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Nowadays, several techniques have been developed to identify mix proportion of hardened 

concrete. However, there is no universally applicable method for accurately determining mix 

proportion of hardened concrete because of the wide variety of materials from which concrete is made 

and the conditions to which it may have been subjected. The analysis is more complicated if fly ash or 

other admixtures are used in the concrete. Moreover, a promising method developed to identify the 

concrete mix design encompassing binder type, w/b, binder content and aggregate content does not 

exist. Even though standards such as ASTM C1084 and BS 1881: Part 124 described the methods for 

determining the cement content and other concrete compositions in the hardened concrete, they are 

applicable only for OPC concrete but not appropriate for concrete containing fly ash or limestone 

powder. In this study, a method for estimating mix proportion of hardened OPC concrete, fly ash 

concrete, and limestone powder concrete is proposed. Both physical and chemical methods were 

adopted for the analysis. The varying properties of fly ashes and limestone powders generally used in 

Thailand were taken into consideration. The degree of hydration of cement and the degree of 

pozzolanic reaction of fly ash were also taken into account in the analysis in order to cover the effect of 

age of concrete.  The analytical procedures for evaluating fly ash and limestone powder existence and 

determination of water to binder ratio, fly ash replacement ratio, limestone powder replacement ratio 

and content of concrete compositions are described. In the analysis, three major investigation 

techniques are implemented. Image processing technique is used for determination of coarse aggregate 

content. Water to binder ratio can be calculated from data back analysis of the compressive strength by 

using the computer software, “FACOMP”. Cement, fly ash, limestone powder and sand contents are 

obtained from a set of mass balance equations. The proposed equations were applied to estimate mix 

proportions of concrete prepared in the laboratory with known mix design in order to verify efficiency 

of the proposed method. From the analytical results, it was found that the proposed method could be 

used to precisely estimate mix proportion of concrete with different types and replacement ratios of 

binder, different water to binder ratios, and different aggregate contents, at any age of concrete. The 

effect of age of concrete on determination of mix proportion of hardened concrete can be covered by 

taking into account the time-dependent degree of hydration in the analysis. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

 In the past, major materials used in concrete mix proportion are cement, fine 

aggregate, coarse aggregate and water. Nowadays, other materials are additionally 

used in producing concrete to improve many properties of the concrete and to reduce 

cost of the concrete by either adding or replacing cement with some materials such as 

limestone powder, fly ash, bottom ash, silica flume and slag. However, these 

materials should be put in the concrete with the right proportion because applying 

them without prior studies may cause unexpected results. Mix proportion of concrete 

has influences on mechanical and durability properties of the concrete. For example, 

the water to binder ratio is one of the factors that are important to concrete properties, 

especially strength and durability of the concrete. Water is significant for the concrete 

reaction, which affects the properties and internal structure of concrete. If water is 

added in a high proportion, there might be too much porosity in the concrete. 

Conversely, if it is too little, the concrete might have low workability. Thus, all the 

materials used in producing concrete should be proportioned properly with specified 

construction and environment. As the concrete is an important component of 

reinforced concrete structures which are used widespread today, the concrete should 

have a good quality and be properly used for structures. 

 When the concrete problems occur, such as poor strength development 

occurred after casting in early age or the concrete is deteriorated before specified age, 

it is being suspicious of the concrete quality and it should be evaluated by some ways 

such as by construction records (both of procedures and materials), destructive and 

non-destructive tests, etc. If the examination turns out that the concrete is under 

qualified or does not follow the required design, a conflict between the owner and 

contractor may occur. Moreover, once the concrete structure is damaged, its concrete 

mix proportion is required to evaluate the durability and estimate the service life of 

the structure in order to assess the optimized repair technique. Then, the mix 

proportion is concerned as mentioned reasons. However, the record of concrete mix 

design is often unavailable in especially the structure was built for long time ago, 

leading to a difficulty in predicting the condition of the concrete structures. 

 

1.2 Statement of Problem 

 To identify mix proportion of hardened concrete, several techniques have been 

developed. However, there is no universally applicable method for accurately 

determining mix proportion of hardened concrete because of the wide variety of 

materials from which concrete is made and the conditions to which it may have been 

subjected. The analysis is more complicated if fly ash or other admixtures are used in 

the concrete. Many different approaches are therefore necessary in those situations.  

Moreover, a promising method developed to identify the concrete mix design 
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encompassing binder type, w/c, cement content and aggregate content does not exist. 

Even though standards such as ASTM C1084 and BS 1881: Part 124 described the 

methods for determining the cement content and other concrete compositions in the 

hardened concrete, they are applicable only for OPC concrete but not appropriate for 

concrete containing fly ash or limestone powder. Moreover, the existing methods are 

applicable merely for determining mix proportion of hardened concrete at long age 

(mature concrete) or at a specified age (Jung, Shin et al. 2012). When these methods 

are applied for estimating mix proportion of hardened concrete at an arbitrarily early 

age, it may result in an inaccurate estimation. Accordingly, a method for estimating 

mix proportion of hardened OPC concrete, fly ash concrete, and limestone powder 

concrete is proposed in this study. The varying properties of fly ashes and limestone 

powders generally used in Thailand were taken into consideration. The degree of 

hydration of cement and the degree of pozzolanic reaction of fly ash were also taken 

into account in the analysis in order to cover the effect of age of concrete.   

 

1.3 Objective of study 

 In the process of determination of mix proportion of hardened concrete, the 

existence and type of fly ash or limestone powder are needed to be investigated before 

determining the mix proportion. 
 The objectives of this research are as follows: 

1. To develop an accurate and appropriate procedure for determining fly ash 

or limestone powder existence in hardened concrete and identifying their 

type. 

2. To develop an accurate and appropriate procedure for determining the mix 

proportion of hardened concrete at different ages i.e. the mix proportion of 

plain cement concrete, concrete containing fly ash, and concrete 

containing limestone powder. 
3. To apply the developed procedure for determining the mix proportion of 

hardened concrete exposed to real environment.   

 

1.4 Scope of study 

 This study aims to determine the mix proportion of cement-only concretes, 

cement-fly ash concretes and cement-limestone powder concretes which are cast and 

cured in laboratory and also to find the mix proportion of cement-only concretes 

which are cast and cured in laboratory and then exposed in the marine environment of 

Thailand for four years. This study emphasizes to find the process of determination of 

fly ash or limestone powder, which widely used in Thailand, in concrete.  The 

chemical admixtures affecting to chemical and physical properties of hardened 

concrete, such as accelerator and retarder admixtures, water-reducing admixture and 

shrinkage-reducing admixture and so on, are not taken into account in this study.



CHAPTER 2 

THEORETICAL BACKGROUND 

AND LITERATURE REVIEWS 

2.1 Introduction 

 In this chapter, the theoretical backgrounds of the determination of concrete 

materials and the estimation of the mix proportion of hardened concrete are presented. 

The methods of the previous researches related to this study are summarized. 

 

2.2 Properties of Portland cement, fly ash and limestone powder 

 The abbreviation of chemical oxide components of binder are as following 

CaO( C ), SiO2 ( S ), Al2O3 ( A ), Fe2O3 ( F ), SO3 ( S ) and CO3 (C ). 

2.2.1  Portland cement 

 In general, Portland cement clinker is typically made from a combination of 

lime, silica, alumina, iron oxide and other minor constituents as magnesia, sodium, 

and potassium; and normally contains four major phases called alite (C2S), belite 

(C3S), aluminate (C3A), and ferrite (C4AF). Portland cement clinker emerges from a 

dry process kiln as rounded pellets, or from a wet process kiln as irregularly shaped 

lumps, in either case is typically dimension of 3-20 mm. Then cement powder is 

produced by crushing and grinding brittle clinker, therefore cement particles are 

angular and its size of an irregular particle cannot be given exactly by one number 

(Taylor 1997). 

2.2.2  Fly ash 

 Fly ashes consist of finely divided ashes produced by burning pulverized coal 

in power stations. Owing to the high temperature reached during the instantaneous 

burning of coal, most of the mineral component contained in the coal melts and forms 

small fused drops. The subsequent sudden cooling transforms them partly or entirely 

into spherical glass particles. So, their chemical and phase compositions depend on 

those of the minerals associated with the coal and on the burning condition. Most of 

the fly ash particles are solid spheres, which are called precipitator, and some particles 

are hollow, which are called cenospheres. While, plerospheres are hollow particles of 

large diameter filled with smaller size precipitator and cenospheres. The particle sizes 

in fly ash vary from less than 1 µm to more the 100 µm. and typical morphologies of 

fly ash is shown in Figure 2.1 
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Figure 2.1Particle morphologies of fly ash 

(Sidney, J. Francis et al. 2003) pp.101 

 

 Fly ash is considered to be a composition of relatively few mineral phases, 

since the coal mineral does not contain more components. Generally, fly ash is 

primarily glass containing silica, alumina, iron, and calcium. The American 

designations of Class F and Class C fly ashes which based on contents of (SiO2 + 

A12O3 + Fe2O3) are above and below 70%, respectively and corresponding to low 

CaO and high-CaO fly ashes. Minor constituents are magnesium, sulfur, sodium, 

potassium, and carbon. The good quality of Class F fly ashes have 70-90% glass, with 

quarzt, mullite, hematite and magnetite as the principle phases that crystallize from 

the glass during cooling. Almost of the iron is contained in the latter two phases. The 

crystalline phase occurring in class F fly ash are few, whereas many phases can be 

found in class C fly ash as a consequence of more variable chemical composition. 

Analysis of XRD has evidenced another crystalline phases: free lime (uncombined 

CaO), periclase, anhydrite, ferrite, spinel, merwinite and melilite. Some of these fly 

ash also may contain𝐶4𝐴3𝑆̅, 𝐶3𝐴 and 𝐶2𝑆; these fly ashes will show cementitious 
tendencies and will become hard on the addition of water, whereas other pozzolans do 

not react with water only. 

 Booher, Martello et al. (1994) studied spherical particulates in fly ash from 

two bituminous coals, two subbituminous coals and one lignite by interference 

contrast polarized light microscopy (ICT-PLM) and scanning electron microscopy 

with energy dispersive spectroscopy (SEM-EDS). Different sphere sizes from each 

source fly ash were selected for observation by ICT-PLM. Most of the glassy spheres 

were between 8 and 50 µm in diameter. Second phase material was seen on many of 

the solid sphere surfaces. The potential for crystal formation in lignitic fly ash appears 

to be greater than in fly ashes from other coals. 

 Barzin, Aboozar et al. (2007) studied characteristic fly ash sample from nine 

PC power plants, using scanning electron microscope (SEM) and energy dispersive 

spectroscopy (EDS). The investigating found that the chemical and physical 

properties of fly ash particles are a function of the mineral in the coal, the combustion 

conditions, and post-combustion cooling. The fly ash samples consisted mostly of 

amorphous alumino-silicate spheres with a lesser number of iron-rich spheres. The 

majority of the iron-rich spheres consisted of two phases: an iron oxide mixed with 
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amorphous alumino-silicate (mullite). This mixing of phases is consistent 

throughoutthe amount of mixing varies with each fly ash particle, and several internal 

and surface textures were identified. This analysis indicated that the primary 

mineral/morphological structures are fairly common. Quartz and alumino-silicates are 

found as crystals and as amorphous particles, as the XRD data indicate that over 65% 

of the material in each of the sample analyzed was amorphous. The iron-rich phases 

identified by XRD are magnetite and hematite. 

2.2.3  Limestone powder 

 Limestone is from sedimentary rock, which calcium carbonate is a primary 

component. The limestone is commonly interground with the clinker, and because of 

its softness becomes considerably finer. The limestone powder is the product of 

crushing and grinding, so its particle is likely angular shape of cement. 

 

2.3 Hydration reaction and microstructure of cement-fly ash system 

2.3.1  Hydration reaction of cement-fly ash system 

 Hydration reaction of cement-fly ash system can be divided into 2 main parts 

as hydration reaction of cement and pozzolanic reaction of fly ash. 

 

 Hydration reaction of cement: 

 When Portland cement is mixed with water, chemical compounds of cement 

will have chemical reaction and results in the hardening of concrete. Reactions of 

cement with water are called as hydration, and the new solids from hydration reaction 

are referred as hydration products. 

 Cement hydration is a complex reaction and it is appropriate to be considered 

as the reactions of the silicate phases (C3S and C2S) and the aluminate phases (C3A 

and C4AF) separately (Taylor 1997).Then, the hydration reaction of cement can be 

divided into 4 main reactions as follows: 

 

 Hydration of silicates 

 

   𝑪𝑺    +    𝑯  𝑪𝑺𝑯    +     𝑪𝑯 

 Both C3S and C2S react with water to produce an amorphous calcium silicate 

hydrate known as C-S-H gel which is the main ‘glue’ which binds sand and aggregate 

particles together in concrete. The reaction of C3S is much more reactive than C2S.In 

the standard temperature condition of 20°C, approximately 50% of the C3S presented 

in typical cement will be hydrated by 3 days and 80% by 28 days. In contrast, the 

hydration of C2S does not normally show a significant reaction until approximately 14 

days. 

 

 Hydration of C3A and C4AF 

 The reaction of C3A with water is immediate. Crystalline hydrates, such as 

C3AH6, C4AH19, and C2AH8, are formed quickly, with liberation of a large amount of 

heat of hydration. Unless the rapid hydration of C3A is slowed down by some method, 

Portland cement cannot be used for construction applications. This method is 
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generally accomplished by the addition of gypsum. Therefore, hydration reaction of 

C3A with gypsum is in practical purpose. 

 

  𝑪𝟑𝑨  +   𝟑𝑪𝑺̅𝑯𝟐   +   𝟐𝟔𝑯   𝑪𝟔𝑨𝑺̅𝟑𝑯𝟑𝟐 
  (Gypsum)                           (Ettringite or calcium sulfoaluminate hydrate) 

 

 

  𝑪𝟔𝑨𝑺̅𝟑𝑯𝟑𝟐   +   𝟐𝑪𝟑𝑨  +  𝟒𝑯  𝟑𝑪𝟒𝑨𝑺̅𝑯𝟏𝟐 
  (Ettringite)                           (Calcium Monosulfoaluminate) 

 

 In the hydration of Portland cement, it is convenient to discuss the hydration 

reactions of C3A and ferroaluminate together because when the ferroaluminate reacts 

with water in the presence of sulfate, the products formed are structurally similar to 

those formed in the hydration of C3A. For instance, depending on the sulfate 

concentration, the hydration of C4AF produces either 𝐶6𝐴(𝐹)𝑆̅𝐻32 or  𝐶4𝐴(𝐹)𝑆̅𝐻18, 
which are different in chemical composition, have crystal structures and are similar to 

ettringite and low sulfate, respectively. However, the ferroaluminate compound 

results in the early setting and hardening reaction which depends mainly on its 

chemical composition and temperature of formation. Generally, the reactivity of the 

ferrite phase is somewhat slower than C3A, but it increases with increasing alumina 

content and with decreasing temperature of formation during the clinkering process. 

In any case, it may be noted that the hydration reaction of the aluminates described 

below are applicable to both the C3A phase and the ferrite phase in Portland cement 

although. 

 

 Pozzolanic Reaction of Fly Ash: 

 When fly ash is added to concrete, the pozzolanic reaction occurs between the 

silica glass (SiO2) and the calcium hydroxide (Ca(OH)2) or hydrated lime, which is a 

by-product of the hydration of Portland cement.  

 The amorphous or glassy silica, which is the major component of a pozzolan, 

reacts with calcium hydroxide formed from the hydration of the calcium silicates. The 

principal reaction is 

 

𝑪𝑯         +         𝑺      +         𝑯          𝑪 − 𝑺 − 𝑯 
 (Hydration Product)       (Silica in fly ash)  

 

 Small quantities of reactive alumina in a pozzolan generally substitute for 

silica as part of the C-S-H. When a pozzolan has appreciable quantities of reactive 

alumina, a separate set of secondary reactions can occur, leading to the formation of 

calcium aluminate hydrates C-A-H 

 

𝑪𝑯         +        𝑨       +         𝑯          𝑪 − 𝑨 − 𝑯 
 (Hydration Product)       (Alumina in fly ash)  

 

 Then, the reactions of cement fly ash system which consist of both hydration 

reaction of cement and pozzolanic reaction of fly ash can be shown as: 
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         𝑷𝒐𝒓𝒕𝒍𝒂𝒏𝒅  𝒄𝒆𝒎𝒆𝒏𝒕 +  𝒘𝒂𝒕𝒆𝒓           𝑪 − 𝑺 − 𝑯 , 𝑪 − (𝑨, 𝑭) − 𝑯  +    𝑪𝑯 
 

𝑷𝒐𝒛𝒛𝒐𝒍𝒂𝒏 +  𝑪𝑯 +  𝒘𝒂𝒕𝒆𝒓         𝐂 − 𝐒 − 𝐇  , 𝐂 − 𝐀 − 𝐇 
            (SiO2, Al2O3) 

 

 Thus, the reactions of cement-fly ash system produce the same compounds as 

those found upon hydration of Portland cement since the overall chemical 

compositions of the Portland cement and the fly ash are similar. 

 

 Hydration Mechanism 

 The effect of fly ash on the hydration of cement and clinker minerals appear to 

be complex, and may depend greatly on the chemical and physical nature of the fly 

ash. The observed changes may also depend on the water to cement ratio of the 

system. There appears to be retardation of the very early hydration of both C3S and 

C3A, as shown by heat evolution profiles over time. After the induction period, 

however, this is followed by increased formation of Ca(OH)2 and C-S-H and also by 

increased formation of ettringite and its subsequent transformation to 

monosulphoaluminates. The prolongation of the induction period in C3S hydration is 

probably due to the species dissolved from the fly ash into the aqueous phase of the 

hydrating system such as aluminate ions and organics which could delay the 

nucleation and crystallization of Ca(OH)2 and/or C-S-H. There may also be a physical 

effect in which the fine fly-ash particles adhere to the surface of cement grain and 

thus hinder its interaction with water. Once the nucleation and crystallization of 

hydration products end the induction period, hydration is accelerated by the presence 

of fly ash. The fly-ash particles provide additional surfaces for the precipitation of the 

hydration products which would otherwise be formed on the surface of the C3S, and 

hinder its interaction with water. Similar arguments may apply to the hydration of 

C3A, where the initial retardation is probably due to calcium sulphate and alkalis (in 

addition to organics) dissolved from the fly ash. The precipitation of the hydration 

products on the fly-ash spheres may hinder the pozzolanic reaction. However, the 

alkaline solution may attack the glassy phase of the spheres beneath the coating of 

hydration products, leaving a clear space between the coating and the sphere 

2.3.2  Microstructure of cement-fly ash system 

 The microstructure structure of cement-fly ash system is developed as result of 

chemical reaction between cement, fly ash and water. They are consists of many 

phases in paste as solids, voids and water (P. Kumar and Paulo J.M. 2006). 

 

 2.3.2.1. Solids in paste 

 The types, amounts, and characteristics of the four principal solid phases in the 

hydrated cement paste are as follows. 

 - Calcium silicate hydrate (C-S-H) 

 The calcium silicate hydrate phase makes up 50 to 60 percent of the volume of 

solids in a completely hydrated Portland cement paste and is, therefore, the most 

important phase determining the properties of the paste. The fact that the term C-S-H 

is hyphenated signifies that C-S-H is not a well-defined compound; the C/S ratio 

varies between 1.5 and 2.0 and the structural water content varies even more. The 

morphology of C-S-H also varies from poorly crystalline fibers to reticular network. 
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Due to their colloidal dimensions and a tendency to cluster, C-S-H crystals could only 

be resolved with the advent of electron microscopy. In older literature, the material is 

often referred to as C-S-H gel. The internal crystal structure of C-S-H also remains 

unresolved; previously it was assumed to resemble the natural mineral tobermorite 

and that is why C-S-H was sometimes called tobermorite gel. 

 Although the exact structure of C-S-H is not known, several models have been 

proposed to explain the properties of the materials. According to the Powers-

Brunauer model, the material has a layer structure with a very high surface area. 

Depending on the measurement technique, surface areas on the order of 100 to 700 

m
2
/g have been proposed for C-S-H, and the strength of the material is attributed 

mainly to van der Waals’ forces. The size of gel pores, or the solid-to-solid distance, 

is reported to be about 18 Å. The Feldman-Sereda model
2
 visualizes the C-S-H 

structure as being composed of an irregular or kinked array of layers which are 

randomly arranged to create interlayer spaces of different shapes and sizes (5 to 25 

Å). 

 - Calcium hydroxide. (CH) 

 Calcium hydroxide crystals (also called portlandite) constitute 20 to 25 percent 

of the volume of solids in the hydrated paste. In contrast to the C-S-H, calcium 

hydroxide is a compound with a definite stoichiometry, Ca(OH)2. It tends to form 

large crystals with distinctive hexagonal-prism morphology. The morphology usually 

varies from nondescript to stacks of large plates, and is affected by the available 

space, temperature of hydration, and impurities present in the system. Compared with 

C-S-H, the strength-contributing potential of calcium hydroxide is limited as a result 

of considerably lower surface area. 

 - Calcium sulfoaluminates hydrates. 

 Calcium sulfoaluminate hydrates occupy 15 to 20 percent of the solid volume 

in the hydrated paste and, therefore, play only a minor role in the microstructure-

property relationships. It has already been stated that during the early stages of 

hydration the sulfate/alumina ionic ratio of the solution phase generally favors the 

formation of trisulfate hydrate, 𝐶6𝐴𝑆3̅𝐻32, also called ettringite, which forms needle-
shaped prismatic crystals. In pastes of ordinary portland cement, ettringite eventually 

transforms to the monosulfate hydrate,𝐶4𝐴𝑆̅𝐻12, which forms hexagonal-plate 
crystals. The presence of the monosulfate hydrate in portland cement concrete makes 

the concrete vulnerable to sulfate attack. It should be noted that both ettringite and the 

monosulfate contain small amounts of iron, which can substitute for the aluminum 

ions in the crystal structure. 

 - Unhydrated clinker grains and fly ash. 

 Depending on the particle size distribution of the anhydrous cement and the 

degree of hydration, some unhydrated clinker grains may be found in the 

microstructure of hydrated cement pastes, even long after hydration. As stated earlier, 

the clinker particles in modern portland cement generally conform to the size range 1 

to 50𝜇m. With the progress of the hydration process, the smaller particles dissolve 
first and disappear from the system, then the larger particles become smaller. Because 

of the limited available space between the particles, the hydration products tend to 

crystallize in close proximity to the hydrating clinker particles, which gives the 

appearance of a coating formation around them. At later ages, due to the lack of 

available space, in situ hydration of clinker particles results in the formation of a very 
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dense hydration product, the morphology of which may resemble the original clinker 

particle. In part of unhydrated fly ash, the glass in one fly ash cement was heavily 

etched after 7 days and that many of the particles up to 1-2𝜇m in size were consumed 
within 28 days. The crystalline phases appeared to be inert. 

