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ABSTRACT 

The durability of concrete is one of the most concerns of researchers and 

engineers. Early ages are the time concrete suffers from many factors those induce 

cracking in the concrete. Microcracking in concrete adversely affects macroscopic tensile 

strength of concrete that will leads to the severe cracking in later ages. Especially with the 

addition of mineral additives such as ground granulated blast furnace slag or fly ash, 

concrete is susceptible to microcracking particularly under temperature variation. These 

microcracks must be one of the causes of severe macrocracks observed in real structures 

using slag concrete.  

Not only microcracking, chloride attack is one of the main factors lowering the 

durability of concrete structures, particularly for the structures in very cold region, where 

deicing agent is frequently used in winter. Deicing agent can cause severe deterioration of 

concrete structures such as scaling, corrosion of steels, and ASR. 

This study deals with improvement of cracking and chloride penetration resistance 

of slag and fly ash concrete by using a new type of cement named high alite cement (HAC). 

HAC is newly developed Portland cement with very high alite (3CaO.SiO2) content and 

almost no belite (2CaO.SiO2).  

Due to its sensitivity and the rich information it yields from collected parameters, 

the acoustic emission (AE) technique has been widely used to detect cracking in hardened 

concrete. Nevertheless, AE measurement at a very early age is difficult because AE sensors 

cannot be directly attached on the surface of unhardened concrete. Therefore, a waveguide 

embedded inside concrete has been employed. Unfortunately, attenuation of acoustic 

waves in high moisture content ambient led to the diminished effectiveness of the 

waveguide in detecting AE signals in concrete with high water to binder ratio (W/B).  

One part of the research is to solve the problem of attenuation. An addition of two 

perpendicular bars on main rod of the waveguide was proposed. Due to these wings, the 

distance from cracking points in concrete to waveguide was significantly reduced. It was 

proved that the redesigned waveguide worked more effectively than the previous one, 

especially in concrete with high W/B. 
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By using this redesigned waveguide, microcracking was intensively investigated 

in slag concrete with W/B of 0.3 and 0.5 subjected to temperature history simulating steam 

curing. In all types of concrete, the replacement ratio of slag for cement was 50%. Because 

the coefficient of thermal expansion (CTE) of materials is one of the important parameters 

affecting microcracking in concrete, two types of coarse aggregate with the same 

maximum particle size of 19 mm but remarkably different CTEs, namely limestone and 

andesite were used in the study.  

The test results showed that net shrinkage of HAC mortar with W/B of 0.3 was 

much larger than that of OPC mortar because of its larger autogenous shrinkage. Normally, 

larger shrinkage of mortar results in more extensive cracking in concrete. However, the 

number and the degree of microcracks in HAC slag concrete with W/B of 0.3 were smaller 

than those in OPC slag concrete. This means that HAC slag concrete with W/B of 0.3 

obviously achieved larger resistance against microcrack than OPC slag concrete. On the 

other hand, net shrinkage of HAC mortar with W/B of 0.5 was a bit smaller than that of 

OPC mortar due to its smaller thermal contraction. Therefore, microcracking in HAC slag 

concrete with W/B of 0.5 was also smaller than that in OPC slag concrete. 

The interesting characteristic of HAC explored in the research is that it could 

improve resistance against microcracking in slag concrete. AE data revealed HAC 

concretes could disperse tensile stress, leading to the formation of many small cracks rather 

than concentrating tensile stress to create a severe crack. Evenly distributed calcium 

hydroxide (CH) crystals acting as a kind of buffer that prevents the propagation of 

microcracks in HAC slag concrete might be one of the reasons. Another reason for the high 

cracking resistance of HAC slag concrete was the strong bond between mortar and coarse 

aggregate. This high bond strength was more clearly observed in concrete with low W/B 

than in concrete with high W/B. The high bond strength of HAC slag concrete was verified 

through tensile strength test, AE test, visual observation, and scanning electron microscope 

images. The strong bond in HAC slag concretes might be due to the formation of 

secondary CSH gel from the reaction of CH and active SiO2 in slag at pores near the 

interface transition zone. 

The effects of fly ash on the microcracking resistance of concrete subjected to 

temperature variation at very young ages were also investigated by AE, physical and 
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mechanical tests. Fly ash was used as a cementitious material as well as fine aggregate. In 

addition, a combination of fly ash and HAC, which was effective in improving resistance 

against microcracking in slag concrete, was studied. 

Concrete containing fly ash was not so weak against elevated temperature. 

Nevertheless, fly ash reduced tensile strength of concrete remarkably. The reason is that fly 

ash is not so active in early ages even under steam curing.  

It is found that HAC can significantly improve tensile strength of concrete 

containing fly ash due to high hydration rate of HAC. However, high bond strength in 

HAC fly ash concrete was not observed from the direct tensile test as in HAC slag concrete. 

Further research is necessary to clarify the cracking resistance of fly ash concrete.  

Another important part of the research is to show the effectiveness of HAC to 

improve the resistance against chloride ingress of concrete containing additives by using 

HAC. The effectiveness was analyzed by Surface Water Absorption Test (SWAT) and 

water/chloride penetration depth test. Four types of binder were used: OPC, HAC, slag, 

and fly ash. Concrete with OPC only was the control mix. In other mixes, the cements 

were replaced by slag or fly ash with the replacement ratios of 40% or 15% by mass, 

respectively. Coarse aggregate of andesite with maximum particle size of 19 mm was used. 

Air content of concrete was controlled at 6  0.5% to prevent concrete from scaling under 

freeze/thaw cycles. In order to obtain a wide range of concrete quality, three W/B of 0.4, 

0.5, and 0.6 and five curing conditions covering from very good to very poor condition 

were applied. Three-binder concretes containing slag and fly ash with W/B of 0.4 were 

also prepared. To investigate the effect of bond on mass transfer in concrete, some 

concretes made with limestone were added in the cases of concrete with W/B of 0.4 and 

0.5. 

Experimental results presented that there were good correlations between water 

absorption rate at 10 minutes (p600) and penetration depth of water and chloride ions in all 

kinds of concrete. It means that SWAT can be applied to evaluate the resistance against 

mass transfer into concrete. The same linear relationship was observed between the water 

penetration depth and p600 regardless of the type of binder. It means that p600 is related to a 

kind of governing characteristic regarding the microstructure of concrete, which should be 
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studied further. The effects of curing conditions were fully reflected in SWAT results. If 

linear lines expressing the correlations between SWAT index and parameters related to 

durability of concrete such as penetration depth of water or chloride ion, carbonation depth, 

etc. are established, SWAT index can be used as an indicator of durability of concrete 

structures. This is very significant because SWAT is a simple, automatic, and rapid method 

and it is easy to be applied for concrete structures in actual sites. 

It is found that slag or fly ash could improve the resistance against chloride 

ingress of concrete remarkably due to the chloride binding ability of C3A component 

existing in slag and fly ash. However, OPC concretes containing additives were much more 

sensitive to curing conditions than concretes with OPC only. 

Owing to the high hydration rate of C3S, HAC slag/fly ash concrete was less 

sensitive to curing conditions than OPC slag/fly ash. Thus, HAC should be utilized with 

slag or fly ash in concrete structures subjected to severe conditions.   
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In order to improve the resistance of concrete against severe deterioration (scaling, 

ASR, corrosion), to utilize GGBFS or fly ash will be effective if microcracking in concrete 

is well controlled.  

The durability of concrete structures cannot be measured directly. Nevertheless, it 

can be evaluated by the resistance of covercrete against the ingress of harmful substances.  

To evaluate the quality of covercrete, Surface Water Absorption Test (SWAT) has been 

developed by Hayashi and Hosoda [1.3]. SWAT is a fully nondestructive and automatic 

method using liquid water under natural pressure. Absorbed water is measured by the 

reduction of water head with the initial head of 300 mm. Fundamental researches on SWAT 

[1.3-1.5] have showed that several indices from SWAT measurement may have good 

correlation with concrete properties related to durability. Iwamoto [1.5] also found that the 

ultimate penetration depth of water in ordinary Portland cement (OPC) concrete had a 

good correlation with SWAT index. SWAT may be utilized in actual structures with 

GGBFS or fly ash to evaluate the durability of the structures after construction. 

1.1.3 High alite cement (HAC) 

 HAC is a cement with high alite (3CaO.SiO2 – C3S) content and almost no belite 

(2CaO.SiO2 – C2S). In Japan, it has been recently developed by Prof. Sakai and D.C. 

Corporation [1.6]. The only difference between HAC and OPC is mineral composition; 

therefore it can easily become one of the universal cements. Because of high alite content, 

HAC produces more Ca(OH)2 (CH) than OPC, which plays an important role in early 

strength development. The reaction between CH and GGBFS or fly ash will bring 

continuous strength development. HAC was developed to be used with GGBFS or fly ash, 

in order to achieve initial and long-term high performance of concrete. 

In the past research [1.7], HAC showed a high compressive strength in early ages 

as well as continuous strength development when it combined with slag at the replacement 

ratio of slag of around 50% by mass. Therefore, HAC slag or HAC fly ash concrete may 

have high tensile strength, which improves the cracking resistance of concrete structures. It 

is also expected that HAC concrete containing mineral additives can improve the durability 

of concrete structures. 
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1.2 Objectives 

The first objective of this research is to investigate the effectiveness of HAC in 

mitigating microcracking and increasing tensile strength in slag and fly ash concrete 

subjected to elevated temperature in early ages by combining AE technique using a 

redesigned waveguide with physical and mechanical tests and SEM observation.  

The second objective of the study is to clarify the effectiveness of HAC in 

improving the resistance of covercrete containing mineral additives against water and 

chloride penetration. The effectiveness of HAC will be clarified by SWAT and 

water/chloride penetration depth test. Based on the investigation results in this research, a 

method to utilize SWAT to evaluate the durability of actual structures will be proposed. 

1.3 Significances of the research 

Cracking of slag concrete structures is a severe practical problem; therefore to 

clarify the effectiveness of HAC in improving the cracking resistance of slag concrete will 

strongly promote utilizing GGBFS with HAC. One of the disadvantages of fly ash concrete 

is slow strength development, but fly ash with HAC will overcome this problem. HAC 

concrete with GGBFS or fly ash showed high performance in resisting against 

water/chloride penetration. Hopefully, HAC concrete with GGBFS or fly ash will be 

utilized in cold regions to achieve durable structures. 

A new wave guide for AE developed in this research with less effect of attenuation 

will be utilized for analyzing the characteristics of very young age concrete. 

According to this research, SWAT can be fully utilized as an effective technique to 

evaluate the quality of covercrete in real structures. This is very significant because SWAT 

is a simple, rapid, and nondestructive method. 

1.4 Outline of the thesis 

 Some fundamental knowledge relating to this research is reviewed in chapter 2, 

“Literature Reviews”. Characteristics of ground granulated blast furnace slag and fly ash, 

operating principles and application of acoustic emission, high alite cement, chloride 

penetration, and surface water absorption test are the specific topics of the chapter. 
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 Chapter 3, “Improvement of Resistance against Microcracking of Slag Concrete 

by Using High Alite Cement”, is devoted to analyze the mechanism of HAC in improving 

cracking resistance of slag concrete in early ages. In this chapter, a combination of AE 

technique using a new-shaped wave-guide with physical and mechanical tests and SEM 

observation were applied to investigate the effectiveness of HAC in slag concrete subjected 

to temperature regime simulating steam curing in early ages to mitigate microcracking. 

Better bond property between HAC mortar and coarse aggregate leading to higher cracking 

resistance will be intensively investigated. 

 Chapter 4, “Effects of fly ash in concrete subjected to elevated temperature in 

early ages”, deals with the effectiveness of fly ash, a by product of coal power generation, 

in concrete in term of resistance microcracking. The influence of fly ash content, the effect 

of HAC in fly ash concrete and the use of fly ash as a part of fine aggregate are the topics 

of the chapter. 

 Combination of HAC and slag or fly ash to improve chloride resistance of 

concrete is the content of chapter 5, “Improvement of chloride penetration resistance of 

concretes containing mineral admixtures”. Surface Water Absorption Test (SWAT) and 

penetration depth test were employed to evaluate water and chloride immigration into 

concrete. The effects of additives, curing condition, and type of cement on water and 

chloride resistance of concrete are investigated in this chapter. 

