.13), (3.14).  

In addition, pore structure (porosity) test and Differential Thermal-Thermogravimetric 

Analysis (DT-TGA) test were also conducted to verify the compressive strength results. As 

known, porosity and pore size distribution is one of important factor influencing compressive 

strength of concrete, as stated by some studies (3.15) - (3.19). Meanwhile, by DT-DGA test result, 

the composition of Ca(OH)2 in hardened cement-based material was considered as a parameter 

in evaluating the compressive strength of concrete.      

Furthermore, strength characteristic of concrete specimens mixed with seawater after 

exposed 25 years was also investigated. The engineering properties of 25 years concrete 

specimens such as compressive strength, tensile strength, elastic modulus are presented in order 

to evaluate strength performance of seawater mixed concrete and tap water mixed concrete after 

25 years exposure. In the last section, effectiveness mineral admixtures on the strength of 

seawater mixed concrete, the relationship between strength and porosity, and predicted strength 

of seawater mixed concrete are discussed.  

     

3.2   Experimental Detail 

 

3.2.1 Materials 

Three types of binder were used in this study; Ordinary Portland Cement (OPC), Fly Ash 

(FA) and Ground Granulated Blast-Furnace Slag (GGBS), specified in Japan Industrial 

Standard (JIS). Two types of GGBS, namely B4000 and B6000 with different surface area were 

used. Table 3.1 points out the physical and chemical properties of binders, whereas the physical 

properties of concrete materials such as coarse aggregate and fine aggregate are demonstrated 

in Table 3.2.  The existing condition of binders and aggregate that used in this research are 

illustrated in Photo 3.1. 

In this study, seawater (natural seawater) was utilized as mixing water and curing water. 

The chemical composition of natural seawater is shown in Table 3.3. The source of seawater 

was taken in seaside area in Itoshima, Fukuoka prefecture, Japan under summer season. 
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Table 3.1 Physical and chemical properties of binders 

Constituent 
Binder 

OPC FA B4000 B6000 

Density, g/cm3 3.16 2.26 2.91 2.91 

Fineness, cm2/g 3330 3970 4060 5810 

MgO, % 1.31 1.29 5.32 5.4 

SiO2, % 20.71 60.6 34.10 34.06 

SO3, % 2.14 0.50 - - 

LoI, % 1.97 2.4 0.33 0.36 

Total Alkali, % 0.43 1.57 0.41 0.58 

Chloride, % 0.016 - 0.006 0.006 

 

Table 3.2 Physical properties of materials 

Material Physical properties 

Coarse Aggregate Density (SSD), g/cm3                                                 2.84 
(Crushed stone) Max. Size, mm 20 
  Fine modulus 6.68 
  Water absorption, % 0.71 

Fine Aggregate Density (SSD), g/cm3                                                 2.56 
(Washed sea sand) Fine modulus 2.69 
  Water absorption, % 1.61 

AEWR agent Density, g/cm3  at 20°C        1.25 
(Polycarboxylate ether)     

Superplasticizer Density, g/cm3  at 20°C        1.08 
(Polycarboxylate ether)     

Air entraining agent  Density, g/cm3  1.04 

 

Table 3.3 Chemical composition of seawater (natural seawater) 

Specific 
Gravity pH 

Chemical Composition (g/l) 

Cl- SO4
2- Ca2+ Mg2+ K+ Na+ 

1.020 7.71 18.72 2.37 0.36 1.2 0.35 9.9 
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(a) FA                            (b) OPC                            (c) GGBS 

        

(e) Coarse aggregate                (f) Fine aggregate  

Photo 3.1 Binders and aggregate of concrete specimens  

 

3.2.2 Mixture Series, Mix Proportion and Specimen Preparation 

Table 3.4 presents concrete specimen series that were investigated in this research. 

Twenty series of concrete mixtures with water-binder ratio (W/B) of 40%, 50% and 60% using 

tap water (T) and natural seawater (S) as mixing water were prepared by three type curing 

conditions such as tap water curing (TC), seawater curing (SC) and air curing (AC) in in 20°C, 

60% R.H. were selected as curing conditions. The binder proportions of mixture series were 

OPC concrete (N), 20% FA replacement (2F), 30% FA replacement (3F), 50% GGBS4000 

replacement (B4) and 50% GGBS6000 replacement (B6).  

Mix proportion of concrete specimen was designed according to Japan Society of Civil 

Engineering (JSCE). The results of mix proportion of concrete specimen are demonstrated in 

Table 3.5. In mix proportion table, the water content of tap water mixed and seawater mixed is 

slightly difference with the same water to cement ratio. This is due to different of water density, 

which density of seawater is quite higher than tap water, accordingly.  

Concrete mixing was conducted in a controlled room temperature at 20°C according to 

JIS A 1138-2005. Before casting specimen, fresh concrete properties such as slump flow, air 

content and temperature were tested accordance with JIS A 1150:2007, JIS A 1128:2005,       
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JIS A 1156:2006, respectively. The fresh concrete properties results of concrete mixtures are 

points out in table of mix proportion (see Table 3.5). At 24 hours after casting, cylindrical 

concrete specimens of 100 mm in diameter and 200 mm in height were de-molded, then cured 

by tap water, by seawater  and by air curing in the  20°C, 60% R.H. controlled room.  

Table 3.4 Mixture series of concrete specimen 

Mixture W/B 
(%) 

s/a 
(%) 

Mixing 
Water 

Binder Proportion (%) Curing Method 

OPC FA B4000 B6000 TC SC AC 

T40-N 

40% 

45 

Tap water 100 -- -- -- O O O 

S40-N Seawater 100 -- -- -- O O O 

T40-2F Tap water 80 20 -- -- O O O 

S40-2F Seawater 80 20 -- -- O O O 

T40-B4 Tap water 50 -- 50 -- O O O 

S40-B4 Seawater 50 -- 50 -- O O O 

T50-N 

50% 

Tap water 100 -- -- -- O O O 

S50-N Seawater 100 -- -- -- O O O 

T50-2F Tap water 80 20 -- -- O O O 

S50-2F Seawater 80 20 -- -- O O O 

S50-3F Seawater 70 30 -- -- O* O O* 

T50-B4 Tap water 50 -- 50 -- O O O 

S50-B4 Seawater 50 -- 50 -- O O O 

S50-B6 Seawater 50 -- -- 50 O* O O* 

T60-N 

60% 

Tap water 100 -- -- -- O O O 

S60-N Seawater 100 -- -- -- O O O 

T60-2F Tap water 80 20 -- -- O O O 

S60-2F Seawater 80 20 -- -- O O O 

T60-B4 Tap water 50 -- 50 -- O O O 

S60-B4 Seawater 50 -- 50 -- O O O 

Notation :  
O : The testing was done 

TC : Tap water curing at 20°C. 
SC : Seawater curing at 20°C. 
AC : Air curing at 20°C, 100% R.H. controlled room.  

* : Specimens were only tested at 28-day and 365-day 
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Table 3.5 Mix proportion of concrete specimen 

Mixture 

Unit Content ( kg/m³ ) Fresh Properties 

W 
Binder 

S G WR  AE              
(ltr) Sp                       Slump 

(cm) 
Air        
(%) 

Temp. 
(°C) OPC FA GGBS 

T40-N 160 400 - - 776 1044 1.63 0.96 - 6.0 4.0 21.0 

S40-N 165 412 - - 772 1038 - 0.79 5.15 6.0 4.8 22.0 

T40-2F 160 320 80 - 764 1028 1.75 1.15 - 5.0 3.1 23.0 

S40-2F 165 330 82 - 760 1022 - 0.79 5.36 12.5 5.6 24.0 

T40-B4 160 200 - 200 764 1010 2.00 0.77   10.5 4.0 24.0 

S40-B4 165 206 - 206 759 1004 - 0.79 3.71 8.0 5.1 21.0 

T50-N 160 320 - - 805 1087 1.00 2.00 -  8.0 6.2 16.0 

S50-N 165 330 - - 802 1083 1.03 1.27 - 8.0 6.0 18.0 

T50-2F 160 256 64 - 795 1074 1.00 2.00 - 9.5 5.8 17.0 

S50-2F 165 264 66 - 791 1068 1.03 1.68 - 10.0 3.8 20.0 

S50-3F 165 231 99 - 786 1061 1.03 1.97 - 8.5 3.4 18.0 

T50-B4 160 160 - 160 800 1081 1.4 1.08 - 12.0 4.5 19.0 

S50-B4 165 165 - 165 797 1076 1.24 1.11 - 5.0 4.0 20.0 

S50-B6 165 165 - 165 797 1076 1.44 1.59 - 7.5 4.7 20.0 

T60-N 160 267 - - 819 1110 0.55 1.28 - 5.5 5.0 23.0 

S60-N 165 275 - - 816 1106 0.58 1.22 - 5.0 4.5 22.0 

T60-2F 160 213 53 - 811 1099 0.5 1.28 - 7.0 3.3 23.0 

S60-2F 165 220 55 - 808 1095 0.58 1.45 - 6.0 3.5 23.0 

T60-B4 160 133 - 133 814 1077 0.83 1.41 - 6.5 5.0 23.0 

S60-B4 165 137 - 137 811 1073 0.94 1.45 - 7.0 4.8 21.0 

 

3.2.3 Compressive Strength and Modulus of Elasticity Test 

After at a certain curing period for 28 days, 91 days and 365 days in tap water curing 

(TC), seawater curing (SC) and Air curing (AC), concrete cylinder specimens in size of 

φ100x200 mm were tested in compressive strength and modulus of elasticity. Compressive 

strength and elastic modulus test of concrete specimens were conducted in accordance with JIS 

A 1108:2006 and JIS A 1149:2010, respectively. The average compressive strength and elastic 

modulus of three specimens were determined for each concrete mixture in three curing 

conditions. 
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(a) Tap water curing                    (b) Seawater curing                         (c) Air curing     

Photo 3.2 Curing conditions of concrete specimens 

 

3.2.4 Porosity Test (Mercury Intrusion Porosimetry) 

The total pore volume and pore size distribution of concrete specimen were tested by 

Mercury Intrusion Porosimetry (MIP). Concrete cylinder specimens were cut into 5mm-thick 

slice samples. Subsequently, the fragments were immersed in acetone for 15 minutes to stop 

further hydration of cement, and then dried in the vacuum desiccator for 2 days. In the MIP test, 

complete drying of the samples was required to obtain results without error (3.20). In this study, 

the maximum applied pressure of MIP test was 33.000 psi (227 MPa), and the surface tension 

and contact angle of mercury was 485 dynes/cm and 130o, respectively. Both surface tension 

and contact angle were used in Eq. (3.1) to convert applied pressure to pore size. The pore 

width corresponding to the highest rate of mercury intrusion per change in pressure is known as 

the “threshold” pore width (3.21). The relationship between applied pressure and diameter of the 

pore, d is calculated as follows (3.22), (3.23), 

 

V = -4 γ cos θ
P                                               …………………..  (3.1) 

 

where d is the diameter of the pore (cm), P is the applied pressure (MPa), γ is the surface 

tension (dyne/cm) and θ is the angle of contact (radian).  

Porosity of concrete specimens was carried out at 28 days and 365 days period, which was three 

times measurement in a specimen. Photo 3.3 shows mercury intrusion porosimetry machine 

were used. 

 

 

 

25 
 



 

 

Photo 3.3 Mercury intrusion porosimetry (MIP) equipment 

 

 

Photo 3.4 Differential Thermal-Thermogravimetric Analysis (DT-TGA) instruments 

 

3.2.5 Differential Thermal-Thermogravimetric Analysis (DT-TGA) Test 
After 28 days curing, some specimens were selected in order to investigate the amount of 

hydration product of cement paste, Ca(OH)2. Slice specimens in size of approximately 0.5 cm 

in thickness were prepared then the fragments were immersed in acetone for 24 hours before it 

was powdered. After that, the hydration product of powdered specimen was analyzed by 

simultaneous   DT-TGA (DTG-60H).The used TGA apparatus is depicted in Photo 3.4. 
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3.3   Compressive Strength and Modulus of Elasticity  

 

3.3.1 Strength Development  

Fig. 3.1 represents the concrete strength development of seawater mixed (S) and tap water 

mixed (T) OPC concrete, FA concrete and GGBS concrete in tap water curing (TC) with a 

curing period of 28, 91 and 365 days. It was observed that all concrete specimens were 

increased in compressive strength up to 365 days from 28 days in three water-cement ratios 

(W/B) of 40%, 50% and 60%. The achieved strength development up to 365 days from 28 days 

of OPC concrete is approximately 25% and 24% for tap water mixed and seawater mixed, 

respectively. When concrete specimens were replaced by FA, the acquired strength increment 

up to 365-day from 28 days for tap water mixed and seawater mixed is approximately 55% and 

52%, successively. It means that strength development up to 365 days from 28 days of OPC 

concrete and FA concrete in TC is not influenced by type of mixing water, tap water or 

seawater, although the strength development up to 365 days from 28 days of FA concrete is 

larger than OPC concrete in both seawater mixed and tap water mixed.  

        

 
 Fig. 3.1 Strength development of concrete specimens in TC 
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In contrast, different trend on strength development up to 365-day from 28-day of GGBS 

concrete was obtained, which is approximately 46% and 12% for tap water mixed and seawater 

mixed, respectively. It indicates that strength enhancement up to 365-day from 28 days of tap 

water mixed GGBS concrete in TC is significantly improved compared to seawater mixed 

GGBS concrete. 

       

  
Fig. 3.2 Strength development of concrete specimens in SC 

Similarly, compressive strength of all concrete specimens in seawater curing (SC) was 

also increased up to 365 days from 28 days as shown in Fig. 3.2, though OPC concrete with 

60% W/B was slightly decreased in strength development up to 365 days from 91 days for both 

tap water mixed and seawater mixed. In SC, it also obtained that strength development of OPC 

concrete is not significantly distinct, which is 13% and 14% in strength development up to 365 

days from 28 days for tap water mixed and seawater mixed, respectively. However, the 

development up to 365 days from 28 days of FA concrete for tap water mixed and seawater 

mixed in SC is respective 40% and 27%, whereas GGBS concrete is 27% and 23% in strength 

development up to 365-day from 28-day for tap water mixed and seawater mixed, successively. 
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It implies that strength up to 365 days from 28 days of tap water mixed FA concrete and GGBS 

concrete in SC is more developed compared with seawater mixed concrete.   

Furthermore, all concrete specimens in air curing (AC) were increased in compressive 

strength up to 365 days from 28 days for both tap water mixed and seawater mixed, but strength 

enhancement of concrete in AC was smaller than both TC and SC, as described in Fig. 3.3. The 

strength development up to 365-day from 28-day of tap water mixed concrete in AC is 8%, 

16% and 13% for OPC concrete, FA concrete and GGBS concrete, respectively. Meanwhile, 

strength of seawater mixed OPC concrete, FA concrete and GGBS concrete in AC is 8%, 17% 

and 5% in strength development up to 365 days from 28 days, successively. In addition, the 

largest 28-day compressive strength of seawater mixed concrete in AC was acquired for OPC 

concrete followed by GGBS concrete and FA concrete. This exhibits that strength gains of 

seawater mixed OPC concrete in AC is more accelerated compared with FA concrete and 

GGBS concrete. This tendency is probably expected to be due to the chemical reaction of OPC 

is rapid compared to mineral admixtures, FA and GGBS. 

       

 
Fig. 3.3 Strength development of concrete specimens in AC 
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3.3.2 Effect of Seawater Mixing, Mineral Admixtures and Curing Conditions  

Fig. 3.4 illustrates strength ratio of seawater-mixed to tap water-mixed of OPC, FA and 

GGBS concrete in TC, SC, and AC. It could be seen that the strength ratio up to 365-day of 

OPC concrete and FA concrete was above line of equality (ratio of strength equals 1.0) in all 

curing conditions. This suggests that compressive strength up to 365-day of seawater mixed 

OPC concrete and FA concrete is improved compared to tap water mixed in TC, SC and AC. 

This finding probably be due to presence of chloride in seawater mixed, which assists to 

accelerate the hydration process of cement into concrete, thus lead to a more rapid development 

of strength as also mentioned by other references (3.24) - (3.26).  

        

  

Fig. 3.4 Strength ratio of seawater-mixed concrete to tap water-mixed concrete (S/T) 
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was increased compared to FA concrete and GGBS concrete in water curing, TC and SC. This 

reveals that effectiveness of seawater mixing on strength increment is larger for OPC concrete 

than concrete with mineral admixtures. The influence of mineral admixtures mainly GGBS on 

strength of seawater mixed concrete will be discussed detail in the end section in this chapter. 

Furthermore, the effect of curing conditions on strength increment up to 365 days of 

seawater-mixed OPC, FA and GGBS concrete were also acquired, that the strength ratio is the 

largest in AC followed by SC and TC. It expresses that strength performance of concrete with 

and without mineral admixtures in AC is more developed for seawater mixed compared with 

tap water mixed. This phenomenon is perhaps expected to be due to effect of the dampness 

condition of seawater mixed concrete, which can keep on hydration process of cement in the air 

comparing to tap water mixed.  

       

 
Fig. 3.5 Strength in TC vs. Strength in SC 
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higher than that in TC. Up to 365 days curing, compressive strength of concrete cured in TC 

slightly increased compared with SC. However, curing water (TC or SC) does not have 

significant effect on compressive strength up to 365 days in all concrete mixture, in which the 

difference in compressive strength was less than 10 percent. It means that compressive strength 

of concrete mixed with tap water and mixed with seawater is not affected by type of curing 

water, tap water curing or seawater curing. The nearby strength equality between TC and SC 

was more significant for OPC concrete than concrete with mineral admixtures.  

 

3.3.3 Effect of FA Replacement Ratio and GGBS Fineness 

Fig 3.6 illustrates effect of FA replacement ratio of seawater-mixed concrete.  From this 

figure, it can be seen that the compressive strength of seawater-mixed FA concrete was 

increased up to 365-day for both 20% and 30% replacement FA in water curing, in TC and SC. 

However, when seawater mixed FA concrete cured in air, its compressive strength was 

decreased compared to normal OPC concrete (S50-N). It means that effect of 30% replacement 

by FA is not significant to improve strength enhancement of seawater mixed FA concrete. 

      

 
Fig. 3.6 Strength of seawater mixed concrete in various FA replacement ratios  
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Fig. 3.7 Strength of seawater mixed concrete in various GGBS fineness  

The influence of GGBS fineness on strength performance of seawater mixed concrete is 

presented Fig. 3.7. It was clearly acquired that the compressive strength of seawater-mixed 

B6000 concrete is significantly higher than that of B4000 concrete in all curing conditions, in TC, 

SC and AC. It reveals that fineness of GGBS affects strength performance of seawater mixed 

concrete, which the finer GGBS is the higher compressive strength is. This is evidently finding 

that the finer of binder is the denser concrete, thus causes increasing compressive strength. 