 

 2.3.2.2. Voids in paste 

 The hydrated cement paste contains several types of voids which have an 

important influence on its properties. The various types of voids and their amount and 

significance are discussed next 

 - Interlayer space in C-S-H. 

 Powers-Brunauer assumed the width of the interlayer space within the C-S-H 

structure to be 18 A and determined that it accounts for 28 percent porosity in solid 

C-S-H; however, Feldman and Sereda suggested that the space may vary from 5 to 25 

A. This void size is too small to have an adverse effect on the strength and 
permeability of the hydrated cement paste. However, as discussed below, water in 

these small voids can be held by hydrogen bonding, and its removal under certain 

conditions may contribute to drying shrinkage and creep. In some old literature, the 

solid-to-solid distances between C-S-H layers were called gel pores. 

 - Capillary voids. 

 The total volume of capillary voids, popularly known as porosity, in Portland 

cement pastes, the capillary voids represent the space not filled by the solid 

components of the hydrated cement paste. The total volume of a typical cement-water 

mixture remains essentially unchanged during the hydration process. The average 

bulk density of the hydration products is considerably lower than the density of 

anhydrous Portland cement; it is estimated that 1 cm
3
 of cement, on complete 

hydration, requires about 2 cm
3
 of space to accommodate the products of hydration. 

Thus, cement hydration may be looked upon as a process during which the space 

originally occupied by cement and water is being replaced more and more by the 

space filled by hydration products. The space not taken up by the cement or the 

hydration products consists of capillary voids, the volume and size of the capillary 

voids being determined by the original distance between the anhydrous cement 

particles in the freshly mixed cement paste (i.e., water cement ratio).  

 In well-hydrated, low water-cement ratio pastes, the capillary voids may range 

from 10 to 50 nm; in high water-cement ratio pastes, at early ages of hydration, the 

capillary voids may be as large as 3 to 5𝜇m. Capillary voids larger than 50 nm, 

referred to as macroporesin modern literature, are probably more influential in 

determining the strength and impermeability characteristics, whereas voids smaller 

than 50 nm, referred to as micropores, play an important part in drying shrinkage and 
creep.  

 - Air voids. 

 Whereas capillary voids are irregular in shape, air voids are generally 

spherical. A small amount of air usually gets trapped in the cement paste during 

concrete mixing. For various reasons, admixtures may be added to concrete to entrain 

purposely tiny air voids. Entrapped air voids may be as large as 3 mm; entrained air 

voids usually range from 50 to 200 𝜇m. Therefore, both the entrapped and entrained 

air voids in the hydrated cement paste are much bigger than the capillary voids, and 

are capable of adversely affecting the strength. 
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 2.3.2.3. Water in paste 

 Actually, depending on the environmental humidity and the porosity of the 

paste, the untreated cement paste is capable of holding a large amount of water. Like 

the solid and the void phases discussed above, water can exist in the hydrated cement 

paste in many forms. The classification of water into several types is based on the 

degree of difficulty or ease with which it can be removed from the hydrated cement 

paste. As there is a continuous loss of water from a saturated cement paste when the 

relative humidity of the environment is reduced, the dividing line between the 

different states of water is not rigid. In spite of this, the classification is useful for 

understanding the properties of the hydrated cement paste. In addition to vapor in 

empty or partially water-filled voids, water exists in the hydrated cement paste in the 

following states: 

 - Capillary water 

 This is the water present in voids larger than about 50 A. It may be pictured 
as the bulk water that is free from the influence of the attractive forces exerted by the 

solid surface. Actually, from the standpoint of the behavior of capillary water in the 

hydrated cement paste, it is desirable to divide the capillary water into two categories: 

the water in large voids of the order of >50 nm (0.05𝜇m), which may be called free 

water (because its removal does not cause any volume change), and the water held by 

capillary tension in small capillaries (5 to 50 nm), the removal of which may cause 

shrinkage of the system. 

 - Adsorbed water 

 This is the water that is close to the solid surface. Under the influence of 

attractive forces, water molecules are physically adsorbed onto the surface of solids in 

the hydrated cement paste. It has been suggested that up to six molecular layers of 

water (15 A) can be physically held by hydrogen bonding. Because the bond energies 
of the individual water molecules decrease with distance from the solid surface, a 

major portion of the adsorbed water can be lost when hydrated cement paste is dried 

to 30 percent relative humidity. The loss of adsorbed water is responsible for the 

shrinkage of the hydrated cement paste. 

 - Interlayer water 

 This is the water associated with the C-S-H structure. It has been suggested 

that a monomolecular water layer between the layers of C-S-H is strongly held by 

hydrogen bonding. The interlayer water is lost only on strong drying (i.e., below 11 

percent relative humidity). The C-S-H structure shrinks considerably when the 

interlayer water is lost. 

 - Chemically combined water 

 This is the water that is an integral part of the microstructure of various 

cement hydration products. This water is not lost on drying; it is evolved when the 

hydrates decompose on heating. Based on the Feldman-Sereda model, different types 

of water associated with the C-S-H are illustrated in Figure 2.2. 
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Figure 2.2 Diagrammatic model of the types of water associated 

with calcium silicate hydrate 

(P. Kumar and Paulo J.M. 2006) pp.35. 

 

 As with calcium silicate pastes, the gelatinous nature of the principal reaction 

product renders any definition of chemically bound water somewhat arbitrary. The 

three definitions of water content for calcium silicate pastes are relevant to cement 

pastes that are essential water to the formation of the hydration products in a saturated 

paste as mention above. Water retained after D-drying, known as non-evaporable 

water, has often been wrongly identified with chemically bound water. It excludes 

much of the interlayer water in C-S-H, AFm (alumino-ferrite monosulfate hydrate) 

and hydrotalcite-type phases and much of the water contained in the crystal structures 

of Aft (alumino-ferrite trisulfate hydrate) phases. It is often used as a measure of the 

fraction of the cement that has reacted, but can only be approximate in this respect, 

because the clinker phases react at different rates and yield products containing 

different amounts of non-evaporable water.  

 In addition, the extent of a pozzolanic reaction can be followed by monitoring 

the decrease in calcium hydroxide over time. In theory, it is possible to completely 

react all the calcium hydroxide formed by regular hydration, but this seldom happens 

in practice. In fact, it is important to realize that the slow rate of the pozzolanic 

reaction requires a prolonged period of moist curing if the full benefits of adding a 

pozzolan are to be realized. Without sufficient moist curing, a pozzolan will act 

mainly as a noncementitious filler. The pozzolanic reaction is more temperature 

sensitive than regular hydration and can proceed quite rapidly under steam curing. 

Although the hydration mechanisms of cement-fly ash system are well understood, 

the hydration extent quantification for cement and fly ash is not yet clarified, neither 

by experimental means nor on theoretical basis, the non-evaporable water and the 

content of calcium hydroxide is investigated the cement hydration and fly ash 

pozzolanic reaction extents. Fully hydrated cement pastes typically contain about 23% 

of non-evaporable water, referred to the ignited mass (Taylor 1997). And for fly ash 

hydrated, it seems that the amount of water fixed by the reaction of a pozzolana is 

related to the CaO content. Uchikawa quoted that for a fly ash cement containing a 

high-calcium fly ash, the reaction rate, estimated from the amount of combined water, 

was higher than that of a fly ash containing an ordinary fly ash. Thus, the 
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determination of non-evaporable water in blended cement should be cautions and with 

consideration of the chemical composition of the replacement material or mineral 

admixture. 

 The fly ashes modify the microstructure of the hydrated matrix quite 

significantly. The increased fraction of C-S-H leads to a more homogenous 

microstructure, particularly when highly reactive, finely divided pozzolans are used. 

Residual Ca(OH)2 crystals are usually smaller and can have altered morphology. The 

principal effect on the microstructure is the change in pore structure. Admixture 

reactions will reduce the overall porosity (the specific gravity of C-S-H is lower than 

calcium hydroxide) and the pore size. However, reduction of porosity requires 

extensive pozzolanic reaction produced by prolonged moist curing. Reductions in the 

water to binder ratio will produce larger reductions in porosity.  

 Figures 2.3 (a)-(c) show that Ca(OH)2 (hydrated lime) is produced by the 

reaction of the Portland cement and water. Due to its limited solubility, particles of 

hydrated lime form within interstitial spaces. With a continuing supply of moisture, 

the lime reacts with the fly ash pozzolanically, producing additional hydration 

products of a fine pore structure. 

 

 
 (a) Hydration products           (b): Lime is formed as 

 of Portland cement                     a by-product of hydration 

 

 
(c) The pozzolanic reaction products fill the interstitial spaces 

 

Figure 2.3 The stage of pozzolanic reaction products 

(John and B. S. 2003) pp.3/4-3/5 

 

 Vagelis (1999) studied effect of high-calcium fly ash (FH, 23% total CaO) on 

cement fly ash system. The development of the strength, porosity, bound water, and 

calcium hydroxide content was measured. Typical SEM image of 20% FH-cement 

paste at different times of hydration are presented. From the beginning (3 days), 

reaction products are observed on the surface of the FH particles. However, after 2-3 
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week, FH particles are difficult to identify in the concrete microstructure. After a 

longer time (6 months), a dense structure has formed. 

 Antiohos and Tsimas (2005) studied on the influence of active silica of two 

high-lime fly ashes on their behavior during hydration. The new blends were 

examined in terms of compressive strength, remaining calcium hydroxide, generation 

of hydration products and microstructural development. It was found that soluble 

silica of fly ashes holds a predominant role especially after the first month of the 

hardening process. In figure2.4, after 90 days the paste structure has further densified, 

a fact that corresponds to its higher strength. Silica from the ash particles is 

increasingly dissolved, joins the pore solution, reacts with still available calcium 

hydroxide, and provides additional pozzolanic C–S–H. The binding properties of this 

gel supplement the filling effect of the ashes than remain intact, leading in a 

subsequent decrease of the pores in the paste. 

 

  
  (a) ESEM image of the blend with         (b) Seven days of hydration 

      30% Tf addition after 2 days of hydration. 

 

  
          (c) Reacted fly ash particle at 7 days    (d) 28 days of hydration of hydration 

 

 
(e) 90 days of hydration 

 

Figure 2.4 Fly ash hydrated on pozzolanic reaction after 2 days to 90 days 

(Antiohos and Tsimas 2005) 
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 Chindaprasirt, Jaturapitakkul et al. (2007) demonstrated the effect of fly ash 

fineness on pore size and microstructure of hardened blended cement pastes. Test 

results indicated that the pore size of hardened blended cement paste were 

significantly affected by the rate of replacement and the incorporation of classified fly 

ash results in a further decrease in pore size of blended cement paste. The SEM results 

revealed that the hardened blended cement paste containing finer fly ash produced a 

denser structure than the one containing coarser fly ash. In Figure2.5, the 

microstructure of fractured surface pastes at 7, 28 and 90 days are shown. At 90 days, 

etched fly ash particles and hydrated rims with fly ash surfaces were quite common. A 

lot of fly ash particles were substituted by hydrates. For finer fly ash pastes, as shown 

in Figure.2.6, the results are similar to that obtained from coarser fly ash. In addition, 

the finer fly ash paste had a denser structure. 

 

 
Figure 2.5 Fractured surface of OFA20 (coarser fly ash) paste by SEM 

(Chindaprasirt, Jaturapitakkul et al. 2007) 

 

 
Figure 2.6 Fractured surface of CFA20 (finer fly ash) paste by SEM 

(Chindaprasirt, Jaturapitakkul et al. 2007) 

2.3.3  Determination of degree of hydration and degree of pozzolanic reaction 

 The research about the determination of degree of reaction in cement-fly ash 

concrete rarely exists due to difficulty in investigation. Thus, majority of the 

researches have been conducted by using cement paste.  

 Lam, Wong et al. (2000) studied the degree of hydration of the cement in 

Portland cement (PC) paste by determining the non-evaporable water (Wn) content. 

The degree of reaction of the fly ash in high-volume fly ash/cement (FC) pastes was 

determined using a selective dissolution method. Based on the relation between the 

degree of cement hydration and effective water-to-cement (w/c) ratio, the degree of 

hydration of the cement in FC pastes was also estimated. It was found that high-

volume fly ash pastes underwent a lower degree of fly ash reaction than a paste with 
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less fly ash  while the hydration of the cement in high-volume fly ash pastes was 

enhanced because of the higher effective w/c ratio for the paste. This effect was more 

significant for the pastes with lower water-to-binder (w/b) ratios. Thus, preparing 

high-volume fly ash concrete at lower w/b ratios can result in less strength losses. 

 Zhang, Sun et al. (2000) investigated the hydration processes of high-volume 

fly ash cement paste by examining the non-evaporable water content, the CH content, 

the pH of pore solution and the fraction of reacted fly ash. The results revealed that 

the non-evaporable water content in high-volume fly ash cement pastes does not 

develop as plain cement pastes does, so it may be improper to apply the non-

evaporable water content to evaluate the hydration process in high-volume fly ash 

cement matrix. The reduction in CH content increases with the hydration progress and 

it varies linearly with the logarithm of curing age. The higher the content of fly ash is, 

the more the reduction in CH is. The pH of pore solution of high-volume fly ash 

cement paste was reduced to a great extent at early ages and it continued to decline at 

later ages due to the inclusion of large amount of fly ashes. At elevated temperatures, 

however, this trend was not found. The fraction of reacted fly ash directly reflects the 

pozzolanic reactivity of fly ash both at normal and elevated temperatures. There is 

some inherent correlation between the reduction in CH content, the pH of pore 

solution and the fraction of reacted fly ash. For specified matrix, the consumption of 

CH and the pH of pore solutions change linearly with the increase of the fraction of 

reacted fly ash 

 Shunsuke, Fuminori et al. (2001) investigated the effects of the mix proportion 

and curing temperature on the pozzolanic reaction of fly ash in cement paste by 

examining the productions of calcium hydroxide and the pozzolanic reaction ratio of 

fly ash. It is possible to accurately determine the reaction ratio of fly ash in cement 

paste from the insoluble residue and the quantity of dissolved Al2O3. The result 

revealed that the curing at higher temperature or the higher the water/powder ratio is, 

the higher the reaction ratio of fly ash. The starting time of the pozzolanic reaction at 

the curing temperature of 20°C is at the age of 28 days or more because the reaction 

ratio at 28 days is nearly 0%. The pozzolanic reaction of fly ash in cement paste 

highly depends upon the curing temperature. The reaction ratio of fly ash decreases 

with an increasing fly ash substitution rate. 

 Feng, Garboczi et al. (2004) studied the hydration of plain portland and 

blended cement pastes containing fly ash or slag by using a scanning electron 

microscope (SEM) point-counting technique. For plain portland cement pastes, the 

results for the degree of cement hydration obtained by the SEM point-counting 

technique were consistent with the results from the traditional loss-on-ignition (LOI) 

of non-evaporable water-content measurements; agreement was within ±10%. The 

standard deviation in the determination of the degree of cement hydration via point 

counting ranged from ±1.5% to ±1.8% (one operator, one sample). For the blended 

cement pastes, it is the first time that the degree of hydration of cement in blended 

systems has been studied directly. The standard deviation for the degree of hydration 

of cement in the blended cement pastes ranged from ±1.4% to ±2.2%. Additionally, 

the degrees of reaction of the mineral admixtures (MAs) were also measured. The 

results were comparable with previous results obtained using a selective dissolution 

method. The standard deviation for the degree of fly ash reaction was ±4.6% to 

±5.0%. Results of the present study indicate that the SEM point-counting technique 
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can be a reliable and effective analysis tool for use in studies of the hydration of the 

MAs in blended cement paste. 

 Sakai, Miyahara et al. (2005) studied the influences of the glass content and 

the basicity of glass phase on the hydration of fly ash cement.  The hydration of fly 

ash cement was clarified and the hydration over a long curing time was characterized. 

Two kinds of fly ash with different glass contents, one with 38.2% and another with 

76.6%, were used. The hydration ratio of fly ash was increased by increasing the glass 

content in fly ash in the specimens cured for 270 days. When the glass content of fly 

ash is low, the basicity of glass phase tends to decrease. Reactivity of fly ash is 

controlled by the basicity of the glass phase in fly ash during a period from 28 to 270 

days. However, at an age of 360 days, the reaction ratios of fly ash show almost 

identical values with different glass contents. Fly ash also affected the hydration of 

cement clinker minerals in fly ash cement. In the long –term hydration of alite was 

accelerated, while that of belite and C4AF was retarded.  

 Haha, De Weerdt et al. (2010) studied the FA reaction in two different blended 

OPC-FA systems was studied using a selective dissolution technique based on 

EDTA/NaOH, diluted NaOH solution, the portlandite content and by backscattered 

electron image analysis. The amount of FA determined by selective dissolution using 

EDTA/NaOH is found to be associated with a significant possible error as different 

assumptions lead to large difference in the estimate of FA reacted. In addition, at 

longer hydration times, the reaction of the FA is underestimated by this methods due 

to the presence of non-dissolved hydrated and MgO rich particles. The dissolution of 

FA in diluted NaOH solution agreed during the first days well with the dissolution as 

observed by image analysis. At 28 days and longer, the formation of hydrates in the 

diluted solutions leads to an underestimation. Finally, image analysis appeared to give 

consistent results and to be most reliable technique. 

 Zeng, Li et al. (2012) proposed a synthetic model for cement hydration extent 

in blended pastes is established taking into account the dilution effect, local w/c 

augmentation effect as well as heterogeneous nucleation effect of FA particles. The 

non-evaporable water content (wn) and calcium hydroxide content (CH) were 

measured by thermal gravity analysis (TGA) and the FA reaction extent was 

quantified by the selective dissolution method. From the results, it is observed that 

local w/c, heterogeneous nucleation effects and FA hydration have comparable 

contribution to the total wn content in blended pastes while the FA hydration 

dominates in CH content. The cement hydration extent is determined through 

experimental approach as well as model-based approach and the c  values from two 

approaches are linearly correlated. The pozzolanic reaction extent of FA hydration is 

also determined through experimental approach and model-based approach. The FA 

hydration extent is found to be much influenced by curing age, i.e. 0.1p   for 7d and 

0.2 0.4p    for 90 days. 

 

2.4 Hydration reaction and microstructure of cement-limestone powder system 

 Composite cements may contain mineral additions other than, or as well as, 

ones with pozzolanic or latent hydraulic properties. These are widely described as 

'fillers' but, at least in the case of limestone, which is the most important; this term is 
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misleading because chemical reaction occurs. For an overall specific surface area 

(Blaine) of 420 m
2
/kg, 50% of the limestone can be below 700 nm, compared with 

3𝜇m for the clinker. The effect on 28-day strength of partial replacement of clinker 

can be compensated by finer grinding of the clinker, and for equal 28-day strengths, 

the 1 day strength of cement containing limestone powder can exceed that of one not 

containing it. This is due to the greater fineness of the clinker and the effects of the 

limestone. 

 The limestone filler was considered by many as inert filler, but it has been 

gradually accepted as contributing to the hydration process by the formation of 

calcium mono-carboaluminates (C3A•CaCO3•11H2O). 

 The effects of the limestone are partly physical and partly chemical as with 

many other finely divided admixtures. Because of its fineness, the material also acts 

as a filler between the grains of clinker, though it is unlikely to be as effective in this 

respect as silica fume.  Chemically, the formation of monocarbonate (C4AC̅H11) is 

well established. One would also expect that the replacement of ettringite by 

monosulfate would be inhibited. Monocarbonate was detected after periods of 7-127 

days, in amounts that appeared to depend on the amount and reactivity of the CaCO3 

present. This observation suggests that the assemblage of AFm (ettringite) and Aft 

(monosulfate) phases produced may depend on the relative rates at which SO4
−2 ,

Al(OH)4
− and CO3

−2ions become available. 

 Heikal, El-Didamony et al. (2000) studied the effect of substitution of 

limestone for Homra in pozzolanic cement. The effect of limestone replacement was 

studied by the determination of the combined water, free lime contents, bulk density, 

total porosity and compressive strength. The results show that the addition of 

limestone reduces the initial and final setting time, as well as total porosity, whereas 

the free lime and combined water increase with limestone content. It can be concluded 

that limestone fills the pores between cement particles due to formation of 

carboaluminate, which may accelerate the setting of cement pastes. 

 Kakali, Tsivilis et al. (2000) studied the effect of calcium carbonate on the 

hydration products of C3A, C3S and cement. Pastes made from C3A and C3S 

containing 0%, 10%, 20% and 35% w/w of chemical grade CaCO3, as well as pastes 

made from Portland cement containing 0%, 10%, 20% and 35% w/w limestone, were 

examined after 1, 2, 7 and 28 days of hydration. The hydration products in C3S and 

C3A pastes containing CaCO3, as well as in limestone cement pastes, were identified 

by means of powder diffraction. The effect of calcium carbonate on the hydration 

procedure was also recorded. It is concluded that in pastes containing CaCO3, either 

as a chemical reagent or as a limestone constituent, the ettringite's transformation to 

monosulfate is delayed, while calcium aluminate monocarbonate is preferably formed 

instead of monosulfate even at early ages. In addition, the hydration of C3S is 

accelerated and formation of some carbosilicate is observed 

 Bonavetti, Rahhal et al. (2001) studied about the hydration of pure C3A phase 

with CaCO3 in the presence or not of gypsum and in a calcium hydroxide solution is 

related to the hydration products of Portland and limestone-blended cements. Results 

show the formation of monocarboaluminate in systems containing C3A and CaCO3 

while the tricaboaluminate was not found. Calcium hydroxide intervenes in these 

systems to form a calcium hemicaraluminate hydroxide. In limestone-blended 

cements, calcium monocarboaluminate is immediately detected after hydration begun 



 18 

and the transformation of monosulfoaluminate to monocarboaluminate occurs at 28 

days while the conversion of ettringite to monosulfoaluminate is deferred. 

 Lothenbach, Le Saout et al. (2008) investigated the influence of the presence 

of limestone on the hydration of Portland cement. Blending of Portland cement with 

limestone was found to influence the hydrate assemblage of the hydrated cement. 