 The thesis ends with chapter 6, Conclusions and Recommendations, which 

summarizes the significant outcomes and conclusions. Important recommendations for 

future works are also proposed in the chapter. 
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Chapter 2  Literature Reviews 

 

2.1 Introduction 

 This research relied on fundamental knowledge from many familiar studies in the 

past. Therefore, a brief view of ground granulated blast furnace slag, fly ash, acoustic 

emission, crack resistance of concrete, chloride penetration in concrete and surface water 

absorption test is the content of this chapter. 

2.2 Ground Granulated Blast Furnace Slag 

2.2.1 Introduction 

Blast furnace slag is a waste product in the manufacture of pig iron, about 300 kg 

of slag being produced for each ton of pig iron. Chemically, slag is a mixture of lime, silica, 

and alumina – the same oxides contained in Portland cement but not the same proportions 

[2.1]. Granulated blast furnace slag (GBFS) is the glassy granular material created by 

rapidly chilling molten blast furnace slag in the water. Ground granulated blast furnace slag 

(GGBFS) is blast furnace slag which is ground until suitable fineness and is a hydraulic 

material [2.2].  

The use of separate GGBFS and Portland cement has two advantages: the 

optimum fineness of each material can be reached and the mix proportion can be adjusted 

depend on each specific requirement. 

The principal hydration product of GGBFS is essentially the same as that is 

formed when Portland cement hydrates, i.e., calcium-silicate hydrate (CSH). In the 

hydration of slag, the slag reacts with alkali and calcium hydroxide to produce additional 

CSH. In general, hydration of GGBFS in combination with Portland cement at normal 

temperature is a two-stage reaction. Initially and during the early hydration, the 

predominant reaction is with alkali hydroxide, but subsequent reaction is predominantly 

with calcium hydroxide. 
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GGBFS tended to release lower energy, which implied that microcracks might appear at a 

lower stress, as compared with that in OPC concrete. Brittleness might be the reason for 

lower cracking resistance of slag concrete.  

(3) Improvement the resistance against cracking in slag concrete 

In the research of Son [2.5], he pointed out that the use of saturated fine light 

weight aggregate (LWA) could decrease autogenous shrinkage and thus, mitigate 

microcracking in slag concrete with low W/B ratio. Using small-size coarse aggregate also 

reduce microcracking in concrete owing to the decrease of tensile stress. 

One of the ways to prevent concrete from cracking is improvement of the strength 

of the interface transition zone (ITZ), which is more porous than the hydrated cement paste 

further away from the coarse aggregate [2.7]. The strength of the ITZ can improve with 

time due to the secondary reaction of Ca(OH)2 (CH), a product of cement hydration, and 

pozzolana [2.8]. Therefore, if the amount of CH during hydration of cement raises, the 

strength of the ITZ will increase.  

2.3 Fly ash 

 Fly ash is a by-product during the coal power generation and consists mainly of 

SiO2, Al2O3, Fe2O3 and CaO. The fly ash particles are spherical (which is advantageous 
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 Fly ash also affected the hydration of cement clinker minerals in the fly ash 

cement. The long-term hydration of alite was accelerated, while on the other hand, that of 

belite and C4AF was retarded [2.10]. 

2.3.3 Characteristics of concrete containing fly ash 

(1) Fresh concrete 

 The main influence of fly ash on properties of fresh concrete is that on water 

demand and on workability. For a constant workability, the reduction in water demand of 

concrete due to fly ash is usually between 5 and 15% by comparison with an OPC-only 

mix having the same cementitious material content; the reduction is larger at higher w/c 

[2.9]. This was also confirmed by Berndt (2009) [2.12].  

A concrete mix containing fly ash is cohesive and has a reduced bleeding capacity. 

The influence of fly ash on the properties of fresh concrete is linked to the shape of the fly 

ash particles. One consequence of high carbon content in fly ash is that it adversely affects 

workability. Fly ash in the mix has a retarding effect, typically of about 1 hour, probably 

caused by the release of SO3
-- present at the surface of fly ash particles [2.9].  

 Li and Guo (2010) [2.13] reported that fly ash can also reduce the autogenous 

shrinkage because it reduces cement hydration.  

(2) Hardened concrete 

 Due to the slow rate of hydration of fly ash, the concrete with high volume fly ash 

showed lower compressive strength and lower durability performance than OPC concrete 

at early ages [2.14,2.15]. Berndt (2009) [2.12] also stated that partial replacement of 

cement with 50% fly ash results in decreased strength of concrete using recycled concrete 

aggregate, particularly at 7 day. It cannot be assumed that all sources fly ash will 

necessarily improve the properties of concrete at high replacement levels and that detailed 

testing of specific materials and mix proportions is recommended before use in 

construction projects. 

After a slowing of the early rate of strength contribution by OPC, the continued 

pozzolanic activity of fly ash contributes to increased strength gains at greater ages if the 

concrete is kept moist. Fraay et al [2.16] explained this phenomenon, stating that the glass 
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As well as GGBFS concrete, fly ash concrete has good resistance to chloride ions 

due to these reasons as showed below [2.21]: 

 - Fly ash may improve the distribution of pore size and pore shape of concrete. 

 - More CSH gel may be formed when fly ash and slag concrete hydrate, which 

may absorb more chloride ions and block diffusing path. 

 - Fly ash has more C3A which can absorb more chloride ions. 

 The similar results were observed by Uysal and Akyuncu (2012) [2.10] 

 Moreover, influence of fly ash on properties of concrete depends on the type of fly 

ash. The use of Class C fly ash instead of Class F fly ash with the same cement dosage and 

fly ash percentage generally caused to higher compressive strength. The chloride ion 

permeability of the concretes containing Class C and Class F fly ashes decreased when the 

fly ash content regardless of fly ash type was increased. Sorptivity of the concretes 

containing Class C and Class F fly ashes decreased with the increase in the fly ash content 

for each series. Incorporation of Class C and Class F fly ashes substantially improved 

durability performance of the concretes [2.22]. 

(3) Fly ash as fine aggregate 

 Some researchers have also investigated fly ash not as cementitious material but 

as a part of fine aggregate. Siddique (2003) [2.23] carried out experimental investigation to 

evaluate the mechanical properties of concrete in which fine aggregate was partial replaced 

with 10%, 20%, 30%, 40%, and 50% of Class F fly ash by weight. The results showed that 

compressive, splitting tensile, flexural strength and modulus of elasticity of fine aggregate 

replaced fly ash concrete specimens were higher than the plain concrete specimens at all 

the ages (Fig. 2.8). The maximum values of above chemical characteristics were gained 

when the replacement ratio of fine aggregate by fly ash was 50%. He also found that the 

abrasion resistance of concrete increased with the increase in percentage fine aggregate 

replacement with fly ash [2.24]. 
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2.4.2 Properties of HAC concrete 

(1) Hydration rate 

It is found that heat liberation in blended cement when using HAC is higher 

compared with OPC blended. Alite phase is also reacted faster when blending materials is 

added due to the finer particle’s size of additives [2.27]. The faster rate of hydration of alite 

phase may improve tensile strength of HAC concrete at early ages that enhances the ability 

in resisting against microcracking of concrete subjected to elevated curing temperature. 

(2) Compressive strength of HAC concrete 

The comparison of compressive strength development between concrete with 

OPC, slag cement type B (BB), HAC, and HAC with slag with some replacement ratios is 

shown in Fig. 2.9 [2.28]. Concrete with HAC only presented the highest strength in early 

ages but lowest long-term strength compared with the other concretes. HAC concretes with 

slag showed high early strength as well as good strength development. It can be said that 

HAC should be utilized additive, for instance slag, because of its good long-term behavior. 

The most suitable replacement ratio of slag in HAC concrete might be 50%.  

However, the effect of HAC on tensile strength of concrete, the important factor 

influencing cracking resistance, has been not found in literature. 
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Fig. 2.9 Compressive strength development of concretes [2.28]. 
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2.5 Acoustic Emission 

2.5.1 Introduction 

Acoustic emission testing (AET) has become a recognized nondestructive test 

(NDT) method commonly used to detect and locate faults in mechanically loaded 

structures and components. AE can provide comprehensive information on the origination 

of a discontinuity (flaw) in a stressed component and also provides information pertaining 

to the development of this flaw as the component is subjected to continuous or repetitive 

stress. 

Discontinuities in components release energy as the component is subjected to 

mechanical loading or stress. This energy travels in the form of high-frequency stress 

waves. These waves or oscillations are received with the use of sensors (transducers) that 

in turn convert the energy into a voltage. This voltage is electronically amplified and with 

the use of timing circuits is further processed as AE signal data. Analysis of the collected 

data comprises the characterization of the received voltage (signals) according to their 

source location, voltage intensity and frequency content. 

Acoustic emission is a passive technique in detecting cracking in materials. The 

major difference between the AE method of NDT and the other NDT methods is that this 

method is passive, whereas the others, in a sense, are for the most part active. With 

ultrasonic, radiographic or the other NDT methods, the source of information is derived by 

creating some effect in or on the material by external application of energy or compounds. 

AE relies on energy that is initiated within the component or material under test. When 

cracks generate inside material, they will emit sound depicted as acoustic waves. These 

acoustic waves will be transmitted through continuous medium to the surface and are 

recorded by acoustic sensors (Fig. 2.10). By analyzing the parameters of acoustic waves, 

the properties of crack can be observed. The sources causing fracture in materials are 

abundant. They can be an application of external loading or an internal stimulus such as the 

incompatible deformation of each component in a composite material. 
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10. Event: a local material change giving rise to acoustic emission.  

11. Event data set: the set of numbers used to describe an event, pursuant to data 

processing that recognizes that a single event can produce more than one hit.  

12. Event energy: the total elastic energy (in the wave) released by an AE event. 

(Definitions of energies are different in AE system suppliers, but it is generally 

defined as a measured area under the rectified signal envelope.)  

13. Felicity effect: (the reverse of the Kaiser effect) the presence of AE at stress 

levels below the maximum previously experienced.  

14. Frequency: for an oscillating signal or process, the number of cycles occurring in 

unit time.  

15. Hit: the detection and measurement of an AE signal on a channel.  

16. Hit data set: The set of numbers representing signal features and other information, 

stored as a result of a hit. 

17. Intensity: a measure of the size of the emission signals detected, such as the 

average amplitude, average AE energy.  

18. Kaiser effect: the absence of detectable acoustic emission at a fixed sensitivity 

level, until previously applied stress levels are exceeded.  

19. Noise: non-relevant indications; signals produced by causes other than AE, or by 

AE sources that are not relevant to the purpose of test.  

20. RA value: a calculated feature derived from rise time divided by peak amplitude 

[2.26]  

21. Rise time: the time from an AE signal’s first threshold crossing to its peak. 

22. Sensor: a device containing a transducing element that turns AE wave motion into 

an electronic voltage.  

23. Signal: the electrical signal coming from the transducing element and passing 

through the subsequent signal conditioning equipment (amplifiers, frequency 

filters).  

24. Signal description: the result of hit process: a digital (numerical) description of an 

AE signal and/or its environmental context.  

25. Signal features: measurable characteristics of AE signal, such as amplitude, AE 

energy, duration, counts, rise time, that can be stored as a part of the AE signal 

description. 

26. Signal strength: the strength of the absolute value of a detected AE signal. Also known 

as “relative energy”, ”MARSE”, and ”signal strength”. 
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27. Source: the physical origin of one or more AE events. 

 

2.5.3 Analysis of AE signal 

Two approaches to analyze AE signals include parameter-based and signal-based 

[2.31]. Both approaches are currently applied with success for different applications. The 

main advantages of parameter-based technique are the high recording and data storing 

speeds that facilitate fast visualization of the data. This makes the technique very 

economical. However, decreasing a complex signal to only a few parameters can be a 

remarked limitation and sometimes be downright misunderstanding. On the other hand, 

even though significant technical advances have been made in recent years, it is still not 

possible to use signal-based techniques to monitor large structures. In addition, the 

relatively high financial costs and the time required to apply modern signal-based 

techniques are reasons why parameter-based techniques are still popular.  

In this research, only parameter-based analysis is utilized. Some conventional 

parameters were employed such as hit, count, rise time, duration, energy, frequency. This is 

a statistical method and can not give a clear picture about the fracture of material or 

structure but it is useful when compared with the controlled specimen. The relationship 

between cumulative hit, count, energy and collapsed time also reveals the appearance, 

propagation and level of cracking.  