 

3.3.4 Strength-Elastic Modulus Relationship 

The influence of seawater mixing on the elastic modulus concrete was same as the effect 

on compressive strength. This phenomenon can be explained by the relationship between 

compressive strength and elastic modulus, that is, the higher compressive strength is, the higher 

elastic modulus is. In other words, seawater mixing also improves modulus of elasticity of 

concrete. The relationship between compressive strength and modulus of elasticity at 28 days 

and 91 days of seawater-mixed and tap water-mixed for OPC concrete, FA concrete and GGBS 

concrete in all curing conditions, TC, SC, and AC is illustrated in Fig. 3.8. The correlation 

between compressive strength and elastic modulus for all concrete specimens is similar trend as 

recommended by Japan Society of Civil Engineering, JSCE (3.27). Even though some concrete 

specimens in AC were under equity line of JSCEs’ standard, it can be concluded that a good 

relationship between compressive strength and elastic modulus is achieved for both seawater 

mixed concrete and tap water mixed concrete, generally. 
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Fig. 3.8 Relationship between strength and elastic modulus  
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3.4. Pore Structure  

 

3.4.1 Total Pore Volume and Pore Size Distribution 

Fig. 3.9(a), Fig. 3.9(c) and Fig. 3.9(e) point out the total volume of pores conducted by 

Mercury Intrusion Porosity (MIP) tests of concrete specimens at 28 days. At 28 days, seawater 

mixed OPC concrete and FA concrete was reduced in total pore volume (porosity) of concrete 

compared with tap water mixed in all curing conditions, in TC, SC and AC. In contrast, 28-day 

porosity of tap water mixed GGBS concrete was lowered comparing to seawater mixed in water 

curing (TC and SC). When GGBS concrete specimens were cured in air, the porosity of 

concrete mixed with tap water was higher than that of concrete mixed with seawater. This 

phenomenon expresses that the porosity of concrete is decreased by seawater mixing. It is 

possibly inferred by accelerating the hydration of seawater mixed concrete, which densify the 

pore structure and reduces pore volume of concrete. This finding corresponds with another 

reference, as reported by Katano et.al in 2013, that seawater mixing significantly improves the 

watertightness of concrete (3.25).  

At 365-day curing period, the impact of binders on the porosity of seawater mixed and tap 

water mixed concrete could clearly be seen as demonstrated in Fig. 3.9(b), Fig. 3.9(d) and Fig. 

3.9(f). The lowest concrete porosity in water curing, TC and SC was obtained for GGBS 

concrete followed by FA concrete and OPC concrete in both seawater mixed and tap water 

mixed. However, the total porosity of seawater mixed in AC was lowered for OPC concrete 

compared with FA concrete and GGBS concrete.    

The porosity of all concrete specimens was significantly decreased up to 365 days from 

28 days in all curing conditions, but the decreasing pore volume was smaller in AC than that in 

water curing, TC and SC. The influence of seawater mixing in diminishing porosity of concrete 

occurred for all types of curing, in which the reduced porosity in seawater curing, SC or air 

curing, AC was greater than that in tap water curing, TC. This expresses that porosity of 

concrete is affected by external chloride in seawater curing. When seawater mixed concrete 

cured in TC, chloride ions may be leached out, thus the role of chlorides in promoting hydration 

reaction becomes slow. As a result, pore structure of the concrete is not effectively reduced. 
This tendency is similar to trend of concrete that revealed by other researchers, specimens were 

exposed in sodium chloride (NaCl) solution, not seawater curing (3.28), (3.29). 
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Fig. 3.9 Total pore volume (porosity) of concrete specimens at 28 days and 365 days 
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Fig 3.10 shows porosity at 28 days of seawater-mixed FA concrete and GGBS concrete 

with 50% W/B in all curing conditions. It was observed, porosity of seawater mixed OPC 

concrete (without FA) was slightly lower than FA seawater-mixed concrete in TC, SC and AC.  

No significant effect of replacement ratio of FA on 28-day porosity of seawater mixed concrete 

was obtained in all curing conditions. Furthermore, the porosity of seawater mixed B6000 

concrete (B6) was smaller than that of B4000 concrete (B4) in all curing conditions, TC, SC and 

AC. This tendency reveals that the fineness of GGBS significantly affects porosity of concrete. 

In addition, pore volume of seawater-mixed GGBS concrete in SC is decreased than that in TC 

for both B6000 concrete and B4000 concrete.  

          

Fig. 3.10 Effect of FA replacement ratio and fineness of GGBS on pore volume  

Fig.3.11 to Fig.3.13 show the typical pore size distribution at curing period of 28 days 

and 365 days of seawater mixed concrete and tap water mixed concrete with 40%, 50% and 

60% W/B in all curing conditions, in TC, SC and AC. It was found that the pore distribution of 

tap water and seawater mixed OPC concrete in TC and SC is not significantly different. Similar 

characteristic was also observed for seawater-mixed and tap water-mixed FA concrete and 

GGBS concrete. This indicates that pore size distribution of concrete is not affected by curing 

water, TC and SC. The maximum porosity and the large pore size of concrete specimen were 

achieved by specimens cured in air. This phenomenon is to be logical as hydration of cement 

paste in air curing, AC is not perfectly hydrated.  

In regard to impact of mixing water, no significantly distinct in pore size distribution of 

tap water mixing and seawater mixing was obtained. The trend of pore distribution of seawater 

mixed and tap water-mixed concrete were nearly similar. Nevertheless, the difference of binder 

type (OPC, FA and GGBS), various W/B (40%, 50% and 60%) and various curing age          

(28 days and 365 days), the pore size distribution of concrete was altered for both seawater 

mixing and tap water mixing. 
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Fig. 3.11 Pore size distribution of concrete specimen with 40% W/B 
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Fig. 3.12 Pore size distribution of concrete specimen with 50% W/B 
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Fig. 3.13 Pore size distribution of concrete specimen with 60% W/B  
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3.4.2 Compressive Strength vs. Pore Structure 

As mentioned in aforementioned section, compressive strength of concrete is affected by 

pore system in cement based materials. This pore system governs the most important properties 

of concrete, mainly its strength 3.17). In this section, the relationship  between compressive 

strength and pore system of concrete will be confirmed in both relation between strength-

porosity and relation between strength-pore volume between 50nm~2µm. As well known, 

porosity has been used widely for prediction of concrete strength 3.15). On the other hand, it is 

also stated by other references that compressive strength depends on interfacial transition zone 

(ITZ), and pore distributed between 50 nm and  2 µm can be attributed to the pores  in ITZ  (3.30), 

(3.31). The results of compressive strength, total pore volume and pore diameter of 50 nm and  2 

µm of MIP test are summarized in Table 3.6. 

a. Relationship between strength and total pore volume (porosity) 

Fig. 3.14 demonstrates the relationship between compressive strength and total pore 

volume (porosity) of tap water mixed and seawater mixed OPC concrete at 28 days and 365 

days curing time in all curing conditions, TC, SC and AC. From this figure, it can be seen that, 

compressive strength was increased with a decreasing the porosity of concrete in both linear 

relation and logarithmic relation. A strong correlation is acquired in all curing conditions, TC, 

SC and AC for both linear form and logarithm form, in which coefficient of correlation, R2 

value TC and SC were more than 0.96 ad 0.95, respectively, while OPC concrete specimens in 

AC was approximately 0.8 in correlation coefficient. It means that the strength evaluation of 

concrete by porosity is more valid in water curing (TC or SC) that that in air curing (AC).  

 Similarly, the relationship between compressive strength and porosity at 28 days and 365 

days of FA and GGBS concrete in TC, SC and AC is also attained, as shown in Fig. 3.15 and 

Fig. 3.16. It was observed that a good linear and logarithmic relationship of porosity is related 

to compressive strength in water curing, in TC and SC. Nevertheless, when FA and GGBS 

concrete were cured in AC, the relationship between compressive strength and porosity was 

invalid, the acquired correlation coefficient, R2 value was about 0.5. A good correlation of OPC, 

FA and GGBS concrete in AC is only obtained as 28-day compressive strength is correlated 

with 28-day porosity. This phenomenon is to be owing to cement hydration reaction of concrete 

in AC is not perfectly hydrated. Here, the strength development of concrete is small, whereas 

its reducing porosity value is large. From this result indicates porosity of seawater and tap 

water mixed concrete with and without mineral admixtures in air curing, AC is not adequate to 

control long-term strength of concrete. 
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In general, it can be deduced that compressive strength of seawater mixed and tap water 

mixed concrete with or without mineral admixtures in TC, SC and AC can be controlled by its 

porosity. In other words, strength of concrete is strongly affected by the total pore volume or 

porosity. The higher compressive strength is, the lower porosity of concrete is, which is not 

influenced by mixing water, binder type and mix proportion of concrete. Furthermore, the most 

valid correlation was found in OPC concrete followed by FA concrete and GGBS concrete, and 

no significant difference of correlation coefficient, R2 in TC and SC was obtained.  

Table 3.6 Strength and porosity of concrete specimens 

Mixture Curing 
date 

Curing 
condition 

Comp. 
Strength 

(MPa) 

Total pore 
volume (vol. %) 

Dia. pore           
50nm~2mm            

(vol. %) 

T60-N 28 
TC 30.23 17.239 9.273 
SC 30.68 17.059 8.696 
AC 25.54 21.180 13.694 

S60-N 28 
TC 34.39 15.872 6.635 
SC 33.44 16.628 6.470 
AC 31.17 18.753 10.969 

T50-N 

28 
TC 33.93 17.375 7.362 
SC 34.65 16.163 6.718 
AC 29.03 19.610 12.935 

365 
TC 44.93 14.784 5.687 
SC 44.02 14.817 6.105 
AC 32.15 17.059 12.273 

S50-N 

28 
TC 41.66 14.359 4.309 
SC 42.24 14.286 4.682 
AC 40.30 17.553 9.347 

365 
TC 56.74 11.111 4.015 
SC 53.39 11.423 4.365 
AC 43.88 13.261 7.999 

T40-N 28 
TC 53.52 11.801 4.456 
SC 54.19 10.982 3.801 
AC 43.90 15.220 9.378 

S40-N 28 
TC 54.36 11.566 3.556 
SC 55.68 11.698 3.851 
AC 49.13 14.933 7.475 

T60-2F 
28 

TC 28.33 16.660 8.976 
SC 32.52 17.816 11.337 
AC 22.25 19.747 13.757 

365 TC 53.00 13.627 5.683 
SC 43.50 13.244 5.348 

S60-2F 
28 

TC 31.31 15.955 4.792 
SC 36.76 16.883 5.631 
AC 24.63 20.020 9.854 

365 TC 52.15 13.637 3.212 
SC 41.31 14.450 3.964 

T50-2F 

28 
TC 39.68 14.644 7.210 
SC 32.58 17.007 6.456 
AC 26.71 18.267 13.414 

365 
TC 57.91 12.360 4.630 
SC 53.61 12.549 4.085 
AC 30.78 17.007 12.570 
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Table 3.6 Continued 

S50-2F 

28 
TC 42.03 14.132 4.792 
SC 41.93 15.773 5.631 
AC 31.67 17.834 9.854 

365 
TC 64.18 10.336 2.938 
SC 57.14 9.550 2.592 
AC 36.42 14.009 8.466 

T40-2F 28 
TC 52.31 12.058 5.404 
SC 51.78 12.894 4.986 
AC 39.10 17.279 12.000 

S40-2F 
28 

TC 51.48 12.906 4.097 
SC 50.31 13.172 3.783 
AC 40.28 16.868 9.763 

365 TC 71.54 9.186 2.240 
SC 68.19 8.750 2.373 

T60-B4 
28 

TC 30.34 16.95 6.587 
SC 32.17 16.83 6.499 
AC 18.64 20.26 14.298 

365 TC 49.19 11.68 3.958 
SC 43.87 12.23 3.992 

S60-B4 
28 

TC 30.23 17.475 5.617 
SC 32.06 17.420 5.295 
AC 30.23 19.440 10.371 

365 TC 38.49 12.572 3.426 
SC 43.71 12.031 3.299 

T50-B4 

28 
TC 40.42 13.118 3.821 
SC 39.01 13.403 3.874 
AC 25.56 19.365 14.160 

365 
TC 59.80 9.998 3.584 
SC 52.74 10.236 2.817 
AC 26.97 16.376 11.732 

S50-B4 

28 
TC 44.06 13.041 3.283 
SC 47.13 12.841 3.676 
AC 35.58 17.125 9.781 

365 
TC 53.84 9.657 3.597 
SC 57.15 10.263 2.782 
AC 37.55 15.169 9.622 

T40-B4 28 
TC 53.56 12.875 4.642 
SC 58.21 12.388 3.965 
AC 37.68 18.368 12.639 

S40-B4 
28 

TC 60.79 13.029 4.808 
SC 57.74 13.379 4.450 
AC 49.63 15.247 7.603 

365 TC 66.80 8.284 3.007 
SC 65.61 8.478 3.222 

b. Relationship between strength and pore diameter of 50nm∼2µm (pore ITZ) 

Fig. 3.17 depicts relationship between compressive strength and pore volume of 

50nm∼2µm diameter (pore ITZ). From this figure it can be seen that the relation between 

strength logarithm and ITZ-related pore logarithm for OPC concrete was linearly good relation. 

The obtained R2 in TC, SC and AC were 0.85, 0.88 and 0.93, respectively. However, this 

correlation was invalid relation for FA concrete and GGBS concrete in all curing conditions, as 
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illustrated in Fig. 3.18 and Fig. 3.19. The correlation among “compressive strength-porosity” 

and “compressive strength-ITZ-related pore” will be discussed particularly in the last section in 

this chapter. 

      

      

      

Fig. 3.14 Strength-porosity relationship of OPC concrete (at 28-day and 365-day) 
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     Fig. 3.15 Strength-porosity relationship of FA concrete (at 28-day and 365-day) 
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 Fig. 3.16 Strength-porosity relationship of GGBS concrete (at 28-day and 365-day) 
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Fig. 3.17 Strength-pore volume of 50nm∼2µm (VITZ) of OPC concrete (28-day and 365-day) 
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Fig. 3.18 Strength-pore volume of 50nm∼2µm (VITZ) of FA concrete (28-day and 365-day)  

   

0

10

20

30

40

50

60

70

80

90

0 5 10 15 20

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(M

Pa
)

Pore Volume of 50 nm ~ 2µm (vol. %) 

T40-F-TC
S40-F-TC
T50-F-TC
S50-F-TC
T60-F-TC
S60-F-TC

y = -5.74 x + 78.31 
R² = 0.73 

FA-TC

y = -0.59 x + 2.08 
R² = 0.71 

FA-TC

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0

Lo
g 

C
om

p.
 S

tr
en

gt
h 

(M
Pa

)

Log Pore Vol. of 50 nm ~ 2µm (vol. %) 

T40-F-TC
S40-F-TC
T50-F-TC
S50-F-TC
T60-F-TC
S60-F-TC

0

10

20

30

40

50

60

70

80

90

0 5 10 15 20

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(M

Pa
)

Pore Volume of 50 nm ~ 2µm (vol. %) 

T40-F-SC
S40-F-SC
T50-F-SC
S50-F-SC
T60-F-SC
S60-F-SC

y = -3.50 x + 64.80 
R² = 0.65 

FA-SC

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0

Lo
g 

C
om

p.
 S

tr
en

gt
h 

(M
Pa

)

Log Pore Vol. of 50 nm ~ 2µm (vol. %) 

T40-F-SC
S40-F-SC
T50-F-SC
S50-F-SC
T60-F-SC
S60-F-SC

y = -0.46 x + 1.97 
R² = 0.79 

FA-SC

y = -2.45 x + 60.12 
R² = 0.56 

FA-AC

0

10

20

30

40

50

60

70

80

0 5 10 15 20

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(M

Pa
)

Pore Volume of 50 nm ~ 2µm (vol. %) 

T40-F-AC
S40-F-AC
T50-F-AC
S50-F-AC
T60-F-AC
S60-F-AC

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5 2.0

Lo
g 

C
om

p.
 S

tr
en

gt
h 

(M
Pa

)

Log Pore Vol. of 50 nm ~ 2µm (vol. %) 

T40-F-AC
S40-F-AC
T50-F-AC
S50-F-AC
T60-F-AC
S60-F-AC

y = -0.87 x + 2.41 
R² = 0.54 

FA-AC

48 
 



       

       

       
 

Fig. 3.19 Strength-pore volume of 50nm∼2µm (VITZ) of GGBS concrete (28-day and 365-day) 
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3.5 Strength Verification by DT-TGA Analysis 

Fig 3.20 represents DT-TGA graphs of selected concrete specimen at 28 days was carried 

out in this study. From this figure, it was observed that the mass change (weight loss) of 

hydration product,  Ca(OH)2 of seawater mixed was higher than that of tap water mixed 

concrete for both OPC and GGBS concrete. In other words, percentage of Ca(OH)2 of seawater 

mixing was increased compared to tap water mixing. This result reveals that chloride ions in 

seawater mixing promote cement hydration reactions in generating more C-S-H, thus it 

improves strength of concrete. This finding is be agreement with the results of strength 

characteristics of seawater mixed concrete as mentioned in the previous section in this chapter. 

The increasing Ca(OH)2 of seawater mixed OPC concrete and GGBS concrete in air 

curing (AC) was respectively 30% and 35% higher than tap water mixed, as depicted in     

Table 3.7. Meanwhile, seawater mixed OPC concrete in TC (S50-N-TC) was enhanced 

approximate 22% compared with tap water mixed (T50-N-TC).  

     

     

Fig. 3.20 TGA and DTA graphs of selected concrete specimens 
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Fig. 3.20 Continued  

 

Furthermore, the verified strength by DT-TGA result expressed in the relationship 

between compressive strength and Ca(OH)2 as shown in Fig. 3.21. From this figure, it was 

clearly seen that strength is developed with increasing Ca(OH)2, and it produces more C-S-H, 

certainly. Based on this result, it can be verified that chloride in seawater mixing accelerates 

chemical reaction of hydrated cement, which leads to improving the compressive strength of 

concrete due to increasing hydration product, Ca(OH)2 of concrete. In addition, the verification 

of compressive strength of concrete owing to curing effect was also obtained, that amount of 

portlandite, Ca(OH)2 of concrete specimens in TC was larger than that in AC for both seawater-

mixed and tap water-mixed. 

