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PENETRATION/FINITE ELEMENT ANALYSIS 

This thesis aims to study the effect of rice husk ash and palm oil fuel ash on 

the microstructure and chloride penetration of blended cement pastes. Rice husk ash 

(RHA), palm oil fuel ash (POFA) and river sand (RS) were ground to obtain two 

finenesses: one was the same size as the cement and the other was smaller than the 

cement. The study is divided into two parts. In part 1, Type I Portland cement (OPC) 

was replaced by RHA or POFA or RS at 0%, 10%, 20%, 30% and 40% by weight of 

binder. A water to binder ratio (W/B) of 0.35 was used for all paste mixes. The 

compressive strength, thermogravimetric analysis and pore size distribution of the 

blended cement pastes were investigated. In part 2, POFA was used to replace 

ordinary Portland cement at 0%, 10%, 20%, 30% and 40% by weight of binder.         

A constant water to binder ratio (W/B) of 0.35 was used. The pastes were immersed 

in  3 % solution for 90 days. After that the total chloride content, free chloride 

content, microstructure chloride penetration and the chloride penetration of pastes 

using the finite element program were examined at 90 days immersion in 3% NaCl 

solution.  

 The results in part 1 showed that compressive strengths of the pastes due to the 

hydration reaction decreased with decreasing cement content. The compressive 
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strengths of the pastes due to the filler effect increased with increasing RS 

replacement. The compressive strengths of the pastes due to the pozzolanic reaction 

were nonlinear and increased with increasing fineness of RHA and POFA, cement 

replacement rate and age of the paste. In addition, the optimum replacement level of 

RHA and POFA in pastes was 30% by weight of binder.  The mass loss (at 30°C-

450°C) of the pastes due to the filler effect and the pozzolanic reaction  increased with 

increasing curing time, particle fineness and cement replacement rate as resulted in an 

increase compressive strength. Moreover, the critical pore size and average pore 

diameter of the pastes containing RHA and POFA were lower than those of the OPC 

paste.  

The results in part 2 indicated that POFA pastes had a lower chloride diffusion 

coefficient and concentration profile of free chloride than that of the OPC paste. In 

addition, relationship between the chloride diffusion coefficient and critical pore 

diameters is linearly correlated and increases with increasing critical pore diameters. 

The increasing fineness and replacement of POFA resulted in the decrease of free 

chloride and of the chloride diffusion coefficient. POFA pastes had a lower peak 

intensity of Friedel's salt than that of the OPC paste.  In addition, the increase in 

POFA replacement and POFA fineness decreased the peak intensity of Friedel's salt 

in paste. However, increasing the replacement of cement by palm oil fuel ash resulted 

in an increasing physically bound chloride. 
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CHAPTER I 

INTRODUCTION 

1.1 Statement of problem 

 Long-term durability of reinforced concrete structures in marine environments 

and from de-icing salts are problems mainly because of sulfate attack and the 

corrosion of the steel under chloride attack. The chloride-induced corrosion of 

embedded reinforcement is one of the most severe durability problems for concrete 

structures in a marine environment. Initially, steel embedded in concrete has a thin 

passive film on its surface that prevents the steel from further corroding. Chloride-

induced corrosion begins when the concentration of chloride at the steel bars reaches 

a threshold value that destroys the protective film layer. This degradation mechanism 

leads to a series of structural problems, such as a reduction in the cross-sectional area 

of the reinforcement, cracking, delamination of the concrete cover, and weakening of 

the steel concrete bond, thereby reducing the load carrying capacity of the reinforced 

concrete structure (Bastidas-Arteaga et al., 2011; Marsavina et al., 2009; Martin-Perez 

et al., 2000). To solve this problem, many supplementary cement materials (SCMs) 

have been suggested; for example, fly ash, ground granulated blast furnace slag, silica 

fume, and metakaolin have been found to be beneficial in resisting the ingress of 

chloride irons into concrete. This resistance is caused by the microstructure 

densification imparted by the pozzolanic reaction or secondary reaction from these 
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materials. In addition, concrete containing pozzolan has a lower average pore size and 

critical pore size than that of control concrete (Li and Ding, 2003). 

Numerous studies have utilized by-product materials such as fly ash, rice husk 

ash, palm oil fuel ash, and bagasse ash as pozzolans to reduce the cement content in 

mixtures. Rice husk ash (RHA) is a waste material from electricity generation power 

plants. In Thailand, the annual production of RHA has been approximated at 1.6 

million tons (Wansom et al., 2010). Several researchers have shown that the main 

chemical composition of rice husk is silicon dioxide (SiO2) and has the highest 

amorphous silica content when the rice husk ash is burnt between 500-700ºC            

(de Sensale et al., 2008; Nair et al., 2008). Thus, RHA is a pozzolanic material and 

can be used as a SCM, replacing Portland cement Type I by up to 30%  by weight of 

binder  (Chatveera and Lertwattanaruk, 2009; Ganesan et al., 2008). Rukzon et al. 

(2009) have found that rice husk ash with high fineness improves the compressive 

strength and reduces the porosity of concrete. Studies have also shown that the use of 

RHA as a partial replacement for Type I Portland cement improves the water 

permeability (Givi et al., 2010) and chloride penetration (Chindaprasirt et al., 2008b) 

of concrete. 

POFA is a by-product from biomass thermal power plants where palm oil 

residues are burned to generate electricity. More than 100,000 tons of POFA are 

produced every year in Thailand (Chindaprasirt et al., 2007). POFA is rarely utilized, 

and disposing of this waste may lead to future environmental problems. Many 

researchers have studied the use of POFA as a partial replacement of cement in 

concrete. The main chemical constituent of POFA is silicon dioxide (Chindaprasirt et 

al., 2008a; Tangchirapat et al., 2007). Tangchirapat et al. (2007) found that ground 
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POFA is a good pozzolanic material and can be used to replace Portland cement by up 

to 30% by binder weight of binder. Sata et al. (2004) showed that POFA with a high 

fineness exhibits an excellent pozzolanic reaction and can be used as a supplementary 

material to produce high-strength concrete. In addition, the use of POFA can improve 

concrete strength and water permeability (Chindaprasirt et al., 2007). Furthermore, the 

partial replacement of OPC with POFA assists in the sulfate (Tangchirapat et al., 

2009) and chloride (Chindaprasirt et al., 2008a) penetration resistance of concrete. 

Cyr et al. (2006) reported that the effect of mineral admixtures on compressive 

strength is comprised of three factors. First, the strength is proportional to the amount 

of cement in the mixture, an effect known as the dilution effect. Second, the fineness 

and amount of the powder also affect the strength by contributing to the nucleation 

and packing effects. The nucleation effect accelerates the hydration process and 

makes the paste more homogeneous. The packing effect is a suitable arrangement of 

small particles that fill the voids of the paste and increases the compressive strength. 

Finally, a pozzolanic reaction occurs between Ca(OH)2 and the SiO2 and Al2O3 from 

pozzolanic materials, producing calcium silicate hydrate C-S-H (Goldman and 

Bentur, 1993; Gopalan, 1993; Isaia et al., 2003; Kiattikomol et al., 2000). Many 

researchers have studied this pozzolanic reaction using ASTM C618, strength activity 

index ASTM C311, X-ray diffraction (XRD), thermogravimetric analysis (TGA), and 

chemical titration. Tangpagasit et al. (2005) have examined the use of river sand (as 

an inert material) as a replacement for Portland cement type I to evaluate the packing 

effect and pozzolanic reaction of fly ash in mortar. They found that river sand is an 

inert material and the packing effect is not dependent on the age of the mortar but 
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rather on the particle size, while the pozzolanic reaction depends on the fineness and 

age of the mortar. 

 Previous studies have already reported the influence of RHA and POFA 

finenesses on compressive strength and observed that the ash with median particle 

larger than OPC (~15 µm) can be used to replace OPC at 10% while smaller size than 

OPC can be replaced  at 20% to 30% by weight of binder (Ganesan et al., 2008; 

Tangchirapat and Jaturapitakkul, 2010). However, separation influences of hydration 

reaction, filler effect and pozzolanic reaction on compressive strength and 

microstructure of blended cement pastes have not been well defined. In addition, a 

few researches presented chloride penetration of the blended cement pastes. If a by-

product material from biomass plants can be used as a cement replacement in 

concrete, it will help to reduce energy due to reducing the production of cement 

clinker and reduce the volume of waste disposed in landfills. 
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1.2 Objectives  

The objectives of this study are: 

1.2.1 To investigate the effect of biomass ashes with different finenesses on  

the compressive strength, hydrate phase, and pore size distribution of 

blended cement paste 

1.2.2 To establish an empirical model to predict the percentage compressive 

strength of paste due to the hydration reaction, filler effect, and 

pozzolanic reaction of blended cement paste 

1.2.3 To investigate the chloride penetration profile and microstructure of 

blended cement paste containing POFA with different finenesses under 

chloride penetration  

1.2.4 To investigate free chloride penetration by comparing the experimental 

chloride concentration with the numerical concentration obtained using 

finite element analysis 
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1.3 Scope of study  

The materials used in this study consisted of Type I and V Portland cements 

(OPC), rice husk ash (RHA), palm oil fuel (POFA), and inert material (RS). The 

RHA, POFA and RS were ground to two different sizes. For the first fineness, RHA, 

POFA, and RS were ground using a grinding machine to have the same particle size 

as that of OPC. For the second fineness, RHA, POFA, and RS were ground to have a 

finer particle size than that of cement. Ground RHA, POFA, and RS were used to 

partially replace Type I Portland cement by 0%, 10%, 20%, 30% and 40% by weight 

of binder. A water-to-binder (W/B) ratio of 0.35 was used for all mixtures.  

The specimens were tested for compressive strength after 7, 28, 60 and 90 days 

to establish an empirical model to predict the compressive strength of the paste as a 

result of the hydration reaction, filler effect, and the pozzolanic reaction of the RHA 

and POFA. In addition, the blended cement pastes containing 20% and 40% of RHA, 

POFA, and RS were tested by thermogravimetric analysis, and their pore size 

distributions were measured. Furthermore, pastes containing 10%, 20%, 30% and 

40% of POFA were used to obtain chloride penetration profiles. Finally, a numerical 

model was established and used to estimate the free chloride penetration, and the 

experimental chloride concentration was compared with the numerical chloride 

concentration obtained using the FEM program ABAQUS. 
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1.4 Outline of the thesis 

This thesis composed of five chapters. The first chapter presented the 

introduction of the study, the statement of problem, the objective, and the scope of the 

study. The theoretical background and literature review is shown in Chapter 2. 

Chapter 3 introduces the experimental program and all parameter that used in this 

study. In Chapter 4, results of the study are determined and discussed. Finally, the 

conclusions and suggestions from this study are presented in Chapter 5. 
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CHAPTER II 

THEORETICAL BACKGROUND AND  

LITERATURE REVIEW 

This chapter provides the theoretical background and literature review of 

pozzolanic materials, the effect of mineral admixtures on compressive strength, the 

pore structure of hardened cement paste, the corrosion of steel in concrete, chloride 

ion penetration of concrete, the modeling of chloride ingress into cement paste, and 

use of biomass ash as a supplementary cementitious material. 

2.1  Pozzolanic materials 

        A pozzolan is defined by ASTM C125 as a siliceous and aluminous material that, 

in itself, possesses little or no cementitious value but, in finely divided form and in the 

presence of moisture, will chemically react with calcium hydroxide at ordinary 

temperatures to form compounds possessing cementitious properties. 

As seen in Tables 2.1 and 2.2, depending on their chemical compositions and 

physical properties, pozzolanic materials can be classified into three classes, 

according to ASTM C 618 (2001): Class N, Class F and Class C.  Pozzolanic 

materials have been widely used as cement replacements in concrete because they 

have the advantages of cost reduction, heat reduction in concrete, increased durability, 

a decrease in concrete drying shrinkage, and a reduction in the amount of cement 

used. 
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Table 2.1  Chemical requirement for pozzolan by ASTM C 618 

Chemical requirement 
Class 

N F C 
SiO2 + Al2O3 + Fe2O3    >70.0  >70.0  50  
Sulfur trioxide (SO3), max % 4.0  5.0  5.0  

Moisture content, max % 3.0  3.0  3.0  

Loss on ignition (LOI), max % 10.0  6.0  6.0  
 

Table 2.2  Physical requirement for pozzolan by ASTM C 618 

Chemical requirement 
Class 

N F C 
Fineness: 

Amount retained when wet sieved on 45 µm (No 325), max, % 

 
34 

 
34 

 
34 

Strength activity index 

- At 7 days, min, percent of control 

- At 28 days, min, percent of control 

 

75 

75 

 

75 

75 

 

75 

75 

Water requirement, max, percent of control 115 105 105 
Soundness: 

- Autoclave expansion or contraction, max, % 

 

0.8  

 

0.8 

 

0.8 

 Strength activity index 

- Density, max variation from average, % 

- Percentage retained on 45 µm (No 325), max  

variation percentage point from average 

 

5 

5 

 

5 

5 

 

5 

5 
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2.2  Study of biomass ash in concrete 

       Biomass ash is a by-product obtained from biomass power plants. Many 

researchers have studied the use of biomass ashes such as rice husk ash, bagasse ash, 

and palm oil ash as constituents in concrete (Chusilp et al., 2009; Rukzon and 

Chindaprasirt, 2008; Sata et al., 2004).The result indicated that biomass ashes with 

high fineness are excellent pozzolanic material and can be used as a cement 

replacement in concrete.  

 2.2.1  Rice husk ask 

          Rice husk ash (RHA) is a by-product of electricity generation in biomass 

power plants. It can be estimated that 1,000 kg of rice grain produces approximately 

200 kg of rice husk, of which 20%, or 40 kg, becomes RHA (Mehta, 1977).  Mehta 

(1977) reported that RHA is a highly reactive pozzolan and consists of a high amount 

of amorphous SiO2 that could contribute to a higher compressive strength than a 

Portland cement control. In Thailand, the annual production of RHA has been 

approximated at 1.6 million (Wansom et al., 2010). Several researchers have shown 

that the main chemical composition of rice husk is SiO2, which has the highest 

amount of amorphous silica burnt between 500-700ºC (de Sensale et al., 2008; Nair et 

al., 2008). 

 Zhang and Malhotra (1996) found that due to the highly pozzolanic 

nature of RHA, it could be used as a supplementary cementing material to produce 

high-performance concrete. These results agree with Ismail and Waliuddin (1996) 

who reported that the compressive strength increased by more than 80 MPa as 

compared to high strength concrete when replacing 10% of the Portland cement with 

RHA. 
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 Ganesan et al. (2008) studied the optimal level of replacement for 

strength and permeability properties of concrete. The results indicated that the 

compressive strength and splitting tensile strength of concrete with 30% RHA were 

higher than that of the control concrete. In addition, concretes containing up to 35% 

RHA had a lower coefficient of water absorption than that of the control concrete. 

This result is due to the pozzolanic reaction and pore refinement resulting from the 

finer particles of RHA in the concrete. Chindaprasirt et al. (2008) studied the 

resistance to chloride penetration of blended Portland cement mortar containing rice 

husk ash. The 100 mm diameter x 50 mm height epoxy-coated specimens was 

conditioned, and at the age of 28 days, rapid chloride penetration testing (RCPT) was 

conducted in accordance with the method described in ASTM C1202. Further, the 

specimens were immersed in a 3% NaCl solution and kept immersed for 30 days. 