2.5.4 Application of AE technique 

Due to the demand of the development of advanced inspection method for 

concrete structures, modern AE research in concrete was started in 1970s. This technique 

has been applied to study not only hardened but also young age concretes. However, the 

number of researches concerning about the latter has been much smaller than that about the 

former. 

(1) AE for young age concrete 

 AE technique can be applied for fresh from mixing to assess some its properties. 

By directly attaching AE sensor to the outer surface of a concrete mixer, Ohtsu et al (1995) 

could estimate quickly the consistency of fresh concrete during mixing due to the observed 

AE energy [2.32]. The result in Fig. 2.13 showed that there was a relationship between the 
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2.6 Chloride penetration in concrete 

2.6.1 Introduction 

The deterioration of concrete is due either to external impacts or internal factors 

within the concrete itself. The various actions can be mechanical, physical and chemical. 

Chemical attack includes alkali-silica and alkali-carbonate reaction, carbonation induced 

corrosion of reinforcement, and chloride induced corrosion of reinforcing bar [2.39]. 

Degradation of concrete due to chloride attack is more popular in the region near 

ocean, where chloride in sea water is moved by wind to the surface of concrete structure. 

More seriously, in very cold region, in the winter deicing salt is used to thaw ice layer on 

the surface of road. This agent will penetrate to concrete structure and cause severe 

deterioration. 

2.6.2 Mechanisms and factors affecting chloride penetration 

There are three mechanisms relating to penetration of chloride ion: capillary 

absorption, permeation and diffusion. The difference of these mechanisms is due to driving 

force for the transfer of chloride. 

The principal mechanism of chloride ingress is diffusion, the transportation of 

chloride ion under a differential in concentration. Conditions for diffusion are that the 

concrete must have a continuous liquid phase and there must be a chloride ion 

concentration gradient. 

The second mechanism for chloride penetration is permeation due to an absolute 

pressure gradient. If there is an applied water head on one face of the concrete and 

chlorides are present, they may permeate into the concrete. 

A more common method is absorption, the capillary movement in the pores in 

concrete which are open to the environment. As a concrete surface is exposed to the 

ambient medium, it will undergo wetting and drying cycles. When water (possibly 

containing chlorides) encounters a dry surface, it will be drawn into the pore structure 

though capillary suction. Driving force of absorption is moisture gradients. 

There are two main factors that affect the ingress of chloride ion in concrete: 
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Another substance, which can diffuse into concrete, has been used to examine 

diffusion of chlorides in concrete. Feldman has used the diffusion measurement of 

propan-2-ol into a saturated cement paste [2.49] while Sharif, et al. has applied gas for 

their experiment [2.50]. Then, the results have been related to achieve diffusion of chloride 

ions. 

It can be said that the movement of chloride ions into concrete is a complex, multi 

mechanistic phenomenon. Each aforementioned test has its own advantages as well as 

disadvantages. So far as there has been no method which is rapid, precise and flexible to 

evaluate penetration of chloride ions at both laboratory and real site. 

2.7 Surface Water Absorption Test (SWAT) 

2.7.1 Introduction 

 Surface Water Absorption Test (SWAT) is a fully non-destructive method to 

evaluate the quality of covercrete. This method has been developed by Hayashi and 

Hosoda [2.51]. It even does not require any destructive setup arrangement. Unlike other 

tests that utilize only one index, SWAT system gives three indices that all have their 

significance and represents particular physical meaning. SWAT can be easily applied in 

both laboratory and actual site. Especially, the data of SWAT is automatically recorded, i.e. 

the test can obtain highly precise data.   

2.7.2 SWAT apparatus and mechanism of water absorption 

 The surface water absorption test apparatus consists of a water cup and a 

graduated tube as shown in Fig. 2.19. The setup for SWAT automatic measurement is 

presented in Fig. 2.20. 

The inside diameter of the water cup is 80 mm. The height of the tube from the 

center of the cup is 300 mm with an inside diameter of 8 mm. It is approved that the water 

head of arrange from 100 mm to 500 mm has insignificant effect on the SWAT value. Thus, 

300 mm head is appropriate for SWAT system. A special rubber gasket with 5 mm 

thickness, which does not absorb water, is attached on the circular edge of the cup to avoid 

leaking of water. Water can be fulfilled in less than 10 seconds. 
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Once water goes up to the top of the tube, the stop cock is closed and the record of 

dropped water level for 10 minutes from the filling up time of 10 seconds is conducted. 

From the collected data the Water Absorption Factor (WAF) is calculated. WAF is defined 
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as “the rate of water absorption in ml/m2/s” [2.53]. 

The mechanism of water absorption is capillary suction under the application of 

the water head and the governing equation proposed by Levitt for Initial Surface 

Absorption Test [2.54] is also applicable in this test. 

natp      (2.1) 

where  

p = instantaneous rate of water absorption at each time in ml/m2/s 

t = time in seconds 

n = coefficient regarding the reduction of rate of water absorption with passage of 

time 

a = initial water absorption rate (water absorption rate at 1 second) 

 

 The values of “a” and “n” in equation (2.1) are showed in Fig. 2.21 where “n” is 

the incline of the line. The value of index “a” is strongly affected by the quality of the skin 

of concrete. When the surface of covercrete has microcrack, “a” value becomes large. On 

the other hand, in concretes without surface micorcacking “a” value is small. The value of 

index “n” depends on the microstructure in depth direction and moisture content of 

covercrete. Generally, it varies from 0.3 to 0.7 [2.54]. 
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 It has been found that the 10 minutes SWAT test could evaluate the quality of 

covercrete up to 10 to 30 mm. Moreover, 10 minutes SWAT results have good relationship 

with that of long term absorption test results. Therefore, 10 minutes SWAT result is enough 

for inspection of covercrete quality. 

2.7.3 Correlation between SWAT and penetration depth of water and chloride ion 

After applying SWAT for OPC concrete specimens, Iwamoto [2.55] conducted 

penetration test by immersing the specimens in salt water and found that there was a good 

correlation between water absorption factors at 2 minutes and ultimate depths of water and 

chloride ion (Fig. 2.22).  

It can be seen in Fig. 2.22 that the SWAT index distributes in a wide range 

according to the quality of concrete. It is well known the quality of concrete is sensitive 

with curing condition. Concrete with high W/B subjected good curing even shows higher 

quality than concrete with low W/B subjected to poor curing. The widely variation of 

SWAT index implies SWAT can be applied to detect quality of curing of real structures.  

Moreover, the good correlation between SWAT index and penetration depth 

maybe also allow the application of SWAT in inspection chloride attack. However, this 

correlation needs to be confirmed in other types of concrete. 
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 In OPC concrete penetration of chloride ions (identified by AgNO3) was deeper 

than that of water (identified by colored change agent), i.e. when water stopped penetrating 

chloride ions continued diffusing into concrete (Fig. 2.22). Nonetheless, in concrete 

containing slag the trend may be converse due to the capacity of slag in binding chloride 

ions [2.56]. Additionally, the combination of HAC and slag or fly ash maybe enhances the 

resistance against liquid transfer into concrete. 
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Chapter 3  Improvement of resistance against microcracking 

of slag concrete by using High Alite Cement 

 

3.1 Introduction 

 In the early age of concreting, the hydration process of cement produces a large 

amount of heat, leading to deformation of the main constituents of concrete such as 

aggregate and cement paste. Most aggregates have a smaller coefficient of thermal 

expansion (CTE) than the matrix, resulting in smaller thermal deformation. Moreover, due 

to the superposition of autogenous shrinkage, the matrix shrinks to a much larger extent 

than aggregate. Because of the incompatible deformation of concrete components, 

microscopic stress occurs. If it exceeds the tensile strength of concrete, microcracks will be 

generated inside the concrete even without the application of external load. Microscopic 

thermal stress appears remarkably in the case of massive concrete and heat curing because 

of large temperature variation.  

A number of approaches are used to investigate microcracking in concrete. Due to 

its sensitivity and the rich information it yields from collected parameters, the AE 

technique has been widely used to detect cracking in hardened concrete. It was applied to 

estimate quantitative damage of structural concrete without the original data of the 

concrete at construction (Ohtsu and Watanabe, 2001) [3.1]. Verstrynge et al. (2009) studied 

unstable damage in masonry specimens during short-term and long-term creep tests by 

using this technique [3.2]. AE was also employed in bending test to characterize the 

fracture process in plain concrete (Sagar, 2009) [3.3] or in fiber reinforced concrete beam 

(Aggelis et al., 2011) [3.4]. In all aforementioned studies, AE sensors were coupled on the 

concrete surface. Nevertheless, few researchers have used AE to record defects in concrete 

at very early ages. AE measurement at a very early age is difficult because AE sensors 

cannot be directly attached on the surface of unhardened concrete.  

Nowadays, because of its advantages, which include better workability, high 

compressive strength, environmental conservation and high durability [3.5], concrete using 

ground granulated blast furnace slag (GGBFS) is being widely used all over the world, 
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especially in Japan. However, Son and Hosoda (2010) [3.6] found that slag concrete is also 

easily subjected to more severe nonstructural microcracks than OPC concrete under 

temperature variation at early ages. It has also been recognized that slag concrete has lower 

resistance against carbonation. To solve the disadvantages of slag concrete, a new type of 

cement named high alite cement (HAC) was proposed. In the research of Hashimoto et al. 

(2012) [3.7] about compressive strength development of HAC, HAC slag concrete showed 

good performance in terms of long-term continuous strength development as well as early 

age strength.  

In this chapter, the combination of the AE technique using a redesigned 

waveguide with physical and mechanical tests and SEM observation was applied to 

investigate the effectiveness of HAC in mitigating microcracking and increasing tensile 

strength in slag concrete subjected to a temperature regime simulating steam curing in 

early ages, with particular focus on the contribution of bond properties between HAC 

mortar and coarse aggregate to higher cracking resistance. 

3.2 Experimental program 

3.2.1 Materials and mix proportions 

In this research, three types of binders were used: Ordinary Portland Cement 

(OPC), HAC, and GGBFS. HAC is newly developed special cement with very high 

content of alite (3CaO.SiO2) and almost no belite (2CaO.SiO2) [3.8]. The chemical 

composition and physical properties of the binders are presented in Table 3.1. The mineral 

compositions of OPC and HAC are calculated from the chemical composition by Bogue’s 

equations and main compounds of cements are listed in Table 3.2. Because the CTE of 

Table 3.1 Chemical composition and physical properties of binders. 

Binder 
Chemical composition (％） Density Specific area

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O (g/cm3) (cm2/g) 
OPC 20.36 5.33 3.04 64.09 1.50 2.13 0.28 0.36 3.16 3310 
HAC 18.76 5.18 2.85 64.16 1.88 3.97 0.42 0.38 3.11 5480 
GGBFS 32.30 14.20 0.31 43.40 5.70 1.93 0.26 0.27 2.90 4030 
 

Table 3.2 Main compounds of cements. 

Cement 
Compound composition (％） 

C3S C2S C3A C4AF 
OPC 59.88 13.52 8.99 9.24 
HAC 68.36 2.57 8.91 8.66 
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materials is one of the important parameters affecting microcracking in concrete (Son and 

Hosoda, 2010) [3.6], two types of coarse aggregates with the same maximum particle size 

of 19 mm but remarkably different CTEs, namely limestone and andesite, were used in this 

research. However, it should be noted here that the chemical reaction between limestone 

and slag mortar also affects the mechanical properties of concrete [3.9]. Fine aggregate 

used in this research was pit sand. All the materials were placed in a curing room with 

temperature of around 20oC before mixing. 

The mix proportions of the mortars and concretes are given in Table 3.3. As 

mentioned above, in terms of compressive strength, HAC showed the best results when it 

was combined with GGBFS with slag replacement ratio of around 50 percent. Thus, in this 

study, the proportion of cement and GGBFS was set at 50-50. The mix proportions of the 

respective mortars for each kind of concrete were determined by just removing the coarse 

aggregate from the concrete while retaining the other proportions.  

3.2.2 Acoustic emission system 

 The experimental system of AE tests is described in Fig. 3.1. A two-channel AE 

system and general-purpose sensors with 150 kHz resonance frequency (R15-) were used. 