Thermodynamic calculations as well as experimental observations indicated that in 

the presence of limestone, monocarbonate instead of monosulfate was stable. The 

quantities of ettringite, portlandite and amorphous phase as determined by TGA and 

XRD agreed well with the calculated amounts of these phases after different periods 

of time. The findings in this paper show that changes in the bulk composition of 

hydrating cements can be followed by coupled thermodynamic models. Comparison 

between experimental and modelled data helps to understand in more detail the 

dominating processes during cement hydration. 

 Ramezanianpour, Ghiasvand et al. (2009) described the effect of various 

amounts of limestone on compressive strength, water penetration, sorptivity, electrical 

resistivity and rapid chloride permeability on concretes produced by using a 

combination of PC and limestone at 28, 90 and 180 days. The percentages of 

limestone that replace PC in this research are 0%, 5%, 10%, 15% and 20% by mass. 

The water/(clinker + limestone) or (w/b) ratios are 0.37, 0.45 and 0.55 having a 

constant total binder content of 350 kg/m3. Generally, results show that the Portland 

limestone cement (PLC) concretes having up to 10% limestone provide competitive 

properties with PC concretes. In addition, Figure 2.7 (a)–(f) the microstructures of the 

cementitious paste with normal consistency of hydraulic cement (ASTM C187), 

containing 0%, 10% and 20% limestone replacement are shown at 3 and 28 days after 

hydration. Moreover, a typical SEM photograph of the limestone is presented in 

Figure 2.7 (g). The morphology in cement pastes with and without limestone is 

different. The pore structures (tortuosity and constriction or disconnection) are 

improved with increasing the curing time. 
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Figure 2.7 SEM photograph of cement pastes and typical limestone. 

(Ramezanianpour, Ghiasvand et al. 2009) 

 

 Shuhua and Peiyu (2010) studied the effect of limestone powder on 

microstructure of concrete by using mercury intrusion porosimetry (MIP), 

backscattering scanning electron (BSE), scanning electron microscopy (SEM) and X-

ray diffraction (XRD) techniques. The experimental results show that the compressive 

strength of concrete containing 100 kg/m3 limestone powder can meet the strength 

requirement. The filling effect can make the paste matrix and the interfacial transition 

zone between matrix and aggregate denser, which will improve the performance of 

concrete. BSE was used to determine the microstructure and the phase distribution of 

the samples. In order to get a high contrast images for image analysis, the grey-scale 

histogram of original image was used to distinguish the different phases. Within the 

grey-scale from 0 (black) to 256 (white), the pores, C-S-H gel, CH, limestone powder 

and anhydrous cement are identified respectively as shown in Figure2.8. It can be 

seen that small limestone particles exist in the pastes even after 28 days of hydration, 

the total amount of limestone powder is almost not changing during 28 days 

hydration. The limestone powders fill in the interfacial transition zone between the 

matrix and aggregate, and make it become much denser, which is the reason why the 

porosity of concretes containing limestone powder is lower than that of traditional 

concrete. 
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Figure 2.8 BSE images of the four samples at the age of 28 days 

(Shuhua and Peiyu 2010) 

 

 Ye, Liu et al. (2007) studied the development of the microstructure of SCC, 

the microstructural parameters of the paste including porosity, pore size distribution 

and phase distribution by means of mercury intrusion porosimetry (MIP) and 

scanning electron microscopy (SEM). The thermogravimetric analysis (TGA) and the 

derivative thermogravimetric analysis (DTG) are used to identify the phase 

constituents. The result of this research shows that the pore structure, including the 

total pore volume, pore size distribution and critical pore diameter, in the SCCP (self-

compacting cement paste) is very similar to that of HPCP (high performance cement 

paste). The fact that limestone powder does not participate in the chemical reaction 

was confirmed both from thermal analysis and BSE image analysis. 

 

2.5 Existing test methods for estimating mix proportion of hardened concrete 

 Nowadays, there are a few methods to analyze for mix proportion of hardened 

concrete. Several standards such as BS1881: Part124 described the methods for 

determining the cement content and other concrete compositions in hardened 

concrete, but they are applied for the OPC concrete but not appropriate for the 

concrete with some mineral admixtures. 

 Jung, Shin et al. (2012) presented a new technique of analyzing the acid 

neutralization capacity (ANC) data to identify a concrete mix design which had been 

developed to be applied for examining cement and other mixture in the hardened 

concrete at 200 days. The suspension of concrete was formed in still water and nitric 

acid to produce the variation in the pH. As a result, the pH of the suspension for 



 21 

concrete at a given concentration of the nitric acid was dramatically decreased at 

around 10 in the pH, depending on the aggregate content, of which characteristics was 

used to determine the aggregate content in a concrete mix. Simultaneously, an 

increase in the w/c resulted in decrease pH, of which the empirical equation was 

adopted to determine the w/c. As the there is no difference in the ANC characteristics 

between coarse and fine aggregate, aggregate content encompassing coarse and fine 

aggregates was determined in this study. This method is limited in applying for all 

unknown concrete mixes, because the fitted equation (the aggregate content vs acid 

concentration) may be dependent on binder type. Thus, the variation in binder type 

must be preliminary known, although information for determining the aggregate 

content was applicable to only OPC in this study. 

 British Standard Institution (BSI) BS1881: Part124: 1988 is a standard test 

method for analysis of hardened concrete. This method appropriately applies to 

concrete sample at age over 28 days. They describes the sampling procedures, 

treatment of sample, and analytical methods to be used on a sample of concrete to 

determine the cement content, aggregate content and other concrete compositions in 

hardened concrete. The techniques used in this standard are such as oxide analysis, 

extracting soluble silica or loss on ignition method. Subsequently, those data are 

indirectly used to calculate percentage of cement or other compositions. However, 

some procedures have limitation such as aggregate grading test is only applicable to 

concrete containing essentially insoluble in dilute hydrochloric acid.  Moreover, this 

standard can be applied to concrete made with Portland cements and, in favorable 

circumstances, contained ground granulated blast-furnace slag, but the determination 

of pulverized-fuel ash content are outside the scope of this standard. Moreover, each 

procedure requires a substantial degree of chemical skill and relatively complicated 

chemical instrumentation as show in Figure 2.9 which is typical apparatus for 

determination of water content, and for determination of carbon dioxide content. 

 

           
(a) Typical apparatus for determination  (b) Typical apparatus for determination  

 of water content         carbon dioxide content 

 

Figure 2.9 Typical apparatus in BS1881 standard method 

 

2.6 Determination of cement content in hardened concrete 

 Clemeiia (1972) evaluated the method of selective dissolution by methanolic 

maleic acid, developed by Tabikh et al. for the determination of cement content in 
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hardened concrete. It was found to be relatively simple and inexpensive, and is 

accurate to within ±1% point cement at the 95% confidence level with the use of 

calibration curve. Such factors as aggregate and cement compositions, curing time, 

and water-cement ratio were investigated as to their effects on the method. Among 

these factors, aggregate composition was the only one found to have a significant 

effect on the analytical results. In addition, the determination of cement content by the 

measurement of the specific gravity increase in a methanolic maleic acid solution was 

also investigated, but was found to have unsatisfactory precision. 

 American Society for Testing and Materials (ASTM) C1084-02 is standard 

test method for determination of Portland cement content of a sample of hardened 

hydraulic-cement concrete. This test method consists of two independent procedures: 

an oxide-analysis procedure and an extraction procedure. Nevertheless, the procedure 

is also applicable estimating the combined content of Portland cement and pozzolan 

or slag in concrete made with blended hydraulic cement and blends of Portland 

cement with pozzolans or slag. But, the test method should be applied to 

determination of the blended cement content of the pozzolanic content only by use of 

calibration concrete samples on other information. Then, indirectly calculating the 

percentage of cement by assuming from analyses of silica and calcium oxide in the 

original cement used; consequently, it is not applicable to concrete that contains 

aggregates that yield simultaneously significant amounts of silica and calcium oxide 

under the conditions of the test. 

 Linares, López-Atalaya et al. (2009) proposed the stain method for 

determining cement content in hardened concrete by image capture and treatment of 

the stained specimen images. The samples resulting from this process are stained the 

cement paste through immersion in a solution of tannic acid (3%in weight) acidified 

with tartaric acid (3% in weight). This stain process is equally valid for young 

concretes with an abundant alkaline reserve and for old concretes with an advanced 

carbonation degree and it can be used for concretes manufactured using cements with 

admixture as long as there is a calibration curve prepared with this type of cement. 

The result obtained with this method is similar to those achieved by the ASTM 

reference method. In addition, the method developed has no dependence on the 

composition of the coarse aggregates, whereas the ASTM method. 

  Wong and Buenfeld (2009) proposed a new method to estimate the initial 

cement content, water content and free water/cement ratio (w/c) of hardened cement-

based materials made with Portland cements that have unknown mixture proportions 

and degree of hydration. This method first measures the volume fractions of the 

unreacted cement, hydration products and capillary pores, using high resolution field 

emission scanning electron microscopy (FE-SEM) in the backscattered electron 

(BSE) mode and image analysis. From the obtained data and the volumetric increase 

of solids during cement hydration, we can calculate the degree of hydration. The 

proposed method has the advantage that it is quantitative and does not require 

comparison with calibration graphs or reference samples made with the same 

materials and cured to the same degree of hydration as the tested sample. The 

resulting of the estimate degree of hydration is compared against the measured value 

from the LOI test and conventional image analysis. A relative good agreement 

between the estimated and measured values is observed.  However, the preliminary 
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results show that the proposed method is applicable to ordinary Portland cement 

pastes with a range of w/c ratios (0.25–0.50) and curing ages (3–90 days). 

 

2.7 Determination of fly ash content in hardened concrete 

 Ohsawa, Asaga et al. (1985) studied the quantitative determination of fly ash 

in hydrated fly ash-CaSO4-2H2O -Ca(OH)2 system, various kinds of selective 

dissolution were evaluated using pastes made from a single representative fly ash. 

Selective dissolution using picric acid - methanol solution was found to be adequate. 

Selective dissolution using picric acid - methanol + water can also be used, when it is 

necessary to save time, although rather bigger corrections are needed. Reproducibility 

of the determination by both methods was found to be satisfactory, as the standard 

deviation of the measurement was within 0.23 - 0.55%. Several dissolution 

experiments were also carried out to obtain the basic information related to this 

technique. 

 R. Doug and C. A. (1995) proposed methods developed for determination of 

slag and fly ash content in hardened concrete. The optical microscopy method 

involves preparation of thin sections of the concrete and point counting to obtain the 

number of fly ash grains for estimating fly ash content substitution in Portland 

cements. These are compared to a set of calibration standard sections. This technique 

is satisfactory where the engineer wishes to know rough proportions on the scale used, 

and the importance of knowing the particle size distribution of the fly ash is crucial to 

obtaining an estimate 

 Presuel-Moreno and Sagüés (2009) investigated of conduction to assess the 

applicability of magnetic methods for determining FA presence and content in 

hardened concrete. Reproducible measurements of magnetic susceptibility χm of 

laboratory and field extracted concrete core samples were achieved with simple 

instrumentation. There was a nearly linear relationship between χm and the mass of 

fly ash per unit volume, or its volume fraction. The magnetic response of a given FA 

was not significantly affected by the process of curing and subsequent evolution of 

the concrete over two years, or by carbonation of the concrete. Field extracted 

concrete cores exhibited a wide range of χm values. The group of specimens with the 

highest values of χm also had the lowest chloride ion diffusivity, consistent with the 

presence of admixed FA. Conversely, specimens with nil magnetic response included 

those from concrete with the highest chloride diffusivity. The magnetic measurements 

provided reasonable order-of-magnitude indications of FA presence in field extracted 

cores. However, precise determination of FA content from magnetic measurements of 

field cores does not appear feasible in the absence of additional information. 

 

2.8 Determination of water to cement ratio (w/c) in hardened concrete 

 Elsen, Lens et al. (1995) presented results of the w/c ratio determination of 

hardened cement paste and concrete samples on thin sections using automated image 

analysis techniques. Two series of samples prepared in laboratory conditions have 

been used as ‘reference samples’ to develop and to evaluate procedures for measuring 

the w/c ratio by image analysis techniques: a series of pure cement paste samples and 

one of concrete samples. Three different image analysis methods have been 
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employed: an interactive, an automatic method with thresholding of grey values by 

the operator, and a fully automatic method without thresholding. The measurements 

on the pure cement paste samples confirm the direct relationship between the w/c 

ratio of the samples and the mean grey value measured on thin sections. The results of 

the measurements of the thin sections prepared out of the reference concrete series 

also indicate a clear relationship between the w/c ratio and the mean grey value but 

these measurements are less reproducible. The main cause of this variability with the 

concrete samples is the difficulty in selecting threshold level values. 

 All the measurements here have been performed for cement paste and concrete 

samples which have been cured under laboratory conditions for 28 days. The results 

cannot of course be transferred in a simple way to field concrete. 

 Sahu, Badger et al. (2004) developed methodology for the determination of 

the water–cement ratio (w/c) in hardened concrete using backscattered electron 

imaging (BEI) by a scanning electron microscope. The method is based on concrete 

sections that have been vacuum impregnated with epoxy and polished to a flat 

surface. The backscattered intensity of the epoxy is the lowest compared to all other 

phases present within a concrete. By using image analysis program and setting an 

appropriate threshold of the gray scale the capillary porosity of the concrete can be 

quantified. The technique has been tested for laboratory specimens of known w/c ratio 

and shows good linear correlation. w/c ratios determined on field concretes show very 

good correlation with results obtained on the same specimens using the standardized 

fluorescence microscopy Nordtest method (NT Build 361-1999) except in the range 

of extremely high water–cement ratios exceeding 1. 

 

2.9 Coarse aggregates analysis by image processing 

 Wang (1999) studied a local thresholding algorithm for binarizing gray scale 

images of aggregates from gravitational flow-falling particles. The algorithm 

repeatedly thresholds an aggregate image until no object can be thresholded any 

further. Before thresholding an object, in each iteration of the thresholding process, 

the algorithm calculates the size, shape and range of gray levels of the object. The 

algorithm has been implemented in an on-line system and the field test result show 

that it works under certain conditions.  

 Banta, Cheng et al. (2003) described to approach for predicting particle mass 

based on 2D electronic images. Crushed limestone aggregates, similar to those used in 

asphalt pavement mixtures were placed on a light table and imaged using a CCD 

video camera and frame grabber. The images were processed to separate touching and 

overlapping particles, define the edges of the particles and to calculate certain features 

of the particle silhouettes, such as area, centroid and shape-related features. A 

multiple linear regression model was created, using the dimensionless parameters as 

regress or variables to predict particle mass. Regress or coefficients were found by 

fitting to a sample of 501 particles ranging in size from 4.75 mm< particle sieve size < 

25 mm. When tested against a different aggregate sample, the model predicted the 

mass of the batch to within ±2%. The approach was based on a low cost vision system 

and image analysis. The algorithms were tested on a limited number of samples, and 

have produced encouraging results. 
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 Fernlund (2005) proposed a 3-D method for particle shape determination of 

coarse aggregates using image analysis, IA, is presented. It is based on the measures 

the axial length of all three axis of every particle in a coarse aggregate sample. Two 

images of the entire aggregate sample are taken, in lying and standing positions. Since 

the particle’s intermediate axes are measured in both images they can be used to 

couple the shortest and longest axial dimensions for each particle. The method allows 

an interpretation of length/thickness, length/width and width/thickness ratios of all the 

particles and is thus comparable to the flakiness and shape index tests. This method 

for shape determination gives a very good measure of both the size distribution and 

shape distribution of all the particles in the aggregate sample. The reproducibility of 

results is good. As previously stated sieving does not directly measure any particle in 

the sample. In contrast the IA measures every particle. This new IA method can be 

used to evaluate the results of other aggregate tests that use sieving in the 

methodology. 

 Abbas, Fathifazl et al. (2009) developed method to determine the residual 

mortar content of recycled concrete, to serve as a quality control tool for such 

aggregates. In order to validate the results obtained by that laboratory test procedure, 

image analysis was used to quantify the residual mortar content in the different size 

fractions of the recycled concrete aggregates tested. The results confirmed that the 

quick laboratory test provides an accurate measurement of the residual mortar content 

in recycled concrete aggregates. 

 



CHAPTER 3 

EXPERIMENT 

3.1 General 

 This study aims to develop an estimation method of mix proportion of 

hardened concrete. In order to verify the accuracy of the developed method, the 

concrete samples were prepared in laboratory for the experiment; therefore all 

material mixtures and their proportions were already known. The concrete samples 

were then analyzed for investigating fly ash and limestone powder and determining 

the mix proportion. If the developed method can be verified with cored concrete 

samples under exposed environment, this estimation method of the mix proportion can 

be applied for the determination of mix proportion of hardened concrete in real 

environment or in existing structures as shown in Figure 3.1. 
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Figure 3.1 Methodology procedure 

 

 In the estimation method of mix proportion of hardened concrete, the physical, 

mechanical and chemical analysis tests were adopted. Many testing methods were 

used to determine the fly ash or limestone powder in concrete and the mix proportion 
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of hardened concrete, such as Scanning Electron Microscope (SEM), Scanning 

Electron Microscope on Back-Scattered Electrons (BSE), Scanning Electron 

microscope equipped with Energy Dispersive X-Ray spectroscopy (EDS), X-Ray 

Diffraction (XRD), Loss on ignition (LOI), X-Ray Fluorescent (XRF), Compressive 

strength test by Universal Testing Machine (UTM), Selective dissolution and Image 

processing. Hence, in this chapter describes details of the sample preparation and the 

experimental procedure of each method. 

 

3.2 Materials 

 Materials used in the preparation of concrete sample in laboratory are as 

follows: 

1) Cement 

Ordinary Portland Cement Type I (OPC1), which is manufactured by Siam 

Cement Co., Ltd., Thailand, was used in this study. The chemical compositions and 

physical properties of cement are shown in Table 3.1. 

 

2) Fly ash 

Two types of fly ash were used in this study. The Mae Moh fly ash (FA1), 

which was collected from Mae Moh electric power plant of Electricity Generating 

Authority in Lampang province of Thailand, is Class C fly ash corresponding to high-

CaO fly ash. The FA1 is a by-product from the burning of lignite coal as fuel in the 

power plant. The BLCP fly ash (FA2), which was collected from BLCP power station 

in Maptaphut Industrial Estate, is Class F fly ash corresponding to low-CaO fly ash. 

The FA2 is a by-product from burning of bituminous coal. The chemical 

compositions and physical properties of fly ash are presented in Table 3.1. 

 

3) Limestone powder 

 Two types of limestone powder from Surint Omya Chemicals (Thailand) 

Co.,Ltd. were used in this study. They were different in particle size, which were 4.46 

µm of LP1 and 16.93 µm of LP2, analyzed by laser diffraction technique test. The 

chemical compositions and physical properties of limestone powder are shown in 

Table 3.1.  

 

4) Aggregates 

 Three types of fine aggregates (A, B, and C) were used in the mixture. Fine 

aggregates were pit sand that passed sieve No.4 (4.75 mm). Specific gravity of the 

fine aggregates A, B and C based on saturated surface dry (SSD) conditions test in 

accordance with ASTM C128 were 2.59, 2.60, and 2.60, respectively. Coarse 

aggregates, which were crushed limestone with nominal size from 25.0 to 4.75 mm (1 

in. to No.4) were used in this study. Specific gravity of coarse aggregate A, B, and C 

based on saturated surface dry (SSD) conditions test in accordance with ASTM C127 

were 2.70, 2.73, and 2.70, respectively. 

 The gradations of fine and coarse aggregates were complied with ASTM C33. 

Compacted void contents of aggregates were performed according to ASTM C29. 

They were designed as ratio between volume of paste to volume of void () of 1.4. 
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Table 3.1 Chemical composition and physical properties of materials 

 

3.3 Specimens preparation and testing procedure 

  In the specimen preparation, the concrete samples were cast in cylindrical 

mold with a dimension of 10 cm in diameter and 20 cm in height.  It is noted that 

length-to-diameter ratio (L/D) of the specimen is equal to 2 which is conforming to 

the standard test method for compressive strength of cylindrical concrete specimens 

(ASTM C39) The specimen diameter is more than three times of the nominal 

maximum aggregate size, corresponding to the standards (ASTM C42).    

  After the concrete samples were cast, they were cured in the molds and 

covered with plastic sheet at room temperature for 24 hours. Then, they were 

demolded and cured in water at room temperature until the specified test age. Pictures 

of the concrete sample preparation are shown in Figure 3.2. 

 At each test age, the samples were prepared for the tests. Three cylindrical 

specimens were prepared for the compressive strength test by Universal Testing 

Machine (UTM). The broken specimens from the compressive strength test were 

subsequently used for the tests of SEM, XRD, selective dissolution, and XRF. Other 

two specimens were prepared for the tests of BSE, image processing method and unit 

weight of concrete. 

 

  

Chemical compositions OPC1 FA1 FA2 LP1 LP2 

SiO2 (%) 19.36 31.56 65.15 0.09 0.26 

Al2O3 (%) 5.10 18.18 22.06 0.03 0.01 

Fe2O3 (%) 3.35 15.86 4.17 0.03 0.07 

CaO (%) 64.36 20.91 1.25 57.19 55.93 

MgO (%) 0.81 3.38 0.68 0.39 0.55 

SO3 (%) 2.83 4.70 0.18 0.08 0.01 

Na2O (%) 0.15 2.35 0.02 0.01 0.01 

K2O (%) 0.51 1.92 1.09 0.01 0.01 

TiO2 (%) 0.25 0.37 1.00 0.01 0.01 

P2O5 (%) 0.08 0.23 0.35 0.01 0.01 

LOI (%) 3.01 0.14 3.78 42.10 43.17 

Physical and Chemical properties 

Specific gravity 3.15 2.29 2.24 2.74 2.69 

Blaine fineness (cm
2
/g) 3480 2836 2997 4443 3252 
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Figure 3.2 Concrete sample preparation 

 

 After the test of compressive strength; the specimens were splitted into small 

pieces as shown in Figure 3.3 (a). The small piece samples were sieved. The retained 

samples on sieve No.4, 8 and 16 were shown as in Figure 3.3 (b) and then immersed 

in acetone for 24 hours in order to stop the hydration reaction as shown in Figure 3.3 

(c). Next, the acetone was decanted as much as possible from the samples and the 

samples were kept in the oven at 50 ºC for 24 hours. In Figure 3.3 (d), the small piece 

samples with coarse aggregate were removed and the remaining sample content was 

expected at least 100-150 gram. Approximate 5 gram of sample was used for the 

SEM. About 100 gram of sample was finely ground for XRD test, XRF test and 

selective dissolution test. The ball mill jar and pulverizer were used for grinding 

samples as seen in Figure 3.3 (e) and (f). The powder particles must be passed sieve 

No.200 (74 µm). 