Chloride penetration depths were tested using a 0.1 M AgNO3 solution in accordance 

with RTA T263. They found that RHA can be used as a pozzolan material to replace 

part of the Portland cement to produce a mortar with high strength and good 

resistance to chloride penetration. 

 Chatveera and Lertwattanaruk (2011) studied the durability of concrete 

containing rice husk ash. They concluded that black rice husk ash can be classified as 

a pozzolanic material of type N. The autogenous shrinkage of the concrete with 

BRHA is lower than that of OPC concrete and decreases with an increasing 

percentage of replacement (from 20% to 40%) of BRHA. In addition, the BRHA 

provides a positive effect on weight loss for concrete exposed to hydrochloric and 

sulfuric acid attack. 
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2.2.2  Palm oil fuel ash 

  Palm oil fuel ash has been found to have a low pozzolanic reaction rate, 

and 10% POFA can be used as a cement replacement in concrete (Awal and Hussin, 

1997; Tay, 1990). The large particle and porous structure results in a very low rate of 

the pozzolanic reaction. Later, Sata et al. (2004) investigated the utilization of POFA 

in high-strength concrete. They found that high-strength concrete can be produced by 

using ground POFA to replace Type I Portland cement by up to 30% by weight of 

binder. At 28 days, the compressive strength of concretes containing 10%, 20% and 

30% POFA were 81.3, 85.9 and 79.8 MPa, respectively. Concrete containing 20% 

POFA had the highest strength. This is slightly higher than that of concrete containing 

5% condensed silica fume and was 92-94% of the strength of 10% condensed silica 

fume concrete. In addition, Sata et al. (2007) found that the use of POFA to partially 

replace Type I Portland cement has no significant effect on the splitting tensile 

strength and modulus of elasticity as compared with the properties of the control 

concrete or silica fume concrete. This result suggests that POFA can be used to 

substitute Portland cement to produce high-strength concrete without altering the 

mechanical properties of concrete. 

 Tangchirapat et al. (2007) studied the use of waste ash from the palm oil 

industry in concrete. Type I Portland cement was replaced by POFA at 10%, 20%, 

30% and 40% by weight of binder. They found that the compressive strength of the 

concrete containing the original size POFA with median particle size, d50, of 183.0 

µm was lower than that of the control concrete. This result can be explained by POFA 

having large particles with high porosity, which reduces the compressive strength. 

The replacement of Type I Portland cement by 10% POFA with d50 of 15.9 µm and 
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20% POFA with d50 of 7.4 µm at 90 days resulted in a higher compressive strength 

than that of the control concrete. The high fineness of the POFA, which led to a larger 

pozzolanic reaction and resulted in small particles that could fill in the voids of the 

concrete mixture, led to an increase in the compressive strength of the concrete. The 

results are similar to the findings of other researchers (Chindaprasirt et al., 2005; 

Chindaprasirt et al., 2007b; Isaia et al., 2003). In addition, when concrete is immersed 

in a 5% magnesium sulfate solution for 364 days, the concrete mixed with 30% POFA 

of high fineness (d50 of 7.4 µm) had the same expansion level as that of the control 

Type V concrete. This result suggests that the optimum replacement level of Type I 

Portland cement by high fineness POFA is 30%. 

  Chindaprasirt et al. (2007a) investigated the permeability of concrete 

containing POFA. They found that the compressive strength of concrete containing 

20% ground POFA was higher than that of the control concrete and decreases with an 

increase in the replacement percentage. In addition, the 20% and 40% POFA 

concretes had lower permeability than the control concrete, and the permeability was 

dependent on the cement replacement ratio and the age of concretes. Later, 

Tangchirapat and Jaturapitakkul (2010) studied the effect of POFA fineness on 

permeability and the drying shrinkage of concrete. It was found that the use of 10-

30% of high fineness POFA (with a median particle size smaller than OPC) as a 

cement replacement in concrete reduces the water permeability and drying shrinkage 

of concrete. This result is due to the pozzolanic reaction and packing effect of small 

particles, which produced concrete with a denser matrix (Mehta, 1985). where the 

pore structure was transformed from coarser to finer pores (Li and Ding, 2003).   
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 Chindaprasirt et al. (2008) studied the resistance to chloride penetration of 

blended cement mortar containing POFA. Rapid chloride penetration testing (RCPT), 

rapid migration testing (RMT), and chloride penetration depth testing was conducted 

after 30 days of immersion in a 3% NaCl solution of mortar. The results indicated that 

POFA can be used to improve the resistance to chloride penetration and that it is more 

effective than fly ash. Afterwards, Chindaprasirt et al. (2011) found that a 30% 

replacement level of POFA produces high-strength and high-workability concrete 

with good resistance to both chloride penetration and corrosion. 

  Sata et al. (2010) studied the compressive strength and heat evolution of 

concrete containing POFA. The temperature rise of fresh concrete decreased as the 

ground POFA content increased. This result can be explained by a reduction in the 

amount of cement in concrete, causing a reduction of heat due to hydration. 

Moreover, concrete containing 30% of ground POFA had the smallest temperature 

rise. This result agreed with the findings of (Chusilp et al., 2009), who found that the 

maximum temperature rise for concrete containing ground bagasse ash was lower 

than for the control concrete. 

 Currently, the amount of RHA and POFA produced from biomass power 

plants increases annually, while its reuse remains negligible. It is expected that the use 

of these ashes in concrete will improve the strength and durability of concrete while 

reducing the amount of RHA and POFA being disposed as waste in landfills and 

leading to environmental problems. 
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2.3   Effect of mineral admixture on compressive strengths 

When pozzolan materials such as fly ash silica fume or agro-waste ash are used 

to partially replace cement, the compressive strength of the cement paste or mortar is 

attributed to three factors: the hydration reaction, the filler effect, and the pozzolanic 

reaction as shown in Figure 2.1. 

Effects of mineral admixture on compressive 
strength of mortar

Filler effect Pozzolanic reactionHydration reaction

Nucleation effect

Packing effect
 

 

Figure 2.1  Schematic representation of the effects of mineral admixture on  

compressive strength of mortar (Cyr et al., 2006) 

  2.3.1  Hydration reaction  

       The hydration reaction is the reaction between Portland cement and water. 

The chemical reactions of pure cement compounds have been described by (Mindress 

and Young 1981) as follows: 

 2 22(3 . ) 6CaO SiO H O+ → 2 2 23 .2 .3 3 ( )CaO SiO H O Ca OH+                 (2.1) 

2 22(2 . ) 4CaO SiO H O+ → 2 2 23 .2 .3 2 ( )CaO SiO H O Ca OH+              (2.2) 
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The hydration of tricalcium silicate (3CaO.SiO2) and dicalcium silicate 

(2CaO.SiO2) produces calcium silicate hydrates (C–S–H) and calcium hydroxide 

Ca(OH)2. C-S-H is the main product of Portland cement hydration; its presence 

increases with increasing curing time and results in an increase in the compressive 

strength. 

2.3.2  Filler effect  

   The filler effect is the proper arrangement of small particles to fill voids 

and contributes to an increase in compressive strength without any chemical reaction 

(Chindaprasirt et al., 2011; Jaturapitakkul et al., 2011; Tangpagasit et al., 2005). 

These results are due to nucleation and the packing effect. When Portland cement was 

partially replaced by the small particle sized ash, there was a dispersion of cement 

particles. Thus, they are able to accelerate the hydration production and make the 

paste more homogeneous. The packing effect is exhibited as small particles that fill 

the voids of the paste, allowing for denser packing within the material particles and 

the matrix phase (Cyr et al., 2006; Isaia et al., 2003; Sata et al., 2010).  

Jaturapitakkul et al. (2011) studied the filler effect of different particles 

on the compressive strength of mortar. Type I Portland cement was partially replaced 

by ground river sand, which is a non-reactive material (Kiattikomol et al., 2000). The 

results showed that the compressive strengths of the mortars containing inert material 

are almost constant and independent of the age of the mortar. In addition, the 

compressive strength of mortars containing inert material with smaller particle OPC is 

2.7-5.8% of the control mortar. 
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2.3.3  Pozzolanic reaction 

   A pozzolanic reaction is the reaction of Ca(OH)2 with the SiO2 and 

Al2O3 from pozzolanic materials, which produces an increase in calcium silicate 

hydrate C-S-H (Goldman and Bentur, 1993; Gopalan,1993; Isaia et al., 2003; 

Kiattikomol et al., 2000) 

  Billong et al. (2011) studied the pozzolanic reaction of paste containing 

metakaolin. They found that amorphous silica reacted with Ca(OH)2 to form calcium 

silicate hydrates. The reaction can be illustrated by Equations (2.3) and (2.4). 

According to the chemistry of cement conventions, C=CaO, S=SiO2, A=Al2O3 and 

H=H2O. In addition, the DTA/TG thermogram of blended cement paste containing 

metakaolin is shown in Figure 2.2. The DTA curve of C-S-H and C2ASH8 was 

recorded at 120°C and at 170-200 °C, respectively. Similar results have also been 

reported by others (Barbhuiya et al., 2009; Nochaiya et al., 2009  ). These researchers 

reported that the DTG curve of C-S-H, C2ASH8, and Ca(OH)2 was detected at        

105-110 °C, 155-183 °C and 448-475 °C, respectively. 

2 6 9AS CH H+ + → 4 13 2C AH CSH+                                                     (2.3) 

2 6 9AS CH H+ + → 2 8C ASH CSH+                                                  (2.4) 
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  Figure 2.2  DTA-TG thermogram of blended cement paste containing metakaolin;                        

        a=CSH, b=C2ASH8, C=C2AH13, and d=C3AH6  (Billong et al., 2011) 

 Poon et al. (2001) studied the rate of the pozzolanic reaction of 

metakaolin in cement paste. They found that the Ca(OH)2 content in OPC paste 

indicates the degree of hydration of the cement, while the Ca(OH)2 consumption in 

blended cement paste is related to the degree of the pozzolanic reaction. In addition, 

metakaolin had higher reactivity than fly ash due to the high surface area of 

metakaolin. The results are similar to the study by (Chindaprasirt et al., 2007b), who 

found that the blended cement paste containing classified fly ash showed a lower 

Ca(OH)2 than that with the original fly ash. This is due to the high fineness, which 

had more surface area to provide the silica and alumina compound with higher 

pozzolanic activity than the original fly ash. Thus, blended cement paste becomes 

more homogenous and results in denser paste. These results confirm that finer 

pozzolans created a greater pozzolanic reaction and allowed the small particles to fill 

in voids in the mortar mixture, thereby increasing the compressive strength (Isaia et 
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al., 2003). The factors contributing to good pozzolanic reaction of pozzolan materials 

are a low unburnt carbon content and a high amorphous SiO2 content. 

From the literature review, many researchers have reported that pozzolan 

materials are used to partially replace cement and that the compressive strength of 

cement paste or mortar is attributed to three factors: the hydration reaction, the filler 

effect, and the pozzolanic reaction. However, the influence of each of these three 

factors on the compressive strength of blended cement pastes has not yet been well 

defined. 

2.4  Pore structure of hardened cement pastes 

        The pore structure (e.g. total porosity, pore size distribution, average pore and 

critical pore of the pore system) is the most important characteristic used in 

determining the performance of hardened cement pastes and affects strength, 

permeability, diffusivity, shrinkage and creep (Halamickova et al., 1995; Ye et al., 

2006). A classification of pores in cement paste is given in Table 2.3. 

2.4.1  Classification of pores in hardened cement pastes 

           Hardened cement paste is a porous material. The porosity and pore 

structure are very important in determining permeability and durability. The pore 

system in cement-based materials consists of two types of pores (Chindaprasirt et al., 

2007b; Mindress and Young, 1981): (a) gel pores with a diameter of less than 10 nm 

that affect shrinkage and fatigue and (b) capillary pores that are divided into large 

capillary pores with diameters between 50-10,000 nm, which affect the compressive 

strength and permeability, and medium capillary pores with diameters between 10-50 

nm, which influence the compressive strength, permeability, and shrinkage. 
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Table 2.3  Classification of pores in hydrated cement pastes (Chindaprasirt et al.,     

2007b; Mindress and Young, 1981) 

Pore category Diameter Description Affected 

Capillary pore 

 

 

 

 

 

 

 

 

 

 

 

50 nm to 10,000 nm 

 

 

 

 

 

 

 

Large capillary 

 

Strength,  Permeability 

 10 nm to 50 nm 

 

 

 

 

 

 

 

Medium 
capillary 

 

Strength,  Permeability 
 Shrinkage 

Gel pore 

 

 

 

 

 

 

2.5 to 10 nm 

 

 

 

 

 

Small capillaries 

 

Shrinkage to 50% RH 

0.5 to 2.5 nm Micropore Shrinkage, creep 

≤ 0.50 nm Micropores  Shrinkage, creep 

(internal layer) 

2.4.2  Factors influencing the pore structure of pastes 

 2.4.2.1  Water-to-cement ratio 

The dependence of the engineering properties of concrete and 

other cement composites on the water-to-cement ratio (W/C) is very well known. 

Previous research found that compressive strength, durability and the quality of other 

engineering properties are increased when W/C is decreased (Sear et al., 1996). Cook 

and Hover (1999) investigated the effect of W/C on the porosity of cement paste. 

Samples with W/C values of 0.35, 0.40, 0.50 and 0.60 were prepared and then tested 

by mercury intrusion porosimetry (MIP). The total porosity of paste was measured to 

range from 16 to 56%, increasing with W/C.  The threshold pore width of the cement 

pastes also increased with W/C, as observed in Figure 2.3, where the threshold pore 

width ranged from 2 µm to 20 nm. 

 

 

 

 

 

 

 

 



25 
 

 

0 10 20 30 40 50 60
10

50

100

500

1000

0.3

0.4

0.5

0.6
0.7

Curing Time (days)

Th
re

ho
ld

 P
or

e 
W

id
th

 (n
m

)

w/c Ratio

 

Figure 2.3  Effect of W/C on the threshold pore width 

                      of cement pastes (Cook and Hover, 1999) 

 Zivica (2009) studied the effects of very low W/C values and 

reported that at a W/C value of 0.4, there was a parabolic dependence of compressive 

strength on the median pore size, as illustrated in Figure 2.4. However, at lower W/C 

values, a linear relationship was observed. This phenomenon is most likely a 

consequence of two factors that led to the decrease in W/C values:  less hydration 

product is necessary to fill the pore space in the hardened cement pastes, and principal 

changes in the pore structure and matrix occur with a decrease in W/C. 
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Figure 2.4   Relationship between median pore size and compressive strength of the 

   hardened cement pastes (Zivica, 2009) 

2.4.2.2  Curing time 

   It is well known that curing concrete increases compressive 

strength and that increasing compressive strength produces lower total porosity.       

Cui and Cahyadi (2001) studied the permeability and pore structure of OPC pastes. 