In each test, two sensors were coupled on a sensor seat located at the top of a stainless steel 

waveguide, whose design is explained in detail in section 3.2.3. The waveguide was 

embedded in the specimen and the assembly was placed in a temperature-controlled 

chamber.  

 

 

 

 

 

 

 

Table 3.3 Mix proportions. 

Mixture 
Water 

(kg/m3) 
OPC 

(kg/m3) 
HAC

(kg/m3)
GGBFS
(kg/m3)

Pit-sand
(kg/m3)

Limestone
(kg/m3) 

Andesite 
(kg/m3) 

SP 
(kg/m3)

W/B

M-O-30 251 418 - 418 1229 - - 4.2 0.3
M-H-30 250 - 417 417 1225 - - 5.8 0.3
M-O-50 265 265 - 265 1454 - - - 0.5
M-H-50 277 - 277 277 1397 - - - 0.5
C-O-L-30 165 275 - 275 810 838 - 2.8 0.3
C-O-A-30 165 275 - 275 810 - 816 2.8 0.3
C-H-L-30 165 - 275 275 808 836 - 3.9 0.3
C-H-A-30 165 - 275 275 808 - 814 3.9 0.3
C-O-L-50 165 165 - 165 904 936 - - 0.5
C-O-A-50 165 165 - 165 904 - 911 - 0.5
C-H-L-50 175 - 175 175 882 912 - - 0.5
C-H-A-50 175 - 175 175 882 - 888 - 0.5
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Analysis of amplitude distribution of microcracks (Fig. 3.12) shows that 

microcracks in concrete with W/B of 0.5 occurred remarkably at low amplitude. Nearly 

50% of them occurred in the range of 40dB to 42dB and 80% in the range of 40dB to 45dB, 

while in the case of W/B of 0.3, those percentages were just 25% and 50%, respectively. In 

very early ages, the amount of free water remaining in concrete with W/B of 0.5 is so large. 

When acoustic waves transmitted through out such a moist medium, attenuation caused 

drastic decreasing in amplitude. By using two additional horizontal bars, the distances from 

cracking points to the waveguide became shorter and hence the effect of attenuation must 

have been significantly reduced.  
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A clear distinct was observed in net shrinkage of mortars (Fig. 3.15). Because all 

the specimens were sealed, shrinkage of mortar means the summation of autogenous and 

thermal shrinkage. Autogenous shrinkage in a sealed condition is derived from chemical 

shrinkage and self-desiccation.  

In the case of mortar with W/B of 0.3, HAC mortar shrank much larger than OPC 

mortar, especially in the age from 7 hours to 17 hours after mixing. Since the CTE of HAC 

mortar and OPC mortar were similar, this larger net shrinkage of HAC mortar must be 

attributed to larger autogenous shrinkage. According to the calculation of Tazawa [3.14], 

chemical shrinkage of alite and belite were 13.1% and 10.6%, respectively. Thus, HAC 

with high alite content could show larger chemical shrinkage than OPC. Moreover, HAC 

used more water during its hydration than OPC, and the hydration rate of HAC was faster 

than that of OPC. This information supports the larger autogenous shrinkage of HAC 

mortar. After around 17 hours from mixing, the net shrinkage of both mortars showed 

similar behaviors.  

 From the beginning of shrinkage (7 hours) to 14 hours after mixing, HAC mortar 

shrinkage was exactly equal to that of OPC mortar. Here, larger autogenous shrinkage of 

HAC mortar was compensated by smaller thermal shrinkage. From 14 hours after mixing, 

the temperature in the chamber was maintained at 20oC. Therefore, shrinkage of the 

mortars just depended on autogenous shrinkage. Because hydration took place more slowly 

-800

-600

-400

-200

0

0 5 10 15 20

N
et

 s
hr

in
ka

ge
 (

10
-6

)

Time (h)

M-H-30

M-H-50

M-O-30

M-O-50

Fig. 3.15 Net shrinkage of mortars. 



 

for O

from

shrin

contr

3.3.3

speci

incre

expa

occu

aggre

3.16a

shran

smal

The l

mort

aggre

of th

More

bigge

the m

ITZ. 

OPC than H

m mixing, re

nkage of HA

raction and 

3 Capacity 

Due to

imens unde

ease period 

ansion of mo

urs. This driv

egate partic

a).  

The sec

nk (shrinka

ler than tha

level of this

tar and the s

egate. The l

he aggregate

eover, the l

er the tensil

mortar, micr

Such crack

 

 

 

 

 

(a

Fig. 3.16 

HAC, autog

esulting in th

AC and OP

almost no a

of HAC sla

o the heat 

erwent two d

that led to

ortar is large

ving force r

cles. This ty

cond period

age period).

at of mortar,

s tensile stre

size of the 

larger the si

e, the large

larger the d

le stress tha

rocracks w

ks are called

  

M

A

Separation 
crack 

a) 

Schemes of

genous shrin

he larger sh

PC hardly c

autogenous 

ag concrete

curing and 

distinct tem

o the expan

er than that 

results in se

ype of deter

d was a tem

Based on

, tangential 

ess depends

coarse aggr

ize of the ag

er this tensi

difference i

at is produce

ill be gener

d mortar cra

Mortar 

Agg 

f cracks in: 

51 

nkage of OP

hrinkage of 

changed ow

shrinkage.

es to resist m

d hydration 

mperature pe

ansion of co

t of coarse a

eparation at 

rioration is 

mperature de

the fact th

microscopi

s on the disp

regate, as w

ggregate an

ile stress be

in CTE bet

ed. If the te

rated in the

acks [3.15] (

(b

(a) expansi

PC mortar 

OPC morta

wing to the

microcrack

heat of ce

eriods. The 

oncrete (ex

aggregate, ra

the interfac

defined as 

ecrease peri

hat the cont

ic tensile str

parity in CT

well as the d

nd the small

ecomes (El

tween the m

ensile stress 

e mortar in 

(Fig. 3.16b)

M

A

b)

ion period a

still continu

ar in this per

complete 

king 

ement, the 

first period

xpansion pe

adial micros

ce transition

separation 

iod; in this 

raction of c

ress is gene

TEs between

distance fro

ler the dista

ices and Ro

mortar and 

exceeds the

the perpen

).  

 

ortar

Agg

Mortar crac

T

and (b) shrin

ued up to 1

eriod. Past 1

absence of 

temperatur

d was a tem

eriod). Beca

scopic tensi

n zone (ITZ

cracks [3.1

period the 

coarse aggr

erated in the

en the aggre

om the cente

ance from th

occo, 2008

the aggreg

e tensile str

ndicular dire

ck 

Tensile 
stress 

nkage perio

18 hours 

18 hours, 

f thermal 

re inside 

mperature 

ause the 

ile stress 

) around 

15] (Fig. 

concrete 

regate is 

e mortar. 

gate and 

er of the 

he center 

) [3.16]. 

gate, the 

rength of 

ection to 

od. 



52 
 

 

 

 

 

 

 

 

Each event of cracking in concrete was detected by AE. The development of AE 

hits in slag concretes is depicted in Fig. 3.17. While in C-O-A-50, many microcracks 

occurred at a very early age (until 5 hours from mixing), a much smaller number of AE hits 

in that period were detected in C-H-A-50. The same trend can be observed in concretes 

with W/B of 0.3 although the difference was not as pronounced. Conversely, during the 

shrinkage period, more microcracks appeared in HAC concretes than in OPC concretes. 

The comparison between the number of cracks and the energy rate per hit, which 

represents the degree of cracking, is presented in Fig. 3.18. It is clearly seen that, in the 

expansion period, the level of cracking was small in all cases. In the shrinkage period, 

however, the microcracks in OPC concretes were severer than those in HAC concretes, 

especially for concrete with W/B of 0.5. It can be inferred that HAC concretes can disperse 

tensile stress, leading to the formation of many small cracks rather than concentrating 

tensile stress to create a severe crack.  

To interpret the degree of cracking in OPC and HAC slag concretes during 

temperature history, AE hits were classified into three categories due to their amplitude: 

class 1 consisted of hits with low amplitudes, i.e. from 40dB to 50dB. Those for class 2 

and class 3 were medium (from 50dB to 60dB) and high amplitude (over 60dB), 

respectively. Fig. 3.19a reveals that the main difference between OPC and HAC slag 

concrete with W/B of 0.5 was the greater numbers of small and medium microcracks in 

OPC one, which mostly occurred in expansion period. There was no big difference in the 

number of severe microcracks.  

0

10

20

30

40

50

60

0

100

200

300

400

0 5 10 15 20

Te
m

pe
ra

tu
re

 (
o C

)

C
um

ul
at

iv
e 

A
E

 H
its

Time (h)

C-O-A-50 C-H-A-50 C-O-A-30

C-H-A-30 Temperature

Fig. 3.17 Development of AE hits in concretes under heat curing. 



 

3.19b

amou

this 

decre

in O

categ

resul

It can

of m

Neverth

b). The num

unt of medi

stage, alm

easing perio

OPC concret

gories. It ca

lted only in 

n be inferre

any small m

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3.

heless, this 

mber of sma

ium micorcr

most no sev

od the numb

te while th

an be seen th

the increas

ed that HAC

micorcracks

0

100

200

300

400

C
um

ul
at

iv
e 

A
E

 h
its

0

100

200

300

400

C
um

ul
at

iv
e 

A
E

 h
its

.18 Cumulat

trend in c

all micorcra

racks in OP

vere micor

ber of smal

ere was a 

hat, larger s

se of smalle

C concrete c

 rather than

Increasing

C

C
A

Increasing

C

C
A

tive AE hits

W/B = 

53 

concretes w

acks in incr

PC concrete 

rcrack occu

ll micorcrac

somewhat 

shrinkage of

er micorcrac

can disperse

n concentrat

g period

C-O-A-50

C-O-A-50

(a)

AE hits      

g period

C-O-A-30

C-O-A-30

(b

AE hits       

s and energy

0.5 and (b)

with W/B o

reasing peri

was higher

urred in b

cks in HAC

increase in

f M-H-30 th

cks, not in i

e the tensile

te them to cr

Decreasing

C-H-A

C-H-A
        Ene

Decreasing 

C-H-

C-H-

)

     Ener

y rate per hi

 W/B = 0.3

f 0.3 was 

iod was alm

r than that in

oth of the

C concrete w

case of A

han that of M

increasing s

stress leadi

reate few se

0

3

6

9

1

 period

A-50

A-50
ergy/hit 

0

3

6

9

12

period

-A-30

-A-30
rgy/hit 

it in concret

. 

a bit distin

most same w

n HAC con

em. Conver

was larger t

AE hits in t

M-O-30 (F

severe mico

ing to the fo

evere cracks

0

3

6

9

2

E
ne

rg
y 

pe
r 

hi
t

2

E
ne

rg
y 

pe
r 

hi
t

tes with (a)

nct (Fig. 

while the 

ncrete. In 

rsely, in 

than that 

he other 

ig. 3.15) 

orcracks. 

ormation 

s.  



54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ductility of concrete can be qualified by some parameters of AE events such as 

average frequency, rise time-to-amplitude ratio, and energy (Aggelis et al., 2013) [3.17]. It 

was also found that AE events recorded in ductile materials were characterized by longer 

durations than those in brittle materials (Kuksenko et al., 1987) [3.18]. Although the 

similar trend was found in concretes with limestone, to avoid the effects of chemical 

reaction between limestone and slag paste which was observed in the research by Kodama 
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Fig. 3.19 Classified amplitude distribution of microcracks in OPC and HAC concretes 

with (a) W/B = 0.5 and (b) W/B = 0.3. 
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et al. (2008) [3.9] and by Nam and Hosoda (2013) [3.19], only concretes with andesite 

were used in the discussion. In both cases of W/B of 0.5 and 0.3, AE events in HAC 

concretes showed the significant longer average duration than that in OPC ones (Fig. 3.20). 