 

       
       (a) Small piece sample  b) Sieving         (c) Sample immerse acetone 
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 (d) Removing contaminated  (e) Ball mill jar       (f) Pulverizer machine 

 coarse aggregate 

 

Figure 3.3 Equipment and sample preparation procedure of the first part 

 

 Other two cylinders of each mix were cut by using diamond saw into many 

sliced specimens as shown in Figure 3.4 (a) and (b). The slices were then cut into 

cube specimens of 1x1x1 cm
3 

size as shown in Figure 3.4 (c). Then, they were 

performed the stop of hydration reaction by using acetone. Approximate 3-5 slice 

specimens were used for the preparation of BSE and mapping tests. Another piece of 

slice was determining coarse aggregate content by image processing method and 

examining unit weight of concrete according to ASTM C642  

 

                  
         (a) Cutting machine                                 (b) Slice samples 

 

          
  (c) Cube sample size 1x1x1 cm

3
    (d) Cube sample immersed in acetone 

 

Figure 3.4 Equipment and sample preparation procedure of the second part 
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3.3.1  Scanning Electron Microscope (SEM) technique 

 About 3-4 small pieces of specimens taken from the mortar of concrete were 

used for the test of SEM technique. The small piece samples were kept in oven at 100 

ºC for 24 hours before they were coated by carbon (C) before SEM testing. The 

equipment and sample preparation is shown in Figure 3.5. The SEM model JEOL 

JSM-6301F equipped with an Oxford-INCA 350 energy dispersive spectrometer was 

used with the accelerating voltage of 20 kV.  

 

     
 

Figure 3.5 Equipment and sample preparation for SEM testing 

3.3.2  Scanning Electron Microscope on Back-Scattered Electrons (BSE) and 

Mapping technique 

 The 3-4 piece cube specimens of 1x1x1 cm
3
 were kept in oven at 100 ºC for 

24 hours. Then, they were mounted by epoxy resin, and sucked air by vacuumed 

pump. After that, their surfaces were polished by sand paper No. 240, 400, 800, and 

1000, respectively. Then, they were polished by diamond powder 3, 1, and ¼ µm, 

respectively. In addition, the lubricant of polishing is ethanol. The polished samples 

were cleaned by the ultrasonic cleaner bath with ethanol for 20 minutes. The polished 

samples were kept in oven at 100 ºC for 24 hours before they were coated by carbon 

(C), before testing. The equipment for BSE and Mapping testing was same model of 

the SEM testing. The equipment and sample preparation is shown in Figure 3.6. 

 

       
 

       
 

Figure 3.6 Equipment and sample preparation for BSE testing 
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3.3.3  Scanning Electron Microscope equip with Energy Dispersive X-Ray 

spectroscopy (EDS) technique  

 When, the SEM or BSE were found some suspected particles or areas that they 

may be mineral admixtures, the energy dispersive X-ray spectroscopy (EDS) and 

mapping were applied to the sample for more investigation. So, the same samples 

done with SEM and BSE were used for EDS/Mapping testing. 

3.3.4  X-Ray Diffraction (XRD) technique  

 About 5 gram of powder samples were used for XRD testing. The powder 

samples were kept in oven at 50 ºC for 24 hours before blending with corundum. The 

10% of the corundum was replaced by weight of sample. They were blended by the 

pounder. The X-Ray diffraction equipment was a Bruker-D8 Discover, CuK X-Ray 

type. The experiment was performed in the 2 range start at 5-80º with increment 

0.01º/sec step scan. The equipment and sample preparation is shown in Figure 3.7.  

 

       
 

Figure 3.7 Equipment and sample preparation for XRD testing 

3.3.5  Loss on ignition (LOI) technique 

About 3 gram of powder samples were used for LOI testing. The testing 

method was conformed with ASTM C114 (2004). The sample was ignited in a muffle 

furnace at a controlled temperature of 950  50˚C.  

3.3.6  X-Ray Fluorescent (XRF) technique 

 About 30 gram of powder was used for XRF technique. The powder samples 

were kept in oven at 100 ºC for 24 hours. 

3.3.7  Selective dissolution technique 

 The powder samples were kept in oven at 100 ºC for 24 hours. Then, they 

were kept in desiccator before testing. For testing procedure of selective dissolution 

method, A 1 gram of sample was precisely weighed and put in a centrifuge tube. The 

2N HCl solution 30 milliliter was added in the tube, and stirred by using a glass rod. 

Then, the tube was placed in a water bath and shacking with 125 rpm and heated to 60 

ºC for 15 minutes. The solution was stirred occasionally by using a glass rod. The 

tube were removed from the bath and centrifuged for 2 minute at 4500 rpm. The acid 

was decanted as much as possible without disturbing the solid residue in the bottom. 

The tube was then filled with hot water, centrifuged again and decanted. This 

operation was repeated 3 times. The tube was then filled with a 5% Na2CO3 solution, 

stirred placed in the water bath shacking with 125 rpm at 80 ºC for 20 minutes. The 

tube was then centrifuged for 2 minutes at 4500 rpm. The liquid was decanted and the 
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residue was washed with hot water, centrifuged again and decanted. This washing was 

repeated 3 times. The tube with residue was dried at 100 ºC for 24-48 hours, and 

weighted (Ohsawa, Asaga et al. 1985). The equipment and testing are shown in Figure 

3.8 

 

       
 

Figure 3.8 Equipment and testing for Selective dissolution 

3.3.8  Strength of concrete by Universal Testing Machine (UTM) technique 

 For compressive strength test of concrete, three cylindrical concrete samples 

were used for each test age. The universal testing machine (UTM) was used in the 

test. The samples and testing are shown in Figure 3.9. 

 

      
 

Figure 3.9 Compressive strength testing 

3.3.9  Image processing technique 

 The slice samples from two cylindrical concrete specimens were used for 

determining coarse aggregate by image processing. In the test procedure, the concrete 

disc samples were brought to take photos of their cut faces with sufficient resolution. 

The pictures of cut faces were processed to investigate by using image processing 

software. The image size and quality of the photographs were adjusted for the 

easiness to identify the boundaries of coarse aggregate as shown in Figure 3.10 (a) 

and (b). Afterward, the boundaries of the coarse aggregate were identified as shown in 

Figure 3.10 (c). The areas of the selected boundaries of the coarse aggregate were 

determined by programming in MATLAB as shown in Figure 3.10 (d). 
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  (a) Original image             (b) Adjusted image 

 

   
         (c) Boundaries of coarse          (d) Aggregate area determined 

  aggregate identified             by MATLAB 

 

Figure 3.10 Determination of coarse aggregate content by image analysis 

 

 Fine aggregate particles passed through sieve No.4 (4.75 mm.) were not coarse 

aggregate. Hence, the area smaller than 0.17 cm
2
 or 1700 pixels, were not considered 

as coarse aggregate. 

 The ratio of cross-sectional area of coarse aggregate to total cross-sectional 

area of concrete slices was then converted to volumetric ratio of the coarse aggregate. 

This was modified from ASTM C1356 (1996), which is standard test method for 

quantitative determination of phases in Portland cement clinker by microscopical 

point-count procedure. Moreover, the principle of conversion of area to volume was 

also used in other researches such as Feng, Garboczi et al. (2004), Linares, López-

Atalaya et al. (2009), Wong and Buenfeld (2009), and Banta, Cheng et al. (2003). 

Then, the weight content of coarse aggregate in concrete can be obtained by 

multiplying its volume by the specific gravity. It is noted that gradation of coarse 

aggregate could not be evaluated by this method. 

3.3.10 Unit weight of concrete by ASTM C642 

The slice specimens were used for the test of unit weight of concrete by 

ASTM C642 (1997). They were the same specimens used in the image processing 

test. 



CHAPTER 4 

DETERMINATION OF MIX PROPORTION 

OF HARDENED CEMENT CONCRETE 

4.1 General 

 The estimation method of mix proportion of hardened concrete has been 

developed in this study. The physical, mechanical and chemical analysis tests were 

adopted in the estimation method. The analytical procedures for the determination of 

water to cement ratio, and mix proportion of concrete including water, cement, sand, 

and coarse aggregate are described in this chapter.  

 

4.2 Material and Mix proportion 

 Concrete samples were prepared at water to cement ratios (w/c) of 0.45, 0.55, 

and 0.65. For concrete with w/c of 0.45, three types of coarse aggregates (A, B and C) 

were used. The concrete samples were tested for the determination of mix proportion 

at 14, 28 and 91 days. The ratio by volume of sand to total aggregate (s/a) of A, B and 

C was 0.42, 0.42 and 0.44. The void ratio of sample at aggregate set A, B and C was 

0.237, 0.230 and 0.230, respectively. Five mix designs of concrete specimens are 

shown in Table 4.1. The sample preparations were mentioned in Chapter 3. 

 

Table 4.1 Mix proportion for the determination of mix proportion of hardened cement 

concrete 

Sample w/c 
Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

s/a 
Sand 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) 

Age 

(days) 

W45C-A 0.45 419 188 0.42 727 1047 28,91 

W45C-B 0.45 407 183 0.42 737 1061 28,91 

W45C-C 0.45 407 183 0.44 776 1025 14,91 

W55C-C 0.55 360 198 0.44 776 1025 14,91 

W65C-C 0.65 322 210 0.44 776 1025 14,91 

 

4.3 Methodology of determination of mix proportion of hardened concrete 

 The procedure for determining mix proportion of hardened cement concrete 

was divided as three parts and was implemented techniques as shown in Figure 4.1. 

Firstly, image processing technique was used for determination of coarse aggregate 

content. Secondly, water to cement ratio can be calculated from data back analysis of 

the compressive strength by using the computer software, “FACOMP”. Thirdly, 

cement and sand contents were obtained based on the residues from the selective 

dissolution of sample. All compositions of concrete per 1 m
3
can be derived from the 

mass balance equations. 
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Figure 4.1 Method for determination of mix proportion of hardened cement concrete 

 

 The developed method was applied to estimate the mix proportion of concrete 

prepared in laboratory in order to verify its efficiency. The details of procedure for 

determining the mix proportion of hardened concrete are described below. 

4.3.1  Determination of coarse aggregate by image processing 

 Image analysis method was used to determine coarse aggregate content of 

hardened concrete. The chemical composition of coarse aggregate was disregarded in 

the analysis. The randomly selection of concrete slices were performed; consequently, 

the analysis method was organized and defined by statistical analysis. Hence, image 

analysis was verified by sample preparation in laboratory. 

 Twelve concrete samples were analyzed for coarse aggregate content by using 

image processing with appropriately statistics. In order to determine the reliability of 

the determination of coarse aggregate, a statistical method by using standard score (Z-

score) was used. It means that a set of data between x   to x  , where x is the mean 

of the population and   is the standard deviation of the population, was considered. 

4.3.2  Determination of water to cement ratio 

 The compressive strength of concrete sample was obtained by using the 

universal testing machine. Then, the water to binder ratio can be calculated from the 

back analysis of compressive strength data by using mathematical model. The model 

was proposed for predicting compressive strength of no-slump concrete with and 
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without fly ash, with considering the effect of curing temperature (Tangtermsirikul 

and LeViet 2007). The model was constructed based on the following Eq.(4.1) 

 

 ' '( , ) (28 ,30 ) ( , )c cf t T f days C t T                 (4.1) 

 

Where '( , )cf t T is compressive strength of concrete at t days cured under a constant 

temperature T ˚C. '(28 ,30 )cf days C  is the 28 day compressive strength of concrete 

cured at 30˚C that it considered many parameters affecting strength of concrete such 

as w/b,  , density of concrete, filling effect, properties of binder, and so on as shown 

in Eq. (4.2). ( , )t T  is the strength development ratio at t  days and at a constant 

curing temperature T ˚C as shown in Eq. (4.3). 

 

 '
1 2(28 ,30 ) [ log( ) ]c eff f LOI densityf days C CaO         (4.2) 

 

 ( , ) v
p tt T X          (4.3) 

 

where effCaO is the effective calcium oxide content in concrete which depends on 

amount of CaO content of binder and fineness of fly ash. 1  and 2  are coefficients 

affected by w/b, f  represents the filling effect of fly ash. LOI  and density  are 

coefficients affected by loss on ignition in fly ash and density of concrete mixture, 

respectively. These parameters can be obtained from Tangtermsirikul, Jitvutikrai et al. 

(2004).  t , p and v  are the effects of curing temperature, the effect of quantity of the 

ingredients of pastes and the effect of concrete age on structure formation of paste, 

respectively. X  is the gel/space ratio of paste. 

 p , t  and v in Eq.(4.3) were derived based on test results together with those 

obtained from works of Julnipitawong (2003) and Tahir (1998) as follows: 
 

0.574 0.504p

w
r

b
         (4.4) 
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                (4.6) 

 

where w/b is the ratio of water to total binder by weight. r is the replacement ratio of 

fly ash in total binder by weight. t (days) and T(˚C) are the age and curing temperature 

of concrete, respectively. 

 The gel/space ratio ( )X can be computed from Eq. (4.7) together with Eqs. 

((4.8)-(4.11)). It is defined as the ratio of the volume of solid products of reactions of 
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binders to the volume of space occupied by the reacted binders and unit water content 

(mixing water). 

 

  

gel volume
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   (4.7) 

 

Then,  1b bv                     (4.8) 

  (1 )b c fr r                        (4.9) 

  (1 )b hy pozr r                   (4.10) 

  b c f                  (4.11) 

 

where X is the gel/space ratio of fly ash-cement paste;  0V  is the ratio of the volume 

of gel at complete reactions of the binder to the original volume of the binder; bv  is 

the average specific volume of binder; c , f  and b  are the specific gravity of 

cement, fly ash and binder, respectively; b , c  and f are the weight of binder, 

cement and fly ash in a unit volume of paste (g), respectively; r is the replacement 

ratio of fly ash by weight of total binder, and w is the unit water content of paste (g). 

b , hy  and poz are the average degree of reaction of binder, the degree of 

hydration of cement and degree of pozzolanic reaction of fly ash, respectively. 

 Degree of hydration of cement is adopted from the work of Saengsoy (2002). 

In the Saengsoy’s study, degree of hydration of cement was considered mainly 

depending upon the following factors: age of concrete, cement compositions, water to 

binder ratio and concrete temperature. The degree of pozzolanic reaction was 

considered affected by water to binder ratio, properties of fly ash, temperature and age 

of concrete. 

 The degree of hydration of cement was obtained from mathematical models 

constructed based on experimental data as in Eqs. (4.12) to (4.18). The models were 

implemented in a computer software (FACOMP 2006). The degree of hydration of 

cement was defined as the weight average of the degree of hydration of all 

compounds of the cement as shown in Eq. (4.12).  
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Where ( )hy t  is the degree of hydration of cement (%). i is the mineral compound of 

cement 
3(C S ,

2C S ,
3C A ,

4 )C AF . im  is the mass of each compound per cubic meter of 

concrete (kg/m
3
). ( )i t  is the degree of hydration (%) of each compound in cement 

(Tangtermsirikul and Saengsoy 2002). And, the degree of hydration of each cement 

compound at each constant concrete temperature can be formulated as a function of 

water to binder ratio and age as shown in Eq. (4.13) to Eq. (4.16). A, B, C, D, E, F, G 

and H in these equations are the constant values (Saengsoy 2002). The physical 

acceleration at early age mainly affects the hydration reaction at early age of 
3C A  

and

3C S . The effect of physical acceleration of 
3C A  and 

3C S  is represented by 
3C A and 

3C S , respectively (Choktaweekarn 2008). The factors are shown in Eq. (4.17) and 

Eq. (4.18). 

  

  
        

3 3

1

3 2 1

1 exp tan /
( ) 100

1 exp / / / ) tan
 





    
   

         
 

C

C A C A

A B w b t
t

D w b E w b F w b G H t
         

(4.13) 

 

     

          3 3

1

3 2 / exp /

1 exp / exp / tan
( ) 100

1 exp / / / ) t
 



 

     
   

        
  

C S C S I J K w b

A B C w b D t
t

E w b F w b G w b H
      

(4.14) 

 

  
      

2

11 exp / exp / tan /
( ) 100

1 exp


      
  

   

E

C S G

A B C w b D w b t
t

F t
          

(4.15) 

 

  
         4

1

3 2 1

1 exp tan /
( ) 100

1 exp / / / ) tan /






    
  

          
 

C

C AF I

A B w b t
t

D w b E w b F w b G H w b t
   

(4.16)

 
  

3 3 3 3 3

4 3 20.2 ( 1) 0.4 ( 1) 0.2 ( 1) 0.05 ( 1) 0.97    
   

            
  

c f

C S C S C S C S C S

W Ww
t t t t

b UW
     

(4.17) 

 

3 3 3 3 3

4 3 20.18 ( 1) 0.24 ( 1) 0.15 ( 1) 0.01 ( 1) 1    
   

             
  

c f

C A C A C A C A C A

W Ww
t t t t

b UW
     

(4.18) 

 

where 
3

( )C A t , 
3

( )C S t , 
2

( )C S t  and 
4

( )C AF t are degrees of hydration at the considered 

age of 
3C A , 

3C S , 
2C S and 

4C AF , respectively (%). 
3

( 1)C A t   and 
3

( 1)C S t   are degrees 

of hydration at the hour before the considered age of 
3C A  and 

3C S  (%). cW and fW  

are the weights of cement and fly ash in a cubic meter of concrete, respectively (kg).  

UW  is unit weight of concrete (kg/m
3
). 
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 The degree of pozzolanic reaction was considered affected by water to binder 

ratio, properties of fly ash, temperature, and age of the concrete. The equations of 

degree of pozzolanic reaction used in this study are shown in Eq. (4.19) to Eq. (4.24). 

 
1 0.496

1 0.496
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T w b t

T w b
tpoz poz   (4.19) 
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    2 2 2% /100    
 c c f fSiO W SiO W SiO               (4.21) 

  

    % /100     
 eff c c f fCaO W CaO W CaO           (4.22) 
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a CaO
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  
3.0734

0.0048 / 3000 0.0245  ra F             (4.24) 

 

where ( )poz t and (365)poz are the degree of pozzolanic reaction at any age of paste and 

at 365 days of paste, respectively (%). t is the considered age of paste (days), T is 

concrete temperature (ºC), and w/b is the water to binder ratio. %CaOc, and %SiO2c 

are calcium oxide content and silicon dioxide content in cement, respectively (% by 

weight of cement). %CaOf, and %SiO2f are calcium oxide content and silicon dioxide 

content in fly ash, respectively (% by weight of fly ash). CaOeff is the effective unit 

calcium oxide content in paste (kg/m
3
).   is effectiveness of calcium oxide in fly ash, 

and Ff is Blaine’s fineness of fly ash (cm
2
/g) 

 

 This model was complied to generate the computer software “FACOMP”, 

which was developed at Sirindhorn International Institute of Technology (SIIT), 

Thammasat University, Thailand. The model for predicting compressive strength in 

the FACOMP was constructed based on experimental data. It has been proven that the 

prediction model can be used to accurately predict the compressive strength of 

concrete within acceptable limits. In addition, the accurately prediction of 

compressive strength is shown in Figure 4.2, comparing the compressive strength 

from tested results and compressive strength from predicted results of FACOMP. 
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Figure 4.2 Comparison of the predicted and the tested compressive strength 

 

 The determination procedure of water to cement ratio is seen in Figure 4.3. 

Water to cement ratio was primarily assumed for calculating mix proportion of 

concrete. The compressive strength of the calculated mixture proportion was 

subsequently simulated by FACOMP. The valid water to cement ratio can be 

determined by means of trial and error until the compressive strength obtained from 

the FACOMP is nearly equal to the compressive strength obtained from the test. 

 

 

 
 

Figure 4.3 Procedure for determination of water to cement ratio 
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4.3.3  Determination of weight ratio of cement and sand by residual weight 

 The selective dissolution method was used to investigate residues left from the 

dissolved sample. The powder sample was dissolved by the hydrochloric acid (HCl). 

The 2N HCl was used to dissolve calcium components in cement and hydrated 

product. Further, the 5% Na2CO3 was used to dissolve silica gel. However, a few 

amount of cement was still insoluble. Therefore, the residues left from the dissolution 

were sand and little amount of cement. The concrete material and concrete sample 

were tested by selective dissolution. The sample preparation and testing procedure 

was mentioned in Chapter 3. 

 In order to determine contents of cement and sand in the sample, they were 

estimated primarily based on their oven-dried weight ratio. Eq. (4.25) and Eq. (4.27) 

were formed based on the mass balance condition of sample without coarse aggregate. 

The equations were used to determine the weight ratio of cement and sand since two 

unknowns ( csw and ssw ) could be solved by two equations. 

 

  ts cs ss nsw w w w                  (4.25) 

 

  0.23( )ns hy csw w                   (4.26) 

 

  ts ts c cs s ssr w r w r w                 (4.27) 

 

Where tsr is residual weights of sample (g/g of sample), cr is residual weights of the 

cement (g/g of cement). sr is residual weights of sand (g/g) of sand. tsw , csw ssw and

nsw are oven-dried weight ratio of sample, cement, sand, and combined water of the 

sample to oven-dried weight ratio of sample without coarse aggregate (mortar in 

concrete) , respectively. tsw  is equal 1. hy  is degree of hydration of cement. In this 

study, the degree of hydration of cement at 14, 28 and 91 days of each sample can be 

obtained by mathematical models from a computer software (FACOMP 2006). 0.23 is 

assumed for the combined water in cement hydration with full degree of reaction 

(Taylor 1997).  

4.3.4  Calculation of mix proportion of hardened concrete 

 The water to cement ratio, coarse aggregate content, and weight ratio of 

cement and sand in sample without coarse aggregate can be obtained as mentioned 

earlier. They were used to determine the mix proportion of concrete as following. 

 The oven-dried weight ratio of coarse aggregate can be obtained by Eq. (4.28). 

Then, the oven-dried weight ratio of cement and sand of concrete can be modified as  

Eq. (4.29).      

 

  
(1 )

G
G

G

W
w

a UWd


 

               (4.28) 

 

  tc cc sc nc Gw w w w w                  (4.29) 
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Where , , ,tc cc sc ncw w w w  and Gw  are ratio of oven-dried weight of concrete sample 

cement, sand, combined water, and coarse aggregate to oven-dried weight of concrete, 

respectively. tcw is equal 1. GW  is aggregate content obtained from the image analysis 

(kg/m
3
). Ga  is absorption of coarse aggregate. dUW  is oven-dried unit weight of 

concrete (kg/m
3
) which can be obtained according to ASTM C642. 

 Then, the oven-dried weight ratios of concrete composition are converted to 

mass of cement, sand and water at SSD state as shown in Eq. (4.30). 