OPC pastes were tested at W/C values of 0.30 and 0.40. They were cured under moist 

conditions for 7, 35 and 210 days, and the total porosity and critical pore diameters of 

the pastes were found to decrease with increasing curing time. This decrease is a 

result of calcium silicate hydrate growing into the pore space of the hardened cement 

paste. Two peaks are present in the log differential intrusion volume as a function of 

pore diameter plot shown in Figure 2.5. The first peak represents the capillary pore 

with     a diameter larger than 0.1µm, and the second peak represents the gel pores 

with a diameter less than 0.01µm.  
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Figure 2.5   Relationship between pore median size and curing time of the 

                 hardened cement pastes (Cui and Cahyadi, 2001) 

2.4.2.3  Compressive strength 

  The strength of concrete is influenced by the volume of all of 

the voids in the concrete: entrapped air, capillary pores, and gel pores. Many 

researchers have reported on the relationship between compressive strength and 

porosity, as shown in Table 2.4. Where σ  is compressive strength at porosity p , 0σ is 

compressive strength at zero porosity and p , x  is porosity. 
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Table 2.4  Empirical models relating the porosity and compressive strength of   

cement based materials 

Equation Equation fitted Mathematic law Derivation by 

Hasselmann 77 206σ = − p  Linear (Hasselman, 1964) 

Ryshkewitch 144exp(8.6 )pσ =  Exponential (Ryshkevitch, 1953) 

Schiller 0.385102ln
p

σ
 

=  
 

 Logarithmic (Schiller, 1971) 

Balshin ( )0 1 npσ σ= −  Power (Balshin, 1949) 

Poon 505.6 192.47σ = − +x  Linear (Poon et al., 1997) 

Poon 6.5468303.34(1 )xσ = −  Power (Poon et al., 1997) 

 

2.4.2.4  Temperature 

      Fall and Samb (2006) studied the influence of curing 

temperature on the porosity of hardened cement paste. The curing temperatures 

studied were 0°C, 20°C, 25°C, 35°C and 50°C. They found that cement paste curing 

temperature of 50°C produced the lowest total porosity. This result can be attributed 

to the fact that the higher curing temperature accelerates the cement hydration 

process. Thus, cement paste cured at higher temperatures will have more cement 

hydration products and a finer porosity than cement paste cured at lower 

temperatures. The effect of curing temperature on the pore size distribution of cement 

paste at 7 days is illustrated in Figure 2.6. 

 

 

 

 

 

 

 

 

 



29 
 

 

0.001 0.01 0.1 1 10 100 100
0

2

4

6

8

10

12

Pore size diameter

In
cr

em
en

ta
l H

g 
in

tru
si

on
 p

or
os

ity
 (%

)

0  C
20  C
35  C
50  C

o

o

o

o

 

Figure 2.6  Effect of curing temperature on the pore size distribution of 

 cement paste at 7 days  (Fall and Samb 2006) 

2.4.2.5  Supplementary cementitious materials 

  Frías and Cabrera (2000) studied the influence of metakaolin 

on pore size distribution. OPC was partially replaced with 0%, 10%, 15%, 20% and 

25% metakaolin by weight of binder. The water-to-binder (W/B) ratio was constant at 

0.55 for all mixtures. The cement pastes containing metakaolin were observed to have        

a lower average pore diameter than that of the OPC paste. In addition, the average 

pore diameters of the blended cement pastes containing metakaolin decreased from 40 

to 14.5 nm for curing times between 1 and 56 days, as observed in Figure 2.7. For 

longer curing times, the average pore diameter was almost constant. This decrease in 

pore diameter is due to the reaction of metakaolin with Ca(OH)2, which consequently 

leads to pore size refinement. 
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Figure 2.7  Average pore diameters of blended cement pastes  

                containing metakaolin (Frías and Cabrera, 2000) 

  Chindaprasirt et al. (2005) studied the effect of fineness on the 

compressive strength and pore size of blended cement paste. They found that the pore 

size distribution and the average pore diameter of blended cement paste containing fly 

ash decreased with an increase in fly ash content and fineness. In addition, the gel 

porosity of blended cement pastes containing classified fly ash was higher than those 

of the original fly ash and OPC pastes. Later, Chindaprasirt et al. (2007b) found that    

a higher fineness of fly ash plays an important role in the compressive strength and 

pore size of the blended cement paste. This effect results from small particles filling 

the voids of the paste and thus allowing for denser packing between the particles of 

the material and the matrix phase.  
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  Rukzon et al. (2009) found that rice husk ash with high fineness 

had lower porosity than of the OPC mortar because the better filler effect dispersion 

caused an increase in the pozzolanic reaction. In addition, previous research has 

shown that the pore structure of blended cement paste containing pozzolan materials 

transformed from coarser to finer pores (Li and Ding, 2003).  

2.5 Marine environment  

The damage sustained by reinforced concrete in marine environments depends 

on exposure conditions. The four different exposure zones in marine environment are 

shown in Figure 2.8. Chalee et al. (2007) performed an analysis of a seawater site in 

Chonburi, Thailand and found that the ambient temperature ranges from 25°C to 

35°C, the pH of the seawater ranges from 7.9 to 8.2, and the chloride and sulfate 

composition in the seawater ranges from 16,000 to 18,000 ppm and from 2200 to 

2600 ppm, respectively. 
 

Seawater

Low sea level

Mean sea level

High sea level

Tidal zone

Submerged zone

Splash zone

Atmospheric zone

 

Figure 2.8  Exposure classifications in a marine environment (Bertolini et al., 2004) 
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 2.5.1  Submerged zone 

       The submerged zone represents the portion of the structure that is 

submersed continuously under sea water. The rate of corrosion due to chloride is 

lower in this zone than in the tidal zone and is dependent on the availability of 

oxygen. The damage to reinforced concrete submerged in this zone is mainly caused 

by sulfate.  

 2.5.2  Tidal zone 

  Reinforced concrete in the tidal zone is subjected to a wetting and drying 

cycle and undergoes a combination of abrasion and erosion due to the temperature, 

moisture, salt and oxygen. 

 2.5.3  Splash zone 

        The splash zone is part of the structure that is subject to cyclic wetting and 

drying by seawater. The transport of chloride ions into reinforcement concrete in this 

zone is facilitated by a combination of moisture, salt and oxygen. The damage to the 

concrete is mainly caused by the chloride. 

 2.5.4  Atmospheric zone 

        The atmospheric zone is the part of the structure that is above the splash 

zone and far from the sea water. The damage to concrete in this zone is mainly caused 

by chloride and is similar to the damage caused in the splash zone. 
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2.6  Corrosion of steel in concrete 

 The chloride-induced corrosion of embedded reinforcement is one of the major 

deterioration problems for reinforced concrete worldwide. It is well known that the 

reinforcing steel in concrete is protected from corrosion by a passive film. This effect, 

however, can be inhibited by the destruction of the passive film by aggressive ions. 

When chloride irons enter the concrete, the protective passive layer of the steel 

surface can be destroyed. The passive layer breaks down, resulting in the appearance 

of an area of rust on the steel surface. An increased volume of rust affects the internal 

tensile stress in the concrete covering when this stress exceeds the tensile strength of 

the concrete. The concrete covering is damaged by cracking, delamination, and 

spalling. This problem may cause structural damage because of the reduction of the 

bond between the steel and concrete and the decrease in cross-sectional area 

(Broomfield, 1996). The reactions are depicted in Figure 2.9. 

The corrosion will start at the ferrous iron anode: 

Fe   →  2 2Fe e+ −+                                                                            (2.5) 

The two electrons (2 )e− created in the anodic reaction must be consumed 

elsewhere on the steel surface to preserve electrical neutrality. Therefore, a cathodic 

reaction involving water and oxygen will take place to consume the electrons and 

result in the hydroxyl ions shown in Equation. (2.6). 

 

 2 2
12
2

e O H O− + +      →  2( )OH −                                                  (2.6) 
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   The ferrous ions ( 2Fe + ) will combine with the hydroxyl ions (OH − ) to form 

ferrous hydroxide, as in Equation. (2.7), which then becomes ferric hydroxide 

( 3( )Fe OH ) by consuming water and oxygen, which decomposes into hydrated ferric 

oxide (rust) and water. 

 

2 2Fe OH+ −+    →  2( )Fe OH  (Ferrous hydroxide)                                     (2.7) 

 2 2 24 ( ) 2Fe OH O H O+ +     →  34 ( )Fe OH (Ferric hydroxide)                       (2.8) 

 32 ( )Fe OH       →  3 2 22FeO H O H O+  (Hydrated ferric oxide)                (2.9) 

 2Fe + reacts with chloride ions to become ferric chloride 2( )FeCl and then 

consumes water to become rust as shown in Equations (2.10) and (2.11) 

2 2Fe Cl+ −+           →  2FeCl                                               (2.10) 

2 22FeCl H O+         →  2( ) 2Fe OH HCl+                                        (2.11) 
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Figure 2.9   Corrosion reactions on steel (Broomfield, 1996) 

2.7  Chloride ion penetration of concrete 

        Chloride in concrete can originate from two main sources: as internal chloride in 

the chlorides added to the mixed concrete (such as from the contamination of 

aggregates or the use of sea water or other saline contaminated water) or as external 

chloride by entering into the concrete post hardening (where the chloride is found in 

the marine environment or deicing salts). 
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  2.7.1   Chloride in concrete 

            Chloride in concrete structures in two forms: as bound chloride and as 

free chloride, as depicted in Figure 2.10. Many researchers have found that the total 

chloride concentration is the sum of this bound and free chloride, as shown in 

Equation (2.12). 

T b fC C C= +                                                                          (2.12) 

where TC  is the total chloride, bC is the bound chloride and fC is the free chloride 

Total chloride

Bound chloride Free chloride 

Physically bound chloride 

Chemically bound chloride 

 

Figure 2.10  Diagram type of chloride in concrete 
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  2.7.1.1  Bound chloride  

            The transport rate of chloride originating from the bound chloride 

in hydrated cement paste into concrete is very significant and is dependent on the 

chemical and physical reaction mechanisms. 

   (1) Chemically bound chloride is chloride that reacts with 

tricalcium aluminate (C3A) to form calcium chloroaluminate (Friedel’s salt), and the 

mechanism by which this occurs is shown in Equation (2.13).  The photomicrograph 

of Friedel’s salt in Figure 2.11 illustrates its morphology as being a hexagonal slice of 

approximately 2-3 µm in size (Luo et al., 2003).  

2 2 3 23 . 10CaCl CaO Al O H O+ + → 2 3 2 23 . . .10CaO Al O CaCl H O                   (2.13) 

 

 

Figure 2.11   Photomicrograph of Friedel’s salt, 1= Friedel’s salt (Luo et al., 2003) 
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   (2)  Physically bound chloride forms from the adsorption of 

chloride onto the surface of C-S-H, C-A-H, ettringite, and monosulfate.  

  2.7.1.2  Free chloride 

  Free chloride is dissolved in the concrete solution and can move 

according to the concentration gradient. It is this form of chloride that is responsible 

for initiating the process of corrosion. 

  2.7.1.3  Relationship between bound chloride and free chloride  

             Chloride reacts chemically with tricalcium aluminate (C3A) or 

its hydration to form calcium chloro-aluminate, 3CaO.Al2O3.CaCl2.10H2O, 

commonly known as Friedel’s salt. The chloride can be physically adsorbed on the 

surface of hydration or during a pozzolanic reaction. However, many researchers have 

represented the relationship between bound chloride and free chloride as follows. 

 Linear isotherm: 

b fC Cγ=                                                                           (2.14) 

Freundlich isotherm: 

 

b fC C βα=                                                                        (2.15) 

 

Langmuir isotherm: 

1
f

b
f

C
C

C
α
β

=
+

                                                                            (2.16) 
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where bC is the bound chloride, fC is the free chloride andγ ,α  β  are the constants 

determined by experiments. 

  2.7.2  Factors affecting chloride resistance 

   Chloride transport in concrete is largely dependent on the characteristics 

of the cement paste including the cement composition, the type of chloride, the curing 

condition, the temperature, the exposure condition, and the supplementary 

cementitious materials used.   

 2.7.2.1  Cement composition 

 Arya et al. (1990) studied the effect of OPC and sulfate-

resistant Portland cement (SRPC) using a 20 g/L NaCl solution. They found that the 

SRPC had lower chloride binding than of the OPC. There was also a lower amount of 

C3A in the SRPC. Zibara (2001) found that C3A plays the most significant role in the 

chloride binding capacity of cement. The chloride binding of C3A was good in the 

high concentration range (1.0-3.0 M), while it was not as good at the low 

concentration range of 0.1 M. In addition, the chloride binding capacity of C4AF is 

one third of that of C3A. It was also previously reported that OPC performs better than 

SRPC in terms of chloride binding, chloride diffusivity, and reinforcement corrosion 

(Page et al., 1981; Rasheeduzzafar et al., 1990). 
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  Glass and Buenfeld (2000) studied the effect of C3A on 

chloride binding. OPC containing 2%, 8% and 14% C3A and having a W/C ratio of 

0.45 was used, as shown in Figure 2.12. The results indicated that the predicted 

maximum bound chloride contents for the 2%, 8% and 14% C3A cements are 0.97%, 

1.32% and 1.67% chloride ion by weight of cement. Chloride binding increases 

significantly as the C3A content increases as a result of the reaction between the 

chloride ions and C3A that forms Friedel’s salt.   

Ramachandran (1971) studied the effect of C3S and C2S on 

chloride binding and found that higher contents of C3S and C2S affect the physical 

binding of chloride, which results from the adsorption of the chloride ions to the         

C-S-H. 

The SO3 content of cement also affects the chloride binding. 

SO3 has a negative influence on the chloride binding capacity, especially at low 

chloride concentrations (0.1 M), because the sulfates react with C3A and C4AF to 

form ettringite or monosulphate (Zibara, 2001). 
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Figure 2.12   Predicted binding data together with the fitted Langmuir adsorption 

                       isotherm for a 0.45 W/C ratio (Glass and Buenfeld, 2000) 

  Oh and Jang (2007) investigated the effect of cement type on 

chloride. It was found that the diffusion coefficient of type I cement mixtures is lower 

than that of type V cement mixtures because of the different chloride binding effects 

of various types of cement. The C3A content affects the binding capacity, and the C3A 

content of type I cement is higher than that of type V cement. In addition, 

Sumranwanich and Tangtermsirikul (2004) found that type III cement paste had          

a higher fixed chloride content than Type I cement paste because type III cement had 

a higher fineness, and, thus, more hydration products were produced. 
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 2.7.2.2  Type of chloride  

  Tritthart (1989) studied the effect of sodium chloride (NaCl), 

calcium chloride (CaCl2),  magnesium chloride (MgCl2) and hydrogen chloride (HCl) 

on chloride binding in cement paste (W/C =0.6) after 3 months of curing when the 

total chloride addition was 1% Cl of the cement weight. The results indicated that the 

use of CaCl2 led to more bound chloride than NaCl, MgCl2 and HCl. Similarly, 

Delagrave et al. (1997) showed that the chloride binding was much higher when 

calcium was the cation rather than sodium. Neville (1995) also pointed out in his 

review that calcium chloride leads to more chloride binding than sodium chloride in 

cement paste. 