This reveals that HAC concretes were more ductile than OPC concretes. As a result, HAC 

concretes presented higher tensile strengths than those of OPC concrete. Moreover, while 

the tensile strengths of OPC concretes were much smaller than those of the respective 

mortars, the tensile strength of HAC concrete was just a bit smaller (W/B = 0.5) or even 

larger (W/B = 0.3) than that of the respective mortars (Fig. 3.21). Fig. 3.22 also shows 

good correlation between the loss of tensile strength and AE duration of concretes. The 

longer the average duration was, the smaller the loss of tensile strength. 
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3.3.4 High bond strength between aggregate and HAC slag mortar 

Generally, the tensile strength of concrete depends on three factors: tensile 

strength of mortar, tensile strength of coarse aggregate, and bond strength between mortar 

and aggregate. Cracking will be initiated at the point that has the lowest strength.  

Some evidence pointed to the existence of high bond strength in HAC concretes. 

The first evidence is the direct tensile strength of concretes and mortars with W/B of 0.3 

subjected to steam curing, as shown in Table 3.4. In this experiment, mortar was made in 

two ways: in the first way, mortar was directly mixed from binders, sand, and water; while 

in the second way, mortar was taken from the respective concrete by removing coarse 

aggregate. However, the direct tensile strengths of two kinds of mortars showed almost no 
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Fig. 3.22 Correlation between direct tensile strength rate and AE duration of concretes 

with (a) W/B = 0.5 and (b) W/B = 0.3. 
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difference. It can be seen in Table 3.4 that while the tensile strengths of OPC mortar and 

HAC mortar were nearly similar, the tensile strength of OPC concrete was much smaller 

than that of HAC concrete. Furthermore, the tensile strength of HAC concretes was larger 

than that of the respective mortars. This improvement in tensile strength of HAC concrete 

must be due to the strong bond between HAC mortar and coarse aggregate. Higher 

concrete strength over respective mortar strength was not found in the case of W/B of 0.5 

(Fig. 3.21a).  

Concerning the effects of the type of aggregate, the direct tensile strength of OPC 

slag concretes with W/B of 0.3 showed a reverse tendency compared with the past research. 

In this study, the tensile strength of concrete with limestone was greater than that of 

concrete with andesite. Conversely, in the experiments by Son and Hosoda (2010) [3.6], 

the tensile strength of concrete with limestone was much smaller than that of concrete with 

andesite. This difference between the two experiments may be partly due to the smaller 

disparity between the CTEs of limestone and andesite in this research compared to past 

research. Another reason for the higher strength of concrete with limestone than that of 

concrete with andesite in this study might be the contribution to improved bond strength of 

the chemical reaction between OPC slag mortar and limestone. The effect of the chemical 

reaction in slag concrete with limestone was also noted in the research by Komada et al. 

(2008) [3.9].  

In this research, however, the trend of direct tensile strength observed in HAC 

concretes with W/B of 0.3 was not similar to that in OPC concrete. The tensile strengths of 

both HAC concretes were larger than the strength of the respective mortars. Moreover, 

there was no remarkable difference between the direct tensile strengths of HAC concrete 

Table 3.4 Direct tensile strength of concretes and respective mortars. 

Mix proportion Direct tensile strength (MPa) Standard deviation (MPa) 

M-O-30 2.91 0.15 

M-H-30 3.03 0.19 

C-O-L-30 2.74 0.01 

C-O-A-30 2.41 0.17 

C-H-L-30 3.37 0.04 

C-H-A-30 3.25 0.07 
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with limestone and andesite (Table 3.4). This suggests that the chemical reaction did not 

play an important role with regard to the tensile strength of HAC concrete with limestone, 

because the bond strength was originally high enough.  

The second evidence of high bond strength in HAC concrete was revealed from 

visual and SEM observation. The broken sections of OPC and HAC concrete under visual 

observation are shown in Fig. 3.23. Clearly, more numbers of debonding at ITZ were seen 

in C-O-A-30 than in C-H-A-30. Inversely, more broken coarse aggregate was noted in 

C-H-A-30 than in C-O-A-30. This means that the bond strength in HAC concrete was 

larger than that in OPC concrete. Besides, the SEM pictures of concretes in Fig. 3.24 

support this point of view. In OPC concrete with W/B of 0.3 (Fig. 3.24a) and of 0.5 (Fig. 

3.24c), separation cracks were easily realized (particularly in C-O-L-50), while there was 

almost no debonding at the ITZ in HAC concretes (Fig. 3.24b,d). 

High bond strength between HAC mortar and aggregate can also be observed in 

Fig. 3.18. In OPC concrete, many microcracks occurred in the expansion period, 

particularly in concrete with W/B of 0.5. They must be due to the debonding or the 

slippage between OPC mortar and aggregate. On the other hand, a much smaller number of 

microcracks were observed in HAC concrete in the same period, which must have resulted 

from higher bond strength. 

It can be said that the tensile strength of concretes under temperature variation is 

affected by many factors. In the expansion period, separation cracks decrease the bond 

capacity between the aggregate and mortar. In the shrinkage period, mortar cracks reduce 

the tensile strength of mortar. The hydration rate, which affects the tensile strength of 

mortar and the bond strength, was also accelerated under heat curing. In order to grasp 

appropriately the effect of bond strength on tensile strength, some factors deriving from 

temperature variations should be eliminated. Therefore, an experiment with concretes 

subjected to constant temperature condition, i.e., 20oC, was conducted. Under this curing 

condition, the tensile strength of concrete is mainly governed by mortar strength and the 

bond properties between the matrix and aggregate.  
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concrete with limestone and HAC concrete with andesite were larger than HAC mortar 

strength. In this case, chemical reaction did not affect the tensile strength of concrete. 

Because bond strength was larger than mortar strength, cracks did not occur at the ITZ but 

appeared in the mortar, and propagation of the cracks initiated in the mortar was perhaps 

prevented by the aggregate or strong ITZ. As a result, the tensile strength of HAC concrete 

with limestone was the same as that of HAC concrete with andesite.  

 The high bond strength in HAC concrete might be explained by the large amount 

of CH produced through the hydration of HAC. CH reacts with the active SiO2 component 

in GGBFS and creates secondary CSH gel. The CSH gel located in pores near the ITZ and 

enhances the bonding capacity between the HAC mortar and coarse aggregate. 

3.4 Conclusions of the chapter 

In this chapter, by using the AE technique, physical and mechanical tests, and 

SEM, the effects of high alite cement (HAC) on improving tensile strength of slag concrete 

were investigated. The conclusions obtained from this research are as follows: 

1. The redesigned waveguide with two additional wings showed the more effectiveness 

in detecting microcracks at very early ages, especially in concrete with high W/B ratio. 

The influence of attenuation of acoustic wave in high moisture content medium was 

significantly mitigated by reducing the distance from cracking points to waveguide.  
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2. Net shrinkage of HAC mortar with W/B of 0.3 was much larger than that of OPC 

mortar because of its larger autogenous shrinkage. Normally, larger shrinkage of 

mortar results in more extensive cracking in concrete. However, the number and the 

degree of microcracks in HAC slag concrete with W/B of 0.3 were smaller than those 

in OPC slag concrete. This means that HAC slag concrete with W/B of 0.3 obviously 

achieved larger resistance against microcrack than OPC slag concrete. On the other 

hand, net shrinkage of HAC mortar with W/B of 0.5 was a bit smaller than that of 

OPC mortar due to its smaller thermal contraction. Therefore, microcracking in HAC 

slag concrete with W/B of 0.5 was also smaller than that in OPC slag concrete. 

3. HAC can improve resistance against microcracking of slag concrete with W/B of 0.5 

and 0.3. Evenly distributed CH crystals acting as a kind of buffer that prevents the 

propagation of microcracks in HAC slag concrete might be one of the reasons.  

4. Another reason for the high cracking resistance of HAC slag concrete was the strong 

bond between mortar and coarse aggregate. This high bond strength was more clearly 

observed in concrete with low W/B than in concrete with high W/B. The high bond 

strength of HAC slag concrete was verified through mechanical tests, AE test, and 

visual and SEM observation. The strong bond in HAC slag concretes might be due to 

the formation of secondary CSH gel from the reaction of CH and active SiO2 in slag at 

pores near the ITZ. 
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Chapter 4  Effects of fly ash on the resistance against 

microcracking of concrete subjected to elevated 

temperature in early ages 

 

4.1 Introduction 

 Fly ash (FA) is a by-product of coal power generation and mainly consists of SiO2, 

Al2O3, Fe2O3 and CaO. Because fly ash owns pozzolanic characteristic, it can be used as an 

additive in concrete. Fly ash can improve long-term compressive strength and chloride 

resistance of concrete. In this chapter, the effects of class F fly ash in concrete subjected to 

temperature variation in very young ages in term of microcracking resistance was 

investigated by AE and physical and mechanical tests. Fly ash was used as a cementitious 

material as well as fine aggregate. In addition, a combination of fly ash and HAC, which 

was effective in improving resistance against microcracking in slag concrete, was studied. 

4.2 Experimental program 

OPC, HAC and slag using in this section were the same those in Table 3.1. Pit 

sand was fine aggregate and andesite was coarse aggregate. Fly ash was supplied by DC 

company with chemical and physical properties are shown in Table 4.1.  

In all mixes, W/B was 0.45 and sand to aggregate ratio (s/a) was 0.45. To evaluate 

the effect of fly ash on properties of concrete, fly ash was used as cementitious material 

with the replacement contents were 15% and 30% by mass. In additional, fly ash also 

utilized as a part of fine aggregate with the replacement content was 10% by volume. The 

controlled mix was OPC concrete without fly ash. Slag and HAC were utilized as well for 

comparison with OPC fly ash concrete. Because concretes in cold region in Japan are 

subjected to frog damage, air content was controlled at 6  0.5% to prevent concrete from 

Table 4.1 Properties of fly ash. 

Binder 
SiO2 Loss in ignition Density Specific area 
(%) (%) (g/cm3) (cm2/g) 

Fly ash 60.2 1.5 2.23 3940 
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scaling under freeze/thaw cycles. Slump of fresh concretes was around 10 cm. In order to 

meet those requirements, air entraining and water reduction admixture were used for all 

mixes. Mix proportions and properties of fresh concretes are given in detail in Table 4.2.  

Mix proportion of respective mortar for each kind of concrete was decided by just 

removing coarse aggregate from concrete while keeping the other proportion and are 

shown in Table 4.3. 

The temperature history applied for specimens was simulated as steam curing as 

described in Fig. 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 Mix proportion of concretes. 

Mix proportion 
W/C 

(%) 

W/B

(%)

s/a 

(%) 

Mix composition (kg/m3) 
Air 

(%) 

Slump

(cm)W 
Binder Fine aggregate

Andesite
Admixture 

OPC HAC FA Slag Sand FA 101 AE 

C-O-45 45 

45
45 165 

367 - - - 767 - 948 0.92 4.4 5.8 10.6

C-O-45-F15 53 312 - 55 - 758 - 938 1.83 3.7 6.0 14.0

C-O-45-F30 64 257 - 110 - 750 - 927 5.13 2.2 6.2 14.0

C-H-45-F30 64 - 257 110 - 749 - 926 5.13 2.2 6.1 13.7

C-O-45-S15 53 312 - - 55 765 - 946 0.92 3.7 6.1 10.4

C-O-45-S30 64 257 - - 110 763 - 944 0.92 2.9 6.0 11.2

C-O-45-FA10 45 38 367 - - - 690 66 948 2.57 3.1 5.9 11.2

101: air entraining admixture, AE: water reduction admixture 

C-O-45-FA10: FA as fine aggregate, replacement was 10% by volume 

Table 4.3 Mix proportion of respective mortars. 

Mix proportion 

Mix composition (kg/m3) 

W 
Binder Fine aggregate Admixture 

OPC HAC FA Slag Sand FA 101 AE 

M-O-45 285 634 - - - 1326 - 1.6 7.6 

M-O-45-F15 284 536 - 95 - 1303 - 3.2 6.3 

M-O-45-F30 282 438 - 188 - 1280 - 8.8 3.8 

M-H-45-F30 282 - 438 188 - 1278 - 8.8 3.8 

M-O-45-S15 285 538 - - 95 1321 - 1.6 6.3 

M-O-45-S30 285 443 - - 190 1317 - 1.6 5.1 

M-O-45-FA10 285 634 - - - 1193 114 5.2 6.4 
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4.3 Results and discussions 

4.3.1 Effects of fly ash on fresh concrete 

From the usage of 101 admixture shown in Table 4.2, it can be seen that to fix air 

content at around 6%, 101 agent content increased with the increase of fly ash content, e.g. 

fly ash reduced air content of concrete. High amount of air-entraining admixture in fly ash 

concrete was also reported in the research of Geble and Klieger [4.1]. The reason for that 

was high carbon content, loss on ignition and alkali content of fly ash. However, fly ash 

increased slump of fresh concrete [4.1]. When fly ash content increased, slump increased 

regardless the decrease of AE admixture. This finding is in agreement with the result of 

Berndt (2009) [4.2]. 