 

  cc cc dW w UW   

 

    
(1 )sc sc d sW w UW a                           (4.30) 

 

 ( / )wc ccW W w c   

 

Where ,cc scW W  and wcW  are mass of cement, sand, and water of concrete at SSD 

state, respectively (kg). sa  is absorption of sand. w/c is water to cement ratio. 

 

 Generally, the mix design of concrete is estimated for 1 m
3
 of volume based 

on SSD state of the aggregates. Hence, volume of each concrete ingredient per 1,000 

liters of concrete is shown in Eq. (4.31). The volume of each concrete ingredient can 

be obtained from dividing its mass (Eq. (4.30)) by the specific gravity. Then, the 

content of cement, sand, and water of the mix proportion are obtained from Eq. 

(4.32). 

 

  1000t c s w G airV V V V V V                             (4.31) 

 

  c c cW V SG   

 

  s s sW V SG                            (4.32) 

 

  ( / )w cW W w c   

 

Where , , , ,t c s w GV V V V V and airV are total volume of concrete, cement, sand, water, 

coarse aggregate and air of concrete for 1,000 liters at SSD condition, respectively 

(liters/m
3
). ,c sSG SG and GSG are specific gravity of cement, sand and coarse 

aggregate, respectively. ,c sW W and wW are mass of cement, sand, and water, 

respectively (kg/m
3
).  
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4.4 Result and Discussion 

4.4.1  Determination of coarse aggregate by image processing 

 The result and percentage error of each mix were defined by Z-score as shown 

in Figure 4.4. Each sample set was obtained by randoming, then its analytical result 

cannot be known its distribution that it may not be normal distribution. So the 

different set of sample was defined by different Z-value (µ) of 0.25, 0.50, 0.75 and 

1.00. The analytical results show that the set of sample with Z-value (µ) of 0.50 and 

0.75 had some error percentages over 10%. Some results of sample set with Z-value 

(µ) of 0.25 and 1.00 had fewer error than 10% but over 5%. The mean percentage 

errors of sample set of Z-score between 0.25, 0.50, 0.75 and 1.0 are 3.25%, 
3.89%, 3.27%, and 2.75%, respectively. It can be observed that the analytical result of 

coarse aggregate content with Z-score between -1.00 to 1.00 is better mean percentage 

errors than Z-score between 0.25, 0.50 and 0.75.Moreover, the mean percentage 

error of each mix at Z-value (µ) of 1.00 is not more distributed when compared with 

others as shown in Figure 4.4. Thus, the appropriate standard score of this method is a 

range at 1.00 of Z-score for this population. 
 

 
Figure 4.4 Mean error result of coarse aggregate content at each sample set 

with different Z-Score 

 

 Hence, the reasonable Z-score between -1 to 1 (-1 < Z < 1) was applied to 

analyze the results of the coarse aggregate content of concrete in this study. In 

addition, the analytical result of Z-score between -1 to 1 (-1 < Z < 1), the maximum 

error is 5.28% (or 54 kg/m
3
) which is within acceptable limits. This can be confirmed 

that the image processing technique can be efficiently used to determine coarse 

aggregate content of hardened concrete regardless of source and s/a of aggregate. 

 In case of the specific gravity of coarse aggregate is unknown, assumed value 

depending on type of aggregate is used in the analysis. For limestone, assumed 
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other types of aggregate, their specific gravity can be found in ASTM C568 (2003) 

and ASTM C615 (2003). Since the assumed value of specific gravity of coarse 

aggregate is used, the error of the determination of coarse aggregate content by this 

method can be occurred. However, the error is insignificant as 1% of change of 

specific gravity of coarse aggregate causes 1% of error of the determination of coarse 

aggregate content.  

 

Table 4.2 Analytical result of coarse aggregate content of cement concrete by image 

analysis 

Sample 
Coarse aggregate content (kg/m

3
) 

% Error. 
By designed By image analysis 

W45C-A 1047 1033.3 -1.31 

W45C-B 1062 1071.6 +0.93 

W45C-C 1025 1037.7 +1.24 

W55C-C 1025 1079.1 +5.28 

W65C-C 1025 1054.1 +2.84 

Note: - and + is underestimate and overestimate respectively. 
 

 For the cement concrete, the content of coarse aggregate estimated by image 

processing technique is shown in Table 4.2. From the analytical results, the 

percentage of error is between 0.93 (or 9.6 kg/m
3
) to 5.28%. The maximum error is 

5.28% (or 54 kg/m
3
) which is acceptable. This result was used to determine mix 

proportion procedure. 

4.4.2  Determination of water to cement ratio 

 The results of compressive strength of concrete sample are shown in Table 

4.3. The water to cement ratios obtained from the back analysis of the compressive 

strength data by using FACOMP are shown in Table 4.4.  

 From Table 4.4, it can be seen that the water to cement ratio obtained from 

back analysis of the compressive strength data by using FACOMP is close to the 

designed water to cement ratio for all mixtures and test ages. The maximum error is 

8.89%. This can also be confirmed that the proposed method can be efficiently used to 

determine water to cement ratio of hardened concrete. 

 

Table 4.3 Tested compressive strength results of hardened cement concrete by UTM 

Sample 
Compressive strength (MPa) 

14 days 28 days 91 days 

W45C-A - 43.99 48.95 

W45C-B - 41.30 46.81 

W45C-C 33.96 - 41.87 

W55C-C 22.61 - 33.04 

W65C-C 17.66 - 23.23 
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Table 4.4 Analytical result of w/c ratio of cement concrete by FACOMP 

Sample Design 

w/c 

14 days 28 days 91 days 

Trial Error (%) Trial Error (%) Trial Error (%) 

W45C-A 0.45 - - 0.41 -8.89 0.43 -4.44 

W45C-B 0.45 - - 0.43 -4.44 0.45 0 

W45C-C 0.45 0.45 0 - - 0.48 +6.67 

W55C-C 0.55 0.57 +3.64 - - 0.56 +1.82 

W65C-C 0.65 0.66 +1.54 - - 0.70 +7.69 

Mean error (%) 
+1.73 -6.67 +2.35 

+0.36 

Note: - and + is underestimate and overestimate, respectively. 

 

4.4.3  Calculation of mix proportion of hardened concrete 

 

 4.4.3.1 Calculation of mix proportion with designed value of coarse aggregate 

content and w/c  

 In this order, the proposed method for calculation of mix proportion of cement 

concrete was verified by using design w/c and coarse aggregate content with 

calculating procedure. This verification was also analyzing efficiently developed 

method of determination of content of cement and sand by residual weight.   

 Residual weight of cement and sand with aggregate set A, B and C are shown 

in Table 4.5. Residual weights of sample by selective dissolution method are shown in 

Table 4.6. In addition, a few amount of cement was still insoluble. They are 

subsequently used to calculate weight ratio of cement and sand.  

 

Table 4.5 Residual weight of concrete materials by selective dissolution method 

Materials 
Residue (%) 

A B C 

Cement 0.420 0.417 0.417 

Sand 94.935 96.671 96.671 

 

Table 4.6 Residual weight of cement concrete sample by selective dissolution method 

Sample 
Residue (%) 

14 days 28 days 91 days 

W45C-A - 55.837 55.442 

W45C-B - 59.437 59.323 

W45C-C 61.374 - 60.965 

W55C-C 64.380 - 64.011 

W65C-C 66.628 - 64.405 
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 The design value of w/c and coarse aggregate content were used to verify 

proposed equation as presented in Eq. (4.12)-(4.19); hence, the proposed calculation 

method was evaluated the efficiency. The results of cement, water and sand content 

and percentage error are shown in Table 4.7 and 4.8, respectively. 

 

Table 4.7 The analytical results of mix proportion of cement concrete with designed 

w/c and coarse aggregate content. 

Sample w/c 
Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) 

W45C-A Design 419 188 727 Design 

28 days 0.45 418 188 729 1047 

91 days 0.45 420 189 724 1047 

W45C-B Design 407 183 737 Design 

28 days 0.45 393 177 769 1061 

91 days 0.45 393 177 769 1061 

W45C-C Design 407 183 776 Design 

14 days 0.45 386 174 816 1025 

91 days 0.45 388 175 813 1025 

W55C-C Design 360 198 776 Design 

14 days 0.55 337 186 826 1025 

91 days 0.55 339 187 821 1025 

W65C-C Design 322 210 776 Design 

14 days 0.65 302 196 826 1025 

91 days 0.65 319 207 786 1025 

 

Table 4.8 Percentage error of mix proportion of cement concrete with designed w/b 

and coarse aggregate content 

Sample 
Age 

(days) 

% Error 

Cement Water Sand 

W45C-A 28 -0.19 -0.19 +0.22 

 91 +0.36 +0.36 -0.42 

W45C-B 28 -3.53 -3.53 +4.27 

 91 -3.56 -3.56 +4.30 

W45C-C 14 -4.97 -4.97 +5.20 

 91 -4.61 -4.61 +4.82 

W55C-C 14 -6.22 -6.22 +6.50 

 91 -5.62 -5.62 +5.88 

W65C-C 14 -6.26 -6.26 +6.55 

 91 -1.22 -1.22 +1.27 

Mean error (%) -3.58 -3.58 +3.86 

Note: - and + is underestimate and overestimate respectively. 
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 From the analytical results, it can be seen that the proposed calculating method 

can be used to estimate cement and sand content of hardened concrete with good 

accuracy for all mixtures. The maximum errors of the determination of cement and 

sand content are -6.26 % and +6.55 %, respectively. The mean errors of the 

determination of content of cement and sand are -3.58 % and +3.86%, respectively. 

The results show that the proposed calculation method is effectively used to estimate 

mix proportion of hardened cement concrete. Hence, the analytical results of cement 

and sand content show that the residue of selective dissolution testing is effectively 

adopted to estimate mix proportion of hardened cement concrete. Moreover, it can be 

seen that the analytical result of mix proportion of the same sample at different age is 

nearly same for all samples, except W65C-C. Hence, the analytical result of mix 

proportion of the same sample at different age can also be accurately determined since 

the effect of concrete age is covered by taking into account the degree of hydration 

inthe analysis. But, the different error between sample W65C-C at 14 and 91 days 

may be occurred by human error from sample preparation procedure. 

 

 4.4.3.2 Calculation of mix proportion with analytical result of coarse 

aggregate content and trial w/c 

 Mix proportion of cement concrete estimated by the proposed method and its 

error percentages are shown in Tables 4.9 and 4.10, respectively.  

 

Table 4.9 The analytical results of mix proportion of cement concrete 

Sample 
Age 

(days) 
w/c 

Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) 

W45C-A Design 0.45 419 188 727 1047 

 28 0.41 433 178 756 1033 

 91 0.43 430 185 741 1033 

W45C-B Design 0.45 407 183 737 1061 

 28 0.43 396 170 775 1072 

 91 0.45 390 176 765 1072 

W45C-C Design 0.45 407 183 776 1025 

 14 0.45 383 173 810 1038 

 91 0.48 378 181 792 1038 

W55C-C Design 0.55 360 198 776 1025 

 14 0.57 323 184 790 1079 

 91 0.56 327 183 790 1079 

W65C-C Design 0.65 322 210 776 1025 

 14 0.66 296 195 808 1054 

 91 0.70 305 214 752 1054 
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Table 4.10 Percentage error of mix proportion of cement concrete 

Sample 
Age 

(days) 

% Error 

w/c Cement Water Sand 
Coarse 

aggregate 

W45C-A 28 -8.89 +3.53 -5.67 +3.95 -1.31 

 91 -4.44 +2.65 -1.92 +1.85 -1.31 

W45C-B 28 -4.44 -2.84 -7.16 +5.02 +0.93 

 91 0 -4.15 -4.15 +3.66 +0.93 

W45C-C 14 0 -5.70 -5.69 +4.40 +1.24 

 91 +6.67 -7.11 -0.91 +2.08 +1.24 

W55C-C 14 +3.64 -10.28 -7.02 +1.89 +5.28 

 91 +1.82 -9.22 -7.57 +1.84 +5.28 

W65C-C 14 +1.54 -8.36 -6.96 +4.16 +2.84 

 91 +7.69 -5.42 +1.85 -3.04 +2.84 

Mean error (%) +0.36 -4.69 -4.52 +2.58 +1.79 

Note: - and + is underestimate and overestimate respectively. 

 

 From the analytical results, it can be seen that the proposed method can be 

used to effectively estimate the mix proportion of hardened concrete for all mixtures. 

The maximum errors of the determination of content of cement, water, sand, and 

coarse aggregate are -10.28 %, -7.57 %, +5.02 %, and +5.28 %, respectively. The 

mean errors of the determination of content of cement, water, sand, and coarse 

aggregate are -4.69 %, -4.52 %, +2.58 %, and +1.79%, respectively. Although the 

mean errors of cement, water and sand increase due to many procedures used in the 

determination of mix proportion, the results show that the proposed method can be 

used to estimate the mix proportion of hardened concrete at different water to cement 

ratios and different sources of aggregate.  

 

4.5 Summary 

 The method for estimating mix proportion of hardened cement concrete has 

been proposed in this study. The developed method was applied to estimate mix 

proportions of concrete prepared in laboratory with known mix design in order to 

verify its efficiency. Moreover, it was found that the proposed calculation method can 

be used to determine mix proportion of hardened concrete with good accuracy even 

though different age of concrete sample, since the effect of age of concrete is covered 

by taking into account the degree of hydration of sample in the analysis. 

 In addition, the determination of mix proportion of hardened concrete was 

analyzed by many procedures as shown in Figure 4.1. The error of coarse aggregate 

content by image processing and w/c ratio was effected analytical result as shown in 

Figure 4.5 (a) and (b). It was found that the errors of cement, water, and sand were 

related to result of w/c and coarse aggregate content. 
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(a)  Determining mix proportion with designed w/b and coarse aggregate 

 

 
(b) Determining mix proportion with analytical result of w/b and 

coarse aggregate content 

 

Figure 4.5 The error percentages of analytical result of each material 

of cement concrete 
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CHAPTER 5 

DETERMINATION OF MIX PROPORTION 

OF HARDENED CEMENT-FLY ASH CONCRETE 

5.1 General 

 In this chapter, the cement-fly ash concrete (FA concrete) was studied for 

determining mix proportion. When concrete contains fly ash, its type must be 

identified first. The methodology of this study can be divided into 2 main procedures: 

one is the investigation of fly ash existence procedure and the other is the 

determination of mix proportion of concrete procedure. The methods for evaluating 

fly ash existence and determining mix proportion of FA concrete have been proposed. 

The physical, mechanical and chemical analysis methods were adopted for the 

analysis. The analytical procedures for evaluating fly ash existence and determining 

water to binder ratio, fly ash replacement ratio and content of concrete compositions 

including water, cement, fly ash, sand, and coarse aggregate are described in this 

chapter. 

 

5.2. Material and Mix proportion 

 FA concrete samples were prepared with water to binder ratio (w/b) of 0.45 

and 0.55. The concrete samples were prepared by using different aggregates (A and 

B). The specific gravity of FA1 and FA2 is 2.29 and 2.24, respectively. The concrete 

samples at 28 and 91 days were prepared for mix proportion determination. The ratio 

by volume of sand to total aggregate (s/a) was 0.42 for all mixes, and the void ratio of 

sample at aggregate set A and B was 0.237 and 0.230, respectively. Four mix designs 

of concrete specimens are shown in Table 5.1. The sample preparations were 

mentioned in Chapter 3. 

 

Table 5.1 Mix proportion for determination of mix proportion of hardened FA 

concrete 

Sample w/b 
Cement Fly ash Water Sand 

Coarse 
aggregate 

(kg/m
3
) Type % rep. (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) 

W45FA130-A 0.45 280 FA1 30 120 180 727 1047 
W55FA130-A 0.55 249 FA1 30 107 196 727 1047 
W45FA230-A 0.45 279 FA2 30 120 179 727 1047 
W45FA150-B 0.45 193 FA1 50 193 174 729 1058 

 

5.3 Investigation of Physical and Chemical Properties of Materials 

  This experiment is aimed to investigate basic properties of materials. Basic 

information on each type of material including chemical and physical properties will 
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be investigated. The results will be used as a database for analyzing concrete samples. 

They will be utilized for analyzing in procedure of investigation of fly ash existence 

and estimation of mix proportion. The techniques adopted for investigation are 

consisted of many techniques such as Scanning Electron Microscope (SEM) 

technique, SEM equipped with Energy Dispersive X-Ray Spectroscopy (EDS) 

technique, X-Ray Diffraction (XRD) technique, X-Ray Fluorescent (XRF) technique 

and selective dissolution method. 

5.3.1  Physical properties 

 

 5.3.1.1 Particle shape and size by Scanning Electron Microscope (SEM) 

analysis 

 This technique was used to investigate particle shape of materials. Normally, 

fly ash has a spherical shape but it is possible that fly ash particle from some sources 

is in irregular shape (Kutchko and Kim 2006). Moreover, particle shape of cement has 

irregular shape, too. Therefore, it is necessary to ensure whether the particle shape of 

fly ash is spherical or not and that different shapes and sizes of these particles can be 

determined.   

 

 
(a) Portland Cement 

 

           
                    (b) FA1                (c) FA2  

 

Figure 5.1 Particle shapes of cement and fly ash by SEM 

 

 The results of particle shape of Portland cement, 2 types of fly ash (FA1 and 

FA2) were shown in Figure 5.1. From the experimental results, the cement particle 

mostly has irregular shape as shown in Figure 5.1 (a). And the almost particle of FA1 

appears in the spherical shape (precipitator) as shown in Figure 5.1 (b). But the 
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particle shape of FA2 consists both spherical shape (precipitator) and irregular shape 

(plerospheres) as shown in Figure 5.1 (c). This experimental result was used for 

analyzing the investigation of fly ash existent procedure. 

5.3.2  Chemical properties 

 

 5.3.2.1 Elemental composition by Scanning Electron Microscope equipped 

with Energy Dispersive X-Ray Spectroscopy (SEM-EDS) analysis 
 This technique was used to measure the spectrum of elements such as Ca, Al, 

or Si in materials. Moreover, different fly ash particles may have different elemental 

compositions depending on quality of the fly ash (Barzin, Aboozar et al. 2007). The 

relationship of the elements such as Ca and Si was investigated. The Ca/Si ratio by 

weight was used in order to identify some particles that they may be fly ash particle. 

The results are shown in Figure 5.2.  

 

 
 

 
 

 
 

Figure 5.2 Elemental compositions of cement and fly ash by SEM-EDS 

 

 Generally, the chemical composition of cement is mainly CaO and SiO2 while 

the chemical composition of fly ash is mainly SiO2 and Al2O3. From the experimental 

results, the greatest elements in cement are Ca and Si, respectively, and fly ash mainly 

contains Si and Al. The experimental results show that the elemental result of FA1 

(a) OPC 

(b) FA1 

(c) FA2 
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and FA2 is highest in Si and Al respectively. In addition, the content of Ca in FA1 is 

higher than FA2.  

  Hence, the amount of Ca/Si ratio of cement should be more than 1, because 

they are high Ca as shown in Table 5.2. But, fly ash consists more SiO2 and Al2O3 

than CaO. So, the amount of Ca/Si ratio of fly ash should be lower than 1 that Ca/Si 

ratio of fly ash depends on type of source and production of fly ash as the result 

shown in Table 5.2 in which the amount of Ca/Si of fly ash is lower than 1. The Ca/Si 

of FA1 and FA2 is 0.307 and 0.005, respectively. This experimental result was used 

for analyzing investigation of fly ash existent procedure.  
 

Table 5.2 Ca/Si ratio by weight of elemental composition of materials 

Elemental Cement FA1 FA2 

Ca (%) 39.79 7.34 0.18 

Si (%) 13.38 23.93 38.83 

Ca/Si  Ratio 2.974 0.307 0.005 

 

 5.3.2.2 Mineral composition by X-Ray Diffraction (XRD) analysis  

 This technique is used to the investigate type of mineral composition or 

crystalline phase in materials. The XRD analysis is used to quantify the mineral 

compositions of materials. It is known that most of mineral phase in sand is quartz 

(SiO2). In case of cement, four major phases of mineral compositions are C3S, C2S, 

C3A, and C4AF in which cement is constituted about 50-70 %, 15-30 %, 5-10 % and 

5-15 %, respectively (Taylor 1997). In case of fly ash, the mineral phase results can 

be seen that the fly ash had some mineral phases which were different from those in 

cement and sand. These minerals are Mullite, Hematite, and Magnetite which are 

unique phase of fly ash. The amount of each phase is depends on type of fly ash 

(Booher, Martello et al. 1994).  

 

Table 5.3 The Mineral Composition of fly ash by XRD-Reitveld 

Phase FA1 FA2 

Mullite(%) 1.867 10.929 

Hematite(%) 0.602 0.455 

Periclase(%) 1.574 0.276 

Magnetite(%) 3.396 0.651 

Lime(%) 0.389 0.039 

Thernardite(%) 1.110 0.767 

Quartz(%) 0.993 11.887 

Anhydrite(%) 3.640 - 

Rutile(%) - 0.098 

Arcanite(%) 0.313 0.572 

Portlandise(%) 1.118 - 

Tobermorite(%) 4.008 - 

Amorphous(%) 80.989 74.290 

 

 The mineral composition of fly ash was compared with those of cement and 

sand. The crystalline phases of fly ashes were quantified by XRD technique as shown 
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in Table 5.3. It can be seen that both of fly ash had unique phase but different in 

quantity. This experimental result was used for analyzing investigation of fly ash 

existent procedure.  

 

 5.3.2.3 Chemical composition by X-Ray Fluorescent (XRF) analysis 

 This technique was used to investigate the chemical composition of materials. 

The XRF analysis was used to quantify the chemical compositions of material such as 

calcium oxide (CaO), silica (SiO2) and alumina (Al2O3). Generally, it is known that 

most of the chemical composition in sand is SiO2 as shown in Table 5.4. The results 

show that the main chemical compositions of Portland cement type I was CaO. On the 

other hand, the main chemical composition of fly ash was SiO2, Al2O3 and Fe2O3. In 

addition, the content of each chemical composition depends on the source of fly ash. 

The FA1 and the FA2 had lower CaO content than the Portland cement as shown in 

Table 3.1. When both of fly ashes were compared, it was shown that the FA2 had 

more SiO2 and Fe2O3 contents than the FA1. The FA1 had more CaO content than the 

FA2. This experimental result was used for determining the mix proportion of 

hardened concrete procedure. 
 