 2.7.2.3  Water-to-cement ratio 

   Liu and Winslow (1995) studied the effect of W/C on chloride 

permeability. W/C values of 0.32, 0.40, 0.50 and 0.60 were used, and the chloride 

permeability was determined in accordance with AASHTO Test T277-83. The results 

indicated that chloride permeability depends on W/C and curing time. A similar 

conclusion was also reported by (Sumranwanich and Tangtermsirikul, 2004) who 

found that W/C increases with total chloride content, while the fixed chloride content 

is decreased because chloride can be more easily enter into concrete. Pastes with low 

W/C were also found to be denser. In addition, Moon et al. (2006) investigated the 

W/B ratio on chloride diffusivity in concrete. The experimental results showed that 

the average pore diameter increases with the W/B ratio and relates proportionally to 

the chloride diffusivity of the concrete.  
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  Chalee et al. (2007) studied the effect of the W/C ratio on 

covering the depth of fly ash concrete in marine environment. The W/C ratio of fly 

ash concrete was varied at 0.45, 0.55 and 0.65. They found that the cement concrete 

had   a higher rate of chloride penetration than that of fly ash concrete. A decrease in 

the W/C ratio could reduce the covering depth required for the initial corrosion of the 

steel bar. Later, Chalee and Jaturapitakkul (2009) found that a decrease in the  W/C 

ratio resulted in a decrease in the chloride diffusion coefficient ( cD ) because the W/C 

ratio influences the water permeability of cement concrete. 

 2.7.2.4  Pore structure  

 The pore structure of cement affects important transport 

properties. Cement-based materials contain air voids, capillary pores and gel pores. 

Many researchers have studied the effect of the average pore diameter and critical 

pore diameter on chloride diffusivity. Halamickova et al. (1995) found that the 

coefficient of chloride ion diffusion varied linearly with critical pore radius and 

depended on the W/C ratio as shown in Figure 2.13. The diffusion coefficient of paste 

is expressed as the following: 

( ) ( )12 134.3 10 6.5 10cD x x Cr− −= − +                                              (2.17) 

where cD is the diffusion coefficient (m2/s) and Cr is critical pore radius of the paste 
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Figure 2.13  Relationship between the diffusion coefficients of chloride ions and 

            the critical pore radius of the paste (Halamickova et al., 1995). 

Yang et al. (2006) performed a linear regression analysis and 

found that the diffusion coefficient obtained from a ponding test increases with an 

increase in continuous pore or critical pore radius. Capillary porosity and critical pore 

diameter or continuous pore diameter are the most important characteristics of the 

pore structure in relation to the diffusion coefficient of chloride ions in concrete. This 

relationship is shown in Figure 2.14. 

( ) 120.0496 2.8534 10c cD d x −= −                                                     (2.18) 

where cD is the diffusion coefficient (m2/s) and cd is critical pore diameter of the 

paste 
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Figure 2.14  Relationship between chloride ion diffusion coefficients and critical  

   pore diameter  (Yang et al., 2006) 

2.7.2.5  Curing time 

Curing methods and duration are important for controlling 

concrete quality, including, in particular, the strength and durability of the concrete. 

Sumranwanich and Tangtermsirikul (2004) investigated chloride binding in OPC.  

Specimens were cast into 50 mm diameter and 10 mm thick. The cement pastes were 

cured for 1, 7 and 28 days. At the end of water curing, they were exposed to salt water 

containing 3.0% chloride ions for 28, 56 and 91 days. The results indicated that 

cement pastes with the same exposure to a shorter curing time had higher total 

chloride and free chloride levels than those exposed to longer curing times. This result 

is because the pastes cured for less time had bigger pore diameters that subsequently 

affected the chloride penetration into the paste. Pastes immersed for longer times in 

saltwater contained a higher total chloride and fixed chloride content. 
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2.7.2.6  Temperature 

  Al-Khaja (1997) investigated the effect of exposure 

temperature on chloride ingress into concrete. Concrete samples were cured in water 

at 22±2°C for 28 days. At the age of 29 days, specimens were immersed in 3% NaCl, 

and the temperature was maintained at 20 and 45°C. The results showed that the 

exposure temperature increased the chloride content, which is the main factor 

affecting the chloride ingress into concrete. Nguyen et al. (2009) studied the effect of 

environmental temperature on the chloride diffusion of mortars. Cylinder samples 100 

mm in diameter and 200 mm in height were prepared. After curing in water at 20±1°C 

and 90% relative humidity, the chloride diffusion coefficient and penetration depths 

of chloride of the specimens were measured from the NT build 443 at temperatures of 

5°C, 21°C and 35°C. It was found that the chloride diffusion coefficient increased 

with temperature. In addition, the impact of temperature on chloride transport led to 

an increase in the chloride penetration depths.   

2.7.2.7   Exposure condition 

   Liam et al. (1992) studied the diffusion coefficient (Dc) and 

surface chloride (Cs) content of a 24 year-old reinforced concrete jetty structure in 

a marine environment. They found that the amount of chloride content in the splash 

zone near sea-level is more than that in the tidal zone, which may be due to the 

wet/dry cycle. Water absorption may lead to very rapid penetration of chloride. 

However, Ann et al. (2009) showed that the amount of chloride in the tidal zone is 

greater than that in the splash zone. In addition, Song et al. (2008) investigated the 

chloride transport of concrete from different sea areas in the UK, Japan and 

Venezuela. The research indicated that concrete structures exposed to a tropical 
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environment were more sensitive to chloride attack because the tropical climate 

affected the chloride ion transport into concrete. This result is due to the high relative 

humidity, temperature and chloride concentration, all of which facilitate the transport 

of chloride ions into concrete. Furthermore, studies on the effect of the distance from 

sea on chloride content revealed which found that structures located on the coast close 

to the sea are important to chloride (Mustafa and Yusof, 1994). 

2.7.2.8  Supplementary cementitious materials 

  Kayyali and Qasrawi (1992) investigated the chloride binding 

capacity of blended cement paste containing fly ash. 30% of the Type I Portland 

cement was replaced by Type F fly ash, and NaCl was dissolved in the mixed water 

prior to the start of mixing. The experimental results showed that the dehydration of 

calcium chloroaluminate hydrate (Friedel’s salt) was observed at temperatures 

ranging from 335°C to 350°C. In addition, the DTA peak indicated that the area of 

formation of Friedel’s salt is larger in the fly ash cement paste than in the paste 

without fly ash.  

  Arya and Xu (1995) studied the chloride binding of 

cementitious materials. Type I Portland cement was partially replaced by 35% 

pulverized fuel ash (PFA), 35% ground granulated furnace slag (GGBS), and 10% 

silica fume (SF). NaCl was dissolved in water at 1% by weight of cement. Specimens 

were cured at 3, 7, 14, 28 and 90 days.  The amount of chloride binding occurred in 

the following order: GGBS > PFA > OPC > SF. 
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  Sumranwanich and Tangtermsirikul (2004) studied the effect of 

the type of fly ash on chloride content. They found that cement paste using Type C fly 

ash (with high CaO content) had a lower total chloride penetration profile than that 

using Type F fly ash (with low CaO content) because high CaO fly ash has denser and 

smaller pores than low CaO fly ash. 

   Chalee et al. (2010) studied the use of fly ash concrete in           

a marine environment for long-term design life analysis and found that increasing the 

amount of concrete containing fly ash reduced the chloride penetration, chloride 

penetration coefficient and steel corrosion in the concrete. In addition, after 7 years 

exposure to sea water, no corrosion of the embedded steel bar at a 50 mm concrete 

cover depth was observed for concrete containing 25-50% of fly ash and having          

a W/B ratio of 0.65. Later, Cheewaket et al. (2010) observed that increasing the fly 

ash replacement of cement in concrete resulted in an increase in its chloride binding 

capacity. These results confirm that the use of fly ash in concrete enhances its 

resistance to chloride penetration. This resistance results from the chloride binding of 

concrete depending on the two main mechanisms of physical adsorption and chemical 

reaction (Luo et al., 2003). In addition, the pozzolanic reaction occurs because of the 

SiO2 and Al2O3 contained in the fly ash, which react with Ca(OH)2 and thus increase 

the compressive strength while refining the pore structure in the blended cement 

paste; these results are in agreement with (Li and Ding, 2003). 
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2.8  Modeling of chloride ingress into cement paste 

 Numerical studies have focused on developing an algorithm to estimate 

chloride penetration depth. Truc et al. (2000) presented a numerical model based on 

the finite difference method and the Nernst-Planck equation for the simulation of the 

transport of Cl-,  K+, Na+ and OH- through saturated concrete during a migration test. 

Martin-Perez et al. (2001) studied an algorithm based on Fick’s second law for the 

numerical modeling transport of chloride through concrete. Many researchers have 

implemented finite element programs, such as ABAQUS, ANSYS and COSMOS 

thermal software (Chen and Mahadevan, 2008; Lin et al., 2010; Marsavina et al., 

2009). Guzman et al., (2011) determined that the free chloride numerical results are in 

close agreement with experimental results. This proposed model results is shown in 

Figure 2.15. 

 

 

Figure 2.15  Proposed model results (Guzman et al., 2011) 
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2.8.1  Governing equation 

       The ionic flux through a saturated porous medium is described by Fick’s 

first law. Chloride ions from an exposed surface moves into the cement matrix due to 

the concentration gradient. The movement is expressed as follows: 

c c fJ D C= − ∇                                                             (2.19) 

where cJ is the chloride flux, cD is the diffusion coefficient (m2/s), and fC is the free 

chloride concentration (g/g). The mass balance equation for chloride ions can be 

expressed using Fick’s second law as follows: 

T
c

C J
t

∂
= −∇

∂
                                                                        (2.20) 

Substituting Equation (2.19) into Equation (2.20), the following equation is obtained: 

  ( )T
c f

C D C
t

∂
= ∇ ∇

∂
                                                                     (2.21) 

( )fT
c

CC D
t x x

∂∂ ∂
=

∂ ∂ ∂
                                                           (2.22) 
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The total chloride amount is shown in Equation (2.23). The chloride 

binding capacity of the paste is slope of a binding isotherm. The binding isotherm 

relates the free and bound chloride concentrations at equilibrium and is characteristic 

of each cementitious system as in the following: 

T b fC C C= +                                                            (2.23) 

Isotherm, chloride binding capacity can be expressed as: 

 α=
∂

∂

T

f

C
C

                                                                       (2.24) 

2

2

x
C

D
t

C f
c

T

∂

∂
=

∂
∂                                                                        (2.25) 

Substituting fT CC ∂=∂
α
1 , we have 

2

21
x
C

D
t

C f
c

f

∂

∂
=

∂

∂

α
                                                             (2.26) 

where TC is the concentration of total chloride (g/g), fC is the concentration of free 

chloride (g/g), cD is the chloride diffusion coefficient (m2/s), t  is exposure time, 

and x is the depth of paste measured from the surface (m). 
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2.8.2  Finite element analysis 

   Numerical simulations were performed using the governing equation, 

Equation (2.26). The free chloride concentration ( )fC  is expressed by the shape 

function [ ]cN  and nodal free chloride concentration{ }fc . The shape function 

connects the properties in an element with the properties in a node. 

( ) ( ) ( ){ }, , , , ,f c fC x y z t N x y z c t=                                                  (2.27) 

where [ ]cN is element shape functions for fC . The element shape function derivative 

matrix can be expressed as Equations (2.28) and (2.29), respectively. 

[ ] [ ]2 2 ...c nN N N N=                                                           (2.28) 

[ ] 1 2 ... nNN NB
x x x

∂∂ ∂ =  ∂ ∂ ∂ 
                                                          (2.29) 

The value of { }fc is obtained as follows: 

{ } 1 2 ...
T

f f f fnc c c c =                                                            (2.30) 
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 Substituting Equation (2.27) into Equation (2.26) and applying the 

Galerkin method, the following equation is obtained: 

[ ] [ ]{ }( ) [ ]{ }( )
0

)(),,()(),,(
),,( 2

2

=
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∂
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∫ dV

x
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c
fT

V
c   (2.31) 

The finite element of transient mass diffusion can be obtained as follows: 

 [ ] { } [ ]{ } { }QtcK
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                                      (2.32) 

 [ ],C [ ]K ,[ ]D and { }Q of Equation (2.32) are expressed by the following 

equations, respectively: 

[ ] [ ] [ ][ ]T
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 { } [ ]
T

fQ f N c dS= ∫                                                                        (2.36)  

where f is the boundary flux, and fc is the free chloride concentration of exposure 

surface condition.  Numerical simulation based on a finite element method is a 

good alternative for modeling the chloride penetration into concrete using a diffusion 

coefficient and transient analysis.  

2.9  Summary of the literature review 

A brief summary of the literature review is presented. This summary comprises 

five topics. 

2.9.1  Study of biomass ash in concrete 

 In general, there is a consensus that biomass ash is an excellent 

pozzolanic material suitable for use in concrete when it is of high fineness. In 

particular, blended mortar or paste containing pozzolan materials with high fineness 

has a lower average pore diameter and critical pore size than OPC paste. These 

properties result from the reaction of biomass ash with Ca(OH)2, which increases 

compressive strength and pore refinement. This effect is an important factor for 

permeability and chloride iron diffusion.  
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2.9.2  Effect of mineral admixture on compressive strength 

       Pozzolan materials are used as a partial replacement for Portland cement 

in concrete. From the literature, it is well known that the compressive strength of 

mortar or concrete is attributed to three factors: the hydration level, the act of small 

particles filling the voids of pastes and thereby dispersing cement particles, and the 

reaction between the siliceous and aluminous material from pozzolanic materials and 

calcium hydroxide.  

2.9.3  Pore structure of hardened cement paste 

       Pores that are present in cement paste or in concrete can be divided into 

gel pores and capillary pores, which increase and decrease according to the hydration 

reaction. The structure of cement paste relies significantly on the water-to-cement 

ratio, curing time, compressive strength, temperature, and supplementary cementitious 

materials. The pore structure (e.g., the total porosity, the average pore diameter, and 

the critical pore size of the paste) is one factor that influences the properties of cement 

materials, such as their strength, permeability and durability. However, most research 

has reported that the total porosity, average pore diameter and critical pore diameter 

of blended cement paste containing pozzolan materials were lower than the values for 

OPC paste.  
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2.9.4  Chloride ion penetration of concrete 

       Chloride attack is one of the major threats to the durability of reinforced 

concrete structures in a marine environment, where it is subjected to de-icing salts. 

The penetration of chloride depassivates steel and initiates the corrosion of the 

reinforcement bar. The penetration rate of chloride depends on the diffusion 

coefficient and high-performance concrete should have a low permeability. Chloride 

binding affects the transport rate of chloride into concrete. Previous research has 

suggested that the use of fly ash in concrete resulted in higher chloride binding than 

for control concrete.  

2.9.5  Modeling of chloride ingress into cement paste 

                 The finite element method is a tool to solve problems in engineering, such 

as stress analysis, bulking, heat transfer, and fluid flow.  The simulation of chloride 

penetration through concrete is based on Fick’s second law. Many researchers 

implement finite element programs such as ABAQUS, ANSYS and COSMOS 

thermal software. The results found that the free chloride numerical results are in 

close agreement with experimental results. 