In the other hand, slag seemed not affect air content of concrete due to the similar 

density between slag and cement. Nonetheless, slag also increased slump of concrete with 

a slighter effectiveness compared with fly ash. 

4.3.2 OPC concretes containing different fly ash replacement ratios 

 Under the variation of temperature, microcracks occurred in concretes containing 

fly ash. The development of AE hits and cumulative AE hits and energy in concrete with 

and without fly ash are shown in Fig. 4.1 and Fig. 4.2, respectively. 

It can be pointed out that in both expansion and shrinkage periods, the number of 

microcracks reduced with the increase of fly ash content, but the difference was clearer in 

the expansion period. In this stage, concrete with 30% fly ash replacement ratio showed a 

much smaller number of microcracks while concrete with 15% fly ash replacement ratio 

presented a bit smaller number of microcracks compared with OPC concrete. In shrinkage 

period, the amount of microcracks of all concretes was not so much different (Fig. 4.2). 

Most microcracks appeared in this stage at the same time, i.e. from 12 hours to 15 hours 

after mixing (Fig. 4.1). This time corresponded to the largest shrinkage of respective 

mortars (Fig. 4.3).  

Considering level of cracking, the cracking was more severe in the concrete 

without fly ash. Cumulative AE energy was smaller in the concretes containing fly ash, 

particularly in shrinkage period (Fig. 4.2). This can be explained by the smaller net 

shrinkage of fly ash mortars in this stage (Fig. 4.3). 
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Fig. 4.2 Cumulative AE hits and AE energy of normal and fly ash concretes. 
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Generally, it can be said that fly ash concrete was not so weak against elevated 

temperature in early ages. This supports the fact that so far there has been no report about 

severe cracking in real structures using fly ash.  

4.3.3 Comparison of effects of fly ash and slag in OPC concrete 

 The CTEs and net shrinkage of OPC mortars containing slag and fly ash are 

presented in Fig 4.6 and Fig 4.7, respectively. CTEs of fly ash mortars were a bit smaller 

than those of slag mortars. In both fly ash and slag mortars, their CTEs reduced with the 

decrease of additive content. 

Fly ash reduced net shrinkage of mortar rather largely. When fly ash content 

increased, net shrinkage of fly ash mortars decreased. However, there was not so much 

difference in net shrinkage of mortars with 15% and 30% fly ash. The decrease of net 

shrinkage of fly ash mortars was contributed by the decrease of both thermal and chemical 

shrinkage. Thermal shrinkage of fly ash mortars reduced due to their smaller CTEs. 

Chemical shrinkage of mortars containing fly ash reduces due to the smaller amount of 

OPC. In addition, the hydration of fly ash in early ages was very slow [4.4, 4.5] that also 

led to small chemical shrinkage of fly ash mortars. Slag (with 15% and 30% replacement 

ratio) also decreased shrinkage of mortars but the reduction was unremarkable. The similar 

results were found in the research of Li and Guo [4.6]. 
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Due to the difference in deformation of mortar and aggregates during temperature 

history, microcracking raised in concretes. The development of microcraking in OPC 

concrete containing fly ash and slag are shown in Fig. 4.8. It can be seen that the number 

of AE hits in concrete containing 15% fly ash was a bit larger than that in concrete 

containing 15% slag, whereas the number of AE hits in concrete containing 30% fly ash 

was much smaller than that in concrete containing 30% slag (although in expansion period 

they were similar).  
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 In can be seen that HAC fly ash concrete under elevated temperature was more 

susceptible to microcracking than OPC fly ash concrete. HAC fly ash concrete showed a 

larger number of microcracks and a bit higher microcracking level. This was different in 

slag concrete: HAC slag concrete had larger number of microcracks but lower 

microcracking level than OPC slag concrete (as analyzed in section 3.3.3). One of the 

reasons for more microcracking in HAC fly ash concrete compared with OPC fly ash 

concrete in shrinkage period is that HAC fly ash mortar shrank more largely than OPC fly 

ash mortar (Fig. 4.13). Net shrinkage of M-H-45-F30 was larger than that of M-O-45-F30 

because of its larger thermal shrinkage (CTEs of HAC fly ash mortar and OPC fly ash 

mortar were 11.7x10-6 and 12.1x10-6, respectively) and its larger chemical shrinkage due to 

high hydration rate of HAC. 
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ash concrete like in HAC slag concrete. The reason for small bond strength in HAC fly ash 

concrete is that although fly ash has pozzolanic characteristic it is not active in early ages 

even under high temperature. Sakai et al. also reported that fly ash did not react for the first 

7 days in OPC concrete sealed at 20oC, independent of the glass content and replacement 

ratio [4.7]. 

4.3.5 Effectiveness of fly ash used as a part of fine aggregate 

 In literature, some researchers also utilized fly ash as a part of fine aggregate 

[4.8-4.11] but there has not had any report in case of resistance against microcracking in 

early ages. Thus, in this section effect of fly ash as a part of fine aggregate on 

microcracking resistance was investigated. The acummulative AE hits and degree of 

microcraking in normal concrete (C-O-45) and OPC concrete containing fly ash as a part 

of fine aggregate with replacement content of 10% by volume (C-O-45-FA10) under 

temperature variation are presented in Fig. 4.15 and Fig. 4.16, respectively. 
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containing fly ash were much larger than those of normal concrete and mortar. When fly 

ash used as a part of fine aggregate, it could increase the denseness of the matrix. This 

improved direct tensile strength of both concrete and mortar. 

4.4 Conclusions of the chapter 

Some conclusions can be drawn in this chapter as follows. 

1. Concrete containing fly ash was not so weak against elevated temperature. 

Nevertheless, fly ash reduced tensile strength of concrete remarkably. The 

reason is that fly ash is not so active in early ages even under steam curing. 

2. In early age, slag is more active than fly ash leading to the higher tensile 

strength of slag concrete compared with fly ash concrete. However, 

microcracking in slag concrete was severe than that in fly ash concrete due to 

larger shrinkage of slag mortar compared with fly ash mortar. 

3. HAC can significantly improve tensile strength of concrete containing fly ash 

due to high hydration rate of HAC. However, high bond strength in HAC fly 

ash concrete was not observed from the direct tensile test. 

4. When fly ash is used as a part of fine aggregate, it can improve tensile 

strength of concrete remarkably. 
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 Because Tohoku region is located at the north of Japan, temperature is very low in 

winter. In consequence, concrete structures in Tohoku will suffer from severe condition 

such as freezing and thawing or sea weather. Moreover, the excessive use of deicing agent 

in winter may lead to severe scaling and chloride induced corrosion. ASR may be activated 

due to the supply of alkali from the deicing agent. These many concrete structures will be 

constructed in very short term with limited human power and materials, so it is not easy to 

construct durable structures. 

 Especially, the deterioration of concrete slabs due to fatigue under the effects of 

deicing agent is severe. The upper slabs of PC box girders are important targets to be made 

more durable, because it is almost impossible to replace them. To improve the resistance 

against chloride penetration, utilizing mineral additives such as slag and fly ash is effective. 

It is also well known that concrete with slag or fly ash needs appropriate curing to show its 

full performance. It has been pointed out by many researchers that slag or fly ash concrete 

is more susceptible to poor curing condition than OPC concrete. 

 In this chapter, Surface Water Absorption Test (SWAT), a method developed by 

Hayashi and Hosoda [5.2], and penetration depth test will be applied to clarify the 

effectiveness of HAC in improving the resistance against water and chloride ions 

penetration depth. SWAT is employed because it is very sensitive to concreting works, 

which is the most important factor affecting the quality of covercrete of concrete structures. 

Fundamental researches on SWAT [1.3-1.5] have shown that several indices from SWAT 

measurement have good correlation with concrete properties related to durability. 

Moreover, it is a simple, nondestructive, and rapid method in actual site.  

5.2 Backgrounds 

Soon after the hydration of cement has begun, the protective passivity layer on the 

surface of reinforcing bar, which consists of -Fe2O3 tightly adhering to the steel, is 

self-generated. This oxide film keeps the steel bar intact. Nonetheless, when touching 

reinforcing bar, chloride ions destroy the layer and corrosion will occur with the presence 

of water and oxygen [5.3]. In this case, therefore, the ultimate penetration depth of chloride 

ions is the key factor for the corrosion of reinforcement and needs to be investigated. If the 

ultimate penetration depth of chloride ions is smaller than convercrete, the structures will 

be safe in term of chloride attack. 
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One important thing needs to be noted here that the ultimate water penetration 

depth in this research is obtained when the absorption becomes stable after a certain period. 

Several researchers have pointed out that the penetration depth of chloride ions is governed 

by the penetration depth of liquid water especially in good quality concrete [5.4]. In this 

research, the penetration depth of chloride ions is also investigated, but it is not the 

ultimate penetration depth of chloride ion. Chloride ions can continue moving inward due 

to diffusion even after the absorption becomes stable especially when the quality of 

concrete is not good.  

 The ultimate depth of water penetration is also very important because it is 

related not only with chloride-induced corrosion but also with other deterioration problems 

such as carbonation-induced corrosion. 

Chloride penetration can be evaluated by several methods from long-term tests 

such as AASHTO T295 [5.5] (salt ponding test), bulk diffusion test (Nordtest NTBuild 

443) [5.6] to short-term tests such as AASHTO T277 [5.7] (rapid chloride permeability 

test – RCPT) or rapid migration test [5.8]. Indirect measurement of chloride penetration 

has also been developed but it has not been successful [5.9, 5.10].  

In this study, the resistance against water absorption of concrete is tested by 

SWAT firstly, and the ultimate penetration depth of liquid water due to absorption is 

examined later. Iwamoto [5.11] found that there was a good correlation between the water 

absorption rate at 2 minutes and ultimate penetration depths in OPC concrete (Fig. 5.2).  
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 In Fig. 2, the horizontal axis presents the surface absorption rate at 2 minutes 

(p120) obtained from SWAT and the vertical axis shows the penetration depths of water and 

chloride ions. The p120 and the penetration depths of water and chloride ions were 

measured on the same specimen. Iwamoto investigated OPC concretes with different W/B 

ratios subjected to 6 curing conditions covering from very good curing to very poor curing. 

Concrete containing slag was also studied in his research with only 9 specimens. All data 

was plotted on the chart and the correlation between p120 and water and chloride ions 

penetration depths was analyzed.  

It can be seen from Fig. 5.2 that in OPC concrete penetration of chloride ions 

(identified by AgNO3) was deeper than that of water (identified by colored change agent). 

One of the reasons for this difference is that the ingress of chloride ions is not only due to 

absorption but also due to diffusion. Concrete with slag cement type B showed the 

opposite trend, which may be due to the capacity of slag in binding chloride ions as 

Friedel’s salt [5.12]. The covercrete quality of concrete with slag seems to be much 

affected by curing conditions but the potential of slag concrete with larger resistance 

against chloride ingress can be also recognized. 

As confirmed in section 3.3.4, HAC can improve bond strength between 

aggregates and the matrix in slag concrete due to formation of secondary CSH from 

reaction of CH and active SiO2 component in slag. Better ITZ may increase tortuosity of 

penetration path that results in high resistance against liquid ingress. Although inactive in 

very early ages as slag as explained in chapter 4, fly ash is expected to be effective in 

long-term period in HAC concrete. Therefore, the use of HAC may improve the mass 

transfer resistance of concrete containing slag or fly ash. 

5.3 Objectives 

It can be stated that normal concrete (with OPC only) is undurable when concrete 

structures are subjected to severe environmental conditions. Thus, the objective of this 

chapter is to clarify the effectiveness of HAC in improving the resistance of covercrete 

containing mineral additives against water and chloride penetration. The effectiveness of 

HAC will be clarified by SWAT and water/chloride penetration depth test. Based on the 

investigation results in this research, a method to utilize SWAT to evaluate the durability of 

actual structures will be proposed.  
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5.4 Experimental program 

5.4.1. Mix proportions 

 In this research, four types of binder were used: OPC, HAC, slag, and fly ash. 