Table 5.4 The chemical composition of materials 

Chemical compositions Sand-A Sand-B 

SiO2  % 88.6 96.66 

Al2O3  % 5.08 1.06 

Fe2O3  % 1.19 1.16 

CaO % 0.51 0.07 

MgO % 0.01 0.01 

SO3  % 0.04 0.01 

Na2O  % 0.46 0.01 

K2O  % 3.01 0.33 

TiO2  % 0.10 0.16 

P2O5 % 0.01 0.04 

LOI  % 0.83 0.30 

 

 5.3.2.4 Selective Dissolution 
 The Selective dissolution analysis was used to quantify the residues left of 

each material. This technique was used to dissolve calcium component into material 

and hydrated product. The residues left form the dissolvent were unhydrated fly ash, 

sand and a little amount of cement as shown in Table 5.5. From the experimental 

results, it was seen that the residual weight of the fly ash is correlated with the CaO 

content (Table 3.1). The fly ash with lower CaO content had higher residual weight. 

This investigation was utilized for determining mix proportion. 

 

Table 5.5 Residual weight of materials 

Samples Cement-A Cement-B FA1 FA2 Sand-A Sand-B 

Residual weight % 0.420 0.417 60.327 93.345 94.935 96.671 
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5.4 Procedure for investigation of fly ash existence in hardened concrete 

 This procedure is aimed to investigate fly ash existence in hardened concrete. 

The physical and chemical analysis methods, such as SEM technique, SEM-EDS 

technique, and XRD technique, were adopted. In addition, the concrete samples, 

which were used for investigation, were mixed in laboratory. Thus, type of fly ash in 

sample is known, and then this procedure can be verified.  The fly ash concrete 

samples were used to investigate fly ash existence in hardened concrete such as 

W45FA130-A and W45FA230-A. 

5.4.1  Methodology 

 In order to determine the fly ash existence in sample, the procedure for 

determining fly ash existence in sample is mapped out, as shown in Figure 5.3. 

 

 
 

Figure 5.3 Procedure of investigation of fly ash existence 

 

 The proposed procedure for investigation of fly ash existence in hardened 

concrete can be divided into two parts as physical and chemical analysis. The physical 

analytical technique was to investigate particle shape using SEM techniques and then 

if they could find some particles that may be fly ash, SEM-EDS technique was used to 

investigate its elemental composition. In addition, XRD technique was used to 

investigate unique crystalline phase of fly ash in sample. 
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 5.4.1.1 Physical Analysis by Scanning Electron Microscope (SEM) technique 
 The small piece of sample as mentioned in Chapter 3 was taken to investigate 

fly ash existence by SEM. If spherical shape of fly ash is mixed in concrete, its 

spherical particle should be observed in the concrete samples. However, most fly ash 

particle might have more pozzolanic reaction if the replacement percent of fly ash in 

concrete is very low and much time. The fly ash particle may be difficult to find by 

SEM technique. Hence, the SEM technique was verified by testing mortar sample 

with low percent of replacement of fly ash and accelerator pozzolanic reaction. This 

verification is intended to evaluate which is the efficient method. The fly ash-cement 

mortar was prepared with water to binder (w/b) of 0.45. The various percent 

replacement of fly ash was 5%, 10%, 15% and 30%. The mortar sample was 

accelerated, curing by warm water at 50 ºC for 28 days, because the degree of 

pozzolanic reaction was increased react In addition, mix of mortar was designed by 

s/b ratio to produce same mix design of concrete, and FA1 was used due to higher 

amorphous content.  
 After the SEM was used to investigate fly ash particle, the suspect particle 

should be evaluated for confirming as fly ash particle. Therefore the sample needs 

more evaluation on their particle with other techniques. And an additional EDS was 

adopted.  

 

 5.4.1.2 Elemental compositions by Scanning Electron Microscope equipped 

with Energy Dispersive X-ray Spectrometer (SEM-EDS) technique 

 This technique was used to measure the spectrum of elements such as Ca, Al, 

or Si in materials. After the concrete sample had been analyzed by the SEM, the EDS 

was used to identify the particles in sample that it was suspected to be fly ash 

particles. The relationship of the spectrum of elements such as Ca, Al or Si of the 

particles in sample was determined. Normally, the Ca/Si ratio of the cement and 

hydrated product is higher than 1. In contrast, the Ca/Siratio of the fly ash is lower 

than 1 due to high SiO2 content and low CaO. Thus, if the Ca/Si ratio of the suspect 

particle is lower than 1, it was fly ash particle.  
 However, the SEM-EDS technique cannot investigate if some particle which 

may be fly ash cannot be found. Hence the XRD technique was adopted, and the 

sample needs other techniques to further investigate fly ash existence. 

 

 5.4.1.3Mineral compositions by X-Ray Diffraction (XRD) technique 

 The mineral compositions were quantified the crystalline phase by XRD. The 

powder sample with corundum as mentioned in Chapter 3, was used to investigate. If 

the unique phase of fly ash can be observed in the sample, it implies that the concrete 

contains fly ash. 

 

5.4.2  Result and Discussion 

 

 5.4.2.1 Physical Analysis by Scanning Electron Microscope (SEM) technique 
 To verify the SEM method, the mortar samples were evaluated by the SEM as 

mentioned earlier. From the experimental result in Figure 5.4, spherical particle was 

found in all samples although fly ash was replaced 5% as the result shown in Figure 
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5.4 (a). Hence, this technique was effective for finding some fly ash particle in 

samples. 

 

      
        (a) FA1 5%            (b) FA1 10% 

 

      
        (c) FA1 15 %        (d) FA1 30% 

 

Figure 5.4 Investigation fly ash existences in mortar 

 

 Then the SEM was applied on concrete samples to investigate fly ash 

existence, the FA concrete samples W45FA130-A and W45FA230-A were used. The 

experimental results of FA concrete at 28 days are shown in Figure 5.5 (a) and (b), 

where spherical particles can be seen to exist in all samples. The experimental results 

of FA concrete at 91 days are shown in Figure 5.5 (c) and (d), and the spherical 

particles also exist in all samples of FA concrete. In addition, the FA concrete at 91 

days had more degree reaction. It can be seen that the surface of fly ash particles of 

the sample at 91 days had more reaction than the sample at 28 days. 

 

            
                (a) W45FA130-A at 28 days               (b) W45FA230-A at 28 days   
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  (c) W45FA130-A at 91 days                  (d) W45FA230-A at 91 days 

 

Figure 5.5 Investigation fly ash existences in hardened concrete 

 

 It can be concluded that some spherical particle can be found in the FA 

concrete samples at 28 and 91 days. This technique is able to investigate fly ash 

existence in hardened concrete efficiently, still it is not enough to determine the type 

of fly ash because the experimental result of particle shape of both samples contain 

spherical particle. Therefore the FA concrete sample needs more testing on their 

particle with other technique such as SEM-EDS technique.  

 In addition, the fly ash concrete at long life may be difficult for SEM-EDS 

testing on surface of particle owing to higher degree of hydration, as shown in Figure 

5.5 (c). So, polished sample is needed to be prepared for the SEM-EDS testing. In 

Figure 5.6 (a), the polished sample was prepared as mentioned in Chapter 3. The 

experimental result of SEM on polished sample is shown in Figure 5.6 (b). It shows 

some area of circular shape which indicates to fly ash. Therefore, SEM-EDS were 

applied to some polished samples. 

 On the other hand, the samples in which some spherical particle cannot be 

found cannot be concluded that there is the existence of fly ash. Because some types 

of fly ash may be in more irregular particle shape which is similar to cement, only 

SEM technique may be insufficient to distinguish particle of fly ash from other 

components. Then, the additional XRD technique was adopted to investigate fly ash 

existence for verification. Moreover this problem is a similar subject of investigation 

of limestone powder existence, which will be described in the next chapter. 

 

        
          (a) Smooth polished sample         (b) The investigation of the polished sample 

 

Figure 5.6 Investigation of fly ash on polished sample 
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 5.4.2.2 Elemental compositions by Scanning Electron Microscope equipped 

with Energy Dispersive X-ray Fluorescence Spectrometer (SEM-EDS) technique 

 This result was used to identify some particles that it may be fly ash. From the 

experimental results of SEM testing on FA concrete, the fly ash existence in concrete 

samples was observed. Then, the SEM-EDS technique was applied to investigate its 

elemental composition of the particles. The SEM-EDS result in Figure 5.7 was 

investigated to find spherical particles in the sample.  

 

 
 

 
 

 
 

 
  

Figure 5.7emental compositions of fly ash particles of samples by SEM-EDS 

 

 In the SEM-EDS result in Figure 5.7, the Ca/Si ratio of the observed particle is 

shown in Table 5.6. This amount of Ca/Si cannot be cement or other hydrated 

products since Ca/Si ratios are relatively high (normally higher than1). From Figure 

(a) W45FA130-A 

at 28 days 
 

(a) 

Ca/Si = 0.217 

(b) W45FA130-A   

at 91 days 

 

(b) 

Ca/Si = 0.391 

 

(c) W45FA230-A 

At 28 days 

(c) 

Ca/Si = 0.095 

(d) W45FA230-A 

at 91 days 

(d) 

Ca/Si = 0.031  
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5.7 (a) and (b), the Ca/Si ratio of the observed particle is close to that of FA1 that 

Ca/Si was 0.307. In Figure 5.7 (c) and (d), the Ca/Si ratio is close to that of FA2. 

Moreover, it can be observed that the pattern of intensity peak of each element in 

Figure 5.7 (a) and (b) are similar to FA1, as shown in Figure 5.2 (b). And, Figure 5.7 

(c) and (d) have similar pattern of intensity peak in Figure 5.2 (c), which is of FA2. 

 

Table 5.6 Ca/Si ratio by weight of elemental composition of fly ash in hardened 

concrete 

Elemental Cement FA1 FA2 
W45FA130-A W45FA230-A 

28 days 91 days 28 days 91 days 

Ca (%) 39.79 7.34 0.18 5.25 7.87 4.02 1.31 

Si (%) 13.38 23.93 38.83 24.23 20.13 42.31 42.09 

Ca/Si  Ratio 2.974 0.307 0.005 0.217 0.391 0.095 0.031 

 

 From these results, it can be concluded that W45FA130-A contains fly ash, 

which is FA1, and W45FA230-A contains fly ash, which is FA2. Thus, SEM and 

EDS procedure was verified, W45FA130-A and W45FA230-A were designing real 

mix with FA1 and FA2, respectively.  

 

 5.4.1.3 Mineral compositions by X-Ray Diffraction (XRD) technique 

 After investigating SEM and SEM-EDS when fly ash particle cannot be found, 

the additional XRD technique was adopted to investigate fly ash existence for more 

information for analysis.  

 
 

Figure 5.8 XRD pattern of sample W45FA130 and W45FA230 at 28 days 

 

 The experimental results show that mineral compositions of the concrete 

sample were obtained and found that there was determined Mullite, Hematite, and 
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Magnetite phase in concrete sample of W45FA130-A and W45FA230-A as shown in 

Figure 5.8. This implies that the concrete contains fly ash.  

 In addition, the content of crystalline of fly ash in a sample should be the same 

at each age, because crystalline phase is more inert of a reaction than amorphous 

phase in concrete system. Thus this experimental result, the only sample at 28 days 

was investigated. It can be concluded that the sample W45FA130-A and W45FA230-

A contained fly ash. But it is noted that this result does not represent fly ash content in 

the concrete mixture unless additional data of SEM analysis is obtained. Moreover it 

cannot represent type of fly ash because of the quantitative of each crystalline need be 

more identified. 

5.4.3  Summary 

 The method for determining fly ash existence in hardened concrete has been 

proposed in this study. The proposed method was verified by sample prepared in 

laboratory with known mix design. From the analytical result of SEM technique, it 

can be concluded that it is efficient to find some spherical particle of fly ash although 

only 5% fly ash replaced. The SEM-EDS technique was adopted for evaluating their 

particle after the SEM testing. The analytical result of EDS technique can be 

concluded that it is also able to identify fly ash particle efficiently. As mentioned 

above, additional XRD technique was adopted to investigate fly ash existence for 

ensuring, especially fly ash type with irregular shapes.  
 

5.5 Procedure for estimation of mix proportion of hardened concrete containing 

fly ash 

 After the fly ash existence had been evaluated, the mix proportion was 

determined. In order to estimate the mix proportion of hardened concrete, several 

testing techniques were adopted such as Universal Testing Machine (UTM), Selective 

dissolution, X-Ray Fluorescent (XRF) technique, and Image processing. In addition, 

the concrete samples, which were used for determining mix proportion, were mixed in 

laboratory. Thus, mix design of sample was known, and then this procedure can be 

verified. Four FA concretes were determined mix proportion of hardened concrete as 

shown in Table 5.1. 

5.5.1  Methodology 

 In the order to determine the mix proportion of hardened FA concrete, the 

experiment for estimating mix proportion of hardened concrete has been proposed. In 

the analysis, three main parts for determining mix proportion were implemented as 

shown in Figure 5.9. It is a similar method for estimating mix proportion of hardened 

cement concrete. But the fly ash content was added to determine the mix proportion. 

Thus the CaO content was added to analyze procedure for determining weight ratio of 

cement, fly ash and sand. The developed method was applied to estimate mix 

proportions of concrete prepared in laboratory with known mix design in order to 

verify its efficiency. Detail of the procedure for determination of mix proportion of 

hardened concrete is described below. 
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Figure 5.9 Method for determination of mix proportion of hardened FA concrete 

 

 5.5.1.1 Determination of coarse aggregate by image processing 

 The image analysis method was used to determine coarse aggregate content 

per unit of hardened concrete. The analytical method is the same as mentioned in 

Chapter 4. 

 

 5.5.1.2 Determination of water to binder ratio 

 The compressive strength of concrete samples was obtained by using the 

universal testing machine. Then, the water to binder ratio could be calculated from 

data back analysis of the compressive strength by using the computer software 

“FACOMP”. The procedure for determining water to binder ratio is the same 

procedure for determining water to cement ratio of cement concrete sample as 

mentioned in Chapter 4.   
 

 5.5.1.3 Determination of weight ratio of cement, fly ash and sand by residual 

weight and CaO content 

 In order to determine weight ratio of cement, fly ash and sand in sample, the 

three unknowns could be solved by three equations. The three primary equations were 

needed to solve the weight ratio of cement, fly ash and sand. Eq. (5.1) to (5.4) were 

formed based on the mass balance of sample without coarse aggregate at oven-dried 

state. The equations were used to determine the weight ratio of cement, fly ash and 

sand in sample. 

 First, Eq. (5.1) was formed based on mass balance condition of sample 

without coarse aggregate (mortar in the concrete), which was cement, fly ash, sand 
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and water, equal 1. Next, was formed by balance of residue weight between sample 

and total of each material, which was cement, fly ash and sand, after dissolved by the 

selective dissolution testing as followed Eq. (5.3). The residues left from being 

dissolved were sand, unhydrated fly ash and a little amount of cement. Eq. (5.1) and 

Eq. (5.3) was formed by same principle of equation for cement concrete. Last, the 

additional equation was formed by balance of CaO content between sample and total 

of each material, which was cement, fly ash and sand, as follow Eq. (5.4).  

 

  ts cs fs ss nsw w w w w                     (5.1) 

 

  0.23( ) ( )ns hy cs nf poz fsw w w w                       (5.2) 

 

  (1 )ts fs c cs poz f fs s ssr w r w r w r w                         (5.3) 

 

   ts ts c cs f fs s ssC w C w C w C w                  (5.4) 

 

 In addition, the CaO content of XRF method was more time consuming and 

expensive for testing result. And the different science service institutions have 

difference testing result especially the result of concrete sample without coarse 

aggregate, since the database of each institution may not be the same or not enough on 

quantitative analyzing the sample. The database of the sample needs generated 

calibration standards curves, which can be used for analysis of samples with similar 

matrices, for best accuracy, but it concerns extensive benefit of new calibration curve 

to various type of concrete with many factors as it takes more time and expenses to 

prepare sample and testing for new calibration curve. Consequently, the CaO content 

was determined by other method that is considered related between residue left and 

CaO content based on the mass balance principle. The existing data could obtain the 

relationship between residue left and CaO content as shown in Figure 5.10. They 

obtained empirical equation as Eq. (5.5) 

 

 
 

Figure 5.10 Relation of residue and CaO 
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 2.313( 225.23 258050)
ts ts

C t r         (5.5) 

 

Where tsr  is residual weights of sample (g/g of sample), cr is residual weights of the 

cement (g/g of cement). sr  is residual weights of sand (g/g) of sand. fr  is residual 

weights of fly ash (g/g of fly ash). tsw , csw , fsw , ssw  and nsw are oven-dried weight 

ratio of sample, cement, fly ash, sand, and combined water of the sample to oven-

dried weight ratio of sample without coarse aggregate (mortar in concrete) , 

respectively. tsw  is equal 1. hy  and poz are degree of hydration and pozzolanic 

reaction of fly ash-cement system. In this study, the degree of hydration and 

pozzolanic reaction were determined by a computer software (FACOMP 2006). 0.23 

is assumed the combined water value of hydration of cement for full degree reaction  

(Taylor 1997). nfw is 0.20 and 0.18 which are assumed the combined water value of 

pozzolanic reaction of high CaO fly ash for the percentage fly ash replacement as 

30% and 50%, respectively (Saengsoy 2002), and nfw is 0.173 which is assumed the 

combined water value of pozzolanic reaction of low CaO fly ash (Zeng, Li et al. 

2012). t is age of sample (days). ,ts cC C , fC and Cs are percentage of CaO content of 

the sample, cement, fly ash and sand, respectively. 

 

 5.5.1.4 Calculation of mix proportion of hardened concrete 

 After the coarse aggregate content and weight ratio of cement, fly ash and 

sand in sample were previously obtained, they were modified to weight ratio of 

concrete. The oven-dried weight ratio of coarse aggregate can be obtained by Eq. 

(4.28). Then, the oven-dried weight ratio of cement, fly ash, sand of concrete can be 

modified as Eq. (5.6).                     

 
  tc cc fc sc nc Gw w w w w w                               (5.6) 

 

Where , , , ,tc cc fc sc ncw w w w w  and Gw  are ratio of oven-dried weight of concrete sample 

cement, fly ash, sand, combined water, and coarse aggregate to oven-dried weight of 

concrete, respectively. tcw is equal 1. 

 Then, the oven-dried weight ratios of concrete compositions are converted to 

mass of cement, fly ash, sand and water at SSD state as shown in Eq. (5.7). 

 

 cc cc dW w UW   

 

 fc fc dW w UW                  

 (5.7) 

 (1 )sc sc d sW w UW a          

 

 ( ) ( / )wc cc fcW W W w b    
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Where , ,cc fc scW W W  and wcW  are mass of cement, fly ash, sand and water of concrete 

at SSD state, respectively (kg). sa is absorption of sand. w/b is water to binder ratio. 

 Generally, the mix design of concrete is estimated for 1 m
3
 of volume based 

on SSD state of the aggregates. Hence, volume of each concrete ingredient per 1000 

liters of concrete is shown in Eq. (5.8). The volume of each concrete ingredient can be 

obtained by dividing its mass (Eq. (5.7)) by the specific gravity. Then, the content of 

cement, fly ash, sand, and water of the mix proportion were obtained by Eq. (5.9). 

 

 1000t c f s w G airV V V V V V V                    (5.8) 

 

 c c cW V SG   

 

 f c fW V SG                

   (5.9) 

 s s sW V SG       

 

 ( ) ( / )w c fW W W w b    

 

Where , , , , ,t c f s w GV V V V V V  and airV are total volume of concrete, cement, fly ash, 

sand, water, coarse aggregate and air of concrete for 1000 liters at SSD state, 

respectively (liters/m
3
). , ,c f sSG SG SG and GSG  are specific gravity of cement, fly 

ash, sand and coarse aggregate, respectively. , ,c f sW W W and wW are mass of cement, 

fly ash, sand, and water, respectively (kg/m
3
).  

 

5.5.2  Result and Discussion 

 

 5.5.2.1 Determination of coarse aggregate by image processing 
 The analytical procedure for determining coarse aggregate content is same 

method as mentioned in Chapter 4. Hence, the concrete sample in this study, the 

reasonable Z-score between -1 to 1 (-1 < Z < 1) was applied to analyze the results of 

the coarse aggregate content.  

 

Table 5.7 Analytical result of coarse aggregate content of FA concrete by image 

analysis 

Sample 
Design content 

(kg/m
3
) 

-1.0 < Z < 1.0 

kg/m
3
 % Error 

W45FA130-A 1047 1048 +0.06 

W55FA130-A 1047 1095 +4.58 

W45FA230-A 1047 1087 +3.86 

W45FA150-B 1058 1103 +4.34 

Note: - and + is underestimate and overestimate respectively. 
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 For the FA concrete, the content of coarse aggregate estimated by image 

processing technique is shown in Table 5.7.  From the analytical results, the error 

percentages are between 0.06% (or 0.7 kg/m
3
) to 4.58% (or 48 kg/m

3
). The maximum 

error is 4.58 % which is acceptable. This result was used to determine mix proportion 

analysis. 

 

 5.5.2.2 Determination of water to binder ratio 

 The compressive strength of concrete sample is shown in Table 5.8. The water 

to cement ratio obtained from the data back analysis of the compressive strength by 

using FACOMP is shown in Table 5.9.  

 

Table 5.8 Tested compressive strength results of hardened FA concrete by UTM 

Sample 
Compressive strength (MPa) 

28 days 91 days 

W45FA130-A 38.33 46.30 

W55FA130-A 21.24 27.90 

W45FA230-A 32.09 46.05 

W45FA150-B 27.50 33.56 

 

Table 5.9 Analytical result of w/b ratio of FA concrete by FACOMP 

 From Table 5.9, it can be seen that the water to binder ratio obtained from data 

back analysis of the compressive strength by using FACOMP is close to the designed 

water to binder ratio for some sample and age; in contrast, some sample is more be 

different with the designed w/b. However, the mean error of analytical w/b result of 

FA concrete not exceed 10% by designed w/b, the mean error of w/b of FA concrete 

at 28 and 91 days are -2.24 % and -3.08 %, respectively. In addition, the analytical 

result of water to binder ratio was depended on mix proportion of concrete, so this 

error may involves analytical result of mix proportion with tested strength result of 

hardened concrete. 