The literature review shows that by-products from biomass power plants 

such as RHA and POFA can be used as cement replacements. Thus, this research aims 

to study the effect of RHA and POFA of different finenesses on the compressive 

strength and microstructure of the blended cement paste. To test for durability, a study 

of the chloride penetration of the blended cement paste will also be conducted. The 

benefits of this research are that it may help to lead to a reduction of both cement 

usage and the volume of by-product waste disposed in landfills. 
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2.10 Research framework 

From the literature review, many researchers have reported that pozzolan 

materials are used to partially replace cement and that the compressive strength of 

cement paste or mortar is attributed to three factors: the hydration reaction, the filler 

effect, and the pozzolanic reaction. In addition, previous research has shown that the 

pore structure of blended cement paste containing pozzolan materials transformed 

from coarser to finer pores. Thus, the use of pozzolan materials can improve concrete 

strength, and chloride penetration resistance of concrete. Type I Portland cement 

(OPC) was replaced by RHA or POFA or RS at 0%, 10%, 20%, 30% and 40% by 

weight of binder. The compressive strength, thermogravimetric analysis and pore size 

distribution of the blended cement pastes were investigated. POFA was used to 

replace ordinary Portland cement at 0%, 10%, 20%, 30% and 40% by weight of 

binder. The pastes were immersed in 3 % solution for 90 days. After that the total 

chloride content, free chloride content and microstructure chloride penetration were 

examined at 90 days immersion in 3% NaCl solution. 
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CHAPTER III 

EXPERIMENTAL PROGRAM 

This chapter explains the details of the experimental program. The study is 

divided into two parts. The first part showed mixed proportions of paste and a method 

for determining the component of the compressive strength of paste that results from 

the hydration reaction, the filler effect, and the pozzolanic reaction. The 

microstructure of the blended cement paste was studied using thermal gravimetry 

analysis (TGA) and mercury intrusion porosimeter (MIP). Part 2 examined the 

chloride penetration into blended cement paste and consists of tests to determine the 

total chloride content, the free chloride content In addition, the microstructure of 

pastes, and numerical finite element methods was also performed. 
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3.1  Materials 

3.1.1  Cement 

 Ordinary Portland cement type I (OPC) and sulfate resistance Portland 

cement Type V (SRPC) were used in this study. 

3.1.2  Biomass ash 

 Two types of biomass ash were used in this study: rice husk ash (RHA) 

and palm oil fuel ash (POFA). 

RHA is a by-product material from electricity generation biomass power 

plants. In this study, RHA was collected from power plants in the Roiet Province of 

Thailand.  

POFA is a by-product from biomass thermal power plants where oil 

palm residues are burned to generate electricity. In this study, POFA from a power 

plant in the Chumphon Province of Thailand was used. 

3.1.3   Inert material 

The inert material used was ground river sand (RS) 
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3.2  Method of study 

 Original RHA, original POFA and RS are ground to two different sizes as 

shown in Figure 3.1. The median particle size of the materials are proposed to be of 

the same size as that of cement and as the filler between the particle sizes of cement, 

which was calculated using Equations (3.1) and (3.2), respectively. An overview of 

the experimental procedure is shown in Figure 3.2.  

As shown in Figure 3.1(a), if the median particle size of the material is the same 

as that of OPC (~15 µm), the material does not act as a filler. 

 15d D mµ= =                                                                                      (3.1) 

        If the median particle size of the material is smaller than cement and acts as       

a filler between the particles of cement as shown in Figure 3.1(b), then the median 

size of the filler material can be calculated as shown in Equation 3. 2, (Lu and Likos, 

2004). 

 2os30 0.15 0.15(15) 2.25
2 2
Dd c D m

D d
µ°= = = =

+
                                   (3.2) 
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(a) Median particle size equal to       (b) Minimum median particle size                    

that of OPC                                                  for filler 

Figure 3.1  Illustration of material with different particles size in OPC paste 
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Figure 3.2  Experimental program 
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 3.2.1  Mixture proportions of pastes 

         In Part 1, ground RHA, POFA, and RS were used to partially 

replace Type I Portland cement at 0%, 10%, 20%, 30% and 40% by binder weight as 

shown in Table 3.1. The normal consistency of paste OPC was 25.5% while those of 

RHA and POFA were higher than that paste OPC and increased with increasing 

particle fineness and cement replacement rate. This is due to the particles of ashes 

having high porosity, and thus absorbing more water, resulting in higher water 

consumption.  

Table 3.1 Mixture proportions of pastes in part 1 

Symbol 
Mixture proportions (%) 

 
W/B 

 

Normal 

OPC CRS CRHA CPOFA FRS FRHA FPOFA Consistency (%) 
OPC 100 - - - - - - 0.35 25.5 
10CRS  90 10 - - - - - 0.35 25.7 
 20CRS  80 20 - - - - - 0.35 25.8 
30CRS  70 30 - - - - - 0.35 25.9 
40CRS  60 40 - - - - - 0.35 26.1 
10CRHA  90 - 10 - - - - 0.35 27.5 
20CRHA  80 - 20 - - - - 0.35 28.1 
30CRHA  70 - 30 - - - - 0.35 29.7 
40CRHA  60 - 40 - - - - 0.35 31.5 
10CPOFA  90 - - 10 - - - 0.35 26.7 
20CPOFA  80 - - 20 - - - 0.35 27.6 
30CPOFA  70 - - 30 - - - 0.35 28.3 
40CPOFA  60 - - 40 - - - 0.35 29.5 
10FRS  90 - - - 10 - - 0.35 26.1 
20FRS  80 - - - 20 - - 0.35 26.4 
30FRS  70 - - - 30 - - 0.35 26.8 
40FRS  60 - - - 40 - - 0.35 27.2 
10FRHA  90 - - - - 10 - 0.35 32.8 
20FRHA  80 - - - - 20 - 0.35 33.5 
30FRHA  70 - - - - 30 - 0.35 35.6 
40FRHA  60 - - - - 40 - 0.35 37.8 
10FPOFA  90 - - - - - 10 0.35 31.8 
20FPOFA  80 - - - - - 20 0.35 33.5 
30FPOFA  70 - - - - - 30 0.35 35.1 
40FPOFA  60 - - - - - 40 0.35 36.5 
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  In Part 2, Type I Portland cement was partially replaced by POFA at 

0%, 10%, 20%, 30% and 40% by binder weight as shown in Table 3.2. Two sets of 

pastes with a water-to-binder (W/B) ratio of 0.35 were prepared.  

Table 3.2  Mixture proportions of pastes in part 2 

Symbol 
Mixture proportions (%) 

 
W/B 

 
OPC SRPC CPOFA FPOFA 

OPC 100 - - - 0.35 
SRPC - 100 - - 0.35 
10CPOFA  90   10 - 0.35 
20CPOFA  80  20 - 0.35 
30CPOFA  70  30 - 0.35 
40CPOFA  60 - 40 - 0.35 
10FPOFA  90 - - 10 0.35 
20FPOFA  80 - - 20 0.35 
30FPOFA  70 - - 30 0.35 
40FPOFA  60 - - 40 0.35 

3.2.2   List of abbreviations 

Paste symbol {10, 20, 30, 40} {C, F} {OPC, SRPC, POFA, RHA,RS} 

where: OPC = Ordinary Portland cement type I 

 SRPC     =  Sulfate resistance Portland cement  type V 

                     POFA = Ground palm oil fuel ash 

                    RHA = Ground rice husk ash 

 RS = River sand 

 C   = Coarse 

 F  =  Fine 
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3.3  Test program  

 3.3.1  Determination of properties of materials 

 (1)  The specific gravity of the RHA, POFA, RS, OPC and SRPC was 

measured according to ASTM C188.  

 (2)  The fineness of the RHA, POFA, RS, OPC and SRPC was measured 

according to ASTM C204 2001. 

 (3)  The chemical composition of the RHA, POFA, RS, OPC and SRPC 

was measured using X-ray fluorescence. 

(4) The amorphous structure of the RHA, POFA, and RS was 

determined using quantitative XRD analysis with Bruker’s TOPAS software.  The 

XRD scans were performed for 2θ between 10°and 65° using with an increment of 

0.02°/step and a scan speed of 0.5 sec/step. 

(5)  Particle size analysis of the RHA, POFA, RS, OPC and SRPC was 

conducted using laser particle size analysis. 

3.3.2  Determination of compressive strength 

  Cube specimens of size 50 x 50 x 50 mm were prepared in accordance 

with ASTM C109 except that no sand was used in the mixture and were tested to 

determine the compressive strength at the ages of 7, 28, 60 and 90 days. An average 

of five samples was taken for each compressive strength value reported. 

3.3.2.1  Evaluation of the percentage compressive strength of paste 

due to the hydration reaction  

The percentage compressive strength of a paste due to the hydration 

reaction ( HP ) is the ratio between the compressive strength of the paste containing  

 

 

 

 

 

 

 

 



76 

 

inert material with the same particle size of cement and the compressive 

strength of the OPC paste. The percentage compressive strength of a paste due to the 

hydration reaction is calculated by the following equation: 

 100ic
H

opc

CP x
C

 
=   
 

                                                                                         (3.3) 

where HP is the percentage compressive strength of the paste due to the hydration 

reaction (%), Cic is the compressive strength of the paste containing inert material with 

the same particle size of cement (MPa) and Copc is the compressive strength of OPC 

paste (MPa).  

3.3.2.2  Evaluation of the percentage compressive strength of paste 

due to the filler effect 

 The percentage compressive strength of paste due to the filler 

effect ( FP ) is the difference in the percentage compressive strength between the paste 

with inert material with high fineness and the paste with inert material with the same 

particle size as the cement. The percentage compressive strength of paste due to the 

filler effect is calculated by the following equation: 

 ( , ) ( , )( )F i f p t ic p tP P P= −                                                                                    (3.4) 
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where ( FP ) is the percentage compressive strength of the paste due to the filler effect 

(%), ( , )i f p tP is the percentage compressive strength of the paste containing inert 

material with high fineness compared with OPC paste (%) and ,( , )ic p tP   is the 

percentage compressive strength of the paste containing inert material with the same 

particle size as the cement compared with OPC paste (%). ( , )i f p tP and ,( , )ic p tP have the 

same replacement (p) and the same age (t).  

3.3.2.3  Evaluation of the percentage compressive strength of paste 

due to the pozzolanic reaction 

  The percentage compressive strength of paste due to the 

pozzolanic reaction ( ,PZ tP ) is the difference in the percentage compressive strength 

between the RHA or POFA paste and the inert material paste. The percentage 

compressive strengths of paste due to the pozzolanic reaction were calculated by the 

following equation: 

 , ,( , , ) ,( , , )( )= −PZ t b p s t i p s tP P P                                                                              (3.5) 

where ,PZ tP  is the percentage compressive strength of the paste due to the pozzolanic 

reaction (%), ,( , , )b p s tP is the percentage compressive strength of the paste containing 

RHA or POFA compared with OPC paste (%) and ,( , , )i p s tP  is the percentage 

compressive strength of the paste containing inert material compared with OPC paste 

(%), ,( , , )b p s tP and ,( , , )i p s tP  have the same replacement (p), fineness (s)  and age (t).  
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 3.3.3  Microstructure of the blended cement paste 

  3.3.3.1 Thermal analysis 

   Thermal analysis is a widely used method for determining the 

presence of hydration products such as ettringite, calcium silicate hydrate (C-S-H), 

calcium aluminum silicate hydrate (C2ASH8), calcium aluminate hydrate (C4AH13), 

calcium hydroxide (Ca(OH)2) and calcium carbonate (CaCO3) (Bai et al., 2003). 

Thermogravimetric analysis was carried out using Netzsch STA 409 C/CD 

equipment. The sample was heated from room temperature to 1000ºC at a heating rate 

of 10ºC/min under a nitrogen atmosphere. The thermogravimetric (TG) signal was 

used to calculate the weight loss during heating and to estimate the content of 

Ca(OH)2 and carbonated phases. The Ca(OH)2 content was calculated from the weight 

loss between 450 and 580°C (El-Jazairi and Illston, 1977). Furthermore, the derivative 

thermogravimetric (DTG) data of the weight loss can be used to further determine 

each phase (Chaipanich and Nochaiya, 2010) 

  3.3.3.2  Determination of the porosity of the pastes 

The measurement of the distribution of pore diameters in the 

hardened cement pastes, determined by mercury intrusion porosimetry (MIP), was 

conducted at a pressure capacity of 228 MPa. After curing, all cube specimens were 

split from the middle portion of the hardened blended cement paste and 3-6 mm 

pieces weighing between 1 and 1.5 g were used. To stop the hydration reaction, the 

samples were submerged directly into liquid nitrogen for 5 min and were then 

evacuated at a pressure of 0.5 Pa at -40ºC for 48 h. This method has been used 

previously to stop the hydration reaction of cement paste (Galle, 2001; Konecny and 
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Naqvi, 1993). The pressure was determined by the Washburn equation (Washburm, 

1921), and the pore diameters were calculated by the Washburn equation as follows:  

4 cosd
P

γ θ−
=                                                                            (3.6) 

where d is the pore diameter (µm), γ is the surface tension of the mercury (dynes/cm), 

θ is the contact angle (degree) and P is the applied pressure (MPa). 

3.3.4  Chloride penetration into blended cement paste  

 Specimens (100 mm diameter and 200 mm in height) were prepared in 

accordance with ASTM C39 except that no sand was used in the mixture. The cast 

specimens were removed from the mold. Afterwards, they were cured in saturated 

lime water at 23±2°C. After curing to the age of 27 days, they were cut into 60 mm 

pieces. The lateral and bottom surfaces of the cylinders were coated with epoxy. The 

samples were immersed in 3% NaCl solution for 90 days as shown in Figure 3.3, after 

that the chloride penetration into blended cement paste was measured. 
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   (a) Specimen pastes coated with epoxy 

 

(b) Specimen pastes immersed in 3% NaCl solution for 90 days 

Figure 3.3  Immersion of paste specimen in 3% NaCl solution 

3.3.4.1  Total chloride content 

    After 90 days of the chloride exposure period, the specimen 

was dry-cut from the top surface, which was 10 mm thick as shown in Figure 3.4. The 

paste was ground into a powder sample that could pass through a No. 20 sieve. Nitric 

acid was mixed into the 10 g powder sample in a beaker, and the mixture was heated 

on a hot plate for 3 minutes. After removal of the beaker from the hot plate and 

filtering the solution, the filtrate was used to analyze the total chloride content using 

auto-titration equipment according to ASTM C1152.  
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Figure 3.4  Paste specimens coring and cutting for chloride test 

3.3.4.2  Free chloride content 

The method to determine the free chloride content is similar to 

that used for the total chloride content. 10 g of powder samples and distilled water 

were mixed in a beaker. The mixture was heated on the hot plate for 5 minutes, and 

then the sample was left to stand for 24 h before filtering the solution. The filtrate was 

used to analyze the free chloride content using auto titration equipment according to 

ASTM C1218. 