Concrete with OPC only was the control mix. In other mixes, the cements were replaced 

by slag or fly ash with the replacement ratios of 40% or 15% by mass, respectively. W/B 

ratios were 0.4, 0.5, and 0.6 to cover from good concrete to poor concrete. Coarse 

aggregate of andesite with maximum particle size of 19 mm was used. Air content of 

concrete was controlled at 6  0.5% to prevent concrete from scaling under freeze/thaw 

cycles. Three-binder concretes containing slag and fly ash with W/B of 0.4 were also 

prepared. Ten cylindrical specimens of 100 mm diameter and 200 mm height for each type 

of concrete were placed. 

As discussed in chapter 3, chemical reaction between limestone and OPC slag 

mortar increased bond strength at ITZ. A denser ITZ might improve liquid resistance of 

concrete. To investigate the effect of bond on mass transfer, some concretes made with 

limestone were added in the cases of concrete with W/B of 0.4 and 0.5.  

Mix proportions of concrete are given in Table 5.1. 

5.4.2 Curing conditions and experimental program 

(1) Curing conditions 

 Ten specimens of each type of concrete were cured in 5 different conditions 

covering from very good to very poor curing condition as shown in Fig. 5.3. Two 

specimens were prepared for each condition.  

 

 

 

 

 

1   Water 20oC Curing room 20oC, RH 60% 10% NaCl water 

  1     2       3                 9                                                     63 

2    Curing room 20oC, RH 60% 10% NaCl water 

   

3  Sealed in curing room Curing room 20oC, RH 60% 10% NaCl water 

  1                 7                         28 29                           63 

4  Sealed, curing room Curing room 20oC, RH 60% 10% NaCl water 

 1  2                     8                                                       63 

5   Curing room 20oC, RH 60% 10% NaCl water 

Demold and seal (1 day) 

SWAT 
Placing of concrete 

day

Fig. 5.3 Curing conditions and experimental process. 
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Table 5.1 Mix proportions of concretes. 

Mix 

proportion 

W/B 

(%) 

s/a 

(%) 

Mix compositions (kg/m3) 

W 
Binder 

Sand
Coarse aggregate Admixture

OPC HAC Slag FA Andesite Limestone 101 AE

O-40-A 

40 

45 165 

413 - - - 750 927 - 1.24 5.0

O-40-S-A 248 - 165 - 745 921 - 1.24 2.1

O-40-F-A 351 - - 62 740 915 - 2.27 3.7

H-40-S-A - 248 165 - 744 920 - 1.44 2.5

H-40-F-A - 351 - 62 739 914 - 2.27 3.7

O-40-S-F-A 210 - 140 62 736 910 - 2.89 1.2

H-40-S-F-A - 210 140 62 736 910 - 2.89 1.2

O-40-S-L 248 - 165 - 745 - 945 1.24 2.1

O-40-F-L 351 - - 62 740 - 940 2.68 1.2

H-40-S-L - 248 165 - 744 - 945 1.24 2.5

H-40-F-L 351 - - 62 739 - 938 2.68 1.4

O-50-A 

50 

330 - - - 780 965 - 0.99 2.1

O-50-S-A 198 - 132 - 776 960 - 0.99 0.7

O-50-F-A 281 - - 50 773 955 - 2.15 0.3

H-50-S-A - 198 132 - 776 959 - 0.99 - 

H-50-F-A - 281 - 50 772 954 - 2.15 - 

O-50-S-L 198 - 132 - 776 - 986 0.99 - 

O-50-F-L 281 - - 50 773 - 981 2.15 - 

H-50-S-L - 198 132 - 776 - 985 0.99 - 

H-50-F-L - 281 - 50 772 - 980 2.15 - 

O-60-A 

60 

275 - - - 801 990 - 0.83 0.6

O-60-S-A 165 - 111 - 798 986 - 0.83 - 

O-60-F-A 234 - - 41 794 982 - 2.48 - 

H-60-S-A - 165 111 - 797 986 - 1.38 - 

H-60-F-A - 234 - 41 794 982 - 2.75 - 
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Table 5.3 Penetration depth of water and chloride. 

Mixtures Specimens 

1.1 2.1 3.1 4.1 5.1 

Water Cl- Water Cl- Water Cl- Water Cl- Water Cl-

Eye Agent Eye Agent Eye Agent Eye Agent Eye Agent

O-40-A 8 8 14 6 5.5? 13.5 4? 7 15 9 3.5? 14 9.5 - 18

O-40-S-A 8 14? 10 11? 11 10.5 7.5 15? 9 12 6? 10 17 - 15

O-40-F-A 6 12? 13 13 11? 13 8 17? 17 9.5 x 11 14.5 - 14.5

H-40-S-A 4.5 10? 9 11 11 11 6 12? 10 8? 12 10 17.5 - 15.5

H-40-F-A 5? 13 11 6.5 7.5 12 11 16? 19 9 12? 13.5 13 - 13.5

O-40-S-F-A 5? 5 9 9 7? 10.5 6 11? 9 7 6 9.5 14 x 14

H-40-S-F-A 4 5 8 7 5? 8 5 9? 10 8 14? 10 18? 12 10

O-50-A 14 15 20 16? 10 19 14? 9 18 13 x 18 14 - 21.5

O-50-S-A 9? 8 9 14 12? 13 8? 8 10 19 12? 12 37 - 20

O-50-F-A 8? 8 10.5 13.5 x 12 7.5 x 14 18? 11.5 12 30 - 22.5

H-50-S-A 6 6.5 11 10 x 10 8? 6 10 9? 12 12 20 - 15.5

H-50-F-A 5 5 14 9 x 13 8? 9 18 9 17? 15 18 - 19

O-60-A 8 8 15 18 9? 18 10? 10 18 14 x 18 41? 20 25

O-60-S-A 10 10 11 21 x 14 11 5? 11 15 15 12 46 x 28

O-60-F-A 9? 9 15 25 x 24 13 10? 18 21? 14 14 50 20? 33

H-60-S-A 9.5? 12 11 18 x 14 12.5 15? 13 12? 15 13.5 30 x 22

H-60-F-A 10 12? 18.5 12 x 21 11 x 19 12? 14 20 31 x 29

- : agent not used, ? : unclear observation, x : data can not obtained, number in the red: chosen value 

 

Due to some difficulties in detecting water front as aforementioned, the water 

front was unclear in some cases (in both cases of observation by naked eyes and by agent) 

or it was impossible to detect the water front in some cases (in the case of using agent), as 

shown in Table 5.3. All the specimens were categorized into two groups: the first group 

includes the specimens whose water front was clear in both observation methods, and the 

second group consists of the specimens whose water front was clear only in one method of 

observation. For the first group specimens (the numbers in the cells with yellow 

background), the water penetration depth was determined by taking the mean value. In this 

group, the average water penetration depths recorded by naked eyes and by agent were 8.6 

mm and 8.8 mm, respectively. The similar average water penetration depths recorded by 

the two methods in the first group indicate that the water penetration depth can be 

measured by each of them. In consequence, in the second group specimens, the water 



93 
 

penetration depth was chosen from the clearer value among two values, represented by the 

red number. 

5.5.2 Effectiveness of HAC in concrete containing slag 

(1) SWAT index 

 The comparisons of water absorption rate at 10 minutes (p600) of slag concretes 

with OPC and HAC is presented in Fig. 5.14. In the graph, values of HAC slag concretes 

are connected by solid lines while those of OPC slag concretes are linked by dash lines. 

Clearly, HAC slag concretes showed the smaller p600 than OPC slag concretes, 

especially in the cases of low W/B. The same trend was observed in concrete with 

limestone. It can be said that HAC can improve resistance against water absorption of 

concrete. Denser matrix and better bond between aggregate and mortar might be the 

reasons for this advantage of HAC concrete. 

(2) Effectiveness of HAC in improving resistance against water and chloride penetration of 

concrete containing slag 

 Figure 5.15 exhibits the correlation between p600 and penetration depth of water 

and chloride ions in OPC concrete, OPC slag concrete and HAC slag concrete.  
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It can be seen that p600 covered a wide range from very good quality to very poor 

quality of covercrete. Because quality of covercrete is much affected by concreting works, 

it can be said that SWAT could differentiate curing condition of concrete.  

In three concretes, p600 had a good correlation with penetration depth of water as 

well as chloride ions. The linear relationship implies that water absorption rate and 

penetration depth of liquid water of concrete were mainly controlled by the same factor, i.e. 

microstructure of concrete.  

The tendencies of water penetration in the all concretes were almost similar. The 

only difference here was the range of value. Apparently, the quality of concrete containing 

slag (both OPC and HAC) was more sensitive with curing condition than OPC concrete. 

As a result, water absorption rate at 10 minutes as well as water penetration depth in slag 

concretes subjected to poor curing were much larger than those in OPC concrete. It implies 

that appropriate curing condition must be supplied for concrete containing slag to achieve 

the durability of concrete structures. Fortunately, HAC slag concrete presented a less 

sensitivity to curing condition than OPC slag concrete. It may be due to the high hydration 

rate of HAC. Even in a poor curing condition, due to rapid hydration of C3S, higher 

resistance against water absorption of HAC slag concrete was observed. Less sensitivity to 

poor curing is one of the advantages of HAC slag concrete.  
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The same trends of water penetration in concretes regardless of the type of binder 

indicates that p600 is related to a kind of governing characteristics of microstructure of 

concrete. Sakai et al. [5.18] reported that there was a good correlation between threshold 

pore size and water permeability of concrete. Here, threshold pore size is the minimum 

pore size which mass should pass to penetrate the objective. Water absorption resistance 

and threshold pore size also had a good correlation [5.19]. It can be said that SWAT can be 

utilized as an effective technique to examine microstructure of concrete. This is very 

significant because SWAT is a simple, rapid, and nondestructive method and it is easy to be 

applied in actual sites. 

Considering about chloride penetration, there were two clearly distinct tendencies 

between concrete with and without slag. In OPC concrete, chloride ions penetrated much 

more deeply than water, i.e. OPC concrete was very weak to resist chloride ingress. The 

same trend was observed in the research of Iwamoto [5.10]. The reason for that is the 

difference in transportation mechanisms of liquid and ion. The main mechanism of water 

movement is absorption due to capillary suction force, absorption stops when concrete 

reaches to saturated situation [5.20]. Whereas, the main mechanism of chloride ion transfer 

is not only absorption (together with water) but also diffusion. In OPC concrete, firstly, 

chlorides moves into concrete together water owing to absorption. When absorption stops, 

due to the concentration differential, chloride ions continue to diffuse inward specimen.  

On the other hand, in both concretes containing slag, chloride ions penetrated 

much shallower than water, especially in very poor quality concrete. It means that chloride 

movement was restricted in these concretes. It is well known that the rate of chloride 

ingress into concrete is influenced by the chloride binding ability of the concrete. The 

chloride binding capacity is controlled by the cementitious materials. Chemically, chloride 

ions can be bound by C3A to form calcium chloroaluminate, 3CaO.Al2O3.CaCl2.10H2O, 

sometimes related as Friedel’s salt [5.21]. Because of rich C3A content, slag can improve 

chloride binding ability of concrete. In the consequence, during the movement of salt water 

into concrete, chloride ions were bound by slag leading to the shallower penetration of 

chlorides compared with pure water. In terms of resistance against chloride ion, HAC slag 

concrete did not show a better performance than OPC slag concrete.  

 



96 
 

5.5.3 Comparison between slag concrete and fly ash concrete with OPC and HAC 

 The comparison between slag concrete and fly ash concrete with OPC and HAC 

in terms of resistance against water and chloride ions are shown in Fig. 5.15 and Fig. 5.16, 

respectively.  

As slag concretes, close relationships between p600 and penetration depth of water 

and chlorides were also obtained in OPC fly ash concrete (Fig. 5.16) and in HAC fly ash 

concrete (Fig. 5.17). OPC fly ash concrete was a bit less sensitive to curing condition than 

HAC fly ash concrete. 
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 Concerning water penetration, there was similar trend between slag concrete and 

fly ash concrete. This supports the results obtained in section 5.4.2 that the tendencies of 

water penetration evaluated by SWAT in the all concretes were similar regardless of the 

type of binder. It must be due to the same factor governing SWAT index and penetration 

depth, i.e. microstructure of concrete, as above explained. 