 

 5.5.2.3 Calculation of mix proportion of hardened concrete 

  5.5.2.3.1 Calculation of mix proportion with designed value of w/b and 

coarse aggregate content 
 In this order, the proposed method for calculation of mix proportion of FA 

concrete was verified by using design w/b and coarse aggregate content with 

Sample Design 

w/b 

28 days 91 days 

Trial Error (%) Trial Error (%) 

W45FA130-A 0.45 0.41 -8.89 0.42 -6.67 

W55FA130-A 0.55 0.57 +3.64 0.58 +5.45 

W45FA230-A 0.45 0.44 -2.22 0.40 -11.11 

W45FA150-B 0.45 0.44 -2.22 0.45 0 

Mean error (%) 
-2.42 -3.08 

-2.72 
Note: - and + is underestimate and overestimate, respectively. 
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calculating procedure. This verification was also analyzing efficiently developed 

method of determination of content of cement, fly ash and sand by residue weight and 

CaO content.   

 Residual weights and CaO content of concrete sample are shown in Table 

5.10. In addition, the percentage of chemical composition of sample was based on 

excluding of loss on ignition (LOI), and the CaO content of sample was obtained as 

mention from relation above. They are subsequently used to calculate weight ratio of 

cement, fly ash and sand. The analytical result and percentage error of mix proportion 

by proposed method are obtained as shown in Table 5.11 and 5.12, respectively. 

 

Table 5.10 Residual weight and CaO content of FA concrete sample 

Sample 
Residue (%) CaO (%) 

28 days 91 days 28 days 91 days 

W45FA130-A 61.041 59.361 18.665 18.777 

W55FA130-A 64.165 62.245 16.621 16.826 

W45FA230-A 66.405 65.101 15.353 15.168 

W45FA150-B 66.230 66.105 15.447 14.640 

 

Table 5.11 The analytical results of mix proportion of FA concrete with designed w/b 

and coarse aggregate content 

Sample w/b 
Cement 

(kg/m
3
) 

Fly ash 
Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse 

aggregate 

(kg/m
3
) 

% rep. (kg/m
3
) 

W45FA130-A Design 280 30 120 180 727 Design 

28 days 0.45 294 27.3 110 182 722 1047 

91 days 0.45 293 28.5 117 185 708 1047 

W55FA130-A Design 249 30 107 196 727 Design 

28 days 0.55 244 31.1 110 195 728 1047 

91 days 0.55 256 27.6 97 194 737 1047 

W45FA230-A Design 279 30 120 179 727 Design 

28 days 0.45 268 30.3 117 173 755 1047 

91 days 0.45 264 32.0 124 175 745 1047 

W45FA150-B Design 193 50 193 174 729 Design 

28 days 0.45 205 49.8 204 184 680 1058 

91 days 0.45 198 49.9 197 178 711 1058 

 

 From the analytical results, it can be seen that the calculating procedure can be 

obtained cement, fly ash, water and sand content of each hardened concrete sample. 

The maximum errors of the determination of content of cement, fly ash, water, and 

sand are +6.27 %, -8.83 %, +5.89 %, and -6.71 %, respectively. It shows that the 

maximum errors of each material are lower than 10 %. The mean errors of analytical 

result of content of cement, fly ash, water and sand are +1.25 %, -0.85 %, +0.59 %, 

and -0.60 %, respectively. In addition, the error percentage of water content also 
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depends on analytical result of cement and fly ash content as followed Eq. (5.8). The 

mean errors of all concrete material are lower than 5 %.  

 

Table 5.12 Percentage error of mix proportion of FA concrete with designed w/b and 

coarse aggregate content 

Sample 
Age 

(days) 

% Error 

Cement Fly ash Water Sand 

W45FA130-A 28 +4.86 -7.99 +1.01 -0.69 

 91 +4.75 -2.49 +2.58 -2.69 

W55FA130-A 28 -1.88 +3.46 -0.28 +0.15 

 91 +2.59 -8.83 -0.83 +1.32 

W45FA230-A 28 -3.87 -2.28 -3.39 +3.82 

 91 -5.24 +3.93 -2.49 +2.49 

W45FA150-B 28 +6.27 +5.51 +5.89 -6.71 

 91 +2.48 +1.89 +2.19 -2.48 

Mean error (%) +1.25 -0.85 +0.59 -0.60 
Note: - and + is underestimate and overestimate respectively. 

 

  5.5.2.3.2 Calculation of mix proportion with analytical result of coarse 

aggregate content and trial w/b 

 Mix proportion of FA concrete estimated by the proposed method and its error 

percentages are shown in Tables 5.13 and 5.14, respectively.  

 

Table 5.13 The analytical results of mix proportion of FA concrete 

Sample w/b 
Cement 

(kg/m
3
) 

Fly ash Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) % rep. (kg/m

3
) 

W45FA130-A 0.45 280 30 120 180 727 1047 

28 days 0.41 302 27.3 113 170 742 1048 

91 days 0.42 299 28.5 119 176 722 1048 

W55FA130-A 0.55 249 30 107 196 727 1047 

28 days 0.57 234 31.1 106 194 699 1095 

91 days 0.58 244 27.6 93 195 703 1095 

W45FA230-A 0.45 279 30 120 179 727 1047 

28 days 0.44 263 30.3 115 166 741 1088 

91 days 0.40 266 32.0 125 157 751 1088 

W45FA150-B 0.45 193 50 193 174 729 1062 

28 days 0.44 201 49.8 200 176 666 1103 

91 days 0.45 193 49.9 192 173 691 1103 

 

 From the analytical result was obtained cement, fly ash, sand, water and 

coarse aggregate content of hardened concrete. The maximum errors of the 

determination of content of cement, fly ash, water, sand, and coarse aggregate are 

+7.71 %, -13.05 %, -12.66 %, -8.69 %, and +4.58 %, respectively. The mean errors of 

the determination of content of cement, fly ash, water, sand, and coarse aggregate are 
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0.00 %, -2.10 %, -3.52 %, -1.84 %, and +3.21 %, respectively, as shown in Table 

5.14. Since, the error of each procedure as coarse aggregate content from image 

analysis, and w/b from data back analysis of compressive strength, the mean error of 

cement, fly ash, water and sand is changed. The analytical results show that the 

proposed method can be used to estimate mix proportion of hardened concrete with 

different percent replacement of fly ash and type of fly ash. Both early and later age 

of sample is unrelated to tendency of the error of analytical result; because of the age 

of concrete is concerned to analyze procedure. Hence, the proposed method can be 

applied to determine mix proportion although the different age of concrete. 

 

Table 5.14 Percentage error of mix proportion of FA concrete 

Sample 
Age 

(days) 

% Error 

w/b Cement Fly ash Water Sand 
Coarse 

aggregate 

W45FA130-A 28 -8.89 +7.71 -5.49 -5.47 +2.01 +0.06 

 91 -6.67 +6.89 -0.49 -2.30 -0.70 +0.06 

W55FA130-A 28 +3.64 -5.89 -0.77 -0.87 -3.94 +4.85 

 91 +5.45 -2.15 -13.05 -0.26 -3.37 +4.85 

W45FA230-A 28 -2.22 -5.66 -4.10 -7.30 +1.89 +3.86 

 91 -11.11 -4.51 +4.73 -12.66 +3.28 +3.86 

W45FA150-B 28 -2.22 +4.01 +3.26 +1.33 -8.69 +4.34 

 91 0 -0.38 -0.96 -0.67 -5.20 +4.34 

Mean error (%) -2.75 0.00 -2.10 -3.52 -1.84 +3.21 
Note: - and + is underestimate and overestimate respectively. 

 

5.4.3  Summary 

 The method for estimating mix proportion of hardened FA concrete has been 

proposed in this study. The proposed method was applied to estimate mix proportions 

of concrete prepared in laboratory with known mix design in order to verify its 

efficiency. In addition, the determination of mix proportion of hardened concrete was 

analyzed by many procedures as shown in Figure 5.9. The error of coarse aggregate 

content by image processing and w/b ration was effected analytical result as shown in 

Figure 5.11 (a) and (b). However, some results increase error but some results reduce 

error owing to the analytical procedure of w/b, and the coarse aggregate content from 

image analysis.  
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(a)  Determining mix proportion with designed w/b and coarse aggregate 

 
(b) Determining mix proportion with analytical result of w/b and 

coarse aggregate content 

 

Figure 5.11 The error percentages of analytical result of each materials of FA concrete 
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CHAPTER 6 

DETERMINATION OF MIX PROPORTION OF 

 HARDENED CEMENT–LIMESTONE POWDER  

CONCRETE 

6.1 General 

 In this chapter, the cement-limestone powder concrete (LP concrete) was 

studied for determining mix proportion. When concrete contain some admixture, they 

need to know its type before. Therefore, the methodology of this study is same 

procedure of FA concrete. It divided into 2 main procedures as investigation of 

limestone powder existence procedure and determination of mix proportion of 

concrete procedure. The methods for evaluating limestone powder existence and 

determining mix proportion of LP concrete have been proposed. The physical, 

mechanical and chemical analytical methods were adopted for the analysis. The 

analytical procedures for evaluating limestone powder existence and determination of 

water to binder ratio, limestone powder replacement ratio, and content of concrete 

compositions including water, cement, limestone powder, sand, and coarse aggregate 

are described in this chapter. 

 

6.2 Material and Mix proportion 

 LP concrete samples were prepared with water to binder ratio (w/b) of 0.45. 

The specific gravity of LP1 and LP2 is 2.74 and 2.69, respectively. The concrete 

samples at 28 and 91 days were prepared investigating mix proportion. The ratio by 

volume of sand to total aggregate (s/a) was 0.42 for all mix that their void ratio was 

0.230. Four mix designs of concrete specimens are shown in Table 6.1. The sample 

preparations were as mentioned in Chapter 3. 

 

Table 6.1 Mix proportion for determination of mix proportion of hardened LP 

concrete 

Sample w/b 
Cement Limestone powder Water Sand 

Coarse 

aggregate 

(kg/m
3
) Type % rep. (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) 

W45LP110-B 0.45 364 LP1 10 40.5 182 740 1072 

W45LP210-B 0.45 363 LP2 10 40.4 182 740 1072 

W45LP220-B 0.45 321 LP2 20 80.3 181 740 1072 
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6.3 Investigation of Physical and Chemical Properties of Materials 

 This experimental is aim to investigate basic properties of materials. Basic 

information on each type of material including chemical and physical properties will 

be investigated. The results will be used as a database for analyzing concrete samples. 

They will be utilized for analyzing in procedure of investigation of limestone powder 

in hardened concrete and estimation of mix proportion of hardened concrete. The 

techniques were adopted for investigation consists of many techniques as Scanning 

Electron Microscope (SEM) on Back-Scattered Electrons (BSE) technique, Mapping 

and SEM equipped with Energy Dispersive X-Ray Spectroscopy (EDS) technique, 

Loss on ignition technique (LOI) and selective dissolution method. 

6.3.1  Physical properties 

 

 6.3.1.1 Particle shape and size by Scanning Electron Microscope (SEM) 

analysis 

 This technique was used to investigate particle shape of materials. Normally, 

particle shape of cement and limestone powder has irregular shape. From the 

experimental results, the most particle shape of cement and 2 types of limestone 

powder is irregular shape as shown in Figure 6.1 (a), (b) and (c) respectively.  

 

 
(a) Portland Cement 

 

      
          (b) LP1              (c) LP2 

 

Figure 6.1 Particle shapes of cement and limestone powder by SEM 
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6.3.2  Chemical properties 

 

 6.3.2.1 Elemental composition by Scanning Electron Microscope equipped 

with Energy Dispersive X-Ray Spectroscopy (SEM-EDS) and Mapping analysis 

 This technique was used to measure the spectrum of elements such as Ca, Al, 

or Si in materials. Moreover, the relationship of the elements such as Ca and Si was 

investigated. The Ca/Si ratio by weight was used in order to identify some particles 

that they may be limestone powder particle. The results were shown in Figure 6.2.  

 

 
 

 
 

 
 

Figure 6.2 Elemental compositions of cement and limestone powder by SEM-EDS 

 

 Generally, the mainly chemical composition of cement is CaO and SiO2, and; 

the mainly chemical composition of limestone powder is CaO. From the experimental 

results, the elemental in cement is Ca, Si and other elemental; but almost elemental of 

both limestone powder is only Ca. The result shown that the elemental of LP1 and 

LP2 are large CaO, but SiO2 was not appeared. Hence the amount of Ca/Si of both 

limestone powders, which are unlimited value, is higher than Ca/Si of cement as 

shown in Table 6.2. 
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Table 6.2 Ca/Si ratio by weight of elemental composition of limestone powder 

Elemental Cement LP1 LP2 

Ca (%) 39.79 33.06 41.72 

Si (%) 13.38 - - 

Ca/Si  Ratio 2.974 n/a n/a 

 

 6.3.2.1 Loss on ignition (LOI) 

 Loss on ignition (LOI) is a test used in analytical chemistry, particularly in the 

analysis of materials. It consists of strongly heating a sample at a specified 

temperature. The volatile materials lost usually consist of “combined water” (hydrates 

and labile hydroxy-compounds) and “carbon dioxide” from carbonates. Hence, the 

loss is assumed to represent the total moisture and CO2 of substance and hydrated 

product in the sample matrix in this method as followed ASTM C114, the sample was 

ignited in a muffle furnace at a controlled temperature of 950  50˚C.  
  Generally, it is known that almost of chemical composition of limestone 

powder is CaO in form of CaCO3 phase. From Table 3.1, it shown that the main 

chemical compositions of Portland cement and limestone powder were same CaO, but 

CaO in cement was main compound as C2S, C3S, C3A, C4AF. Then, the LOI 

percentage of LP was higher than cement due to loss of CO2 from CaCO3. On the 

other hand, the main chemical composition of sand was SiO2. This experimental result 

was used for determining mix proportion of hardened concrete procedure.  

 

 6.3.2.3 Selective Dissolution 

 The Selective dissolution analysis was used to quantify the residues left of 

each material. The component of limestone powder is mostly CaO, so it is completely 

dissolved by HCl. So, the residue of limestone powder is zero. The residues left from 

being dissolved were sand-B and a little amount of cement as shown in Table 6.3. 

This investigation was utilized for determining mix proportion.  

 

Table 6.3 Residual weight of materials 

Samples Cement-B LP1 LP2 Sand-B 

Residual weight % 0.417 0 0 96.671 

 

6.4 Procedure for investigation of limestone powder existence in hardened 

concrete 

 In this procedure is aim to investigate limestone powder existence in hardened 

concrete. The physical and chemical analytical methods were adopted as SEM-BSE 

technique, Mapping and SEM-EDS technique. In addition, the concrete samples, 

which were used for investigation, were mixed in laboratory. LP concrete samples 

W45LP110-C and W45LP210-C were investigated limestone powder existence in 

hardened concrete. In this study, limestone powder was use as filler in cement for 

improves the hydration rate and increases the strength of cement compounds at early 

age (Ingram and Daugherty 1992). Limestone filler does not have pozzolanic 

properties, hence only sample at 91 days was used for this process. 
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6.4.1  Methodology 

 In order to determine the limestone powder existence in sample, the procedure 

for determining limestone powder existence in sample is shown in Figure 6.3. The 

proposed procedure for investigation of limestone powder existence in hardened 

concrete can divide to 2 main parts as physical and chemical analytical. The physical 

analytical was investigated particle shape by SEM-BSE and Mapping techniques and 

then if they can found some particle that may be limestone powder, SEM-EDS 

technique was used to investigate its elemental composition.  

 

 
 

Figure 6.3 Procedure of investigation of limestone powder existence 

 

 6.4.1.1 Brightness in sample by Scanning Electron Microscope (SEM) on 

Back-Scattered Electrons (BSE) technique  

 The BSE produce image on the surface of polish sample. BSE was used to 

detect contrast between areas with different chemical compositions, since heavy 

elements (high atomic number) backscatter electrons more strongly than light 

elements (low atomic number), and thus appear different brighter in the image. This 

technique was used to distinguish the different phases such as cement, limestone 

powder and hydrated product in sample by different brightness. Within the grey-scale 

from dark to light is the pore, C-S-H gel, CH, limestone powder and some phase of 

anhydrous cement. In addition, limestone powder fill in the interfacial transition zone 

between the matrix and aggregate, and make it become much denser, which is the 
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reason why the porosity of concrete containing limestone powder is lower than that of 

normal concrete.  

 Further limestone powder particle will be hardly investigated when long age 

of sample that it is very dense. Thus, Mapping technique was additional investigating 

limestone powder particle. 

 

 6.4.1.2 EDS-Mapping technique 

 Mapping technique was investigated adjunct information of determining 

limestone powder particle. This technique was used to measure the spectrum of 

elements such as Ca, Al, or Si in materials. It was used EDS system to produce an 

elemental map into image. The image is produced by progressively rastering the 

electron beam point by point over an area of interest that suspected area exist particle 

of limestone powder. Thus, this technique was used to identify particle that it may be 

limestone powder. Map of different elements over the same area can help to 

determine what phases are present. For this technique, the same sample with BSE 

technique was used investigation.  

 When high dense sample was investigated as mentioned above, consequently 

the SEM and Mapping techniques were approved by testing mortar sample. The 

limestone powder-cement mortar was investigated. The cement was replaced 10 

percentages by limestone powder. The mortar sample was curing by warm water at 50 

ºC for 28 days for accelerating degree reaction. This verifies is purpose for evaluating 

efficient method. In addition, mix of mortar was designed by s/b ratio that it will be 

same mix design of concrete, LP2 was used to prepare mortar sample by replaced 10 

percentage of cement as W45LP210. And then, the SEM technique was evaluated on 

concrete sample 

 After, the limestone powder particle was determined by BSE and Mapping; 

the suspect particle should be evaluated for confirming as limestone powder particle. 

Therefore the sample needs more evaluating on their particle with other technique, an 

additional EDS technique was adopted.  

 

 6.4.1.3 Elemental composition by Scanning Electron Microscope equipped 

with Energy Dispersive X-Ray Spectroscopy (SEM-EDS) technique 

 This technique was used to measure the spectrum of elements such as Ca, Al, 

or Si in materials. After, the concrete sample was analyzed by the BSE or Mapping; 

the EDS was used to identify the particles in sample that it was suspected to be 

limestone powder particles. The relationship of the spectrum of elements such as Ca, 

Al or Si of the particles in sample was determined. Normally, the Ca/Si ratio of the 

cement and hydrated product is higher than 1. In contrast, the Ca/Si ratio of the sand 

is very low due to very high SiO2 content and very low CaO. Thus, if the Ca/Si ratio 

of the suspect particle is very high as shown in Figure 6.2 and Table 6.2, it was been 

limestone powder particle.  

6.4.2  Result and Discussion 

 

 6.4.2.1 Brightness in sample by Scanning Electron Microscope (SEM) on 

Back-Scattered Electrons (BSE) technique  

 For verifying the BSE method, the mortar samples were evaluated by the BSE 

as mentioned earlier. From the experimental result, they were found some particle that 



 78 

it may be limestone powder as shown result in Figure 6.4. All particles were suspect 

as limestone powder that they can observe whole particle is homogeneous phase and 

equal brightness. In addition, cement or hydrated products are compounded by many 

components that they are different brightness.  

 

 
 

Figure 6.4 Investigation limestone powder existences in W45LP210 mortar 

 

 Normally, the particle size of limestone powder is smaller than sand, and sand 

is high SiO2 phase that it is darken than CaO phase. Hence, this technique is capably 

observing some limestone powder particle in sample. 

 Then, the BSE technique was applied on concrete sample for observing 

limestone powder existence, the LP concrete expect W45LP220-B were used. The 

experimental results of LP concrete are shown in Figure 6.5 (a) and (b); it can be 

observed the some particles that it may be limestone powder particle exist in BSE 

pictures.  

 

       
   (a) W45LP110-A   (b) W45LP210-A  

 

Figure 6.5 Investigation limestone powder existences in hardened concrete 

 

 However, if the limestone powder particle is hard distinguished, the Mapping 

technique will be adopted for observing. And then their particles are needed other 

technique for confirming limestone powder particle.  

 

 6.4.2.2 EDS-Mapping technique 

 As mentioned above, the Mapping technique was used adjunct information for 

determining limestone powder particle. For verifying the Mapping method, the mortar 

samples were evaluated by the Mapping as mentioned earlier. Map of different 
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elements over the same area was determined what phases are present, and then the 

limestone powder were identify. From the experimental result in Figure 6.6, they can 

be observed that suspected area is high intensity of Ca, but low intensity of both Si 

and Al. For some area is high intensity of Si but low intensity of both Ca and Al 

which should be sand; and either area should be cement and hydrated product. 

 

      
       (a) BSE image           (b) Ca area 

 

      
          (c) Si area            (d) Al area 

 

Figure 6.6 Map of each element over the same area of W45LP210 mortar 

 

 Then, the Mapping technique was applied on concrete sample for observing 

limestone powder existence, the LP concrete expect W45LP220 were used. The 

experimental results of LP concrete are shown in Figure 6.7 and Figure 6.8, they can 

be observed the some particles that it may be limestone powder particle exist in BSE 

pictures.  

 

      
      (a) BSE image        (b) Ca area 
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          (c) Si area         (d) Al area 
 

Figure 6.7 Map of each element over the same area of W45LP110-B concrete 

 

      
          (a) BSE image          (b) Ca area 

 

      
          (c) Si area         (d) Al area 

 

Figure 6.8 Map of each element over the same area of W45LP210-B concrete 

 

 It can be observed that Figure 6.7 is hard observing particle of LP1 owing to 

its particle is very small. In contrast, the LP2 particle in Figure 6.8 is easier observed. 

Hence, this technique is increasing capable observing some limestone powder particle 

in sample. However, the sample needs more evaluating on their particle with other 

technique, an additional EDS was adopted as mentioned earlier. 

 

 6.4.2.3 Elemental composition by Scanning Electron Microscope equipped 

with Energy Dispersive X-Ray Spectroscopy (SEM-EDS) and Mapping analysis 

 This result was used to identify some particles that it suspected as limestone 

powder. From the experimental results of BSE and Mapping testing on sample, the 
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limestone powder existence in samples was observed. Then, the SEM-EDS technique 

was applied to investigate its elemental composition on the particles. The SEM-EDS 

result in Figure 6.9 was investigated suspected particle in the sample. 

 The SEM-EDS result in Figure 6.9, it can be found that the Ca/Si ratio of the 

observed. The intensity peak of Ca is very high but without Si, so the amount of Ca/Si 

ratios is very high. The intensity peak of Ca is high same Figure 6.2 (b) and (c). And 

the amount of Ca/Si ratio of cement or hydrated product are quite high (normally 

higher than1), but they are combined another element such as Si and Al as shown in 

Figure 6.2 (a). 

 

 
 

 
 

Figure 6.9 Elemental compositions of LP particles of samples by SEM-EDS 

 

 These result, it can be concluded that both W45LP110-B and W45LP210-B 

contain limestone powder; but it cannot be conclude that type of LP due to similarly 

chemical properties. Thus, BSE, Mapping and EDS procedure was verified, 

W45LP110-B and W45LP210-B was found LP existence in sample.  