3.3.5  Microstructure of the blended cement paste chloride penetration 

 After 90 days of the chloride exposure period, the specimen was dry-cut 

from the top surface, which was 10 mm thick. The paste was ground to a powder 

sample that could pass through a No. 200 sieve. The amount of Friedel’s salt was 

determined using semi-quantitative XRD. The XRD scans were performed for 2θ 

between 10°and 25° using an increment of 0.02°/step and a scan speed of 0.5 sec/step. 
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3.3.6  Numerical simulation of the blended cement paste under chloride 

penetration 

Finite element analysis was used to numerically solve the chloride 

diffusion equation using Fick’s second law Equation (3.7). The numerical simulation 

by the FEM program, ABAQUS thermal software, was used to study the chloride 

penetration in the blended cement paste. The governing equation used in ABAQUS 

was Equation (3.8). 
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∂
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T                                                                           (3.7) 
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∂
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∂
∂ρ                                                                (3.8) 

 

where T  is the temperature, t  is time, ρ is the density, sC is the specific heat, xk is 

the thermal conductivities in global x direction, respectively, and Q  represents the 

heat generation rate. Equation (3.7) is similar to Equation (3.8) if ρ =1 and Q  is 0. 

Thus, for the simulation of chloride penetration, the temperature T is replaced by the 

total chloride concentration TC  while the thermal conductivity xk is replaced by the 

diffusion coefficient cD and the specific heat is replaced by the chloride binding 

capacity f

T

C
C
∂

∂
. 
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3.3.6.1  Geometric model 

 The geometric model used in the present study is shown in 

Figure 3.5. It is a paste of 100 mm width and 60 mm height. The cement paste is 

exposed to 3% NaCl and 100% relative humidity (RH) on the top surface and inside 

specimen. The other boundaries are assumed to be insulated. The element is an 

isoparametric element for the finite element model 
. 

60 mm

100 mm

RH=100%

RH=100%

Cement paste

3% NaCl Solution

Insulated
Insulated

Insulated

 

Figure 3.5  Paste sample used for the numerical model 

 

3.3.6.2   Material parameter 

(1) Chloride diffusion coefficient 

 The chloride ion transport in the paste can be modeled by 

Fick’s second law in the following form for one-dimension (Crank, 1975): 

 

2

2c
C cD
t x

∂ ∂
=

∂ ∂
                                                   (3.9) 
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Considering the constant diffusion coefficient, an analytical 

solution of Equation (3.9) is given by: 

 

0( , ) 1
2 c

xC x t C erf
D t

  
= −      

                                    (3.10) 

 

where  ( , )C x t is the total chloride concentration (% by weight of binder) at depth x 

and exposure time t 

 t   is time (second)  

x   is distance from paste surface 

cD  is diffusion coefficient (m2/s) at exposure time t 

    erf    is error function 

The apparent chloride diffusion coefficient cD is calculated from 

the concentration profile of the specimen tested by curve-fitting of Equation (3.10).  

(2) Chloride binding capacity 

 The total chloride is the sum of the free and bound 

chloride as shown in Equation (3.11). The chloride binding capacity describes the 

ratio between the change of free chloride content and the total chloride content. The 

chloride binding relation is best defined by isotherm described by Equation (3.12). 

Thus, the derivative of Equation (3.12) can be rewritten as Equation (3.13), where 

α is the slope of the line. 
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T f bC C C= +                                                                        (3.11) 

 α=
∂

∂

T

f

C
C

                                                             (3.12) 

where TC  is the total chloride, bC is the bound chloride and fC is the free chloride and 

α is the constants determined by experiments   

  Chloride penetration into blended cement paste containing 

POFA was determined by the experimental value while numerical simulation is used 

to solve the diffusion depth using Fick’s second law and the finite element method 

program. The numerical simulation studies the calculation of the amount of free 

chloride, in order to verify the experimental results. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 5.1.1  PART  I  Effect of biomass ashes fineness on compressive strength  

and microstructure of blended cement paste 

5.1.1.1   The amorphous content of RHA and POFA was approximately 

67–70%. Blended cement paste with high fineness RHA or POFA had a higher 

compressive strength than that with coarse ashes. In addition, the use of RHA or 

POFA with particle sizes smaller than those of OPC to replace Portland cement Type 

I at the rate of 10-30% by weight of binder resulted in good compressive strengthfrom 

filler effect and pozzolanic reaction. 

5.1.1.2 The percentage compressive strength of the pastes due to the 

hydration reaction decreased with decreasing cement content. The percentage 

compressive strength of pastes due to the filler effect increased with increasing inert 

matter material replacement. The percentage compressive strength of paste due to the 

pozzolanic reaction increased with increasing fineness of pozzolans, cement 

replacement and age of paste.  

5.1.1.3 The Ca(OH)2 contents of blended cement pastes containing 

RHA or POFA were lower than those of the OPC paste and decreased with increasing 

in the replacement and fineness of the ashes. Moreover, the reduction of Ca(OH)2 

affected the increased peak intensity of the C-S-H, C2ASH8 and C4AH13 phases with 

increasing curing time, which resulted in an increase in the compressive strength. 
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5.1.1.4 The reduction of the Ca(OH)2 content in the RHA or POFA 

pastes were due to the pozzolanic reaction and caused the pore size structure of the 

paste to change from coarser pores to finer pores. Thus, the critical pore size and 

average pore diameter of the paste containing RHA and POFA were lower than those 

of the OPC paste. 

5.1.1.5 The mass loss (at 30°C-450°C) of RS pastes increased with 

fineness and decrease with the replacement level. In addition, it was likely that the 

addition of fine RS whose particles were finer than those of Portland cement caused 

segmentation of large pores and increased nucleation sites for precipitation of 

hydration products in cement paste as resulted in an increase compressive strength 

was due to the filler effect. In contrast, the Ca(OH)2 content in the fine RS pastes was 

lower than that of the coarse RS pastes. 

5.1.1.6   The differences between mass loss (at 30°C-450°C) of RS and 

RHA or POFA pastes at same fineness, curing time and replacement rate were due to 

the pozzolanic reaction which increased with particle fineness and cement 

replacement rate. In addition, the weight losses (at 30°C-450°C) due to the pozzolanic 

reaction were higher than those due to the filler effect.  
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5.1.2 PART  I I Chloride penetration into blended cement paste 

5.1.2.1 The OPC paste had a lower chloride penetration than the SRPC 

paste. The use of palm oil fuel ash results in a lower chloride diffusion coefficient and 

concentration profile of free chloride than the OPC paste. In addition, the chloride 

diffusion coefficient is linearly correlated and increases with an increase in the critical 

pore diameter. 

5.1.2.2 The increase of fineness and replacement of cement with palm 

oil fuel ash resulted in the decrease of free chloride and the chloride diffusion 

coefficient. 

5.1.2.3 The use of palm oil fuel ash to replace Portland cement type I 

had a lower peak intensity of Friedel's salt in paste than that of the OPC paste. In 

addition, the peak intensity of Friedel's salt in paste decreased with increasing 

replacement of POFA. However, increasing the replacement of cement by palm oil 

fuel ash resulted in an increasing physically bound chloride. 

5.1.2.4 It is found that the numerical results obtained using the finite 

element method agrees with experimental results. Thus, the finite element solution 

can produce an accurate analysis of the concentration profile of free chloride in pastes 

at any depth and at any time.   
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5.2 Recommendations for future work  

5.2.1  The study should attempted to find microstructure of paste, mortar and 

concrete under deterioration conditions such as sulfate attack, acid attack, 

carbonation, sea water attack etc. 

5.2.2  In this study, the particle size of ground rice husk ash and palm oil fuel 

ash was in the micro scale. Next study, it is suggested to use particle at nano scale.  
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Table A.1  Compressive strength of OPC and 10CRS pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

OPC 

 

7 

1 5.10 5.10 13,501 52.91   

 53.0 
  

  

2 5.05 5.10 13,323 52.73 
3 5.10 5.00 14,011 56.01 
4 5.05 5.10 12,703 50.28 
5 5.10 5.10 15,737 61.68 

 

28 

1 5.00 5.10 18,893 75.53   

 75.0 
  

  

2 5.15 5.10 18,249 70.83 
3 5.10 5.15 20,285 78.73 
4 5.05 5.05 18,649 74.54 
5 5.10 5.10 19,207 75.27 

 

60 

1 5.00 5.10 21,886 87.49   

84.6  
  

2 5.15 5.10 21,673 84.11 
3 5.10 5.15 19,904 77.25 
4 5.05 5.10 24,984 98.89 
5 5.10 5.10 22,893 89.72 

 

90 

1 5.00 5.10 28,271 113.01   

 99.1 
  

  

2 5.05 5.10 25,739 101.87 
3 5.10 5.15 23,304 90.44 
4 5.00 5.05 25,459 102.78 
5 5.15 5.10 26,113 101.35 

 

 

 

10CRS 

 

7 

1 5.10 5.10 12443 48.77  

48.3 
2 5.05 5.10 11,630 46.03 
3 5.00 5.15 14,858 58.82 
4 5.15 5.05 12,139 47.58 
5 5.15 5.10 13,135 50.98 

 

28 

1 5.10 5.05 18,187 71.98  

68.2 
2 5.10 5.15 16,794 65.18 
3 5.00 5.10 20,439 81.71 
4 5.15 5.10 17,320 67.22 
5 5.00 5.05 16,937 68.38 

 

60 

1 5.10 5.10 20,052 78.59  

77.2 

 

2 5.10 5.10 19,585 76.76 
3 5.00 5.10 20,236 80.89 
4 5.10 5.15 19,253 74.72 
5 5.10 5.10 19,165 75.11 

 

90 

1 5.15 5.10 20,101 78.01  

90.1 
2 5.10 5.10 23,510 92.14 
3 5.10 5.05 22,106 87.49 
4 5.05 5.10 21,883 86.61 
5 5.15 5.05 25,054 98.20 

                      = Data are not applicable 
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Table A.2  Compressive strength of 20CRS and 30CRS pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

20CRS 

 

7 

1 5.15 5.10 9,958 38.65   

 42.9 
  

  

2 5.00 5.10 11,456 45.80 
3 5.10 5.15 11,652 45.22 
4 5.10 5.05 10,876 43.05 
5 5.10 5.10 10,659 41.77 

 

28 

1 5.05 5.10 14,823 58.67   

 60.8 
  

  

2 5.05 5.10 18,430 72.94 
3 5.10 5.10 15,629 61.25 
4 5.10 5.10 15,154 59.39 
5 5.10 5.15 16,502 64.05 

 

60 

1 5.10 5.15 17,485 67.86   

67.9 
  

2 5.10 5.15 17,503 67.93 
3 5.05 5.10 20,139 79.71 
4 5.10 5.15 18,243 70.80 
5 5.15 5.10 16,793 65.18 

 

90 

1 5.15 5.05 18,847 73.87   

 78.6 
  

  

2 5.05 5.10 19,306 76.41 
3 5.05 5.10 21,044 83.29 
4 5.10 5.10 23,759 93.11 
5 5.05 5.05 20,234 80.88 

 

 

 

30CRS 

 

7 

1 5.10 5.10 8,863 34.74  

36.9 
2 5.05 5.05 11,045 44.15 
3 5.10 5.10 9,542 37.40 
4 5.10 5.10 8,953 35.09 
5 5.00 5.10 10,128 40.49 

 

28 

1 5.15 5.05 12,743 49.95  

53.1 
2 5.10 5.10 13,398 52.51 
3 5.10 5.05 14,743 58.35 
4 5.00 5.05 13,324 53.79 
5 5.10 5.05 14,178 56.12 

 

60 

1 5.10 5.10 14,163 55.51  

60.8 

 

2 5.10 5.10 15,639 61.29 
3 5.00 5.10 14,954 59.78 
4 5.10 5.15 16,340 63.42 
5 5.15 5.10 16,453 63.86 

 

90 

1 5.15 5.10 20,367 79.05  

70.2 
2 5.05 5.00 17,702 71.46 
3 5.10 5.10 19,129 74.97 
4 5.00 5.05 18,004 72.68 
5 5.10 5.10 16,734 65.58 

                    = Data are not applicable 
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Table A.3  Compressive strength of 40CRS and 10FRS pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

40CRS 

 

7 

1 5.10 5.10 9,459 37.07  

31.5 
2 5.05 5.05 8,301 33.18 
3 5.00 5.15 7,930 31.39 
4 5.10 5.05 8,073 31.95 
5 5.15 5.10 7,608 29.53 

 

28 

1 5.10 5.05 12,483 49.41  

45.6 
2 5.10 5.15 11,183 43.40 
3 5.00 5.10 12,119 48.45 
4 5.15 5.10 10,596 41.12 
5 5.00 5.05 13,574 54.80 

 

60 

1 5.10 5.10 12,530 49.11  

51.5 

 

2 5.05 5.05 15,634 62.49 
3 5.05 5.10 14,020 55.49 
4 5.10 5.05 13,343 52.81 
5 5.10 5.05 12,305 48.70 

 

90 

1 5.15 5.10 14,398 55.88  

59.6 
2 5.10 5.10 15,230 59.69 
3 5.05 5.10 17,854 70.67 
4 5.05 5.15 16,130 63.22 
5 5.10 5.10 15,201 59.57 

 

 

 

10FRS 

 

7 

1 5.10 5.10 11,930 46.76  

49.9 
2 5.05 5.10 13,050 51.65 
3 5.15 5.05 12,397 48.59 
4 5.00 5.15 13,794 55.61 
5 5.10 5.10 12,203 47.83 

 

28 

1 5.00 5.10 16,940 67.72  

69.9 
2 5.10 5.00 20,294 81.13 
3 5.10 5.00 16,605 66.38 
4 5.15 5.05 19,080 74.78 
5 5.00 5.10 17,694 70.73 

 

60 

1 5.10 5.15 18,955 73.57  

79.1 

 

2 5.10 5.10 19,749 77.40 
3 5.10 5.10 20,285 79.50 
4 5.05 5.00 23,485 94.81 
5 5.15 5.05 21,902 85.85 

 

90 

1 5.10 5.10 25,140 98.53  

92.8 
2 5.10 5.10 24,038 94.21 
3 5.05 5.15 23,183 90.87 
4 5.05 5.100 22,649 89.64 
5 5.1 5.15 23,407 90.84 

                  = Data are not applicable 
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Table A.4  Compressive strength of 20FRS and 30FRS pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

20FRS 

 

7 

1 5.15 5.10 10,843 42.50  

45.0 
2 5.00 5.05 11,194 43.44 
3 5.10 5.10 14,379 58.05 
4 5.10 5.10 12,363 49.42 
5 5.10 5.05 11,425 44.78 

 

28 

1 5.10 5.05 14,929 57.94  

63.4 
2 5.05 5.05 16,222 65.49 
3 5.05 5.10 17,210 67.45 
4 5.10 5.15 18,604 72.91 
5 5.10 5.10 15,820 62.61 

 

60 

1 5.10 5.10 16,934 67.02  

70.8 

 

2 5.10 5.10 17,448 69.74 
3 5.05 5.05 18,335 72.57 
4 5.05 5.10 19,058 73.97 
5 5.00 5.10 21,658 84.88 

 

90 

1 5.15 5.10 19,380 75.95  

82.1 
2 5.00 5.05 20,497 80.33 
3 5.10 5.10 21,048 84.13 
4 5.10 5.10 22,384 88.59 
5 5.10 5.05 20,409 81.59 