 

Table 3.7 DT-TGA test results of concrete specimens (at 28 days) 

Mixture    
Name 

Mass Change                     
of Ca(OH)2 

Mass Change                      
of CaCO3 

*Mass Change by 
CaCO3 to Ca(OH)2 

*Total Mass 
Change of 
Ca(OH)2 

(mg） (%） (mg） (%） (mg） (%） % 

T50-N-AC 0.663 0.527 1.688 1.342 1.264 1.005 1.532  

S50-N-AC 0.682 0.600 2.117 1.860 1.585 1.392 1.992  

T50-B4-AC 0.180 0.219 1.086 1.323 0.813 0.990 1.209  

S50-B4-AC 0.243 0.281 1.563 1.809 1.170 1.354 1.635  

T50-N-TC 1.035 1.058 1.966 2.010 1.472 1.505 2.563  

S50-N-TC 1.303 1.067 2.228 1.825 1.668 1.366 2.433  

*Calculated 
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Fig. 3.21 Strength vs. Ca(OH)2 relationship of concrete specimens (at 28 days) 

 

3.6 Strength Performance of 25-Year Old Concrete Mixed with Seawater 

 

3.6.1 Specimen Condition of 25-Year Old Concrete 

In this section, 25-year old concrete of seawater mixed (SW) and tap water mixed (TW) 

of cylindrical specimen in size of φ150x300 mm was investigated. Photo 5.13 shows the 

existing condition of the used concrete specimens, whereas the mix proportion and fresh 

properties of concrete mixture is described in Table 3.8.  

   

 

   Photo 3.5 Existing condition of 25-year old concrete specimens 
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Table 3.8 Mix proportion of 25-year old concrete  

Mixture Gmax 
W/C             
(%) 

s/a    
(%) 

Unit content (kg/m3) Slump 
(cm) 

Air               
(%) W OPC Gravel  Sand WR AE        

Tap water 
mixed 20 60 46 165 275 1,020  852  5.5  1.0  6.5  3.3  

Seawater 
mixed 20 60 46 165 275 1,020  852  5.5  1.0  8.5  3.2  

 

Concrete specimens were casted in 1988. At 24 hours after casting, concrete cylinder 

specimens were cured in tap water at 20°C for 28 days, before they were exposed in air 

(sheltered indoor). After exposure during two years, then cylinder specimens were maintained 

in seawater curing at temperature of 80°C for one and half years followed by cured in seawater 

at 20°C temperature within one years. Subsequently, cylinder specimens were kept in air 

(sheltered indoor) during 22 years, till the end of 2014. The sequence of subjected curing to 

concrete cylinder specimens is illustrated in Fig. 3.22.  

 

Fig. 3.22 Curing sequence of 25-year old concrete specimens (from 1988 to 2014) 
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In this study, engineering properties of 25-year old concrete specimens were evaluated by 

several tests, namely compressive strength, elastic modulus, tensile strength (splitted test), 

ultrasonic pulse velocity, and dynamic modulus. Three cylinder specimens were measured for 

compressive strength, elastic modulus and tensile strength in accordance with JIS A 1108:2006, 

JIS A 1149:2010 and JIS A 1113:2006, respectively. Also, pulse velocity and dynamic modulus 

of three cylindrical specimens were respectively tested according to JIS A 1127:2010 and 

ASTM C 597-02, whereas chloride ion content in hardened concrete was examined by the 

titration method in specified JIS A 1154:2003. Porosity test of concrete specimens was 

determined by Mercury Intrusion Porosimetry, which the specimen measurement was 

conducted three times. 

 

3.6.2 Engineering Properties of 25-Year Old Concrete  

The investigation results of 25-year old concrete specimens are summarized in Table 3.9. 

From this table, it was observed that the compressive strength of seawater mixed (SW) was 

increased compared with tap water mixed (TW) at both 28-day after casting and 25-year after 

exposure. This finding is the same trend of characteristic strength of concrete specimens (new 

specimen) that have been studied in the previous section in this chapter, though both of concrete 

specimen is different in mix proportion and curing method. From this result, it can be 

concluded that  chloride in seawater mixing improves not only early strength,  but also  the 

long-term strength of concrete. The increasing strength of seawater mixed concrete at 28 days 

and at  25 years was respective fourteen percent and eight percent  higher than tap water  mixed. 

The compressive strength up to 25 years of tap water mixed and seawater mixed was 

respectively developed 45 % and 37%  from 28 days after casting.      

Table 3.9 Engineering properties of 25-year old concrete specimen 

Engineering Properties Items 
28-day After Casting 
(Initial measurement) 

25-year After Exposure 
(Final measurement) 

TW SW TW SW 

Comp. Strength, f'c (MPa) 33.18 37.93 48.18 51.87 

Elastic Modulus, Ec (GPa) 23.93 23.58 32.63 31.54 

Tensile Strength, f't (MPa) 2.47 2.67 3.88 3.69 

Porosity, P (%) -- -- 14.32 10.87 

Ultrasonic Pulse Velocity, V (km/sec) -- -- 4.59 4.30 

Dynamic Modulus, Ed (GPa) -- -- 38.76 35.70 

Chloride Ion in Concrete, Cl (kg/m3) -- -- 18.73 23.22 
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Moreover, the similar trend of porosity result was also found, which  porosity of seawater 

mixed was greatly decreased compared to tap water mixed. On the other hand, tensile strength, 

elastic modulus, pulse velocity and dynamic modulus of seawater mixed 25-year concrete were 

slightly lower than tap water mixed 25-year concrete. Furthermore, based on the result of 

chloride ion content was observed that compressive strength was enhanced, although chloride 

content in concrete was considerably higher, in which chloride content of tap water mixing and 

seawater mixing were 6.8 percent and 8.4 percent by mass of cement, respectively. It reveals 

that strength development of tap water mixing and seawater mixing concrete is not affected by 

the amount of chloride in concrete. 

 

3.7   Discussions 

 

3.7.1 Effectiveness of Mineral Admixtures on Strength Development of Seawater Mixing  

The compressive strength up to 365 days of seawater mixed concrete in AC is improved 

compared to tap water mixed concrete without and with mineral admixtures. The strength ratio 

of seawater mixed to tap water mixed (S/T) was increased above line equality (strength ratio 

equals 1.0), as exhibited in Fig. 3.4.  In AC, the strength ratio up to 365 days of GGBS concrete 

is larger than that of OPC concrete or FA concrete. Nevertheless, when GGBS concrete was 

maintained in water curing, TC and SC, the ratio of strength up to 365 days was approximately 

1.0, and was below 1.0 in TC, even 91 days strength ratio of GGBS concrete was slightly below 

the line of equality in both TC and SC. It means that there is no significant influence of GGBS 

in improving strength of seawater mixed concrete up to 365 days. This phenomenon is slightly 

different with finding as revealed by Katano et al (2013) that compressive strength at 91 days of 

seawater mixed concrete incorporating GGBS is higher than tap water mixed GGBS concrete 
(3.25). In addition, the strength ratio of GGBS concrete at 91 days and at 365 days in SC was 

slightly higher than that in TC. It indicates that strength performance of seawater mixed GGBS 

concrete is improved in SC compared to in TC.  

As for FA concrete, the ratio of strength of seawater mixed to tap water mixed in water 

curing, TC and SC was approximately 1.0 at 91 days, and was slightly above the equality line at 

365 days. It expresses that seawater mixed FA concrete is not significantly improved in 

compressive strength up to 365 days in both TC and SC. Thereby, it can be concluded that 

compressive strength at 365 days of tap water mixed and seawater mixed concrete with mineral 

admixtures is not a significant difference in TC and SC. In other words, strength at 365 days of 

FA concrete and GGBS concrete is not affected by type mixing water, tap water or seawater.          
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3.7.2 Strength-Porosity Relationship and Strength Prediction  

Based on the relationship between porosity and compressive strength as shown in         

Fig. 3.14 to Fig. 3.16, the summary of approximate equation and correlation coefficient R2 of 

their relation are pointed out in Table. 3.10. From this table, it can clearly be seen that the 

correlation coefficient is strongly achieved in TC and SC for all concrete mixtures, OPC 

concrete, FA concrete and GGBS concrete. Similar finding is also reported by another reference, 

not seawater mixing (3.32). However, their correlations are invalid in AC. It indicates that the 

compressive strength of tap water mixed and seawater mixed OPC concrete, FA concrete and 

GGBS concrete in water curing, TC and SC can be predicted by its porosity.        

Table 3.10 Prediction of strength related to porosity value (%) 

Mixture Mixing 
water 

Curing 
water 

Relationship 
No 

Equation Approximate equation R2            
value 

OPC 
 

T/S 
 

TC f'c = -4.0 P + 100.89 0.96 Eq. (3.2) 

SC f'c = -4.0 P + 100.12 0.97 Eq. (3.3) 

AC f'c = -2.9 P + 86.35 0.80 Eq. (3.4) 

FA 
 

T/S 
 

TC f'c = -5.7 P + 125.45 0.94 Eq. (3.5) 

SC f'c = -3.6 P + 96.04 0.92 Eq. (3.6) 

AC f'c = -2.6 P + 78.13 0.55 Eq. (3.7) 

GGBS 
 

T/S 
 

TC f'c = -3.8 P + 94.59 0.85 Eq. (3.8) 

SC f'c = -3.6 P + 92.78 0.81 Eq. (3.9) 

AC f'c = -3.5 P + 95.33 0.54 Eq. (3.10) 

 

Table 3.11 Prediction of strength related to pore of ITZ, VITZ (%) 

Mixture Mixing 
water 

Curing 
water 

Relationship 
No 

Equation Approximate equation R2            
value 

OPC T/S 

TC log f'c = -0.7 (log VITZ) + 2.12 0.85 Eq. (3.11) 

SC log f'c = -0.7 (log VITZ) + 2.17 0.88 Eq. (3.12) 

AC log f'c = -1.0 (log VITZ) + 2.58 0.93 Eq. (3.13) 

FA 
 

T/S 
 

TC log f'c = -0.6 (log VITZ) + 2.08 0.71 Eq. (3.14) 

SC log f'c = -0.4 (log VITZ) + 1.97 0.79 Eq. (3.15) 

AC log f'c = -0.9 (log VITZ) + 2.41 0.54 Eq. (3.16) 

GGBS T/S 

TC log f'c = -0.9 (log VITZ) + 2.17 0.64 Eq. (3.17) 

SC log f'c = -0.7 (log VITZ) + 2.09 0.76 Eq. (3.18) 

AC log f'c = -1.1 (log VITZ) + 2.71 0.70 Eq. (3.19) 
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When compressive strength is correlated with ITZ-related pore (VITZ), a strong coefficient 

of correlation, R2 in logarithm is only acquired for OPC concrete in all curing conditions, in TC, 

SC and AC, as depicted in Table 3.11, which is summarized from Fig. 3.17 to Fig. 3.19. 

Nevertheless, their strong correlations are not found for concrete incorporating mineral 

admixtures, FA and GGBS. It implies that pore VITZ is not suitable for prediction compressive 

strength of concrete with mineral admixtures. Both of porosity and VITZ can be established to 

predict compressive strength of tap water mixed and seawater mixed concrete. 

   

3.8   Summary  
 
Based on the results of experimental study, several conclusions can be drawn as follows, 

1. Seawater mixed improves the compressive strength up to 365 days of OPC concrete 

and FA concrete compared with tap water mixed concrete in TC, SC and AC. 

2. The effectiveness of seawater mixing on strength enhancement up to 365 days was 

larger for OPC concrete than FA concrete or GGBS concrete.  

3. The effectiveness of seawater mixed on strength performance up to 365 days of OPC 

concrete, FA concrete and GGBS concrete was found in AC followed by SC and TC. 

4. Compressive strength up to 365 days of seawater-mixed and tap water-mixed OPC 

concrete, FA concrete GGBS concrete is not affected by type of curing water, tap water 

or seawater. 

5. Compressive strength up to 365 days of FA concrete and GGBS concrete in TC and SC 

is not influenced by mixing water, tap water or seawater. 

6. Total pore volume (porosity) of seawater-mixed OPC concrete, FA concrete GGBS 

concrete is decreased compared to tap water-mixed in TC, SC and AC. 

7. Pore size distribution of seawater mixed concrete and tap water mixed concrete is not 

affected by type of curing water, tap water or seawater. 

8. The test result of TG-DTA analysis can be a good indicator to evaluate compressive 

strength of seawater mixed concrete and tap water mixed concrete.   

9. Seawater mixing improves the compressive strength of concrete and decreases porosity 

of concrete compared with tap water mixing, not only at short-term exposure (curing) 

but also at long-term, 25-year exposure.   

10. Strength development of tap water mixed concrete and seawater mixed concrete is not 

influenced by the amount of chloride content in 25-year old concrete. 
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CHAPTER 4  DURABILITY OF SEAWATER  MIXED CONCRETE            

AGAINST CARBONATION  
 

 

4.1   Introduction 

One of major factors cause the deterioration of concrete structures is carbonation (4.1) - (4.3). 

Carbonation is the reaction between the hydration products of Ca(OH)2 and C-S-H dissolved in 

the pore water and carbon dioxide, CO2 in the air (4.4). The carbonation process may induce 

corrosion initiation because the surface of steel bars is not passivated anymore due to a drop in 

pH of concrete from approximately 13 to below 9 (4.4), (4.5). The result of carbonation, not only 

initiates corrosion of embedded steel bars, but also liberates bound chloride into pore solution, 

which makes the pore solution even more aggressive (4.6), (4.7).  

Discussions on the carbonation of concrete with and without mineral admixtures have 

been revealed by many studies (4.8) - (4.12). However, the investigation on the carbonation of 

seawater mixed concrete is not explored. In this chapter, carbonation of seawater mixing 

concrete and tap water mixing concrete using binder of Ordinary Portland Cement (OPC), Fly 

Ash (FA) and Ground Granulated Blast-Furnace Slag (GGBS) with water-binder ratio (W/B) of 

40%, 50% and 60% in tap water curing, seawater curing and air curing were investigated. This 

study was conducted to evaluate the effect of seawater mixing, mineral admixtures, water-

binder ratio, curing conditions and exposure conditions on the carbonation resistance of 

concrete. As well known, the carbonation rate of concrete is mainly dependent on the relative 

humidity, the carbon dioxide concentration (CO2), concrete composition and environmental 

temperature where concrete is placed, as mentioned Bertolini et al in 2013 4.13).  

In this study, the chloride ion content of carbonated concrete mixed with seawater was 

also examined in order to investigate the effect mineral admixtures on total chloride ions of 

carbonated seawater-mixing concrete, as well as the influence of carbonation on the chloride 

ion distribution of seawater mixed concrete. It is temporarily expected that the influence of 

mineral admixtures, namely FA and GGBS reduces initial chloride ions of hardened concrete 

mixed with seawater, while the chloride ion distribution of seawater mixed concrete will 

probably be altered by the carbonation process.     
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In addition, 25 years old concrete mixed with seawater and tap water was investigated, 

also. The carbonation rate, chloride ion profile and pore solution of 25 years old concrete 

specimens are presented. In the last section, carbonation of seawater mixed concrete and tap 

water mixed concrete will be verified by its compressive strength and porosity, as revealed in 

the other reference that strength and carbonation may be controlled by porosity (4.14). Besides, 

the compressive strength and porosity results of concrete specimens described in Chapter 3 

will be related to carbonation rate of specimens. This chapter also discusses predicted 

carbonation of seawater mixed concrete and tap water mixed concrete. 

     

4.2   Experimental Procedure 

 

4.2.1 Materials and Mix Proportion 

The used concrete materials in this study are same as the utilized materials in Chapter 3. 

The physical and chemical properties of materials such as binder, aggregate, and mixing water 

(natural seawater) are shown in Table 3.1, Table 3.2 and Table 3.3, respectively. 

 

4.2.2 Series of Mixture and Specimen Preparation 

The series of concrete mixture were investigated in this research is presented in Table 4.1. 

Twenty series of concrete mixtures with water-binder ratio (W/B) of 40%, 50% and 60% using 

tap water (T) and natural seawater (S) as mixing water were prepared by the three type curing 

conditions such as tap water curing (TC), seawater curing (SC) and air curing (AC) in in 20°C, 

60% R.H. were selected as curing conditions. The binder proportions of mixture series were 

OPC concrete (N), 20% FA replacement (2F), 30% FA replacement (3F), 50% GGBS4000 

replacement (B4) and 50% GGBS6000 replacement (B6). While, concrete mix proportions are 

illustrated in Table 3.5 in Chapter 3.   

 

4.2.3 Carbonation Test 
Concrete prism specimens of 10 x 10 x 40 cm in size were de-molded at 24 hours after 

casting then cured in tap water, seawater and in air. After 28 days curing, prism specimens were 
exposed in air within four weeks in 20°C, 60% R.H. controlled room. Afterwards, two concrete 
specimens were coated by epoxy resin on the two longitudinal and transversal sides, then dried 
for 24 hours before they were brought in the accelerated chamber for carbonation (20°C, 60% 
R.H. and 5% CO2 concentrations) and natural outdoor exposure site. The accelerated 
carbonation of concrete was carried out in accordance with JIS A 1153:2003. Photo 4.1 depicts 
accelerated carbonation chamber was used, while natural exposure site is shown in Photo 4.2. 
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After a certain exposure period for 1, 4, 8, 13 and 26 weeks, the specimens were splitted 

then sprayed by a 1% solution of phenolphthalein in ethanol solution onto the concrete surface. 

In the carbonated region, the color of the solution was not alteration (colorless), while in the 

noncarbonated portion, the color solution alters into purple-red. The distance between the color 

change boundary and the concrete surface was measured as the carbonation depth. The 

accelerated carbonation of concrete was measured according to JIS A 1152:2002. Twenty 

readings were recorded from the two side faces of a specimen at 10 mm intervals. The average 

of these readings from two specimens was taken to represent the carbonation depth. 

Table 4.1 Mixture series of concrete specimen 

Mixture W/B 
(%) 

s/a 
(%) 

Mixing 
Water 

Binder Proportion (%) Curing Method 

OPC FA B4000 B6000 TC SC AC 

T40-N 

40% 

45 

Tap water 100 -- -- --  O O 

S40-N Seawater 100 -- -- -- O O O 

T40-2F Tap water 80 20 -- --   O 

S40-2F Seawater 80 20 -- -- O O O 

T40-B4 Tap water 50 -- 50 --   O 

S40-B4 Seawater 50 -- 50 --  O O 

T50-N 

50% 

Tap water 100 -- -- --  O O 

S50-N Seawater 100 -- -- -- O O O 

T50-2F Tap water 80 20 -- --   O 

S50-2F Seawater 80 20 -- -- O O O 

S50-3F Seawater 70 30 -- --  O O 

T50-B4 Tap water 50 -- 50 --   O 

S50-B4 Seawater 50 -- 50 --  O O 

S50-B6 Seawater 50 -- -- 50  O O 

T60-N 

60% 

Tap water 100 -- -- --  O O 

S60-N Seawater 100 -- -- --  O O 

T60-2F Tap water 80 20 -- --   O 

S60-2F Seawater 80 20 -- --  O O 

T60-B4 Tap water 50 -- 50 --   O 

S60-B4 Seawater 50 -- 50 --  O O 
Notation :  

O : The testing was done 
TC : Tap water curing at 20°C. 
SC : Seawater curing at 20°C. 
AC : Air curing at 20°C, 100% R.H. controlled room.  
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Photo 4.1 Accelerated carbonation chamber (20°C, 100% R.H., 5% CO2 concentration) 

  

 

Photo 4.2 Specimens exposed at 20°C, 100% R.H. (upper) and                                          
Specimens carbonated in natural exposure site (bottom) 
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4.2.4 Chloride Ion Content Test 

After one years carbonated in acceleration chamber equipment, several specimens, 

namely S50-N-AC, S50-2F-AC and S50-B4-AC were selected in order to examine chloride ion 

content and chloride ion distribution of seawater mixed carbonated concrete. The uncoated 

surface of concrete prism specimens was cut in 1cm-thick slices, and five slices was prepared 

up to 5 cm in cutting depth. Subsequently, all slice specimens were powdered by using disk mill 

machine then maintained in the sealed plastic. Afterwards, they were through heating and 

vacuum process to become solution state, as depicted in Photo 4.3. Chloride ion content in 

hardened concrete was determined by titration method in accordance with JIS A 1154:2003, 

which was calculated using equation below,  

 

C = V  x 0.0001773 
W x  200

X  x γc                      …………………..  (4.1) 

 

where C is the chloride ion content (kg/m3), V is the titration volume (ml), γc is the density of 

concrete (2300 kg/m3), W is the weight of concrete sample and X is the solution volume (ml). 