In terms of the resistance against chloride attack, fly ash concrete also showed a 

good performance. However, slag was more effective than fly ash in both OPC and HAC 

concrete. It might be due to higher Al2O3 content in slag compared with that in fly ash. 

5.5.4 Three-binder concrete with W/B of 0.4  

 Penetration depth of water and chloride ions also presented a close relationship 

with p600. The comparisons between three-binder concrete and slag concrete in the case of 

W/B of 0.4 are exhibited in Fig. 5.18 (OPC) and Fig. 5.19 (HAC). Both types of 

three-binder concretes had a bit higher resistance against mass transportation. Better 

chloride restriction ability of three-binder concretes might be due to high C3A content.  

Among all kinds of concrete with W/B of 0.4, HAC three-binder concrete showed 

the best performance. However, the effectiveness of three-binder concrete needs to be 

confirmed in the other W/B ratios. 
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5.5.5 Correlation between p600 and initial rate of absorption Si  

 According to ASTM C1585-04, the absorption, I, is the change in mass divided by 

the product of the cross-sectional area of the test specimen and the density of water. For the 

purpose of this test, the temperature dependence of the density of water is neglected and a 

value of 0.001 g/mm3 is used. The units of I are mm. 

 
da

m
I t

/
  (5.1) 

where; 

I – the absorption 

mt – the change in specimen mass in grams, at the time t, 

a – the exposed area of the specimen, in mm2, and 

d – the density of the water in g/mm3. 

The initial rate of water absorption (mm/s1/2), Si, is defined as the slope of the line 

that is the best fit to I plotted against the square root of time (s1/2). Obtain this slope by 

using least squares, linear regression analysis of the plot of I versus time1/2. For the 

regression analysis, use all the points from 1 min. to 6 hrs., excluding points for times after 

the plot shows a clear change of slope. If the data between 1 min. and 6 hrs. do not follow 

a linear relationship (a correlation coefficient of less than 0.98) and show a systematic 

curvature, the initial rate of absorption cannot be determined. If the data follows a linear 

relationship, I and Si relation can be expressed by the Eq. 5.2. 
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√      (5.2) 

 In this study, the initial rate of absorption Si of all specimens could be detected. 

For each concrete with different type of binders, there were a good correlation between p600 

and the initial rate of absorption Si as shown in Fig. 5.20. 

It can be seen from Fig. 5.20 that the tendencies in the all concretes were almost 

similar regardless of the type of binder. This is because initial absorption rate is also 

controlled by microstructure of concrete. Nonetheless, compared with OPC concrete, 

concretes with additives subjected to poor curing showed the very lower quality of 

covercrete with very high initial absorption rate, it means that concretes containing slag 

and fly ash were more sensitive to curing condition than OPC concrete. 

5.5.6 Effectiveness of curing conditions 

 Figure 5.21 presents p600 of the concretes with andesite in all curing conditions. It 

can be seen that the curing condition of 7 days in water and of 28 days in mold show the 

similar effectiveness on covercrete quality. The same p600 values are observed in the 

concretes cured in the conditions of 1 day in water and of 7 days in mold. The same 

tendency also occurred in the concretes with limestone. 
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5.5.7 Comparison of Iwamoto’s research and this research  

 Comparison of OPC concrete between Iwamoto’s results [5.11] and this research 

is shown in Fig. 5.22. In two studies, water front was deeper than chloride front. 

Nonetheless, the depths of water and chlorides ions in this study were much shallower than 

those in the previous research. 
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Fig. 5.22 Comparison between Iwamoto’s research and this research in OPC concrete. 
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One of the reasons might be the different types of coarse and fine aggregate used 

in two researches. Water absorption of aggregate itself, bond between aggregate and the 

matrix might cause this difference. Iwamoto utilized limestone from Chichibu, Saitama. 

The author’s results using in this comparison were obtained from concretes with andesite 

from Tohoku region. Further investigation to clarify the influence of aggregate on the 

SWAT indices as well as on the penetration depth of water/chloride should be done. 

Some concretes with slag cement type B investigated in Iwamoto’s study 

presented a less correlation between p600 and penetration depth compared with those in this 

research (Fig. 5.23). However, the trend was similar, i.e. chlorides ingress was shallower 

than water movement. The scatter of data in Iwamoto’s study must be due to the different 

types of slag concrete in his research [5.11]. 

5.6 Conclusions of the chapter 

 In this chapter, OPC and HAC concrete containing slag, fly ash, or both with W/B 

of 0.4, 0.5, and 0.6 subjected to five curing conditions were investigated by SWAT (water 

absorption rate at 10 minutes: p600) and water/chloride penetration depth test. The 

conclusions can be drawn as follows.  

1. There were good correlations between p600 and penetration depth of water and 

chloride ions in all kind of concretes. It means that SWAT can be applied to 

Fig. 5.23 Comparison between Iwamoto’s research and this research in slag concrete. 
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evaluate the resistance against mass transfer into concrete. 

2. The same linear relationship was observed between the water penetration depth 

and p600 regardless of the type of binder. It means that p600 is related to a kind 

of governing characteristic regarding the microstructure of concrete, which 

should be studied further. The effects of curing conditions were fully reflected 

in SWAT results. If linear lines expressing the correlations between SWAT 

index and parameters related to durability of concrete such as penetration depth 

of water or chloride ion, carbonation depth, etc. are established, SWAT index 

can be used as an indicator of durability of concrete structures. 

3. Slag or fly ash could improve the resistance against chloride ingress of 

concrete remarkably due to the chloride binding ability of C3A component 

existing in slag and fly ash. However, OPC concretes containing additives were 

much more sensitive to curing condition than concretes with OPC only.  

4. Owing to the high hydration rate of C3S, HAC slag/fly ash concrete was less 

sensitive to curing conditions than OPC slag/fly ash concrete. Therefore, HAC 

should be utilized with slag or fly ash in concrete structures subjected to severe 

conditions.  

5. Three-binder concrete showed a better performance in resisting chloride 

penetration, which might be due to higher C3A content. Among all the kinds of 

concrete with W/B of 0.4 in this research, HAC three-binder concrete showed 

the best performance. However, the effectiveness of three-binder concrete 

needs to be confirmed in other W/B ratios. 
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Chapter 6  Conclusions and Recommendations 

 

6.1 General 

 Important findings about the resistance against microcracking and water and 

chloride penetration of HAC concrete containing slag and fly ash are summarized in this 

chapter. Besides, recommendations for future research are proposed. 

6.2 Main conclusions of the study 

1. The redesigned waveguide with two additional wings showed the more 

effectiveness in detecting microcracks at very early ages, especially in concrete 

with high W/B ratio. The influence of attenuation of acoustic wave in high 

moisture content medium was significantly mitigated by reducing the distance 

from cracking points to waveguide.  

2. Net shrinkage of HAC mortar with W/B of 0.3 was much larger than that of 

OPC mortar because of its larger autogenous shrinkage. Normally, larger 

shrinkage of mortar results in more extensive cracking in concrete. However, 

the number and the degree of microcracks in HAC slag concrete with W/B of 

0.3 were smaller than those in OPC slag concrete. This means that HAC slag 

concrete with W/B of 0.3 obviously achieved larger resistance against 

microcrack than OPC slag concrete. On the other hand, net shrinkage of HAC 

mortar with W/B of 0.5 was a bit smaller than that of OPC mortar due to its 

smaller thermal contraction. Therefore, microcracking in HAC slag concrete 

with W/B of 0.5 was also smaller than that in OPC slag concrete. 

3. HAC can improve resistance against microcracking of slag concrete with W/B 

of 0.5 and 0.3. Evenly distributed CH crystals acting as a kind of buffer that 

prevents the propagation of microcracks in HAC slag concrete might be one of 

the reasons.  

4. Another reason for the high cracking resistance of HAC slag concrete was the 
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strong bond between mortar and coarse aggregate. This high bond strength was 

more clearly observed in concrete with low W/B than in concrete with high 

W/B. The high bond strength of HAC slag concrete was verified through 

mechanical tests, AE test, and visual and SEM observation. The strong bond in 

HAC slag concretes might be due to the formation of secondary CSH gel from 

the reaction of CH and active SiO2 in slag at pores near the ITZ. 

5. Concrete containing fly ash was not so weak against elevated temperature. 

Nevertheless, fly ash reduced tensile strength of concrete remarkably. The 

reason is that fly ash is not so active in early ages even under steam curing. 

Although HAC can improve tensile strength of fly ash concrete significantly, 

high bond strength between HAC mortar and aggregate was not observed in fly 

ash concrete as in slag concrete. 

6. There were good correlations between p600 (water absorption rate at 10 minutes 

obtained by SWAT) and penetration depth of water and chloride ions in all kind 

of concretes. It means that SWAT can be applied to evaluate the resistance 

against mass transfer into concrete. 

7. There were good correlations between p600 and penetration depth of water and 

chloride ions in all kind of concretes. The same linear relationship was 

observed between the water penetration depth and p600 regardless of the type of 

binder. It means that p600 is related to a kind of governing characteristic 

regarding the microstructure of concrete, which should be studied further. The 

effects of curing conditions were fully reflected in SWAT results. If linear lines 

expressing the correlations between SWAT index and parameters related to 

durability of concrete such as penetration depth of water or chloride ion, 

carbonation depth, etc. are established, SWAT index can be used as an indicator 

of durability of concrete structures. 

8. Slag or fly ash could improve the resistance against chloride ingress of 

concrete remarkably due to the chloride binding ability of C3A component 

existing in slag and fly ash. However, OPC concretes containing additives were 

much more sensitive to curing condition than concretes with OPC only.  



107 
 

9. Owing to the high hydration rate of C3S, HAC slag/fly ash concrete was less 

sensitive to curing condition than OPC slag/fly ash. Thus, HAC should be 

utilized with slag or fly ash in concrete structures subjected to severe 

conditions.  

10. Three-binder concrete showed a better performance in resisting chloride 

penetration, might be due to higher C3A content. Among all the kinds of 

concrete with W/B of 0.4 in this research, HAC three-binder concrete showed 

the best performance. However, the effectiveness of three-binder concrete 

needs to be confirmed in other W/B ratios. 

6.3 Recommendations for future works 

The effectiveness of HAC in improving microcracking resistance of slag concrete 

in mesoscopic level was confirmed. However, the resistance against macroscopic cracking 

of concrete with external restraint is not governed only by the resistance against 

microcracking, but affected by many concrete characteristic. The author believes HAC 

concrete with external restrained will show higher crack resistance than OPC concrete, 

which should be verified in cracking test with external restraint.  

In mesoscopic level, new waveguide was highly effective in detecting 

microcracking. Nevertheless, the waveguide for AE in macroscopic degree is distinct from 

that in mesoscopic level due to the different shape of the specimens. Hence, a modification 

of the shape of wave-guide to mitigate the influence of attenuation in macroscopic level 

should be done. 

At very early ages, AE results showed that fly ash concrete was also susceptible to 

microcracking, even in HAC concrete. Severe cracking problems of fly ash concrete 

structures have not been reported. The crack resistance of fly ash concrete with external 

restraint has not been fully investigated. The resistance against microcracking and against 

macroscopic cracking of concrete with the combination of three binders, e.g. cement, slag, 

and fly ash, should also be investigated. 

The most important factor affecting SWAT results is moisture content of the 

surface of concrete at the testing time. If the surface of concrete is too wet, water 
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absorption rate will be small, and vice versa. An investigation to determine the threshold of 

moisture content for applying SWAT is highly recommended. 

The type of aggregate may be a factor influencing SWAT indices and absorption 

properties of concrete. Further investigation to clarify the influence of aggregates on the 

SWAT indices as well as on the penetration depth of water/chloride should be done. 

To detect the front of water absorption was much more difficult than that of 

chloride front. Although naked-eye observation and colored-change agent were combined 

in this research, the water front was still not as clear as chloride front, which recorded by 

AgNO3 solution. The more effective method to determine the water front should be 

continuously investigated. 

Three-binder concrete with W/B of 0.4 showed a bit higher resistance against 

water and chloride ion than slag or fly ash concrete, especially in the case of HAC. The 

effectiveness of three-binder concrete with high W/B should be studied.  
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