 

 

 

30FRS 

 

7 

1 5.00 5.10   9,707 38.80  

39.1 
2 5.00 5.05 12,283 49.59 
3 5.10 5.10 10,593 41.52 
4 5.00 5.15  9,747 38.59 
5 5.10 5.10 9,610 37.66 

 

28 

1 5.10 5.05 13,740 54.38  

56.5 
2 5.10 5.05 14,353 56.81 
3 5.15 5.00 15,594 61.73 
4 5.00 5.05 17,824 71.96 
5 5.05 5.10 13,403 53.05 

 

60 

1 5.10 5.10 19,338 75.79  

64.1 

 

2 5.10 5.15 16,154 62.70 
3 5.10 5.10 17,208 67.44 
4 5.05 5.00 15,430 62.29 
5 5.15 5.05 16,318 63.96 

 

90 

1 5.15 5.10 21,408 83.09  

74.5 
2 5.05 5.10 17,805 70.47 
3 5.05 5.05 20,194 80.72 
4 5.00 5.10 18,068 72.23 
5 5.00 5.15 16,390 64.88 

                  = Data are not applicable  
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Table A.5 Compressive strength of 40FRS and 10CRHA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

40FRS 

 

7 

1 5.05 5.15 8,643 33.88  

34.2 
2 5.10 5.10 9,120 35.74 
3 5.10 5.05 8,006 31.69 
4 5.10 5.10 8,203 32.15 
5 5.00 5.10 9,226 37.60 

 

28 

1 5.00 5.10 12,493 49.94  

49.2 
2 5.10 5.10 15,190 59.53 
3 5.10 5.15 12,448 48.31 
4 5.10 5.05 11,430 45.24 
5 5.10 5.05 13,507 53.46 

 

60 

1 5.10 5.05 13,490 53.39  

55.4 

 

2 5.10 5.10 10,394 40.74 
3 5.05 5.10 13,484 53.37 
4 5.00 5.10 15,180 60.68 
5 5.05 5.10 13,643 54.00 

 

90 

1 5.05 5.10 14,909 59.01  

63.9 
2 5.05 5.05 16,165 64.61 
3 5.05 5.10 17,443 69.04 
4 5.10 5.00 15,769 63.04 
5 5.10 5.15 12,482 48.44 

 

 

 

10CRHA 

 

7 

1 5.00 5.10 14,246 56.95  

52.4 
2 5.10 5.10 12,379 48.52 
3 5.05 5.10 13,135 51.99 
4 5.10 5.05 13,490 53.39 
5 5.15 5.00 12,938 51.22 

 

28 

1 5.10 5.05 19,149 75.79  

76.5 
2 5.10 5.15 20,030 77.74 
3 5.05 5.05 23,539 94.09 
4 5.10 5.10 18,129 71.05 
5 5.00 5.05 20,129 81.26 

 

60 

1 5.10 5.10 20,984 82.24  

88.5 

 

2 5.10 5.05 22,393 88.63 
3 5.10 5.05 23,185 91.76 
4 5.10 5.15 24,417 94.76 
5 5.10 5.05 21,503 85.11 

 

90 

1 5.10 5.05 27,193 107.63  

107.6 
2 5.10 5.00 25,564 102.19 
3 5.05 5.00 28,635 115.60 
4 5.10 5.05 23,468 92.88 
5 5.10 5.10 26,792 105.00 

                  = Data are not applicable  
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Table A.6  Compressive strength of 20CRHA and 30CRHA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

20CRHA 

 

7 

1 5.10 5.10 12,451 48.80  

49.8 
2 5.10 5.00 10,128 40.49 
3 5.05 5.05 11,917 47.63 
4 5.00 5.05 13,484 54.44 
5 5.00 5.15 12,164 48.15 

 

28 

1 5.10 5.10 15,474 60.64  

74.2 
2 5.05 5.10 17,602 69.67 
3 5.05 5.10 18,075 71.54 
4 5.10 5.05 20,240 80.11 
5 5.00 5.00 18,483 75.36 

 

60 

1 5.10 5.10 20,971 82.19  

88.3 

 

2 5.10 5.10 21,963 86.08 
3 5.05 5.05 24,104 96.35 
4 5.10 5.10 22,870 89.63 
5 5.10 5.05 22,064 87.33 

 

90 

1 5.10 5.10 20,214 79.22  

106.0 
2 5.10 5.05 26,683 105.61 
3 5.10 5.05 25,359 100.37 
4 5.10 5.05 27,107 107.29 
5 5.05 5.10 28,026 110.93 

 

 

 

30CRHA 

 

7 

1 5.05 5.00 10,973 44.30  

46.5 
2 5.00 5.05 12,410 50.10 
3 5.10 5.10 11,326 44.39 
4 5.10 5.15 11,302 43.86 
5 5.10 5.00 12,517 50.04 

 

28 

1 5.10 5.10 20,184 79.10  

70.5 
2 5.05 5.10 17,060 67.52 
3 5.10 5.05 19,103 75.61 
4 5.10 5.05 18,030 71.36 
5 5.10 5.05 17,068 67.55 

 

60 

1 5.10 5.10 21,874 85.73  

83.7 

 

2 5.10 5.10 22,864 89.61 
3 5.15 5.10 18,643 72.36 
4 5.10 5.05 20,578 81.45 
5 5.05 5.10 19,753 78.18 

 

90 

1 5.10 5.10 25,820 101.19  

100.0 
2 5.10 5.10 24,341 95.40 
3 5.10 5.05 24,628 97.48 
4 5.05 5.05 21,964 87.79 
5 5.00 5.00 26,010 106.06 

                  = Data are not applicable  
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Table A.7  Compressive strength of 40CRHA and 10FRHA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

40CRHA 

 

7 

1 5.00 5.10 10,513 42.03  

42.4 
2 5.10 5.15 11,238 43.62 
3 5.10 5.10 10,473 41.05 
4 5.10 5.10 10,938 42.87 
5 5.00 5.00 8,086 32.97 

 

28 

1 5.05 5.10 15,289 60.51  

64.7 
2 5.10 5.05 17,011 67.33 
3 5.05 5.05 16,243 64.93 
4 5.05 5.10 15,624 61.84 
5 5.05 5.05 17,240 68.91 

 

60 

1 5.05 5.10 19,162 75.84  

77.4 

 

2 5.10 5.10 20,213 79.22 
3 5.10 5.15 19,253 74.72 
4 5.10 5.10 21,140 82.85 
5 5.10 5.05 18,843 74.58 

 

90 

1 5.10 5.10 24,012 94.11  

92.1 
2 5.10 5.10 22,533 88.31 
3 5.05 5.05 23,340 93.29 
4 5.15 5.15 20,193 77.61 
5 5.15 5.15 24,138 92.77 

 

 

 

10FRHA 

 

7 

1 5.10 5.10 11,382 44.61  

55.9 
2 5.10 5.15 15,121 58.69 
3 5.05 5.10 13,821 54.70 
4 5.05 5.05 14,002 55.97 
5 5.05 5.10 13,744 54.40 

 

28 

1 5.10 5.10 21,073 82.59  

81.7 
2 5.10 5.15 20,363 79.03 
3 5.05 5.10 21,160 83.75 
4 5.10 5.10 19,411 76.07 
5 5.10 5.05 22,036 87.22 

 

60 

1 5.10 5.10 20,374 79.85  

94.7 
2 5.10 5.05 24,392 96.54 
3 5.00 5.10 23,742 94.91 
4 5.15 5.10 25,041 97.19 
5 5.10 5.05 22,780 90.16 

 

90 

1 5.05 5.10 25,672 101.61  

116.2 
2 5.15 5.10 28,329 109.95 
3 5.10 5.05 30,124 119.23 
4 5.10 5.10 29,120 114.13 
5 5.05 5.10 30,727 121.62 

                  = Data are not applicable  
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Table A.8  Compressive strength of 20FRHA and 30FRHA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

20FRHA 

 

7 

1 5.05 5.00 13,430 54.22  

52.9 
2 5.10 5.10 12,517 49.06 
3 5.10 5.10 10,349 40.56 
4 5.05 5.10 13,120 51.93 
5 5.10 5.05 14,262 56.45 

 

28 

1 5.10 5.05 20,029 79.27  

78.7 
2 5.05 5.10 19,529 77.29 
3 5.05 5.10 18,929 74.92 
4 5.10 5.00 21,294 85.12 
5 5.05 5.10 19,390 76.74 

 

60 

1 5.10 5.10 18,905 74.09  

93.1 
2 5.10 5.10 22,591 88.54 
3 5.00 5.05 22,390 90.39 
4 5.10 5.05 23,578 93.32 
5 5.00 5.10 25,093 100.31 

 

90 

1 5.10 5.05 26,555 105.10  

113.2 
2 5.05 5.05 28,148 112.51 
3 5.05 5.10 30,470 120.60 
4 5.10 5.10 29,228 114.55 
5 5.00 5.10 24,604 98.36 

 

 

 

30FRHA 

 

7 

1 5.10 5.05 12,558 49.70  

50.3 
2 5.05 5.05 11,913 47.62 
3 5.00 5.05 12,029 48.56 
4 5.05 5.15 13,293 52.10 
5 5.10 5.15 13,835 53.69 

 

28 

1 5.10 5.15 19,123 74.22  

74.9 
2 5.10 5.05 18,415 72.89 
3 5.10 5.10 19,239 75.40 
4 5.15 5.10 20,810 80.77 
5 5.10 5.10 18,230 71.45 

 

60 

1 5.10 5.10 22,683 88.90  

89.6 
2 5.00 5.10 23,032 92.07 
3 5.00 5.05 22,860 92.29 
4 5.05 5.05 19,329 77.26 
5 5.05 5.10 22,038 87.23 

 

90 

1 5.15 5.10 28,118 109.13  

107.9 
2 5.10 5.10 27,029 105.93 
3 5.05 5.05 26,919 107.60 
4 5.10 5.10 26,612 104.30 
5 5.10 5.15 29,043 112.72 

                  = Data are not applicable  
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Table A.9  Compressive strength of 40FRHA and 10CPOFA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

40FRHA 

 

7 

1 5.05 5.10 10,894 43.12  

44.5 
2 5.05 5.15 13,270 52.01 
3 5.10 5.15 10,948 42.49 
4 5.10 5.10 11,274 44.18 
5 5.10 5.05 12,143 48.06 

 

28 

1 5.10 5.10 16,929 66.35  

66.9 
2 5.10 5.05 15,994 63.30 
3 5.15 5.10 16,705 64.83 
4 5.05 5.10 17,282 68.40 
5 5.00 5.05 17,732 71.59 

 

60 

1 5.00 5.00 17,430 69.00  

79.5 
2 5.05 5.00 19,273 77.81 
3 5.05 5.00 20,143 81.32 
4 5.00 5.05 18,874 76.20 
5 5.05 5.05 21,132 84.47 

 

90 

1 5.10 5.00 23,228 92.85  

96.1 
2 5.10 5.05 23,838 94.35 
3 5.00 5.10 24,373 97.43 
4 5.05 5.05 23,410 93.57 
5 5.00 5.10 25,634 102.47 

 

 

 

10CPOFA 

 

7 

1 5.10 5.05 14,102 55.81  

51.3 
2 5.10 5.05 13,118 51.92 
3 5.05 5.05 12,563 50.22 
4 5.05 5.10 10,127 40.08 
5 5.10 5.10 12,039 47.18 

 

28 

1 5.05 5.15 19,447 76.22  

74.8 
2 5.10 5.15 18,903 73.36 
3 5.10 5.10 17,984 70.48 
4 5.15 5.10 20,670 80.22 
5 5.15 5.10 18,994 73.72 

 

60 

1 5.15 5.10 22,532 87.45  

86.3 
2 5.10 5.05 18,547 73.41 
3 5.15 5.10 21,473 83.34 
4 5.10 5.05 23,189 91.78 
5 5.05 5.10 20,854 82.54 

 

90 

1 5.05 5.10 26,254 103.91  

104.5 
2 5.10 5.05 26,164 103.56 
3 5.10 5.15 25,579 99.27 
4 5.10 5.10 27,187 106.55 
5 5.10 5.15 28,180 109.37 

                  = Data are not applicable  
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Table A.10  Compressive strength of 20CPOFA and 30CPOFA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

20CPOFA 

 

7 

1 5.10 5.10 11,868 46.51  

48.3 
2 5.00 5.10 12,686 50.71 
3 5.10 5.05 12,136 48.03 
4 5.00 5.00 11,943 48.70 
5 5.10 5.10 15,094 59.16 

 

28 

1 5.10 5.10 19,026 74.57  

72.0 
2 5.10 5.10 17,337 67.95 
3 5.10 5.05 18,173 71.93 
4 5.10 5.10 19,303 75.65 
5 5.05 5.05 17,540 70.11 

 

60 

1 5.10 5.05 20,858 82.55  

84.6 
2 5.10 5.05 21,949 86.87 
3 5.00 5.10 20,743 82.92 
4 5.05 5.00 22,784 91.98 
5 5.10 5.10 21,332 83.60 

 

90 

1 5.10 5.10 27,032 105.94  

102.0 
2 5.10 5.10 25,538 100.09 
3 5.05 5.05 26,030 104.05 
4 5.05 5.05 29,663 118.57 
5 5.10 5.00 24,514 98.00 

 

 

 

30CPOFA 

 

7 

1 5.10 5.00 13,453 53.78  

44.5 
2 5.05 5.05 11,079 44.28 
3 5.10 5.00 10,763 43.03 
4 5.00 5.05 10,853 43.81 
5 5.10 5.00 11,754 46.99 

 

28 

1 5.10 5.10 16,594 65.03  

66.7 
2 5.00 5.00 17,043 69.49 
3 5.05 5.00 16,539 66.77 
4 5.10 5.05 16,307 64.54 
5 5.05 5.10 17,093 67.65 

 

60 

1 5.10 5.10 21,002 82.31  

78.6 
2 5.10 5.10 19,174 75.15 
3 5.05 5.10 20,284 80.28 
4 5.05 5.05 17,520 70.03 
5 5.10 5.00 19,184 76.69 

 

90 

1 5.10 5.15 26,439 102.61  

97.1 
2 5.10 5.05 24,184 95.72 
3 5.10 5.10 25,163 98.62 
4 5.05 5.10 24,280 96.10 
5 5.10 5.15 23,808 92.40 

                = Data are not applicable  
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Table A.11  Compressive strength of 40CPOFA and 10FPOFA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

40CPOFA 

 

7 

1 5.05 5.00 9,936 40.11  

41.0 
2 5.10 5.01 10,553 42.10 
3 5.05 5.00 10,394 41.96 
4 5.10 5.01 10,497 41.88 
5 5.10 5.10 9,939 38.95 

 

28 

1 5.10 5.10 13,940 54.63  

61.5 
2 5.10 5.00 14,986 59.91 
3 5.10 5.05 14,812 58.63 
4 5.05 5.05 15,683 62.69 
5 5.05 5.10 16,398 64.90 

 

60 

1 5.10 5.10 19,439 76.18  

72.8 
2 5.00 5.10 17,239 68.91 
3 5.05 5.10 21,546 85.28 
4 5.10 5.10 17,439 68.35 
5 5.10 5.05 19,694 77.95 