Chloride ion content was measured three times in a solution by using titration machine.      

Photo 4.4 describes the potentiomentric titrator instrument was used.  

 

                         
Photo 4.3 Specimen for chloride ion test           Photo 4.4 Potenteiometric Titrator apparatus 
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4.3   Accelerated Carbonation  

 

4.3.1 Accelerated Carbonation Progress  

Fig. 4.1 describes the accelerated carbonation progresses against the exposure period of 

tap water mixed and seawater mixed OPC concrete in water-binder ratio of 60%, 50% and 40%.    

It can be seen that the carbonation progress of seawater mixed concrete was decreased than that 

of tap water mixed concrete in air curing, AC. When seawater-mixed and tap water-mixed OPC 

concrete were cured in seawater curing, SC, they were approximately same in the progress of 

carbonation. Similarly, seawater mixed FA concrete and GGBS concrete were lower than that 

of tap water mixed OPC concrete and GGBS concrete in both AC and SC, as shown in Fig. 4.2 

and Fig. 4.3. However, the carbonation progress of GGBS concrete was higher than that of FA 

concrete in AC in both tap water mixed and seawater mixed. In general, it can be denoted that 

seawater mixing retards carbonation progress of concrete comparing to tap water mixing with 

and without mineral admixtures.  

 

          

 

 Fig. 4.1 Accelerated carbonation progresses of OPC concrete  
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          Fig. 4.2 Accelerated carbonation progresses of FA concrete  

         

Fig. 4.3 Accelerated carbonation progresses of GGBS concrete  

Furthermore, a strong relationship between carbonation depth and exposure period for all 

concrete mixture was obtained, in which the correlation coefficient, R2 values are average 0.92 

in TC, SC, and AC, as summarized in Table 4.2.  This states that the depth of carbonation is a 

linear relation to the square root of the exposure period, and it is not affected by mix proportion, 

type of mixing water, binder type and curing conditions. Thus, the carbonation depth of 

concrete may be estimated by empirical regression equations, as follows 

X = k . √t                                    …………………..  (4.2) 

where X is the carbonation depth of concrete (mm), k is slope related to carbonation rate 

(mm/√t) and t is the exposure period of accelerated carbonation (weeks). This approximate 

equation is mentioned by others references (4.9), (4.13), (4.15) - (4.17).  
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Table 4.2 Relationship between carbonation depth and period (√weeks)  

Mixture Curing 
Condition 

Relationship 

Approximate 
equation 

R2        
value 

Carbonation rate, k         
mm/√weeks 

T40-N 
SC y = 0.3737 x 0.93 0.3737 
AC y = 2.7772 x 0.89 2.7772 

S40-N 
TC y = 0.5039 x 0.95 0.5039 
SC y = 0.4084 x 0.86 0.4084 
AC y = 3.0661 x 0.96 3.0661 

T40-2F AC y = 4.1344 x 0.90 4.1344 

S40-2F 
TC y = 1.4743 x 0.96 1.4743 
SC y = 0.884 x 0.96 0.8840 
AC y = 4.0721 x 0.86 4.0721 

T40-B4 AC y = 5.805 x 0.94 5.8050 

S40-B4 
SC y = 0.7501 x 0.85 0.7501 
AC y = 4.3715 x 0.91 4.3715 

T50-N 
SC y = 1.2924 x 0.97 1.2924 
AC y = 5.7929 x 0.77 5.7929 

S50-N 
TC y = 2.1068 x 0.99 2.1068 
SC y =1.4045 x 0.98 1.4045 
AC y = 3.8007 x 0.81 3.8007 

T50-2F AC y = 7.0579 x 0.85 7.0579 

S50-2F 
TC y = 2.7841 x 0.95 2.7841 
SC y = 2.2502 x 0.99 2.2502 
AC y = 5.257 x 0.83 5.2570 

S50-3F 
SC y = 2.4014 x 0.97 2.4014 
AC y = 6.5767 x 0.92 6.5767 

T50-B4 AC y = 8.8521 x 0.89 8.8521 

S50-B4 
SC y = 2.4983 x 0.99 2.4983 
AC y = 5.3183 x 0.82 5.3183 

S50-B6 
SC y = 1.6138 x 0.90 1.6138 
AC y = 6.5996 x 0.93 6.5996 

T60-N 
SC y = 2.6491 x 0.98 2.6491 
AC y = 6.3498 x 0.95 6.3498 

S60-N 
SC y = 2.837 x 0.96 2.8370 
AC y = 4.7349 x 0.89 4.7349 

T60-2F AC y = 8.4418 x 0.95 8.4418 

S60-2F 
SC y = 4.0555 x 0.97 4.0555 
AC y = 6.4913 x 0.94 6.4913 

T60-B4 AC y = 10.294 x 0.91 10.2940 

S60-B4 
SC y = 4.1088 x 0.97 4.1088 
AC y = 9.1237 x 0.95 9.1237 
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4.3.2 Effect of Seawater Mixing  

Fig. 4.4 depicts the carbonation ratio of seawater mixed to tap water mixed (S/T) in SC 

and AC for both accelerated carbonation and natural exposure carbonation. It was observed that 

carbonation ratio of OPC concrete in SC was approximate line of equality even it was above 

equality line for OPC concrete with 60% W/B (60-N). It means that accelerated carbonation of 

concrete in SC is not affected by type of mixing water, seawater mixed or tap water mixed.  In 

other words, there is almost no effect of seawater as mixing water in SC on carbonation of OPC 

concrete. From this figure, the effect of water-cement ratio, W/C on carbonation resistance of 

sea-water mixed concrete in AC is also acquired, where the lowest carbonation ratio (S/T) is for 

50% followed by 60% and 40% of W/C. The similar phenomenon was also found in the result 

of compressive strength test, in which the strength ratio of seawater-mixed OPC concrete to the 

tap-water mixed OPC concrete in AC is the largest for 50% of W/C followed by 60% and 40% 

of W/C, as described on aforementioned result in Chapter 3. 

            

Fig. 4.4 Carbonation ratio of seawater-mixed concrete to tap water-mixed concrete (S/T) 

Overall, concrete specimens were below the line of equality as they were cured in AC for 

both accelerated and natural exposure carbonation. It implies that seawater mixing decreases 

carbonation rate of concrete compared to tap water mixing in air curing, even though OPC 

concrete in AC with W/C of 40% was more than 1.0 in carbonation rate. This finding 

corresponds with the porosity result of concrete, which total pore structure of concrete mixed 

seawater is lower than that of concrete mixed with tap water, as mentioned on previous chapter 

(Chapter 3). Thereby, penetration of carbon dioxide (CO2) into tap water mixed concrete 

becomes rapid cause of more pore structure compared with seawater mixed concrete. Generally, 

it can be concluded that seawater mixed improves carbonation resistance of concrete with and 

without mineral admixtures.  
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4.3.3 Influence of Curing Condition and Mineral Admixture 

The carbonation rate at 26 weeks of seawater mixed concrete in various curing is shown 

in Fig. 4.5. It can be seen that the rate of carbonation of seawater mixed OPC concrete, FA 

concrete and GGBS concrete in air curing, AC is significantly higher than that in TC and SC. It 

indicates that the carbonation rate of seawater mixed concrete with and without mineral 

admixtures is strongly influenced by curing conditions. This phenomenon can be stated 

logically as cement hydration in AC is not perfectly hydrated, which causes pores structures in 

air curing are larger than water curing, thus CO2 gas easily penetrates into concrete and leads to 

higher carbonation. 

        
Fig. 4.5 Carbonation rate of seawater mixed concrete in various curing conditions  

The influence of type of curing water on carbonation was found, also. The carbonation 

rate of seawater mixed concrete in TC was higher than that in SC. It suggests that seawater 
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may rapidly proceed owing to a smaller amount of CO2 is required to remove all Ca(OH)2 by 

generating carbonation product, CaCO3 (4.19). Second, chemical reaction of mineral admixtures 

is slower leads to pore structure to be higher during the initial stage, thereby accelerating CO2 

becomes faster (4.9), (4.20). This explanation can be evidenced by results of 28-day porosity of 

concrete, as mentioned in Fig. 3.9 on earlier chapter (Chapter 3).                                                                                    

The impact of replacement ratio of FA on the carbonation rate of seawater mixed concrete 

was obtained, also. The carbonation rate of seawater mixed in SC and AC increased with 

increasing FA replacement ratio in accelerated carbonation, as shown in Fig. 4.6. Nevertheless, 

in natural exposure carbonation, a carbonation rate of 20% FA replacement and 30% FA 

replacement was nearly similar. In addition, the rate of carbonation of seawater-mixed 

GGBS4000 (B4000) was reduced compared to GGBS6000 (B6000) in air curing, AC. On the other 

hand, the carbonation rate of B4000 was higher than that of B6000, at the time when it was cured 

in seawater, as depicted Fig. 4.7. It implies that the fineness impact of GGBS on the 

carbonation rate of seawater mixing depends on curing conditions of concrete specimen. 

        
Fig. 4.6 Carbonation rate of seawater mixed concrete in various FA replacement ratios 

 

Fig. 4.7 Carbonation rate of seawater mixed concrete in various GGBS fineness 
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4.3.4 Effect of Water to Binder Ratio 

Fig. 4.8 depicts 26-week carbonation rate of OPC concrete, FA concrete and GGBS 

concrete for both accelerated and natural exposure carbonation in various water to binder ratio, 

W/B. It was observed that the rate of carbonation of seawater mixed and tap water mixed was 

increased with the increasing water-binder ratio. From this result, it can be stated that the 

carbonation rate of seawater mixed OPC concrete, FA concrete and GGBS concrete is 

significantly influenced by water to binder ratio. The larger water-cement ratio is, the larger 

carbonation rate is, which is not affected by mixing water, curing conditions and exposure 

condition. In other words, the carbonation rate of seawater mixed concrete and tap water mixed 

concrete can be restricted by control of water-binder ratio. Even though the carbonation rate of 

concrete in natural exposure carbonation is much lower than accelerated carbonation, the trend 

of relationship between carbonation rate and water-cement ratio is almost similar in both 

accelerated exposure and natural exposure.  

       

 
Fig. 4.8 Carbonation rate of concrete in various water-binder ratio 
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4.4.  Natural Exposure Carbonation   

 

4.4.1 Progress of Natural Exposure Carbonation 

The results of carbonation progress in natural exposure condition at 6 months, 12 months 

and 18 months exposure period for both tap water mixed concrete and seawater mixed concrete 

are described in Fig. 4.9. After 4-week curing in air at 20°C, 60% R.H. controlled room, the 

concrete specimens were placed on the unsheltered exposure site (outdoor) in Itoshisma, 

Fukuoka, Japan, under four seasons, from winter, spring, summer, and autumn. The average 

temperature in the surrounding of concrete specimens was ranging from 7°C to 30°C. From this 

result, it can be seen that the depth of carbonation in natural exposure of seawater mixing was 

also lower than that of tap water mixing. The trend of natural exposure carbonation is the 

similar to accelerated carbonation, where the carbonation depth of OPC concrete is smaller than 

that of FA concrete and GGBS concrete, as expressed in earlier subsection in this chapter. 

        

 

Fig. 4.9 Natural exposure carbonation progresses of concrete specimens  
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4.4.2 Effect of Exposure Conditions 

In this study, the effect of exposure condition on the carbonation of seawater mixed 

concrete and tap water mixed concrete was also obtained. The correlation between 26-week 

accelerated carbonation (Xacc) and 26-week natural exposure carbonation (Xnat) is shown in   

Fig. 4.10. From this figure, it can be seen that accelerated carbonation was seven times higher 

than that of natural exposure carbonation in both seawater mixed and tap water mixed for OPC 

concrete, FA concrete and GGBS concrete. This finding evidences that environmental 

conditions such as humidity, carbon dioxide concentration and temperature where the concrete 

specimen is placed plays important role in the accelerating carbonation rate of tap water mixed 

and seawater mixed concrete with and without mineral admixture. This phenomenon 

corresponds to reference, as mentioned in the aforementioned introduction in this chapter (4.13). 

     

  

Fig. 4.10 Acc. Carbonation at 26 weeks (Xacc) vs. Nat. Exposure carbonation at 26 weeks (Xnat) 
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31mm and 28 mm, respectively. The chloride content of concrete (initial chloride) was 

approximate 3.08 kg/m3. It was calculated by water content of mix proportion (165 kg/m3) and 

chloride concentration of the used natural seawater (18.72 g/L). From this figure, it can be seen 

that chloride content in carbonated region was lowered compared with uncarbonated region. It 

implies that chloride content distribution of seawater mixed concrete is altered by carbonation.       

     

 

 

Fig. 4.11 Chloride content distribution of carbonated seawater mixed concrete  
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In seawater mixed OPC concrete, the amount of chloride content in uncarbonated region 

is linearly increased inward concrete, which is above the level of initial chloride. A similar 

tendency was also obtained in FA concrete and GGBS concrete, but the chloride profile of 

concrete tends stable in uncarbonated region. This result indicates carbonation process enhances 

the chloride content of concrete with and without mineral admixtures. The same phenomenon is 

reported in another reference, not seawater mixing 4.21). This is probably expected to be due to 

the release of bound chlorides in the carbonated region caused by carbonation, as a result, it 

heightens the chloride concentration in that region, as described introduction in this          

chapter (4.6), (4.7). 

Furthermore, the positive effect of mineral admixture, FA and GGBS in reducing  the 

chloride concentration of seawater mixed concrete was also obtained, in which chloride content 

of FA concrete and GGBS concrete was below the initial chloride level (below 3.08 kg/m3). It 

means mineral admixtures improve chloride binding capacity of concrete. The significant 

chloride binding is acquired for GGBS concrete, which can be reduced 19% chloride content 

from the level of initial chloride. This finding is in agreement with the other reference that the 

chemical reaction of chloride ions with hydration products of slag cement increases the chloride 

binding capacity of concrete 4.22).      

 

4.6  Carbonation Resistance of 25-Year Old Concrete Mixed with Seawater 

 

In this study, the carbonation rate, chloride ion distribution and pore solution of 25-year 

old concrete of seawater mixed (SW) and tap water mixed (TW) were evaluated. The existing 

condition of the used concrete specimens, mix proportion and curing condition that subjected to 

the specimens in this section was same as section 3.6 in chapter 3. The carbonation depth of 

cylinder specimens in size of φ150x300 mm were measured according to JIS A 1152:2002, 

while chloride ion content related chloride distribution was tested in specified JIS A 1154:2003. 

As for pore solution analysis of concrete specimens, the dissolved value of Cl-, Na+, K+ and 

Ca2+ ions in the expressed pore solution were determined by ion chromatography, whereas a pH 

value of pore solution was examined by digital pH meter. Experimental procedure for both pore 

solution test and pH test will be explained more detail in the next chapter (chapter 5).     

The carbonation depth and pore solution results of 25-year old concrete specimens are 

summarized in Table 4.3. It can be seen that carbonation depth of seawater mixed concrete was 

lower that that of tap water mixed concrete. The same phenomenon is found for both 26-week 

accelerated carbonation and 18-month natural exposure carbonation, which have been discussed 
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in the aforementioned section in this chapter. It means that the carbonation resistance of 

seawater mixed concrete is improved compared to tap water mixed concrete for both short-term 

exposure and long-term exposure. The carbonation observation result of 25-year old cylindrical 

concrete  specimens is shown in Photo 4.5.  

Furthermore, it was observed that the dissolved content of Cl-, Na+, K+ and Ca2+ ion in 

pore solution of seawater mixed concrete was higher than that of tap water mixed concrete. This 

result is to be logical finding, because seawater mixing contains chloride and alkaline salts. On 

the hand, pH value of seawater mixed concrete was nearly similar to tap water mixed concrete. 

It implies that the pH value in pore solution of 25-year old concrete is not affected by type of 

mixing water, seawater mixed or tap water mixed. From this result, it can also be proven that 

pH value of 11 does not induce carbonation of seawater mixed and tap water mixed concrete. 

   

Table 4.3 Carbonation and pore solution results of 25-year old concrete specimen 

Items 
Test Results of 25-year 

old concrete  

TW SW 

Carbonation depth (mm) 7.5 6.5 

Pore Solution: 

Temperature (°C) 18.20 17.00 

pH 11.03 11.04 

Chloride, Cl (mol/L) 5.53 5.86 

Sodium, Na (mol/L) 3.23 3.78 

Potassium, K (mol/L) 0.11 0.12 

Calcium, Ca (mol/L) 0.05 0.13 

 

Fig. 4.12 shows chloride content distribution of 25-year old carbonated concrete mixed 

with seawater and 25-year old carbonated concrete mixed with tap water. From this figure, it 

can be seen that chloride profile of seawater mixed is the same tendency with chloride profile 

tap water mixed. The influence of carbonation on chloride profile is clearly evidenced that the 

amount of chloride content in the carbonated concrete region tends lower compared with 

chloride content  in the uncarbonated concrete region. It expresses that carbonation process 

increases chloride inward concrete. The similar tendency is obtained in 1-year accelerated 

carbonation of seawater mixed concrete with and without mineral admixtures that has been 

evaluated on the aforementioned section in this chapter. 
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Photo 4.5 Carbonation depth of 25-year old concrete specimens 

 

 

Fig. 4.12 Chloride content distribution of 25-year old carbonated concrete 
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4.7   Discussions 

 

4.7.1 Carbonation-Strength-Porosity Relationship   

Compressive strength vs. Carbonation 

Fig. 4.13 presents the relationship between compressive strength 28 days and 26 weeks 

natural exposure carbonation of concrete specimens. From this figure, it can be seen that 

carbonation rate decreases with an increase in compressive strength. A linearly strong 

relationship was obtained between 28-day compressive strength and 26-week carbonation for 

OPC concrete and FA concrete although it is slightly weak relation in GGBS concrete, which is 

0.71 in the correlation coefficient, R2. It indicates that 28-day compressive strength is a good 

indicator to control carbonation rate of seawater-mixed concrete and tap water-mixed concrete. 