 

90 

1 5.10 5.10 21,505 84.28  

88.1 
2 5.10 5.10 23,098 90.52 
3 5.10 5.05 22,195 87.85 
4 5.05 5.05 24,196 96.71 
5 5.15 5.10 20,895 81.10 

 

 

 

10FPOFA 

 

7 

1 5.05 5.10 14209 56.24  

53.7 
2 5.10 5.10 11263 44.14 
3 5.10 5.00 13165 52.63 
4 5.05 5.10 12909 51.09 
5 5.05 5.10 13804 54.64 

 

28 

1 5.10 5.15 19,857 77.07  

79.3 
2 5.00 5.10 21,540 86.11 
3 5.10 5.00 18,873 75.45 
4 5.05 5.05 19,553 78.16 
5 5.05 5.10 20,280 80.27 

 

60 

1 5.10 5.15 23,260 90.27  

93.3 
2 5.10 5.10 23,690 92.84 
3 5.10 5.10 20,289 79.52 
4 5.05 5.00 24,108 97.33 
5 5.00 5.10 23,189 92.70 

 

90 

1 5.10 5.10 30,028 117.68  

111.3 
2 5.10 5.10 28,103 110.14 
3 5.05 5.10 27,194 107.63 
4 5.10 5.05 28,390 112.37 
5 5.10 5.05 27,426 108.55 

                = Data are not applicable  
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Table A.12  Compressive strength of 20FPOFA and 30FPOFA pastes 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

20FPOFA 

 

7 

1 5.10 5.10 14,004 54.88  

51.9 
2 5.10 5.10 13,184 51.67 
3 5.00 5.05 12,733 51.40 
4 5.05 5.00 16,548 66.81 
5 5.15 5.10 12,807 49.71 

 

28 

1 5.10 5.10 21,076 82.60  

77.3 
2 5.15 5.05 18,182 71.26 
3 5.10 5.05 19,263 76.24 
4 5.10 5.10 20,184 79.10 
5 5.10 5.10 16,596 65.04 

 

60 

1 5.10 5.05 24,389 96.53  

92.2 
2 5.10 5.15 26,530 102.97 
3 5.10 5.10 24,143 94.62 
4 5.10 5.15 23,120 89.73 
5 5.10 5.15 22,687 88.05 

 

90 

1 5.05 5.10 29,259 115.81  

109.6 
2 5.10 5.00 27,650 110.53 
3 5.05 5.10 28,460 112.64 
4 5.10 5.05 26,045 103.08 
5 5.05 5.10 26,793 106.05 

 

 

 

30FPOFA 

 

7 

1 5.10 5.15 12,185 47.29  

48.3 
2 5.05 5.10 11,139 50.82 
3 5.10 5.10 13,297 52.11 
4 5.05 5.05 13,120 52.44 
5 5.15 5.10 11,650 45.21 

 

28 

1 5.10 5.00 19,082 76.28  

72.8 
2 5.10 5.05 18,287 72.38 
3 5.10 5.05 23,630 93.53 
4 5.15 5.10 17,608 68.34 
5 5.05 5.10 18,794 74.39 

 

60 

1 5.10 5.15 23,220 90.12  

86.3 
2 5.00 5.10 21,185 84.69 
3 5.10 5.05 22,353 88.47 
4 5.05 5.10 20,476 81.04 
5 5.05 5.10 22,032 87.20 

 

90 

1 5.05 5.00 27,350 110.41  

104.0 
2 5.10 5.10 26,587 104.20 
3 5.10 5.05 25,310 100.18 
4 5.10 5.05 22,940 90.80 
5 5.15 5.10 26,107 101.32 

                = Data are not applicable  
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Table A.13  Compressive strength of 40FPOFA paste 

Mix Age 

(day) 

Sample Cross section Ultimate 

Load 

(Kg) 

Compressive 

Strength 

(MPa) 

Average 

Compressive 

Strength (MPa) 

Width 

(cm) 

Height 

(cm) 

 

 

 

40FPOFA 

 

7 

1 5.05 5.05 11,189 44.72  

44.0 
2 5.05 5.10 9,485 37.54 
3 5.10 5.10 11,276 44.19 
4 5.10 5.05 10,295 40.75 
5 5.05 5.10 11,743 46.48 

 

28 

1 5.10 5.10 17,583 68.91  

66.5 
2 5.00 5.10 16,387 65.51 
3 5.05 5.15 16,494 64.65 
4 5.10 5.15 20,174 78.30 
5 5.10 5.10 17,039 66.78 

 

 60 

1 5.10 5.15 20,426 79.28  

78.6 
2 5.05 5.10 21,043 83.29 
3 5.10 5.10 19,678 77.12 
4 5.10 5.00 17,390 69.52 
5 5.10 5.15 19,235 74.65 

 

90 

1 5.10 5.10 24,564 96.27  

94.1 
2 5.05 5.10 23,408 92.65 
3 5.10 5.10 25,195 98.74 
4 5.10 5.15 22,397 86.92 
5 5.05 5.10 24,276 96.08 

                = Data are not applicable 
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Table B.1  Total chloride of OPC, SRPC and POFA pastes 

Mix Distance from pastes 

surface (m) 

Total chloride      

( % by weight of binder) 

OPC 

0.005 0.470 
0.015 0.195 
0.025 0.088 
0.035 0.035 
0.045 0.024 

SRPC 

0.005 0.496 
0.015 0.252 
0.025 0.127 
0.035 0.035 
0.045 0.022 

10CPOFA 

 

0.005 0.463 
0.015 0.204 
0.025 0.063 
0.035 0.048 
0.045 0.010 

20CPOFA 

0.005 0.425 
0.015 0.168 
0.025 0.042 
0.035 0.032 
0.045 0.008 

30CPOFA 

0.005 0.398 
0.015 0.138 
0.025 0.038 
0.035 0.031 
0.045 0.004 

40CPOFA 

0.005 0.379 
0.015 0.092 
0.025 0.024 
0.035 0.011 
0.045 0.005 
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Table B.2  Total chloride of OPC, SRPC and POFA pastes 

Mix Distance from blended 

surface (m) 

Total chloride      

( % by weight of binder) 

10FPOFA 

0.005 0.459 
0.015 0.167 
0.025 0.035 
0.035 0.018 
0.045 0.008 

20FPOFA 

0.005 0.384 
0.015 0.103 
0.025 0.029 
0.035 0.012 
0.045 0.004 

30FPOFA 

 

0.005 0.354 
0.015 0.094 
0.025 0.025 
0.035 0.010 
0.045 0.002 

40FPOFA 

0.005 0.339 
0.015 0.092 
0.025 0.013 
0.035 0.009 
0.045 0.003 
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Table C.1  Free chloride of OPC, SRPC and POFA pastes 

Mix Distance from blended 

surface (m) 

Total chloride      

( % by weight of binder) 

OPC 

0.005 0.348 
0.015 0.139 
0.025 0.053 
0.035 0.015 
0.045 0.003 

SRPC 

0.005 0.346 
0.015 0.172 
0.025 0.092 
0.035 0.025 
0.045 0.007 

10CPOFA 

 

0.005 0.374 
0.015 0.121 
0.025 0.034 
0.035 0.023 
0.045 0.001 

20CPOFA 

0.005 0.325 
0.015 0.125 
0.025 0.025 
0.035 0.015 
0.045 0.002 

30CPOFA 

0.005 0.298 
0.015 0.112 
0.025 0.015 
0.035 0.012 
0.045 0.001 

40CPOFA 

0.005 0.275 
0.015 0.076 
0.025 0.012 
0.035 0.004 
0.045 0.001 
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Table C.2  Free chloride of OPC, SRPC and POFA pastes 

Mix Distance from blended 

surface (m) 

Total chloride      

( % by weight of binder) 

10FPOFA 

0.005 0.328 

0.015 0.118 

0.025 0.015 

0.035 0.008 

0.045 0.001 

20FPOFA 

0.005 0.305 
0.015 0.080 
0.025 0.007 
0.035 0.003 
0.045 0.001 

30FPOFA 

 

0.005 0.279 

0.015 0.072 

0.025 0.007 

0.035 0.003 

0.045 0.001 

40FPOFA 

0.005 0.261 
0.015 0.067 
0.025 0.007 
0.035 0.004 
0.045 0.001 
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Example Chloride binding capacity of OPC paste 

y = 0.141x0.384

R² = 0.849
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Free chloride (% by mass of cement)  

           T f bC C C= +      (1)

    α=
∂

∂

T

f

C
C

       (2) 

Freundlich isotherm: 

b fC C βα=      (3) 

From experimental OPC paste 

                         Y=0.141x0.384     (4) 

0.141α =      (5) 

0.384β =      (6) 

      
βα= +T f fC C C                                             (7) 

(1 )βα= +T fC C     (8) 
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1
(1 )βα

=
+

f

T

C
C

     (9)

  

0.384

1
(1 0.141 )

=
+

f

T

C
C

             (10) 

α=
∂

∂

T

f

C
C

=0.697 

 

        Table D.1  Chloride binding capacity of OPC, SRPC and POFA pastes 

Mix Chloride binding 

capacity 

OPC 0.697 

SRPC 0.655 

10CPOFA 0.691 

20CPOFA 0.733 

30CPOFA 0.732 

40CPOFA 0.749 

10FPOFA 0.709 

20FPOFA 0.731 

30FPOFA 0.748 

40FPOFA 0.762 
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E.1 Finite element analysis 

 

60 mm

100 mm

RH=100%

RH=100%

Cement paste

3% NaCl Solution

Insulated
Insulated

Insulated

 

 

Element types  : DCA X4 4-node linear axisymmetric heat transfer quadrilateral 

  

 

 

Element 4 node  

Degree of freedom  : 8  
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Conventions 

1. Coordinate 1 is r , coordinate 2 is z , At θ =0 the r -direction corresponds to the 

global x -direction and the z- direction corresponds to the global y -direction. This 

is important when data must be given in global directions. Coordinate 1 must be 

greater than or equal to zero. 

2. Degree of freedom 1 is ru , degree of freedom 2 is zu , Generalized axisymmetric 

elements with twist have an additional degree of freedom, 5, corresponding to the 

twist angle φ (in radians). 

3. Abaqus does not automatically apply any boundary conditions to nodes located 

along the symmetry axis. You must apply radial or symmetry boundary conditions 

on these nodes if desired. 

4. In certain situations in Abaqus/Standard it may become necessary to apply radial 

boundary conditions on node that are located on the symmetry axis to obtain 

convergence in nonlinear problems. Therefore, the application of radial boundary 

conditions on node on the symmetry axis is recommended for nonlinear problems. 

5. Point load and moments, concentrated (nodal) fluxes, electrical currents, and 

seepage should be given as the value integrated around the circumference (that is, 

the total value on the ring). 
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E.2 Comparison of results for different numbers of elements 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Fr
ee

 ch
lo

rid
e (

%
 b

y 
w

ei
gh

t o
f b

in
de

r)

Distance from surface (m)

OPC
2   Element
9   Element
30 Element
48 Element
80 Element

 

 

E. 3 Abaqus /CAE Chloride penetration ingress into blended cement paste 

1. Start Abaqus CAE V6.10-1 and choose  to  create  a  new  model database 
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2. In the model tree  double click on the “Part” node (or right 

or right  click  on “parts”  and  select Create)  

a. Select “ Axisymmetric” 

b. Select “ Deformable” 

c. Select “ Shell” 

d. Select “  Approximate size = 0.05” 

e. Click “ Continue” 
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3. Create  the  geometry  shown  below 

 

4. Click on the create line reaction 

a. Pick a starting corner for the rectangle 
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5. Click add dimension 

a. New  dimension = 0.06 

b. New  dimension = 0.05 

 

c. Click select the entity to dimension 

d. Sketch the section for the planar shell “Done” 
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6. Double  click   on the  “Materials”  node in  the  model tree   

a. Click  on the  “General”  tab  → Density=1 

b. Click  on the  “Thermal”  tab  → Conductivity =15.9x10-12 

c. Click  on the  “Thermal”  tab  → Specific heat=0.697 

d. Click  “OK”  
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7. Double  click   on the  “Sections” node in   the   model tree 

a. Select “Solid”  for the  category  and  “Homogeneous”   for the   type   

b. Click  “Continue…”  

c.  Click  “OK”  

 
 

d. Click “ Assign section” 

e. Click on the geometry 

f. Click “ Done “ 
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8. Click  on  the “Instances part”   

a.   Select “Dependent” for the instance type   

b.   Click “OK”  

 

 
9. Click on the  “Steps”  

a. Click on the “Heat  transfer”  

b. Click  “Continue…”  
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c. Set  the  reponse to  “Transient”   

d. Click  on the  “Basic”  tab  → Time period=7776000 

 

e. Click  on the  “Incrementation”  tab   

→ Maximum number of    increments=10000000 

→ Increment size/ initial =1/minimum=1/maximum=1000  

→ Max. allowable temperature change per increment =0.01 

→ Max. allowable emissivity change per increment =0.1 
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10. Click   on the  “Load”  

a. Select on the “ Temperature ” 

b. Click  “ Continue ” 

c. Pick top geometry 

d. Click  “Done”  

 

e. Set the magnitude 0.4 

f. Click  “Ok”  
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11. Click   on the  “Create predefine field ”  

a. Select step “ Initial” 

b. Select category “Other” 

c. Type for select step “Temperature” 

d. Click  “Continue”  

 

e. Pick on the geometry 

f. Click  “Done”  

g.  Select magnitude =0 

h. Click “OK” 
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12. In  the   toolbox area click  on the  “Mesh”  

a. Click on the  “ Seed part ”  

b. Set  the  approximate global size   to  0.05 

c. Click  “OK”  

 

13. Click on the “ Assign element type ” 

a. Select family “Heat transfer” 

b. Select geometric order “Linear” 
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c. Click  “OK”  

 

 

14. Click on the “ Mesh part “ 

a. Click “ (Ok) 
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15. In  the   toolbox area click  on the  “Job”   

a.   Click on the “ Create job ” 

b.   Click “Continue…”  

c.   Give   the job   a description   and accept all default parameters   

  d.   Click  “OK” 

 

16. Click on the “ Job manager “ 

a. Select “Submit” 
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b. Select “Monitor” 

 

17. The  submitted and  successfully  completed job and  select “Results”   

 

 

18. The menu bar click on the “Results Field Output”   

a.   Select “NT11 Nodal free chloride at nodes”   

b.   Click  “OK 
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19. To determine the free chloride values,  from  the  menu bar  click Tools →Query  

a. Click on the “ Node ” 

b. Click on the “ Probe values ” 

c. Click on the “ Probe nodes ” 

d. Check the boxes labeled “ Node  ID ”  and  “NT11”   

e. In the viewport mouse over the node of interest  

f. When done click “ Cancel ” 
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20. In  the   menu  bar click  on Viewport →Viewport  Annotations  Options  

a. Uncheck  the   “Show  compass  option”  

b. The  locations  of  viewport  items   can   be specified  on the  corresponding   t

ab   in   the  Viewport  Annotations   Options  

c. Click  “OK”  
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