        

 
Fig. 4.13 Relationship between compressive strength and natural exposure carbonation 
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strength can be used as indicator to predict carbonation of seawater-mixed and tap water-mixed 

of FA concrete and GGBS concrete, and it is not affected by type of mixing water, type of 

binder, curing condition (SC or AC) and mix proportion of concrete. In general, it can be 

concluded that relationship between compressive strength and carbonation of seawater mixing 

and tap water mixing is obtained to be valid and it is linear form. This finding is also reported 

by other researches, not seawater mixing (4.9), (4.16), (4.18).  

      

     

          
Fig. 4.14 Relationship between compressive strength and accelerated carbonation 
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Porosity vs. Carbonation 

A relationship between 28-day porosity and 26-week carbonation rate in natural exposure 

test was acquired, as depicted in Fig. 4.15. It observed that a carbonation rate increase with an 

increasing total pore volume (porosity). A strong relationship between 28 days porosity and    

26 weeks natural exposure carbonation was acquired for OPC concrete, which is 0.97 in the 

correlation coefficient, R2. However, concrete with mineral admixtures of FA concrete and 

GGBS concrete, the carbonation-porosity correlation was inadequate, that is less than 0.75 in 

correlation coefficient. The similar trend is also obtained in relationship between 28-day 

compressive strength and 28-day porosity for FA concrete and GGBS concrete in AC, which 

has been mentioned in preceding Chapter 3.  This implies that porosity at 28 days of FA 

concrete and GGBS concrete in AC is not a good indicator to evaluate carbonation of seawater 

mixing and tap water mixing. 

       

 
Fig. 4.15 Relationship between porosity and natural exposure carbonation 
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water mixed OPC concrete in AC and SC can also be estimated by its 28-day porosity. It is 

clear that carbonation of seawater mixed and tap water mixed OPC concrete can be predicted 

by both 28-day compressive strength and 28-day porosity. The applicability of compressive 

strength in controlling carbonation of seawater mixed concrete and tap water mixed concrete 

was more significant than porosity. 

      

        

       

Fig. 4.16 Relationship between porosity and accelerated carbonation 
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4.7.2 Predicted Carbonation of Seawater Mixed 

It has been obtained in the preceding explanation that accelerated carbonation is 

approximately seven times higher than natural exposure carbonation in AC, as illustrated in 

Fig.4.10. This relationship is expressed in a linear equation below,  

 

kacc = 7.46 knat  (OPC-AC)                                 …………………..  (4.3) 

    kacc = 7.67 knat       (FA-AC)                                 …………………..  (4.4) 

  kacc = 7.30 knat  (GBBS-AC)                                 …………………..  (4.5) 

 

where kacc is accelerated carbonation rate (mm/√t) and knat is natural exposure carbonation     

rate (mm/√t). Moreover, it is well known that carbonation of concrete is a linear relation with 

square root of exposure time, √t. Based on approximate equation in Table 4.2 and by using 

Eq.(4.3) to Eq.(4.5), carbonation rate, k of seawater-mixed concrete and tap water mixed 

concrete in naturalistic exposure (in Japans’ climates) is predicted, as summarized in Table 4.4.      

Table 4.4 Predicted carbonation rate, k in various W/B 

Concrete 
Mixture 

Mixing 
water Curing  

Predicted carbonation rate, k 

40% W/B 50% W/B 60% W/B 

OPC 
T AC 2.5 mm/√year 5.5 mm/√year 6.0 mm/√year 

S AC 3.0 mm/√year 3.5 mm/√year 4.5 mm/√year 

FA 
T AC 4.0 mm/√year 6.5 mm/√year 8.0 mm/√year 

S AC 4.0 mm/√year 5.0 mm/√year 6.0 mm/√year 

GGBS 
T AC 5.5 mm/√year 8.5 mm/√year 10 mm/√year 

S AC 4.5 mm/√year 5.5 mm/√year 9.0 mm/√year 

 

From this table, it can evidently be seen that predicted carbonation of seawater mixing is 

generally lower than tap water mixing, though slightly distinguishes in carbonation prediction 

for OPC concrete and FA concrete with 40% W/B. In addition, predicted carbonation rate is 

also increased with increasing W/B, and the largest predicted carbonation is obtained for GGBS 

concrete followed by FA concrete and OPC concrete for both seawater mixed concrete and tap 

water mixed concrete. It indicates that the predicted carbonation of concrete in AC is affected 

by type of mixing water, water-cement ratio and type of binder. 
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In this section, carbonation rate of concrete specimens is also predicted by 28-day 

strength.  The relationship between compressive strength at 28 days (f'c28 days) and accelerated 

carbonation rate in Fig. 4.14(a), Fig. 4.14(c) Fig. 4.14(e) was modified to be a relationship 

between the inverse of compressive strength at 28 days, (f'c28 days)-1. Thus, inverse of 28-day 

compressive strength becomes proportional linear to the accelerated carbonation rate 

(mm/√week), which were obtained 0.88, 0.82 and 0.71 in R2 for OPC-AC, FA-AC and GGBS-

AC, respectively. This relationship is exhibited in equation as follows, 

 

kacc = 137.36 (f’c28 days)-1     (OPC-AC)                                 …………………..  (4.6) 

kacc = 159.86 (f’c28 days)-1       (FA-AC)                                 …………………..  (4.7) 

kacc = 197.05 (f’c28 days)-1  (GBBS-AC)                                 …………………..  (4.8) 

 

By using Eq.(4.6) to Eq.(4.8) related to Eq.(4.3) to Eq.(4.5), predicted carbonation rate, k of 

concrete specimens in natural exposure condition (in Japans’ climates) is calculated. Table 4.5   

presents predicted carbonation based on the value of compressive strength at 28 days. 

Table 4.5 Predicted carbonation rate, k in various compressive strength (f'c28 days) 

Concrete 
Mixture 

Mixing 
water 

Curing 
water 

Predicted carbonation rate, k 

f'c28 days                      
> 40 MPa 

f'c28 days                      
40-30 MPa 

f'c28 days                      
30-20 MPa 

f'c28 days                     
< 20 MPa 

OPC T/S AC 3.5 mm/√year 4.0 mm/√year 5.5 mm/√year 7.0 mm/√year 

FA T/S AC 3.5 mm/√year 4.5 mm/√year 6.0 mm/√year 8.0 mm/√year 

GGBS T/S AC 4.5 mm/√year 5.5 mm/√year 8.0 mm/√year 10 mm/√year 

 

It was observed that the carbonation rate predicted by compressive strength (Table 4.5) 

indicator is not significantly different with predicted carbonation related to the square root of 

exposure time (Table 4.4). Both of predicted carbonation can be established to estimate long-

term carbonation of tap water mixed concrete and seawater mixed concrete in AC.  
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4.8   Summary  
 
The following conclusions can be drawn in this experimental study, 

1. Seawater mixing decreases carbonation depth of concrete with or without mineral 

admixtures in AC. 

2. The rate of carbonation of OPC concrete in SC is not affected by type of mixing water, 

tap water mixing or seawater mixing. 

3. The carbonation rate of seawater mixed concrete in SC with and without mineral 

admixtures was smaller than that in TC. 

4. Mineral admixtures increased carbonation rate of seawater mixed concrete in all curing 

conditions, TC, SC and AC. 

5. The carbonation rate of seawater mixed concrete with and without mineral admixtures 

is strongly affected by water-binder ratio, in TC, SC and AC. 

6. The accelerated carbonation of tap water mixed and seawater mixed of concrete with 

or without mineral admixtures was approximately seven times higher than that of 

natural exposure carbonation. 

7. Carbonation process altered chloride profile of seawater mixed concrete with or 

without mineral admixtures and enhances the chloride content of concrete, as well. 

8. Seawater mixed improved carbonation resistance of concrete compared with tap water 

mixed not only at short-term exposure, but also at long-term, 25-year exposure. 
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CHAPTER 5  DURABILITY OF SEAWATER  MIXED CONCRETE 
AGAINST ALKALI-SILICA REACTION 

 

 

5.1   Introduction 

It has been described in the previous chapter that sodium chloride (NaCl) is a major alkali 

salt in seawater. The presence of alkali salts in seawater able to potentially cause deterioration 

of concrete structures containing reactive aggregates that is widely known as mechanism of 

alkali-silica reaction (ASR). Alkali-silica reaction may induce serious damage of concrete 

structures, even the reinforcing steel bars embedded in concrete were broken by expansive 

pressure due to ASR (5.1).     

Discussions on the influence of salt water or NaCl (deicing salt) on expansion of concrete 

due alkali-aggregate reaction have been reported by lots of researchers. Some papers stated that 

the expansion of mortar and concrete due to ASR is promoted in seawater and NaCl solution 
(5.2)-(5.5). Meanwhile, it is revealed that the addition of one percent or less specific salts such as 

Li salts or Na salts reduce expansion in mortars containing high alkali cement and a reactive 

Pyrex glass (5.6). Thus, study of alkali-silica expansion of seawater mixed concrete was done in 

order to discuss the effect of alkali salt in seawater mixed concrete on ASR-affected expansion. 

In this chapter, expansion behaviors of seawater mixed concrete or tap water mixed 

concrete due to alkali-silica reaction are presented. The effects of seawater mixing, curing 

conditions and mineral admixtures on ASR-related expansion of concrete were evaluated. As 

known, expansion of concrete is affected by curing conditions as reported by previous 

researchers (5.7)-(5.9). Also, efficacy of mineral admixtures is well understood in mitigating 

expansion due to ASR (5.10)-(5.12).  

In addition, several investigations such as engineering properties, pore solution and 

internal crack observation were also carried out to prove deterioration of concrete specimen by 

ASR. The effect of ASR expansion on concrete engineering properties, the relationship of 

“relation between engineering properties and ASR-affected expansion” and the evaluation of 

chemical concentration of pore solution of seawater mixed concrete affected by ASR are 

discussed. 
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5.2   Experimental Program 

 

5.2.1 Materials 

Three types of cementitious material (binder) such as Ordinary Portland Cement (OPC), 

Fly Ash (FA) and Ground Granulated Blast-Furnace Slag (GGBS) were used, specified in Japan 

Industrial Standard (JIS). The chemical composition of binders is described in Table 5.1, while 

the physical properties of materials are presented in Table 5.2.  

Table 5.1 Chemical composition of binders 

Binder 

Chemical Composition (mass %) 

Ignition 
loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 MnO Total 

OPC 1.97 20.7 5.28 2.91 64.3 1.31 2.14 0.23 0.31 0.28 0.25 0.09 99.70 

FA  3.70 58.9 21.00 3.73 6.07 1.29 0.50 0.42 1.75 0.83 0.74 0.04 99.01 

GGBS 0.33 34.1 14.20 0.31 43.8 5.32 -- 0.21 0.31 0.60 0.01 0.19 99.38 

Table 5.2 Physical properties of materials 

Material Physical Properties 

Ordinary Portland Cement Density, g/cm3                                                 3.16 
  Specific Surface Area, cm2/g                                                          3330 
Fly Ash (Type II) Density, g/cm3                                                 2.32 
  Specific Surface Area, cm2/g                                                          4310 
Ground Granulated Blast-Furnace Slag Density, g/cm3                                                 2.91 
  Specific Surface Area, cm2/g                                                          4060 
Coarse reactive aggregate, GR Density (SSD), g/cm3                                                 2.59 
(Crushed andesite stone) Max. Size, mm 20 
  Water absorption, % 2.75 
Coarse non-reactive aggregate, GN Density (SSD), g/cm3                                                 2.7 
(Crushed lime stone) Max. Size, mm 20 
  Water absorption, % 0.55 
Fine aggregate Density (SSD), g/cm3                                                 2.53 
(Washed sea sand) Water absorption, % 1.61 
AEWR agent Density, g/cm3  at 20°C        1.25 
(Polycarboxylate ether)     
Superplasticizer Density, g/cm3  at 20°C        1.08 
(Polycarboxylate ether)     
Air entraining agent, AE Density, g/cm3  1.04 
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(a) Andesite                           (b) Limestone                           (c) Sea sand 

Photo 5.1 Coarse and fine aggregate for ASR concrete mixture  

 
Fig. 5.1 Result of chemical test of andesite reactive aggregate (5.13) 

 

Photo 5.1 illustrates coarse reactive aggregate, coarse non-reactive aggregate (limestone) 

and fine aggregate (washed sea sand) were used. In regard with reactive aggregate, crushed 

Andesite stone was selected which was produced in Ooyama, in Kyushu district, Japan. The 

alkali-silica reactivity of this reactive aggregate was evaluated according with JIS A 1145. The 

amount of dissolved silica (Sc) and reduction alkalinity (Rc) were 620 mmol/l and 185 mmol/l, 

respectively. The result of chemical test is shown in Fig. 5.1. 

In this study, seawater (natural seawater) was utilized as mixing and curing water, where 

was taken in seaside in Itoshima, Fukuoka prefecture, Japan. The chemical composition of 

natural seawater is given in Table 5.3. 

Table 5.3 Chemical composition of seawater (natural seawater) 

Specific 
Gravity pH 

Chemical Composition (g/l) 

Cl- SO4
2- Ca2+ Mg2+ K+ Na+ 

1.02 8.39 19.29 2.54 0.40 1.30 0.36 10.60 
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5.2.2 Series Mixture and Mix Proportion 

Table 5.4 depicts concrete specimen series that were evaluated in this research. Ten series 

of concrete mixtures with water-binder ratio of 50% using tap water (T) and seawater (S) as 

mixing water were prepared. Binder proportion of mixture series was OPC (N), FA (F) and 

GGBS (B), with replacement ratio of FA and GGBS were 30% and 50% by mass of cement, 

respectively. Two types mixture were prepared, that is mixtures without alkali addition (only 

seawater mixing) and mixtures with additional alkali (additional NaOH solution). Moreover, 

three curing conditions such as tap water curing (TC), seawater curing (SC) and moisture 

curing (MC) were selected as curing conditions.  

Table 5.4 Series of ASR concrete specimen 

Mixture W/B 
(%) 

s/a 
(%) 

Mixing 
Water 

Additional 
Alkali  

Binder Proportion Curing Method 

OPC FA GGBS TC SC MC 

T-N 

50 45 

Tap water -- 100% -- --   O O 

S-N Seawater -- 100% -- -- O O O 

S-F Seawater -- 70% 30% --   O O 

S-B Seawater -- 50% -- 50%   O O 

T-N-3 Tap water 3.00 kg/m3 100% -- --     O 

T-N-4 Tap water 4.82 kg/m3 100% -- --     O 

T-N-7 Tap water 7.78 kg/m3 100% -- --     O 

S-N-3 Seawater 3.00 kg/m3 100% -- --     O 

S-F-3 Seawater 3.00 kg/m3 70% 30% --     O 

S-B-3 Seawater 3.00 kg/m3 50% -- 50%     O 

Notation :  
O : The testing was done 

TC : Immersed in tap water at 40°C, 100% R.H. 

SC : Immersed in Seawater at 40°C, 100% R.H. 

MC : Moisturized with wet towel (tap water) at 40°C, 100% R.H.  

Regarding mix proportion of ASR concrete specimen, the used reactive aggregate was 

designed by the pessimum proportion, as presented in Table 5.5. The pessimum is a 

characteristic phenomenon on ASR, which a certain amount of reactive aggregate can achieve 

maximum level of expansion (5.14). As revealed by previous researchers that pessimum 
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proportion of reactive aggregate in mortar or concrete is shown at approximately 30% 

proportion by total aggregate (5.14), (5.15). Thus, the rate of reactive coarse aggregate (GR) in 

concrete mixture were added 30% of total coarse aggregate content, whereas 70% proportion 

was non-reactive aggregate (GN).  

Furthermore, three sources of alkali (Na2Oeq) were considered as initial alkali in concrete 

mixture. The amount of binder alkali, seawater-mixed alkali and additional alkali (NaOH) is 

summarized in Table 5.6. 

 

5.2.3 Specimen Preparation  

Cylindrical concrete specimens in size of φ100x200 mm were demolded at 24 hours after 

casting then they wrapped with wet towel (tap water). Subsequently, they were stored in sealed 

plastic bag before they were cured in controlled temperature room at 20°C, 60% R.H., as shown 

in Photo 5.2. After 28 days moist curing, the longitudinal surfaces of cylindrical specimen were 

sketched, afterwards two pairs of brass metal chip were set with CN-E adhesive then surround 

of metal chip was sealed with epoxy. Fig. 5.2 illustrates ASR concrete specimen that used in 

this research. 

Table 5.5 Mix proportion of ASR concrete specimen 

Mixture 

Unit Content (kg/m³) Fresh Properties 

W 
Binder 

S 

Coarse 
Aggregate 

WR  AE              
(ltr) Sp                       NaOH       Slump 

(cm) 
Air        
(%) 

Temp. 
(°C) 

OPC FA GGBS GR GN 

T-N 160 320 - - 790 307 721 1.2 1.4 - - 6.0 4.5 17.0 

S-N 163 326 - - 788 306 719 1.4 1.4 - - 4.8 4.5 18.0 

S-F 163 228 98 - 773 301 706 1.4 2.0 - - 9.5 3.5 17.5 

S-B 163 163 - 163 782 304 714 1.6 1.3 - - 6.5 4.0 18.0 

T-N-3 160 320 - - 790 307 721 1.7 1.5 - 3.9 5.0 4.5 17.5 

T-N-4 160 320 - - 790 307 721 - 0.6 8.0 6.2 3.0 4.2 21.5 

T-N-7 160 320 - - 790 307 721 - 0.6 9.6 10.0 1.5 4.5 21.5 

S-N-3 163 326 - - 788 306 719 1.9 1.6 - 3.9 6.0 4.5 17.5 

S-F-3 163 228 98 - 773 301 706 1.8 2.5 - 3.9 8.0 4.5 21.0 

S-B-3 163 163 - 163 782 304 714 1.8 1.7 - 3.9 7.0 5.5 21.0 
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Table 5.6 Alkali content in the concrete mixture (Initial alkali) 

Mixture 

Alkali in Concrete, Na2Oeq (kg/m³)  

Binder Seawater 
Mixed 

Additional 
Alkali 

Total 
Alkali OPC FA GGBS 

T-N 1.4    - - - 1.4  

S-N 1.4    - 4.8  - 6.2  

S-F 1.0  1.5  - 4.8  - 7.3  

S-B 0.7  - 0.7  4.8  - 6.1  

T-N-3 1.4  -  
- 3.0  4.4  

T-N-4 1.4  - - - 4.8  6.2  

T-N-7 1.4  - - - 7.8  9.2  

S-N-3 1.4  - - 4.8  3.0  9.2  

S-F-3 1.0  1.5  - 4.8  3.0  10.3  

S-B-3 0.7  - 0.7  4.8  3.0  9.1  

 

 

         

Photo 5.2 Initial curing of ASR specimen (28 days), left; specimen moisturized with      
wet towel, right; specimen cured at 20°C, 60% R.H. 

 

As for curing method of ASR specimen, three types of curing conditions were prepared, 

in which cylinder specimens were immersed in tap water and in seawater, while other 

specimens was moisturized by wet towel (tap water). All concrete specimens were placed in 

sealed container and maintained in tap water curing (TC), seawater curing (SC) and moisture 

curing (MC) in 40°C, 100% R.H. accelerated chamber. Curing conditions of ASR specimen and 

accelerated chamber are presented in Photo 5.3 and Photo 5.4, respectively. 
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Fig 5.2 ASR concrete specimen 

       

Photo 5.3 Curing conditions, left; tap water curing (TC), middle; seawater curing (SC)                   
right; moist curing (MC) 

 

5.2.4 Compressive Strength and Modulus of Elasticity Test 

Compressive strength and modulus of elasticity were carried out in order to evaluate 

influence of alkali-silica expansion on concrete properties. Concrete specimens were tested at 

28 days after moist curing in controlled room at 20°C, 60% R.H. as initial measurement, as well 

as after expansion observation was finalized at 32-week or 1-year after curing in 40°C, 100% 

R.H. accelerated chamber in three curing conditions. Compressive strength and elastic modulus 

of three cylindrical concrete specimens were measured according with JIS A 1108:2006 and  

JIS A 1149:2010, respectively. 

H = 200 mm

Base length ± 100 mm
Brass metal chip
EpoxyDot for contact gauge

D
 =

 1
00

 m
m
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Photo 5.4 Accelerated chamber (40°C, 100% R.H.) 

5.2.5 Nondestructive Test 

Concerning the nondestructive test, Ultrasonic Pulse Velocity (UPV) and Dynamic 

modulus of elasticity (Ed) were selected to examine the quality of ASR-affected concrete. By 

using these methods, internal cracking and other defects in concrete due to aggressive chemical 

environment able to be detected (5.16).   Ultrasonic pulse velocity, V is calculated using Eq. (5.1) 

in accordance with ASTM C 597-02 as follows, 

V = L
T

                                              …………………..  (5.1) 

where V is ultrasonic pulse velocity in m/s, L is distance between centers of transducer face 

(length of specimen) in m and T is transit time in second, s.  

Meanwhile, dynamic modulus of elasticity (Ed) was tested according to JIS A 1127: 2010, 

which is calculated using Eq. (5.2) below, 

                              Ed=4.00 x 10-3 L
A

 mf2
2                                 …………………..  (5.2) 

where,  Ed : Dynamic modulus (N/mm) 
  L   : Length of specimen (mm) 

A  : The cross-section area (mm2) 
m  : Mass of specimen (kg) 
f   : Resonant frequency (Hz)  
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Three concrete cylinder specimens in three curing conditions were measured by ultrasonic pulse 

velocity and dynamic modulus test, which was periodically observed at a certain period up to  

1-year, whereas dynamic elastic modulus test were conducted before compressive strength at 

32-week or 1-year. Photo 5.5 and Photo 5.6 point out nondestructive apparatus were used. 

 

Photo 5.5 Ultrasonic pulse velocity apparatus 

 

 

Photo 5.6 Dynamic elastic modulus apparatus 

 

5.2.6 Expansion Test 

The Initial length of concrete specimens was tested before they were cured in 40°C, 100% 

R.H. accelerated chamber. Two pairs of pasted metal chip of a cylindrical specimen were 

measured by contact gauge method with base length was about 100 mm in accordance with              
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JIS A 1129-2:2010 as illustrated in Photo 5.7. Length change of specimens was measured at 

20°C after precooling, and four readings were recorded of a concrete specimen. As for 

precooling step, specimens were kept for 24 hours in controlled temperature room at 20°C. 

Expansion of specimens was observed periodically up to 32-week or 1-year period. The average 

expansion of three specimens was determined for each concrete mixture in three curing 

conditions, in TC, SC and MC. 

 

5.2.7 Pore Solution Test 

The purpose of this test is to evaluate expansion of concrete specimens related to pore 

solution chemistry and. In this test, the ion compositions of Na+, K+, Ca2+, Cl- and pH in pore 

solution were analyzed.   

a. Acquisition of pore solution 

After the final expansion measurement at 32-week or 1-year period, some specimens were 

selected for pore solution test. At the middle of cylindrical specimen was cored, then pore 

solutions’ specimens of 45 mm in diameter and 100 mm in length were prepared. Afterwards, 

the specimens were placed in the pore solution expression apparatus as described in Photo 5.8. 

The apparatus was loaded in a compressive strength machine at a constant rate, which the load 

was kept for 3 to 5 minutes at an incremental load was 100 KN. When the load level has 

achieved a value between 1300 KN and 1500 KN, the load was maintained for 5 to 10 minutes. 

Under the applied load, the pore solution was absorbed by injection through small plastic hose, 

then it began to flow drain and solution could be collected in a centrifugal plastic tubes 2 ml. 

After that, two to three ml of pore solution could be obtained for following analysis. 

 

Photo 5.7 Contact gauge apparatus (base length ± 100 mm) 
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b. Analysis of pore solution 

In pore solution analysis, the dissolved content of Na+, K+, Ca2+, Cl- ions in the expressed 

pore solution were determined by ion chromatography (Dionex, DX-120). At the same time, the 

pH value of pore solution was measured by digital pH meter as presented in Photo 5.9.  

 

Photo 5.8 Apparatus for expressing the pore solution 

 

Photo 5.9 Digital pH meter apparatus 
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5.2.8 Internal Crack Observation 

Internal crack observation was done to verify phenomenal crack of inside concrete 

specimens by ASR expansion. Several concrete cylinder specimens were chosen, then splitted 

in the longitudinal direction of cylindrical specimen, followed by vacuumed dry. After 

vacuumed dry for 15 minutes, then the splitted concrete surface was filled with fluorescent 

resin, which was flowed through small hose in vacuum container, as presented in Photo 5.10. 

The ratio of main fluorescent resin to hardened resin was 7:1, and it was used ethanol to lower 

viscosity of fluorescent resin. After filled resin, specimens were removed out of vacuum 

container, then it exposed in air. At 24 hours after exposure, the specimen surface was polished 

to remove the excess of filled fluorescent resin. After polishing, the internal cracks of each 

specimen were observed by an ultraviolet light (UV light) irradiation. The appearance photo of 

specimen in UV light irradiation is shown in Photo 5.11.  

                        

Photo 5.10 Specimen preparation of internal crack observation, left; vacuum container 
apparatus, right; specimen filled with fluorescent resin 

 

Photo 5.11 Internal crack observation in ultraviolet light irradiation  
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5.3   Expansion Characteristics  

 

5.3.1 Effect of Seawater Mixing and Curing Conditions  

Expansion of ASR concrete was periodically observed up to 1-year or 40-week, which 

was measured at a certain period. The results of expansion observation of tap water mixed 

concrete and seawater mixed concrete are presented in Fig. 5.3. It was observed that seawater 

mixed OPC concrete induced expansion by ASR in all curing conditions. Meanwhile, the ASR 

expansion of tap water mixed OPC concrete did not occur in both SC and MC. This may be 

caused by the amount of alkali in concrete, which was 1.4 kg/m3 alkali amount (0.43% of 

cement mass), thus it is insufficient to promote alkali-silica expansion in concrete.This behavior 

also suggests that the influence of external alkali in seawater curing does not lead to concrete 

expansion by ASR when the amount of alkali in concrete is not sufficient. In other words, the 

effect of alkali on the expansion due to ASR is more significant in seawater mixing (internal 

alkali) than that in seawater curing (external alkali). 

The effect of curing conditions on alkali-silica expansion of seawater mixed OPC 

concrete was also found, in which expansion of concrete specimens were larger in MC than that 

in water curing, in TC and SC. It is probably expected by leaching of alkali in concrete as 

concrete specimens were cured in water curing. The same tendency is also mentioned by the 

other researcher (5.9). The effect of curing conditions on accelerating the expansion of seawater 

mixed OPC concrete were also obtained. The expansion process of concrete specimens was 

more rapid in MC than that TC and SC. Thus, it can be suggested that expansion of seawater 

mixed concrete is more accelerated in moisture curing compared with in water condition. This 

tendency is probably expected to be due the distinct moisture circumstance of concrete 

specimen, which moisture condition in moist curing (with wet towels) is more adequate than 

that in water curing, accordingly.   

Furthermore, it was observed that the expansion of seawater mixed concrete was 

accelerated in TC compared to SC. However, the expansion value of concrete specimens up to 

1-year observation in both TC and SC was not significantly different.  Thereby, it can be stated 

that expansion characteristics of seawater mixed concrete are not significantly influenced by 

type of curing water, TC and SC. This is a distinct tendency as revealed by previous research, 

that ASR expansion of concrete cured in seawater or salty water was higher than in fresh water, 

not seawater mixing (5.7), (5.8). Generally, it can be expressed that curing condition also plays 

important role in expansion characteristics of seawater-mixed concrete affected by ASR. 
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Fig. 5.3 Expansion of concrete specimens in various curing mehods 

 
Fig. 5.4 Expansion of seawater mixed concrete in various mineral admixtures 

 

5.3.2. Effect of Mineral Admixtures  

Fig. 5.4 describes the effect of mineral admixtures on ASR expansion of seawater mixed 

concrete in both SC and MC. The impact of mineral admixtures in inhibiting expansion by ASR 

was obtained, expansion of seawater mixed concrete up to 1-year periods were reduced by 

replacement of 30% FA and 50% GGBS. The effectiveness of mineral admixtures in reducing 

expansion of seawater mixed concrete was accomplished for FA concrete compared to GGBS 

concrete. The same finding is stated by previous study (5.17). This is supposed, owing to the 

influence of the ratio Ca/Si, which Ca/Si ratio of FA concrete is lower than that of Ca/Si ratio of 

GGBS concrete (see Table 5.1). As known that the lower Ca/Si ratio of C-S-H phase is the 

higher alkali absorbed on C-S-H is, then expansion level was possibly decreased (5.5), (5.7). 
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Fig. 5.5 Expansion of concrete specimens in various alkali contents 

 

5.3.3. Effect of Additional Alkali 

ASR-induced concrete expansion of tap water mixed and seawater mixed was affected by 

the amount of total alkali content, as illustrated in Fig. 5.5. The expansion was increased with 

the increasing total alkali content, It can be seen that expansion level of seawater mixed OPC 

concrete  (S-N-MC) was lower than tap water mixed OPC concrete (T-N-4-MC) with the same 

amount of alkali, 6.2 kg/m3 (Alk 6.2). Expansion of S-N-MC was lower than T-N-3-MC with 

total alkali content 4.4 kg/m3 (Alk 4.4). This result exhibits that effect alkali on ASR expansion 

of concrete is more deleterious in additional alkali (NaOH) than alkali in seawater mixing.  

In addition, no potentially deleterious expansion of seawater mixed FA concrete and 

seawater mixed GGBS concrete with alkali addition of 3 kg/m3 was observed. The effectiveness 

of FA concrete in reducing expansion of seawater mixed concrete was attained, also. The 

evaluating effectiveness of mineral admixtures in mitigating expansion by ASR is affected by 
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many factors (5.5), (5.11). In the next section of this chapter, the influence of alkali addition and 

mineral admixtures on concrete expansion will be discussed in the view point of pore solution. 

 

5.4   Engineering Properties 
 
5.4.1 Compressive Strength and Modulus of Elasticity 

a. Compressive strength  

Compressive strength of ASR-affected concrete with and without alkali addition is 

depicted in Fig. 5.6. It was observed that the compressive strength of seawater mixed OPC 

concrete up to 52-week curing was hardly increased  in  all curing conditions, in TC, SC and 

MC. Meanwhile, seawater mixed FA concrete and seawater GGBS concrete were significantly 

raised in compressive strength up to 52 weeks in both SC and MC. It suggests that FA concrete 

and GGBS concrete are effective in improving strength of seawater mixed concrete affected by 

ASR. In other word, the hydration process of cement incorporating mineral admixtures in 

seawater mixed concrete continuously reacts and its hydrated reaction is not influenced by ASR.  

 

 
Fig. 5.6 Compressive strength of concrete specimens 
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Furthermore, it was found that the initial compressive strength (0-week) of tap mixed 

concrete was decreased with increasing amount of initial alkali of concrete. The alkali addition 

of 3 kg/m3 NaOH lowered initial strength of ASR-related concrete for both tap water mixing 

and seawater mixing. However, no significant influence in changing compressive strength of 

ASR-expanded OPC concrete was observed.  

Moreover, the impact of additional alkali of 3 kg/m3 NaOH on strength enhancement of 

seawater mixed FA concrete and seawater mixed GGBS concrete was obtained, which were 

also considerably enhanced in compressive strength up to 32-week from 0-week. It means that 

cement replacement of 30% by FA and 50% by GGBS is established to improve compressive 

strength of concrete mixed seawater affected by ASR. This tendency possibly corresponds with 

observation result of seawater mixed FA concrete and seawater mixed GGBS concrete, which 

were not expansion by ASR.      

 

 

 
Fig. 5.7 Elastic modulus of concrete specimens 
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b. Modulus of elasticity  

Fig. 5.7 describes elastic modulus of tap water mixed concrete and seawater mixed 

concrete affected by ASR. It could be seen that modulus of elasticity up to 52-week of seawater 

mixed OPC concrete was sharply decreased in all curing conditions. Similarly, tap water mixed 

concrete and seawater mixed OPC concrete with additional alkali were significantly reduced at 

32-week elastic modulus in MC.  It is clearly that modulus of elasticity of tap water mixed and 

seawater mixed OPC concrete was affected by ASR expansion.  In contrast, elastic modulus of 

FA seawater-mixed concrete and GGBS seawater-mixed concrete were raised up to 52-week, 

but no altered elastic modulus up to 32 weeks was acquired in seawater mixed GGBS concrete 

with additional alkali (S-B-3).  

The impact of alkali addition and amount of alkali on modulus of elasticity of seawater 

mixed concrete and tap water mixed concrete were also observed, which no significant change 

in initial elastic modulus at 0-week (initial measurement) was obtained. It indicates that initial 

elastic modulus of tap water mixed concrete and seawater mixed concrete is not affected by 

amount of initial alkali of ASR-affected concrete. In general, it can be concluded that modulus 

of elasticity seawater mixed FA and seawater GGBS concrete are not affected by ASR even it is 

increased in elastic modulus up to 1-year in there curing conditions, TC, SC and MC. 

c. Stress-strain relationship  

The relationship between compressive stress and compressive strain of tap water mixed 

concrete and seawater mixed concrete affected by ASR is illustrated in below figures. Based on 

Fig. 5.8 (b) could be seen that stress-strain curves of seawater OPC concrete was significantly 

altered in three curing conditions. The strain of concrete was increased over up to average 0.004 

(4000µε) from about 0.002 (2000µε), but strain characteristic of seawater mixed FA concrete 

and seawater mixed GGBS concrete was nearly stable in approximately 2000µε as pointed out 

in Fig. 5.8 (c) and Fig. 5.8 (d).  

Furthermore, the influence of ASR on stress-strain curves was also found for tap water 

mixed concrete and seawater mixed concrete with additional alkali of 3 kg/m3, which the trendy 

of its stress-strain curves was similar to seawater mixed concrete without alkali addition as 

demonstrated in Fig. 5.8 (e) and Fig. 5.8 (f). From these results, it can be concluded that tap 

water mixed concrete and seawater mixed concrete affected by the ASR expansion lead to 

strains over and weakening of concrete. This tendency is also reported in another reference, not 

seawater mixed (5.18).   
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Fig. 5.8 Stress-strain relationship of concrete specimens  
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5.4.2 Ultrasonic Pulse Velocity and Dynamic Modulus  

Ultrasonic pulse velocity (UPV) was periodically measured up to 32-week or 1-year 

curing. The results of the ultrasonic pulse velocity test are presented in Fig. 5.9. As seen in this 

figure, the UPV of seawater mixed OPC concrete specimens affected by ASR expansion tended 

to go down by curing period in all curing conditions, in TC, SC and MC. It expresses that the 

expansion of seawater mixed OPC concrete due to ASR decreases pulse velocity of concrete, 

accordingly. In addition, it was also observed that when the values of pulse velocity were going 

down, it indicated that expansion process or cracking process in concrete due to ASR had taken 

place, the acquired expansion value of concrete specimens was approximately 0.05%.  

 

  

 

Fig. 5.9 Ultrasonic pulse velocity (UPV) of concrete specimens 
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compared with in water curing (TC and SC). On the other hand, the impact of curing water, TC 

and SC on pulse velocity of seawater mixed OPC concrete was not evident, which no 

significant distinction of pulse velocity result was derived. This tendency result is in agreement 

with expansion result of seawater mixed concrete, as previously mentioned.   

In contrast with OPC concrete, in seawater mixed FA concrete and seawater mixed 

GGBS concrete were increased in pulse velocity during 1-year observation period. The 

effectiveness of mineral admixture in increasing pulse velocity was obtained for seawater-

mixed FA concrete compared to seawater-mixed GGBS concrete in both curing, SC and MC. It 

is clear that when expansion and internal cracking occur in concrete, then pulse velocity of 

concrete will be decreased, as aforementioned expansion results that seawater mixed FA 

concrete and seawater GGBS concrete were not expanded. Thus, it can be concluded that the 

ultrasonic pulse velocity able to be used for detecting the expansion of seawater mixed concrete 

by ASR. The same conclusion is also stated by another researcher, not seawater mixed (5.19).  

       

Fig. 5.10 Ultrasonic pulse velocity (UPV) of concrete in various alkali content 

Fig 5.10 depicts pulse velocity results of tap water mixed and seawater mixed concrete 

with the alkali addition of 3 kg/m3. It showed that pulse velocity of tap water mixed concrete 
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of alkali content is the increasing of the deteriorated degree of concrete. Also, the values of 

pulse velocity of tap water mixed concrete were lower than that of seawater mixed concrete 

under a similar amount of alkali for both specimens with additional alkali (T-N-4, T-N-7 and  

S-N-3) and specimen without the alkali addition (S-N). It means that the deleterious effect of 
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Fig. 5.11 Dynamic modulus (Ed) of concrete  specimens 

 

  Also, the effectiveness of mineral admixtures on pulse velocity of seawater mixed 

concrete with the alkali addition of 3kg/m3 was obtained. The ultrasonic pulse velocity values 

of seawater-mixed FA concrete and seawater-mixed GGBS concrete was slightly increased 

from 0-week to 8-week period, then both of mixed were relatively stable up to 32-week 

observation period in MC. Based on pulse velocity results, it can be deduced that FA and 

GGBS does not lead to deterioration of concrete mixed with seawater  due to ASR. 

Furthermore, the dynamic modulus (Ed) of ASR concrete specimens was only tested once 

during the observation period, which were observed after final expansion measurement, before 

compressive strength test of concrete specimens was done. The results of dynamic modulus of 

concrete mixtures are represented in Fig. 5.11. It can be seen that concrete specimens 

deteriorated by ASR trended lower in dynamic modulus. It also observed that there is 

interrelated between dynamic modulus and pulse velocity of all concrete specimens, which 

obtained trendy between dynamic modulus values and pulse velocity values are nearly similar. 

This gives an expression that concretes’ dynamic modulus can also be used to evaluate 

deterioration of ASR-affected concrete.  These results will be verified more detail on their 

correlation in the next subsection in this chapter. 
      

5.4.3 Strength-UPV- Modulus of Elasticity Relationship 

Table 5.7 shows the results summary of engineering properties of ASR-affected concrete, 

whereas the relationship among them are shown in Fig. 5.12 to Fig. 5.15. A good relationship 

was obtained of “ relation between dynamic modulus and UPV”, “relation between strength 
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and UPV”, “relation between strength and dynamic modulus” and “relation between strength 

and elastic modulus” of all ASR concrete for both seawater mixing and tap water mixing in MC 

with and without mineral admixtures. The relationship is expressed by following equations, 

                              Ed=26.93 V - 88.66                                   …………………..  (5.3) 

                              f'cm=53.32 Ed  - 198.98                                   …………………..  (5.4) 

                              f'cm=1.943 V  - 22.151                                   …………………..  (5.5) 

                                f'cm=1.138 Ec  - 16.674                                    …………………..  (5.6) 

 

Table 5.7 Engineering properties of concrete specimens 

Mixture Strength 
(MPa) 

EC                
(GPa) 

UPV 
(km/sec) 

ED      
(GPa) 

Curing 
Period 

T-N-MC 51.20 35.47 4.83 41.694 40W 

S-N-MC 42.52 12.26 4.59 33.797 40W 

S-F-MC 67.76 41.78 4.95 44.460 40W 

S-B-MC 63.91 40.24 4.92 43.118 40W 

T-N-3-MC 35.55 13.03 4.35 30.590 32W 

T-N-4-MC 27.36 14.29 4.33 24.475 32W 

T-N-7-MC 25.48 17.57 4.19 24.401 32W 

S-N-3-MC 34.47 17.14 4.34 29.801 32W 

S-F-3-MC 57.29 36.62 4.79 41.921 32W 

S-B-3-MC 58.66 33.02 4.72 38.576 32W 

T-N-SC  45.94 32.70 4.88 40.268 52W 

S-N-TC  41.95 12.12 4.72 29.085 52W 

S-N-SC  34.37 12.65 4.70 25.797 52W 

S-F-SC 61.21 40.44 4.95 43.290 52W 

S-B-SC 58.24 38.83 4.91 41.242 52W 

 

From these relationships, it can be stated that the strong correlation among engineering 

properties of ASR concrete is not influenced by types of mixing water (seawater mixed and tap 

water mixed), binder types (OPC, FA and GGBS), amount of alkali and deteriorated degree 

(expansion level) by ASR. In addition, it indicates that compressive strength of seawater mixed 

concrete and tap water mixed concrete affected by ASR expansion may be estimated by its 

pulse velocity, dynamic modulus and elastic modulus.  
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Fig. 5.12 UPV-Dynamic modulus relationship 

 
Fig. 5.13 Strength-UPV relationship 

 

Fig. 5.14 Strength- Dynamic modulus relationship 
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Fig. 5.15 Strength- Elastic modulus relationship 

 

5.4.4 Effect of ASR Expansion on Concrete Properties 

The summarized results of concrete properties such as compressive strength, elastic 

modulus, ultrasonic pulse velocity and dynamic modulus of concrete specimens affected by 

ASR are presented in Table. 5.8. The percentage loss of concrete properties was calculated 

with Eq. (5.7). In calculating percentage loss of dynamic modulus, initial measurement of 

specimen was estimated by using Eq. (5.3).   

 

% Loss = Final measurement -Initial  measurement
Final measurement   x 100%       …………………..  (5.7) 

Generally, all concrete specimens damaged by ASR were lowered in elastic modulus (Ec), 

pulse velocity (UPV) and dynamic modulus (Ed). However, the influence of ASR-induced 

expansion on compressive strength was not evident whether the compressive strength of 

concrete was decreased by ASR expansion. The most degradation of concrete properties owing 

to ASR was found for elastic modulus of concrete, which its average percentage loss was more 

than 50 percent. Meanwhile, the percentage loss in pulse velocity and dynamic modulus were 5 

percent and 16 percent, respectively. Although percentage loss of ASR concrete was lowest in 

ultrasonic pulse velocity, it was a good indicator to control characteristics expansion of concrete 

due to ASR. From the results, it can be concluded that modulus of elasticity, pulse velocity and 

dynamic modulus test are a good to verify concrete damage by ASR. The correlation among 

them will be discussed in the subsection in this chapter.  
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Table 5.8 Effect of ASR expansion on concrete properties 

Mixture Curing 
Method 

Curing Period 
(week) 

Expansion 
(%) 

Percentage loss (%) 

Strength  EC   UPV ED * 

T-N MC 40W 0.007 < 1 < 1 < 1 < 1 

S-N MC 40W 0.229 < 1 56.84 < 1 < 1 

S-F MC 40W 0.006 < 1 < 1 < 1 < 1 

S-B MC 40W 0.029 < 1 < 1 < 1 < 1 

T-N-3 MC 32W 0.275 < 1 55.69 4.46 8.44 

T-N-4 MC 32W 0.290 < 1 52.43 3.96 23.28 

T-N-7 MC 32W 0.288 < 1 40.12 5.95 19.73 

S-N-3 MC 32W 0.273 10.37 47.73 4.85 11.33 

S-F-3 MC 32W 0.004 < 1 < 1 < 1 < 1 

S-B-3 MC 32W 0.050 < 1 < 1 < 1 < 1 

T-N SC 52W 0.003 < 1 < 1 < 1 < 1 

S-N TC 52W 0.198 < 1 57.35 < 1 12.62 

S-N SC 52W 0.207 15.92 55.48 < 1 22.50 

S-F SC 52W 0.002 < 1 < 1 < 1 < 1 

S-B SC 52W 0.004 < 1 < 1 < 1 < 1 

  * estimated 

 

5.5 Pore Solution 

 After expansion measurement was finalized, several ASR concrete specimens were 

tested by pore solution, and results of the pore solution test are depicted in Table 5.9.  The 

amount of alkali ion concentration (Na+ and K+) in pore solution was corverted in sodium oxide 

equivalent (Na2Oeq), as expressed by following equation (5.20). 

 
                              Na2Oeq  =  Na2O + 0.658 K2O                            …………………..  (5.8) 

Fig 5.16 represents the relation between initial alkali in concrete and  alkali in pore 

solution by using Eq. (5.8). It was exhibited that alkali concentration in pore solution of OPC 

concrete was increased by increasing the initial alkali for both seawater mixed and tap water 

mixed. Otherwise, seawater mixed concrete incorporating mineral admixtures reduced alkali 

concentration in pore solution. The efficacy of mineral admixtures in reducing alkali ions 
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concentration was achieved in seawater mixed FA concrete compared to seawater mixed GGBS 

concrete. This result is clear due to low Ca/Si ratio of FA concrete as expected in 

aforementioned presumption, which was also revealed by another reference that alkali binding 

was improved as its Ca/Si ratio decreased (5.21). 

 

Table 5.9 Chemical concentration in pore solution of concrete specimens 

Mixture °C pH OH-* 
(mmol/L) 

Pore Solution (mmol/L) 

Cl  Na K Ca  Na2Oeq* 

T-N-MC 13.6 13.5 330 5.7 121.5 28.0 2.6 371.9 

S-N-MC 15.1 13.3 206 84.0 290.8 29.3 1.2 830.3 

S-F-MC 16.0 13.3 196 151.1 271.8 54.9 1.3 819.7 

S-B-MC 16.2 13.3 210 78.8 285.9 25.2 1.1 810.7 

T-N-3-MC 14.0 13.6 398 1.1 272.1 17.3 1.4 760.9 

T-N-4-MC 17.1 13.4 272 1.0 316.1 16.2 0.7 877.7 

S-N-3-MC 14.0 13.4 278 167.3 602.5 37.8 2.2 1684.0 

S-F-3-MC 15.9 13.5 295 311.5 464.7 53.7 1.0 1337.8 

    * calculated 

 

Furthermore, from the results in Fig. 5.17 were observed  that associated hydroxyl ions 

(OH-) of tap water mixed OPC concrete  (T-N) was higher than that of seawater mixed OPC 

concrete (S-N), while alkali ions (Na+ and K+) and chloride ions (Cl-) of seawater mixed was 

larger than that of tap water mixed, certainly. The trend indicates that hydroxyl ions in pore 

solution are decreased by chloride ions (Cl-) of seawater mixed concrete. This phenomenon is 

contradictory as mentioned by Kawamura et.al in 1994, that Cl- ions played an important role in 

increasing OH- ions concentration in pore solution (5.3).  

Moreover, in the same amount of initial alkali for both seawater mixed OPC concrete    

(S-N) and tap water mixed OPC concrete with alkali addition (T-N-4)  was gained different 

concentration in pore solution, in which alkali ions and hydroxyl ions of seawater mixed 

concrete was lower than that of tap water mixed OPC concrete. This tendency is supposed to be 

due to different alkali solution of both NaOH solution and seawater mixing. As known that 
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NaOH solution is a strong alkali with pH reading of approximately 13, whereas NaCl as a 

majority compound in seawater is a neutral salt with pH reading of 8.4, as shown in Table 5.3. 

In addition, the influence of incorporating FA in decreasing pH or hydroxyl ions of 

seawater mixed concrete was not evident. pH in pore solution of seawater mixed FA concrete 

(S-F) and seawater mixed OPC concrete (S-N) were almost similar, even seawater mixed FA 

concrete with additional alkali (S-F-3) was slightly higher than that of seawater mixed OPC 

concrete (S-N-3) in pH.  This is a different fact as stated by others researches that incorporating 

FA in concrete decreased pH in pore solution, not seawater mixed (5.7), (5.14), (5.22). Generally, no 

relationship between alkali ions concentration and hydroxyl ions in pore solution was obtained. 

 

 

Fig. 5.16 Alkali of concrete (initial alkali) v.s Alkali in pore solution  

 

  

Fig. 5.17 Alkali concentration vs. pH in pore solution 
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5.6 Internal Crack Observation 

After completing expansion measurement, one of cylindrical concrete specimen of some 

mixtures was evaluated by internal crack observation in order to prove concrete damage due to 

ASR. The observed result of ASR concrete specimens is summarized in Table 5.10, whereas its 

internal crack circumstance is described in Photo. 5.13.  

Table 5.10 Result of external and internal crack observation of ASR concrete specimens 

Mixture Curing /  
Period (week) 

Expansion 
(%) 

External Crack 
Observation on 

Specimen Surface  

Internal Crack Observation 

On Aggregate On Cement Paste 

T-N MC - 40W 0.007 No  detected 
crack 

No detected 
crack 

No detected 
crack 

S-N MC - 40W 0.229 Cracks                        
(max. 0.3 mm) Cracks  Cracks  

S-F MC - 40W 0.006 No  detected 
crack 

No detected 
crack 

No detected 
crack 

S-B MC - 40W 0.029 No  detected 
crack 

Few                
micro cracks 

No detected 
crack 

S-F-3 MC - 32W 0.004 No  detected 
crack 

Few                    
micro cracks 

No detected 
crack 

S-B-3 MC - 32W 0.050 No  detected 
crack 

A few               
micro cracks 

No detected 
crack 

 

From the internal observation result of seawater mixed OPC concrete (S-N), it was 

evidently seen that alkali-silica expansion caused cracking concrete through the volume of 

concrete due to expansive pressure of silica gel, as generally mentioned in the expansion 

mechanism of concrete due to ASR. Meanwhile, concrete defects owing to ASR of seawater 

mixed FA concrete (S-F) and seawater mixed GGBS concrete (S-B) were hardly found, 

although a few micro cracks was resulted in seawater mixed GGBS concrete with alkali 

addition (S-B-3). This observation exhibits that mineral admixtures (FA and GGBS) are 

effective to inhibit expansion of seawater mixed concrete by ASR. This result is an agreement 

with the aforementioned results related to expansion characteristics and engineering properties 

results of ASR concrete.        
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Photo 5.12 External and internal crack observation of concrete specimens 
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5.7   Discussions 

 

5.7.1 Relation between Expansion and Pore Solution 

As explained in the aforementioned section in this chapter that seawater mixing OPC 

concrete reduced alkalinity (pH) in pore solution compared to tap water mixed OPC concrete. 

However, no relationship between expansion level and pH in pore solution was clearly found 

on OPC concrete in both tap water mixed and seawater mixed, as shown in Fig. 5.18. On the 

other hand, it was observed that the expansion of OPC concrete was raised by raising alkali in 

pore solution, as pointed out in Fig. 5.19. This situation indicates that the expansion mechanism 

by ASR of seawater mixed OPC concrete is highly influenced by alkali ions (Na+ and K+) 

compared with a pH value in pore solution. In other words, alkali ions in seawater mixing plays 

an important role against the expansion of OPC concrete, although its alkalinity (pH) is low. 

Furthermore, the verifying alkali ions and pH in pore solution on expansion of concrete 

incorporating mineral admixtures were unclear. It could be seen that amount of alkali ions in 

pore solution of seawater-mixed FA concrete (S-F) or seawater-mixed GGBS concrete (S-B) 

were the same as seawater mixed OPC concrete (S-N), while deleterious expansion was 

significantly mitigated in seawater mixed GGBS concrete, even it was not taken place in 

seawater mixed FA concrete. A similar tendency was also obtained for pH in pore solution. 

Hence, it can be suggested that there is no relationship between alkali ions and pH in pore 

solution and expansion level of seawater mixed FA concrete and seawater mixed GGBS 

concrete. The impact of mineral admixtures on ASR-affected expansion is mainly attributed to 

alkali depletion in pore solution, as explained in aforementioned section, as well. This present 

results are in agreement with the other researcher, not seawater mixed (5.23).   

 

Fig. 5.18 Expansion vs. pH in pore solution 
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Fig. 5.19 Expansion vs. Alkali in pore solution 

 
Fig. 5.20 Expansion vs. Ca(OH)2 concentration in pore solution 
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when the content of Ca(OH)2 in the system was very little and expansion was less, alkali-silica 

reaction was really inhibited by mineral admixtures (5.25).  From the obtained results of Ca(OH)2 

content in pore solution and expansion level of concrete specimens can be concluded that 

mineral admixtures such as FA and GGBS may effectively prevent deterioration of seawater 

mixed concrete due to ASR.     

 

5.7.2 Expansion Controlled by Engineering Properties  

Fig. 5.21 to Fig. 5.24 illustrated the good correlation between concrete expansion and 

engineering properties of seawater mixed concrete or tap water mixed concrete such as 

compressive strength, elastic modulus, pulse velocity and dynamic modulus, which were used 

final data measurement (see Table. 5.7 and Table. 5.8). It was clearly seen, concrete specimens 

tended increase in engineering properties as expansion level was decreased or when concrete 

expansion was inhibited, the acquired correlation coefficient R2 were more than 0.87. Based on 

these results may be concluded that expansion of seawater mixed concrete and tap water mixed 

concrete affected by ASR able to be controlled by its engineering properties.  

In regard with control deterioration by ASR of seawater mixed concrete and tap water 

mixed concrete, expansion level of concrete specimens was considered based on relationship 

“expansion - pulse velocity” and “expansion - dynamic modulus”, as illustrated in Fig. 5.23 and 

Fig. 5.24. Both of relationship were appropriate to evaluate ASR-deteriorated concrete, because 

both of them can detect concrete defects without destructing of specimen. The deteriorated 

evaluation of ASR-induced concrete from the viewpoint of engineering properties is depicted in 

Table 5.11.   

Furthermore, based on evaluation of deteriorated seawater mixed concrete due to ASR, 

then durability issue of seawater mixed concrete related to ASR will be evaluated in the next 

chapter, Chapter 6. In that chapter, durability assessment from the viewpoint of strength 

performance, carbonation and alkali-silica reaction of seawater mixed concrete will be 

discussed, some considerations regarding utilization of seawater mixed in concrete production 

will be recommended, as well. 
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Fig 5.21 Relation between expansion and compressive strength  

 

Fig 5.22 Relation between expansion and modulus of elasticity 

 

Fig 5.23 Relation between expansion and UPV 
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Fig 5.24 Relation between expansion and dynamic modulus 

 

Table 5.11 Deteriorated control of ASR-affected concrete by UPV and ED (W/B of 50%)  

Proposed 
assessment 

Expansion 
level 

Control value 

UPV (km/sec) ED (GPa) 

Innocuous < 0.05 % > 4.8 > 40 

Unclear 0.2 % - 0.05% 4.5 - 4.8 31 - 40 

Deleterious > 0.2% < 4.5 < 31 
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5.8   Summary  
 
Based on the results of the experimental study, some summary can be drawn as follows, 

1. Seawater mixed OPC concrete causes expansion due to ASR in all curing conditions, 

in MC, SC and TC.  

2. The ASR expansion of seawater mixed OPC concrete was larger in MC than that in 

water curing, SC or TC. No significant difference in the expansion of seawater mixed 

OPC concrete was obtained between TC and SC. 

3. Mineral admixtures such as FA and GGBS inhibited the expansion of seawater mixed 

concrete due to ASR in both SC and MC.  

4. Influence of alkali on ASR-affected concrete was more deleterious in additional alkali 

(NaOH) than that of the alkali in seawater mixing, with the same amount of alkali. 

5. No relationship between of alkali ions (Na+ and K+) concentration and hydroxyl ions 

(OH-) in pore solution was obtained for all concrete mixtures. Seawater mixed concrete 

decreases hydroxyl ions (OH-) in the pore solution. 

6. The expansion mechanism by ASR of seawater mixed OPC concrete is considerably 

influenced by alkali ions compared with a pH value in the pore solution. 

7. No relationship was found between alkali ions, pH and Ca(OH)2 in pore solution and 

the concrete expansion level of seawater mixed concrete with mineral admixtures. 

8. The expansions of seawater mixed concrete and tap water mixed concrete affected by 

ASR are able to be controlled by its engineering properties. 
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CHAPTER 6  EVALUATION OF SEAWATER  MIXED CONCRETE FROM 
THE VIEWPOINT OF STRENGTH AND DURABILITY 

 

 

6.1   Introduction 

It has been mentioned in the aforementioned chapter that common cause of concrete 

deterioration by chemical mechanism is alkali aggregate reaction (AAR), while carbonation 

may lead to reinforcement corrosion of concrete structures. Both carbonation and AAR degrade 

the durability of concrete structures. Besides that, the quality of concrete such as strength 

strongly  influences  resistance of structures against corrosion  (6.1), (6.2). For instance, concrete 

with a higher  compressive strength and lower porosity would be expected to have a higher 

resistivity and support a lower corrosion rate (6.3). 

In this chapter, the evaluation of seawater mixed concrete from the viewpoint of 

compressive strength, carbonation and alkali-silica reaction is discussed. The evaluation is done 

to provide recommendations related to utilization of seawater mixing in the concrete production. 

The recommendations are considered based on the results of the experimental research were 

conducted  and review literatures and codes in regard to durability assessment of concrete. The 

corrosion possibility corrosion of seawater mixed concrete related to the chloride threshold 

level is also discussed.      

 

6.2   Review of Literature and Codes for Assessment of Durability 

 

The environmental factors such as temperature, humidity, CO2 concentration and 

chloride ion concentration directly affects deterioration of concrete structures, that will 

distinguish depending on the environmental exposure where concrete structures are placed. 

Table 6.1 shows recommendations (informative) regarding minimum compressive strength 

should be required in accordance with European Standard EN 206-1. The exposure classes are 

defined on the basis of environmental conditions. Thus, the required strength is considered in 

an exposure class to which the concrete structure is exposed. The values in this table were 
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evaluated for an intended service life of 50 years, the use of portland cement and maximum 

aggregate size between 20 mm and 32 mm. 

Table 6.1 Recommendation for limiting values for composition and properties of    
concrete in relation to exposure classes according to EN 206-1 (6.4) 

Exposure class Maximum      
W/C 

Minimum 
strength class 

Minimum cement 
content (kg/m3) 

No risk of corrosion or attack X0 -- C12/15 -- 
Carbonation-induced  corrosion XC1 0.65 C20/25 260 
  XC2 0.60 C25/30 280 
  XC3 0.55 C30/37 280 
  XC4 0.50 C30/37 300 
Chloride-induced  XS1 0.50 C30/37 300 
corrosion seawater XS2 0.45 C35/45 320 
  XS3 0.45 C35/45 340 
Chloride-induced   XD1 0.55 C30/37 300 
corrosion - Cl- other  XD2 0.55 C30/37 300 
than seawater XD3 0.45 C35/45 320 

Description of the environment : 
1 -  No risk of corrosion or attack 
X0  For concrete without reinforcement 

 For concrete with reinforcement: very dry 
2 -  Corrosion induced by carbonation 

 Concrete containing reinforcement is exposed to air and moisture 
XC1 Dry or permanently wet 
XC2 Wet, rarely dry  
XC3 Moderate humidity  
XC4 Cyclic wet and dry  

3 -  Corrosion induced by chlorides other than from seawater 

 
Concrete containing reinforcement is subjected to contact with water containing chlorides and 
deicing salts 

XD1 Moderate humidity  
XD2 Wet, rarely dry  
XD3 Cyclic wet and dry  

4 -  Corrosion induced by chlorides from seawater 

 Concrete containing reinforcement is subjected to contact with chlorides from seawater 
XS1 Exposed to airborne salt but not in direct contact with seawater 
XS2 Permanently submerged 
XS3 Tidal, splash and spray zones 

 

Table 6.2 describes a minimum value of concrete cover depth to protect corrosion of steel 

bars, specified in Eurocode 2. The minimum values ranging from 10 mm for a dry environment 

up to 55 mm for prestressing steel in chloride related to environments. These values should be 

increased by 10 mm to obtain the nominal cover depth.    
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Table 6.2 Minimum values for concrete cover depth to corrosion protection of steel,       

according to Eurocode 2 and exposure classes N 206-1, service life of 50 years (6.5) 

Action Exposure 
class 

Minimum cover thickness (mm) to 

Reinforcing steel Prestressing steel 

No risk X0 10 10 
Carbonation-induced corrosion XC1 15 25 

 XC2, XC3 25 35 
  XC4 30 40 
Chloride-induced  corrosion XS1, XD1 35 45 
  XS2, XD2 40 50 
  XS3, XD3 45 55 

 

The chloride level in concrete should be limited to avoid corrosion initiation of the 

reinforcing steel due to a certain amount of chlorides. Thus, the chloride threshold is analyzed 

to evaluate corrosion possibility of steel bars owing to chloride ion content in seawater mixed 

concrete. Brown (1980) has reported that the possibility of corrosion can be evaluated as 

negligible, probable and certain based on the level of chloride ion concentration, as depicted in 

Table 6.3 (6.6).   

Table 6.3 Chloride threshold value (6.6) 

Chloride-ion concentration 
(weight % of cement) 

Possibility of 
Corrosion 

< 0.4 Negligible 

0.4 - 1.0 Possible 

1.0 - 2.0 Probable 

> 2.0 Certain 

 

6.3   Durability Assessment Related To Carbonation and ASR 

 

Table 6.4 presents recommendation for minimum concrete cover depth to protect 

carbonation-induced corrosion of seawater-mixed OPC concrete, FA concrete and GGBS 

concrete in AC for Japan’s climate. It was calculated based on predicted carbonation shown in 

Table 4.4.  The cement content values were obtained from Table 3.5, whereas the derived 

minimum strength is in Table 3.6. From this table, it can be seen that the minimum cover depth 

of seawater mixed concrete is strongly affected by cement content and type of binder.  
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Table 6.4 Recommendation (informative) for minimum cover depth to protect carbonation-
induced corrosion of seawater mixed concrete in AC, service life of 50 years and 100 years 

Minimum Cover Thickness (mm) for Japan's climate 

Water-binder ratio (W/B) 40% 50% 60% 

Cement content (kg/m3) 410 330 280 

Strength min., f'c (MPa) 35 25 20 

Service life 50 years 100 years 50 years 100 years 50 years 100 years 

S-OPC-AC 20 30 25 35 30 45 

S-FA-AC 30 40 35 50 40 60 

S-GGBS-AC 30 45 40 55 65 90 

 

 Table 6.5 illustrates the summary results of ASR-affected expansion of seawater mixed 

concrete, which has been discussed in Chapter 5. It can be seen that FA and GGBS improve 

the durability of seawater mixed concrete against ASR-affected expansion in SC and MC. This 

result is a major finding (novelty) regarding a study of seawater mixed concrete since 1974 

referring to a reference (Nishida et al 2013) (6.7).   

Table 6.5 Summary results of ASR-affected expansion of seawater mixed concrete 

Mixture 
Results of ASR Assessment 

TC SC MC 

S-OPC, 50%W/B Expanded Expanded Expanded 

S-FA, 50%W/B -- Inhibited Inhibited 

S-GGBS, 50%W/B -- Inhibited Inhibited 

 

Table 6.6 Possibility of corrosion of steel bar based on chloride threshold value 

Cover Depth 
(mm) 

Possibility of corrosion (chloride ion, % mass) 

S50-OPC-AC S50-FA-AC S50-GGBS-AC 

30 Possible (0.91) Possible (0.88) Possible (0.77) 

40 Possible (0.97) Possible (0.89)  Possible (0.80) 

50 Probable (1.02) Possible (0.81) Possible (0.69) 
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Furthermore, Table 6.6 presents the possibility of corrosion of steel bars based on the 

chloride threshold value of concrete mixed with seawater. The chloride-ion concentration  was 

calculated according to the value of chloride ion distribution of carbonated seawater mixed 

concrete in AC, as shown in Fig 4.11, then it was assessed based on Table 6.3. From this table, 

it can be concluded that all concrete mixed with seawater in AC is possible corrosion based on 

chloride threshold value consideration.  

 

6.4   Discussion and Recommendations 

 

Table 6.7 depicts limitation values for applicability of seawater mixed OPC concrete 

from the viewpoint strength (f’c). It was considered based on compressive strength results in 

Table 3.6 and limitation value for strength properties in accordance with EN-206-1 (Table 6.1). 

It can be seen that strength, f’c of seawater mixed OPC concrete with 40% W/C and 50% W/B 

in both SC and AC  was adequate in all exposure classes. However, for W/C of 60% is 

inadequate for (XD1, XD2 and XD3) and carbonation-induced corrosion with moderate 

humidity and cyclic wet dry (XC3 and SC4). From this result， it is considered that the 

applicability of seawater mixed OPC concrete with 60% W/C in both chloride-induce 

corrosion-seawater exposure (XS) and chloride-induce corrosion-Cl- other than seawater 

exposure (XD) is not adequate.   Hence, the maximum 50% W/C is recommended with 

additional countermeasure at the steel surface into concrete.  

Table 6.7 Summary for applicability of seawater mixed OPC concrete from                      
the viewpoint of strength in relation to exposure classes (Based on Table 6.1)  

Water-binder ratio (W/C) 40% 50% 60% 

Cement type OPC OPC OPC 

Mixing water Seawater  Seawater  Seawater  

Strength, f'c (MPa) 50 40 35 35 25 25 

Curing condition SC AC SC AC SC AC 

X0 O O O O O O 
XC1 - XC2 O O O O O O 
XC3 - XC4 O O O O X X 
XS1 - XS3 ∆ ∆ ∆ ∆ X X 
XD1 - XD3 ∆ ∆ ∆ ∆ X X 

Notation : 
O : Adequate;  X : Inadequate 
∆ : Adequate with additional countermeasure against steel corrosion 
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As for applicability of seawater mixed concrete from the point of view of carbonation-

induced corrosion, the recommendation result in Table 6.4 and recommendation of Eurocode 2 

in Table 6.2 are increased by 10  mm to acquire the nominal cover depth. From this result, it is 

considered that the optimal design for concrete cover depth in order to protect corrosion due to 

carbonation is obtained for 50% W/B in all concrete mixtures of seawater mixed OPC concrete 

(S-OPC-AC), seawater mixed FA concrete (S-FA-AC) and seawater mixed GGBS concrete   

(S-GGBS-AC) for service life of 50 years. The minimum of nominal cover depth related to 

carbonation-induced corrosion for S-OPC-AC, S-FA-AC and S-GGBS-AC in all exposure class 

(XC1, XC2, SC3 and SC4) is 40 mm, 45 mm and 50 mm, respectively.    

In regard to durability of seawater mixed concrete against alkali-silica reaction (ASR), it 

is clearly obtained in Table 6.5 that seawater mixed OPC concrete is expanded by ASR. Thus,  

the applicability of seawater as mixing water for OPC concrete containing reactive aggregate 

should be avoided because it is deteriorated by ASR. Hence, replacement of cement by FA 30% 

and GGBS 50% of seawater mixed concrete is recommended to inhibit concrete damage due to 

ASR.  

 

Fig. 6.1 Indicative value of the maximum chloride content (% mass of cement) that      
can be reached at the surface of reinforcement before corrosion initiates with 
some additional protection measures (6.1) 

 
Referring to assessment of corrosion possibility in Table 6.6, it was obtained that  

seawater mixed OPC concrete, FA concrete and GGBS concrete in AC are possible to corrode 

steel bars in concrete due to the chloride ion from seawater mixing.  By considering possible 

corrosion of reinforcing bars of seawater mixed concrete in AC related to chloride content , the 
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author would like to recommend to use epoxy coated steel bar or stainless steel bar for 

countermeasure reinforcing corrosion in seawater mixed concrete, as described in Fig. 6.1.  

6.5   Summary  
 
Based on the evaluation of experimental study and consideration of current codes, some 

recommendations are proposed related to evaluation of seawater mixed concrete as follows, 

1. By considering limitation values of strength characteristic (f’c), for seawater mixed 

OPC concrete, the maximum W/C of 50% is recommended with additional 

countermeasure at the steel surface into concrete. 

2. The 50% W/B is the optimal design for concrete cover depth to protect corrosion due 

to carbonation for service life of 50 years. The minimum of nominal cover depth for 

service life of 50 years is recommended 40 mm, 45 mm and 50 mm for S-OPC-AC,     

S-FA-AC and S-GGBS-AC, respectively.  

3. The utilization of seawater as mixing water for OPC concrete containing reactive 

aggregate should be avoided because it is deteriorated by ASR. Hence, the replacement 

of cement by FA 30% and GGBS 50% in seawater mixed concrete is recommended to 

inhibit concrete damage due to ASR. 

4. By considering the possibility of corrosion of reinforcing bars of seawater mixed 

concrete in AC related to chloride content, it is recommended to use epoxy coated steel 

bar or stainless steel bar for corrosion resistance in concrete mixed with seawater. 

5. Based on investigation results on seawater mixing concrete, it can be concluded that 

seawater may be used as mixing water for plain concrete and reinforced concrete from 

the viewpoint of strength development, carbonation resistance and ASR damage. 
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CHAPTER 7  CONCLUSION AND FUTURE WORK 
 
 
7.1   Conclusions 

 

Investigation of seawater mixed concrete was carried out and the evaluation on strength 

development, durability issue related to carbonation and alkali-silica reaction, ASR has been 

discussed. Also, the recommendation on the applicability of sea water as mixing water in 

concrete production is proposed. The results of each study are concluded as follows,  

Chapter 3. In this chapter, strength development and pore structures of seawater mixed 

or tap water mixed OPC concrete, FA concrete and GGBS concrete with W/B of 40%, 50% and 

60% in tap water curing (TC), seawater curing (SC) and air curing (AC) were evaluated up to 

365 days. Besides, strength performance of 25-year old concrete mixed with seawater was also 

investigated. The results showed that seawater mixed improves the compressive strength up to 

365 days of OPC concrete and FA concrete compared with tap water mixed concrete in TC, SC 

and AC, and the effectiveness of seawater mixing on strength enhancement up to 365 days was 

larger for OPC concrete than FA concrete or GGBS concrete. Moreover, compressive strength 

up to 365 days of FA concrete and GGBS concrete in TC and SC is not influenced by mixing 

water, tap water or seawater. Meanwhile, the compressive strength up to 365 days of seawater 

mixed and tap water-mixed OPC concrete, FA concrete GGBS concrete is not affected by type 

of curing water, tap water or seawater. 

As for pore structures result, it was obtained that total pore volume (porosity) of seawater-

mixed OPC concrete, FA concrete GGBS concrete is decreased compared to tap water-mixed in 

TC, SC and AC, and pore size distribution of seawater mixed concrete and tap water mixed 

concrete is not affected by type of curing water, tap water or seawater. Likewise, seawater 

mixing improves the compressive strength of concrete and decreases porosity of concrete 

compared with tap water mixing, not only at short-term exposure (curing) but also at 25-year 

long-term exposure. In addition, strength development of tap water mixed concrete and 

seawater mixed concrete is not influenced by the amount of chloride content in 25-year old 

concrete. 
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Chapter 4. The carbonation of seawater mixing concrete and tap water mixing concrete 

using binder of Ordinary Portland Cement (OPC), Fly Ash (FA) and Ground Granulated Blast-

Furnace Slag (GGBS) with W/B of 40%, 50% and 60% in tap water curing, seawater curing 

and air curing were investigated. Also, 25 years old concrete mixed with seawater and tap water 

were evaluated. The results exhibited that seawater mixing decreases carbonation depth of 

concrete with or without mineral admixtures in AC, and the carbonation rate of seawater mixed 

concrete in SC with and without mineral admixtures was smaller than that in TC. Mineral 

admixtures increased carbonation rate of seawater mixed concrete in all curing conditions, TC, 

SC and AC. Furthermore, the accelerated carbonation of tap water mixed and seawater mixed  

concrete with or without mineral admixtures was approximately seven times higher than that of 

natural exposure carbonation. Besides that, seawater mixed improved carbonation resistance of 

concrete compared with tap water mixed not only at short-term exposure, but also at 25-year 

long-term exposure. 

Chapter 5. In this chapter, study on expansion behaviors of seawater mixed concrete or 

tap water mixed concrete with 50% W/B due to alkali-silica reaction (ASR) were conducted. 

The effects of seawater mixing, curing conditions and mineral admixtures on ASR-related 

expansion of concrete were evaluated. The investigation of pore solution was also carried out to 

verify deterioration of concrete due to ASR. Results denoted that seawater mixed OPC concrete 

causes expansion due to ASR in all curing conditions, in TC, SC and MC. Besides, the effect of 

curing conditions on ASR expansion of seawater mixed OPC concrete was larger in MC than 

that in water curing, SC or TC, and no significant distinction in the expansion level of seawater 

mixed OPC concrete was obtained in TC and SC. Mineral admixture such as FA and GGBS 

inhibited the expansion of seawater mixed concrete due to ASR in both SC and MC. In addition, 

influence of alkali on ASR-affected concrete was more deleterious in additional alkali (NaOH) 

than that of the alkali in seawater mixing, with the same amount of alkali. 

In regard to pore solution, it was found that no relationship between of alkali ions       

(Na+ and K+) concentration and hydroxyl ions (OH-) in pore solution was obtained for all 

concrete mixtures. However, hydroxyl ions in pore solution are decreased by chloride ions (Cl-) 

of seawater mix OPC concrete. Besides that, the expansion mechanism by ASR of seawater 

mixed OPC concrete is considerably influenced by alkali ions compared with a pH value in 

pore solution. 

Chapter 6. The evaluation of seawater mixed concrete from the viewpoint of strength, 

carbonation and ASR was done in order to provide recommendations related to utilization of 

seawater mixing in the concrete production. The evaluation results pointed out that By 
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considering limitation values of strength characteristic (f’c), for seawater mixed OPC concrete, 

the maximum 50% W/C is recommended with additional countermeasure at the steel surface 

into concrete. Furthermore, the replacement of cement by FA 30% and GGBS 50% in seawater 

mixed concrete is recommended to use for inhibiting concrete damage due to ASR. Moreover, 

the minimum of nominal cover depth related to carbonation-induced corrosion for service life 

of 50 years was 40 mm, 45 mm and 50 mm for S-OPC-AC, S-FA-AC and S-GGBS-AC, 

respectively. By considering possible corrosion of reinforcing bars of seawater mixed concrete 

in AC related to chloride content, it is recommended to use epoxy coated steel bar or stainless 

steel bar for corrosion resistance in concrete mixed with sea water. Finally, it can be concluded 

that seawater may be used as mixing water for plain concrete and reinforced concrete from the 

viewpoint of strength development, carbonation resistance and ASR damage. 

 
7.2   Future Work 

 
In this study, strength development up to 365 days of seawater mixed GGBS concrete in 

water curing, TC and SC was slightly lower than tap water mixed GGBS concrete. A positive 

result was obtained in the evaluation of durability related to carbonation and ASR of seawater 

mixed concrete. Based on experimental study, some works are proposed to develop this 

research in the future. 

(1) In this study, strength characteristics of seawater mixed concrete in were observed up to       

1 year in water curing, TC and SC. Thus, it has been recommended  to observe them for 

long-term exposure, 5 years or 10 years exposure in TC and SC.  

(2) In this investigation, the effects of mineral admixtures were only studied for FA and GGBS. 

Thus, the other mineral admixture type such as metakaolin is also proposed to investigate 

in concrete mixed with sea water. 

(3) In this research, expansion characteristic of seawater mixed concrete was cured in TC, SC, 

MC and used replacement ratio of FA 30% and GGBS 50%. Thus, it is recommended to 

study expansion characteristic in wet-dry cycle condition with another cement replacement 

such as 25% of FA or 40% of GGBS. 
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