6.4.3  Summary 

 The method for determining limestone powder existence in hardened cement 

concrete has been proposed in this study. The proposed method was verified by 

sample prepared in laboratory with known mix design. From the analytical result of 

SEM technique can be concluded that it can found some particle of limestone powder. 

For the SEM-EDS technique was adopted for evaluating theirs particle after the SEM 

testing. The analytical result of EDS technique can be concluded that it is efficiently 

identifying limestone powder particle also. Hence, the developed method can be used 

to find both fine-particle and coarse-particle of LP. Although, the sample contained 

LP1 or LP2, it can found limestone powder existence in sample. However, this 

method was not determined particle size of limestone powder.   

 

(a) W45LP110-C 

(a) 

(b) W45LP210-C 

 (b) 

High intensity of CaO 

High intensity of CaO 
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6.5 Procedure for estimation of mix proportion of hardened concrete containing 

limestone powder 

 After the limestone powder existence procedure was evaluated, the mix 

proportion was determined. In order to estimate the mix proportion of hardened 

concrete, several testing techniques were adopted as Universal testing machine 

(UTM), Selective dissolution method, Loss on ignition (LOI) technique, and Image 

processing. In addition, the concrete samples, which were used for determining mix 

proportion, were mixed in laboratory. Thus, mix design of sample was known, and 

then this procedure can be verified. Three LP concrete were determined mix 

proportion of hardened concrete as shown in Table 6.1. 

6.5.1  Methodology 

 In the order of determination of mix proportion of hardened LP concrete, the 

experimental for estimating mix proportion of hardened concrete has been proposed. 

In the analysis, three main parts for determining mix proportion were implemented as 

shown in Figure 6.10.  This method is similarly method for estimating mix proportion 

of cement concrete.  

 

 
 

Figure 6.10 Method for determination of mix proportion of hardened LP concrete 

 

 The limestone powder content was added determining mix proportion; 

therefore, the LOI result was added to analyze procedure for determining weight ratio 

of cement, limestone powder, and sand. The developed method was applied to 

estimate mix proportions of concrete prepared in laboratory with known mix design in 

LOI 

analysis 
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order to verify its efficiency. Detail of the procedure for determination of mix 

proportion of hardened concrete is described below. 

 

 6.5.1.1 Determination of coarse aggregate by image processing 

 The image analysis method was used to determine coarse aggregate content of 

hardened concrete. The analytical procedure is same method as mentioned in Chapter 4.  

 

 6.5.1.2 Determination of water to binder ratio 

 The compressive strength of concrete samples was obtained by using the 

universal testing machine. Then, the water to binder ratio could be calculated from 

data back analysis of the compressive strength by using the computer software, 

“FACOMP”. The procedure for determining water to binder ratio is same method as 

mentioned in Chapter 4.  

 It is noted that the computer software FACOMP was developed based on the 

experimental data of compressive strength of OPC concrete and fly ash concrete. The 

use of this method for determination of water to binder ratio from data back analysis 

of the compressive strength of LP concrete may result in an inaccurate estimation.   

 

 6.5.1.3 Determination of weight ratio of cement, limestone powder and sand 

by residual weight and LOI content   

 In order to determine contents of cement, limestone powder and sand in 

sample, since three unknowns ( csw , LPsw and ssw ) could be solved by three equation, 

three primarily equation were need to solve the weight ratio of cement, limestone 

powder and sand. Eq. (6.1) to (6.3) were formed based on the mass balance of sample 

without coarse aggregate at oven-dried state. The equations were used to determine 

the weight ratio of cement, limestone powder and sand in sample. 

First, Eq. (6.1) was formed based on mass balance condition of sample 

without coarse aggregate (mortar in the concrete), which was cement, limestone 

powder, sand and water, equal 1. Equation (6.3) was formed by balance of residue 

weight between sample and total of each material, which was cement, limestone 

powder and sand, after dissolved by the selective dissolution testing as followed. The 

residues left from being dissolved were sand, and a little amount of cement. Last, the 

additional equation was formed by balance of LOI content between sample and total 

of each material, which was cement, limestone powder and sand, as followed Eq. 

(6.4).  

 

 LPts cs ss nssw w w w w                              (6.1) 
 

 0.23( )ns hy csw w                 (6.2) 

 

 LP LPts ts c cs s sssr w r w r w r w                 (6.3) 

 

 (1 )ts ts hy c cs hy hp cs LP LP s ssLOI w LOI w LOI w LOI w LOI w         (6.4) 
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Where tsr  is residual weights of sample (g/g of sample), cr  is residual weights of the 

cement (g/g of cement). sr  is residual weights of sand (g/g) of sand. LPr is residual 

weights of limestone powder (g/g of limestone powder). tsw , csw , LPsw , ssw and nsw are 

oven-dried weight ratio of sample, cement, limestone powder, sand, and combined 

water of the sample to oven-dried weight ratio of sample without coarse aggregate 

(mortar in concrete) , respectively. tsw is equal 1. hy is degree of cement hydration. 

In this study, the degree of hydration reaction was obtained by FACOMP. 0.23 is 

assumed the combined water value of hydration of cement for full degree reaction 

(Taylor 1997). ,ts cLOI LOI , hpLOI , LPLOI  and sLOI are percentage of loss on 

ignition of the sample, cement, hydrated product, limestone powder and sand, 

respectively. 

 Limestone filler does not have pozzolanic properties, but it reacts with the 

alamina phases of cement to form an Afm phase (calcium monocarboaluminate 

hydrate) with no significant changes on the strength of blended cement (Soroka and 

Setter 1977). But the research of only degree reaction of limestone powder reacts with 

alumina is rarely studies. Then, this study is assumed that limestone powder is filler 

which are chemically inert. And hpLOI is assumed as LOI of hydrated cement 

product equal 25.59 % which was obtained by average test result of sample with 

known mix design various w/c as 0.25, 0.45, 0.55 and 0.65 at age 3, 7 and 14 days.  

 

  6.5.1.4 Calculation of mix proportion of hardened concrete 

 After the coarse aggregate content and weight ratio of cement, limestone 

powder and sand in sample were previously obtained, they were modified to weight 

ratio of concrete. The oven-dried weight ratio of coarse aggregate can be obtained by 

Eq. (4.28). Then, the oven-dried weight ratio of cement, limestone powder, sand of 

concrete can be modified as Eq. (6.5).   
 

 LPtc cc sc nc Gcw w w w w w                              (6.5) 
 

Where , , , ,LPtc cc c sc ncw w w w w  and Gw  are ratio of oven-dried weight of concrete 

sample cement, limestone powder, sand, combined water, and coarse aggregate to 

oven-dried weight of concrete, respectively. tcw is equal 1. 

 

 Then, the oven-dried weight ratios of concrete compositions are converted to 

mass of cement, limestone powder, sand and water at SSD state as shown in Eq. (6.6). 

 

 cc cc dW w UW   

 

 LP LPc c dW w UW     

                    (6.6) 

 (1 )sc sc d sW w UW a      

  

 ( ) ( / )LPwc cc cW W W w b    
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Where , ,LPcc c scW W W  and wcW  are mass of cement, limestone powder, sand and 

water of concrete at SSD state, respectively (kg). sa is absorption of sand. w/b is water 

to binder ratio. 
 

 Generally, the mix design of concrete is estimated for 1 m
3
 of volume based 

on SSD state of the aggregates. Hence, volume of each concrete ingredient per 1000 

liters of concrete is shown in Eq. (6.7). The volume of each concrete ingredient can be 

obtained by dividing its mass (Eq. (6.6)) by the specific gravity. Then, the content of 

cement, limestone powder, sand, and water of the mix proportion were obtained by 

Eq. (6.8). 

 

 1000 LP Gt c s w airV V V V V V V                    (6.7) 

 

 c c cW V SG   

 

 LP LPcW V SG      

             (6.8) 

 s s sW V SG     

 

 ( ) ( / )LPw cW W W w b    

 

Where , , , , ,LP Gt c s wV V V V V V and airV are total volume of concrete, cement, limestone 

powder, sand, water, coarse aggregate and air of concrete for 1000 liters at SSD state, 

respectively (liters/m
3
). , ,LPc sSG SG SG  and GSG  are specific gravity of cement, 

limestone powder, sand and coarse aggregate, respectively. , ,LPc sW W W  and wW are 

mass of cement, limestone powder, sand, and water, respectively (kg/m
3
).  

 

6.5.2  Result and Discussion 

 

 6.5.2.1 Determination of coarse aggregate by image processing 

 The analytical procedure for determining coarse aggregate content is same 

method as mentioned in Chapter 4. Hence, the concrete sample in this study, the 

reasonable Z-score between -1 to 1 (-1 < Z < 1) was applied to analyze the results of 

the coarse aggregate content.  

 

Table 6.4 Analytical result of coarse aggregate content of LP concrete by image 

analysis 

Sample 
Design content 

(kg/m
3
) 

-1.0 < Z < 1.0 

kg/m
3
 % Err. 

W45LP110-B 1072 1090 +1.67 

W45LP210-B 1072 1104 +2.92 

W45LP220-B 1072 1115 +3.98 
Note: - and + is underestimate and overestimate respectively. 
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 For the LP concrete, the content of coarse aggregate estimated by image 

processing technique is shown in Table 6.4. From the analytical results, the error 

percentages are between 1.67% (or 18 kg/m
3
) to 3.98% (or 43 kg/m

3
). The maximum 

error is 3.98 % which is acceptable. This result was used to determine mix proportion 

analysis. 

 

 6.5.2.2 Determination of water to binder ratio 

 The compressive strength of concrete sample is shown in Table 6.5. The water 

to cement ratio obtained from the data back analysis of the compressive strength by 

using FACOMP is shown in Table 6.6.  

 From Table 6.6, it can be seen that the water to binder ratio obtained from data 

back analysis of the compressive strength by using FACOMP is close to the designed 

water to binder ratio for some sample and age; in contrast, some sample is more be 

different with the designed w/b. However, the mean error of analytical w/b result of 

LP concrete not exceed 10% by designed w/b, the mean error of w/b of LP concrete at 

28 and 91 days are -0.74 % and +4.44 %, respectively. In addition, the analytical 

result of water to binder ratio was depended on the compressive strength test, so more 

error of w/b involves between tested compressive strength with data back analysis of 

compressive strength from analytical mix proportion by using the computer software 

“FACOMP”. 

 

Table 6.5 Tested compressive strength results of hardened LP concrete by UTM 

Sample 
Compressive strength (MPa) 

28 days 91 days 

W45LP110-B 43.72 45.39 

W45LP210-B 39.90 51.35 

W45LP220-B 31.20 35.88 

 

Table 6.6 Analytical result of w/b ratio of LP concrete by FACOMP 

 

 6.5.2.3 Calculation of mix proportion of hardened concrete 

  6.5.2.3.1 Calculation of mix proportion with designed value of w/b and 

coarse aggregate content 

 In this order, the proposed method for calculation of mix proportion of LP 

concrete was verified by using design w/b and coarse aggregate content with 

calculating procedure. This verification was also analyzing efficiently developed 

Sample Design 

w/b 

28 days 91 days 

Trial Error (%) Trial Error (%) 

W45LP110-B 0.45 0.41 -8.89 0.46 +2.22 

W45LP210-B 0.45 0.43 -4.44 0.42 -6.67 

W45LP220-B 0.45 0.50 +11.11 0.53 +17.78 

Mean error (%) 
-0.74 +4.44 

+1.85 
Note: - and + is underestimate and overestimate, respectively. 
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method of determination of content of cement, limestone powder and sand by residue 

weight and LOI content. 

 Residual weights and LOI content of concrete sample are shown in Table 6.7. 

They were subsequently used to calculate weight ratio of cement, limestone powder 

and sand by Eq. (6.1) to (6.4), and then the mix proportion was calculated by Eq. (6.5) 

to (6.8) as mentioned above. The analytical result and percentage error of mix 

proportion by proposed method are obtained as shown in Table 6.8 and 6.9, 

respectively. 

 

Table 6.7 Residual weight and LOI content of LP concrete sample 

 

 

Table 6.8 The analytical results of mix proportion of LP concrete with designed w/b 

and coarse aggregate content 

Sample w/b 
Cement 

(kg/m
3
) 

LP 
Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse 

aggregate 

(kg/m
3
) 

% rep. (kg/m
3
) 

W45LP110-B Design 364 10 40 182 740 Design 

28 days 0.45 340 13.2 52 176 765 1072 

91 days 0.45 336 15.0 59 178 756 1072 

W45LP210-B Design 364 10 40 182 740 Design 

28 days 0.45 358 8.4 33 176 767 1072 

91 days 0.45 283 29.7 119 181 733 1072 

W45LP220-B Design 321 20 80 181 740 Design 

28 days 0.45 307 20.4 79 174 770 1072 

91 days 0.45 282 27.0 104 174 766 1072 

 

Table 6.9 Percentage error of mix proportion of LP concrete with designed w/b and 

coarse aggregate content 

Sample 
Age 

(days) 

% Error 

Cement LP Water Sand 

W45LP110-B 28 -6.70 +27.48 -3.28 +3.38 

 91 -7.73 +46.21 -2.34 +2.22 

W45LP210-B 28 -1.60 -18.99 -3.34 +3.78 

 91 -22.33 +195.07 -0.59 -0.91 

W45LP220-B 28 -4.29 -1.70 -3.77 +4.10 

 91 -12.14 +29.68 -3.78 +3.61 

Mean error (%) -9.13 +46.29 -2.85 +2.70 

Note: - and + is underestimate and overestimate respectively.  

 

Sample 
Residue (%) LOI (%) 

28 days 91 days 28 days 91 days 

W45LP110-B 59.92 59.40 8.70 9.10 

W45LP210-B 59.85 58.93 8.74 10.76 

W45LP220-B 60.67 60.73 9.46 10.08 
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 From the analytical results, it can be seen that the calculating procedure can be 

obtained cement, limestone powder, water and sand content of each hardened 

concrete sample;  but the many result are more error than 10 percentages especially 

limestone powder content that almost it is highest error percentage. The maximum 

errors of the determination of content of cement, limestone powder, water, and sand 

are -22.33 %, +195.07 %, -3.78 %, and +4.10 %, respectively. The mean errors of 

analytical result of content of cement, limestone powder, water and sand are -9.13 %, 

+46.29 %, -2.85 %, and +2.70 %, respectively. The mean errors of concrete materials 

do not exceed 10% to except limestone powder. High errors percentage of limestone 

powder may be occur from low content of mix design as a result of different small 

error content as result in more error percentage. Moreover, the percentage 

replacement cement by limestone powder is close to designing except W45LP210-B 

at 91 days. These errors especially W45LP210-B at 91 days may occur owing to some 

assume parameter of analytical procedure such as degree of hydration from 

FACOMP. Hence, the analysis of LP concrete will be evaluated and developed 

further. 

 

  6.5.2.3.2 Calculation of mix proportion with analytical result of coarse 

aggregate content and trial w/b 

 Mix proportion of concrete estimated by the proposed method and its 

percentage error are shown in Tables 6.10 and 6.11, respectively.  
 

Table 6.10 The analytical results of mix proportion of LP concrete 

Sample w/b 
Cement 

(kg/m
3
) 

LP 
Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse 

aggregate 

(kg/m
3
) 

% rep. (kg/m
3
) 

W45LP110-B 0.45 364 10 40 182 740 1072 

28 days 0.41 345 13.2 52 163 776 1090 

91 days 0.46 330 15.0 58 179 743 1090 

W45LP210-B 0.45 364 10 40 182 740 1072 

28 days 0.43 356 8.38 33 167 762 1103 

91 days 0.42 283 29.7 119 169 734 1103 

W45LP220-B 0.45 321 20 80 181 740 1072 

28 days 0.50 290 20.4 75 182 726 1115 

91 days 0.53 261 27.0 96 190 709 1115 
 

 From the analytical result was obtained cement, limestone powder, sand, water 

and coarse aggregate content of hardened concrete. The maximum errors of the 

determination of content of cement, limestone powder, water, sand, and coarse 

aggregate are -22.25 %, +195.37 %, -10.50 %, +5.00 %, and +3.98 %, respectively. 

The mean errors of the determination ofcontent of cement, limestone powder, water, 

sand, and coarse aggregate are +10.50 %, +43.63 %, -3.66 %, +0.31 %, and +2.85 %, 

respectively. Since, the error of each procedure as coarse aggregate content from 

image analysis and w/b from data back analysis of compressive strength; the mean 

error of cement and water is changed. The analytical results show that the proposed 

method can be used to estimate mix proportion of hardened concrete with different 
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percentage replacement of limestone powder and type of limestone powder. Both 

early and later age of sample is unrelated to tendency of the error of analytical result; 

because of the age of concrete is concerned to analyze procedure. Hence, the 

proposed method can be applied to determine mix proportion although the different 

age of concrete. 
 

Table 6.11 Percentage error of mix proportion of LP concrete 

Sample Age 

% Error 

w/b Cement LP Water Sand 
Coarse 

aggregate 

W45LP110-B 28 -8.89 -5.24 +29.47 -10.50 +5.00 +1.67 

 91 +2.22 -9.35 +43.65 -1.91 +0.43 +1.67 

W45LP210-B 28 -4.44 2.21 -19.50 -8.20 +3.14 +2.92 

 91 -6.67 -22.25 +195.37 -7.12 -0.81 +2.92 

W45LP220-B 28 +11.11 -9.72 -7.29 +0.85 -1.81 +3.98 

 91 +17.78 -18.66 +20.06 +4.92 -4.07 +3.98 

Mean error (%) +1.85 -10.50 +43.63 -3.66 +0.31 +2.85 
Note: - and + is underestimate and overestimate respectively. 

6.5.3  Summary 

 The method for estimating mix proportion of hardened LP concrete has been 

proposed in this study. The proposed method was applied to estimate mix proportions 

of concrete prepared in laboratory with known mix design in order to verify its 

efficiency. In addition, the determination of mix proportion of hardened concrete was 

analyzed by many procedures as shown in Figure 6.10. The error of coarse aggregate 

content by image processing and w/c ration was effected analytical result as shown in 

Figure 6.11 (a) and (b). It was found that some results increase error but some results 

reduce error owing to the analytical procedure of w/b, and the coarse aggregate 

content from image analysis. However, the determination of mix proportion of 

hardened LP concrete will be evaluated and developed further. 

 

 
(a) Determining mix proportion with designed w/b and coarse aggregate 
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(b) Determining mix proportion with analytical result of w/b and 

coarse aggregate content 

 

Figure 6.11 The error percentages of analytical result of each materials of LP concrete
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CHAPTER 7 

DETERMINATION OF MIX PROPORTION OF 

HARDENED CONCRETE EXPOSED TO REAL 

ENVIRONMENT 

7.1 General 

 Later, the developed method for estimating mix proportion of normal 

hardened concrete cured water at laboratory was verified its accuracy; it was applied 

existing hardened concrete. Then this chapter is applying developed method to 

hardened concrete with exposing real environment or existing structure that they were 

divided as two cases. First the mixed concrete in the laboratory with known mix 

design had been exposed marine environment. Other the concrete sample with 

unknown mix design was cored from existing structure.  Hence analytical result of 

mix proportion and its efficiency of developed method with hardened concrete expose 

to real environment were presented in this chapter. 

 

7.2 Mixed concrete in laboratory with exposed in marine environment: Case I 

 This case study is applicable developed method for estimating mix proportion 

of hardened concrete which was deteriorated from marine environment. The concrete 

sample, which was prepared in laboratory, had been exposed marine environment for 

long time. Thus the analytical result of determination of mix proportion of concrete 

can be verified that the concrete samples already known mixed design. 

7.2.1  Material and Mix proportion 

 Concrete was prepared by different brand and type of cement. Portland cement 

type I and type V were prepared. The brands of cement were used as Siam Cement 

Group type I (SCG1) and type V (SCG5), Siam City Cement public company limited 

type I (SCC1), TPI polene public company limited type I (TPI1). Their chemical 

compositions are shown in Table 7.1. Concrete samples were prepared with water to 

cement ratio (w/c) of 0.40 and 0.50, and 0.60. Specific gravity of sand was 2.60. 

Specific gravity of coarse aggregates (Crushed limestone) was 2.70. The ratio by 

volume of sand to total aggregate (s/a) was 0.44 that its void ratio was 0.23. Six mix 

designs of concrete specimens are shown in Table 7.2. 

 In order to specimen preparation, the concrete samples were mixed and filled 

into mold, which is cube with dimension of 30x30 cm in length. After, they were 

demolded, they had been immersed at tidal zone of sea in Chonburi, Thailand for 4 

years. The concrete samples at specified age were cored for 3 cylindrical concrete 

which is dimension of 5 cm in diameter and 10 cm in length. Three specimens were 

prepared for compressive strength test, and then the broken specimens from the 
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compressive strength test were subsequently used for selective dissolution testing that 

its preparation and testing method were mentioned in Chapter 3. 

 

Table 7.1 Chemical composition of cement 

Chemical compositions SCC1 TPI1 SCG1 SCG5 

SiO2 (%) 20.94 20.08 19.51 21.87 

Al2O3 (%) 4.58 5.17 4.97 3.87 

Fe2O3 (%) 3.49 3.58 3.78 4.34 

CaO (%) 64.53 64.17 65.38 64.56 

MgO (%) 1.38 1.28 1.08 1.11 

SO3 (%) 2.92 2.47 2.16 2.08 

Na2O (%) 0.01 0.01 0.01 0.01 

K2O (%) 0.47 0.27 0.47 0.24 

TiO2 (%) 0.21 0.27 0.25 0.21 

P2O5 (%) 0.07 0.06 0.07 0.05 

LOI (%) 1.20 2.61 2.27 1.59 

 

Table 7.2 Mix proportion of hardened concrete sample exposed sea water 

environment 

Sample w/c 
Cement Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) Type (kg/m

3
) 

SCC1W40 0.40 SCC1 435 174 776 1025 

SCC1W50 0.50 SCC1 382 191 776 1025 

TPI1W50 0.50 TPI1 382 191 776 1025 

SCG1W50 0.50 SCG1 382 191 776 1025 

SCG5W50 0.50 SCG5 382 191 776 1025 

SCC1W60 0.60 SCC1 340 204 776 1025 

7.2.2  Estimation of mix proportion of hardened cement concrete 

 In the analysis for determining mix proportion of hardened cement concrete, 

three major investigation techniques are implemented as mentioned in Chapter 4.  

Image processing technique is used for determination of coarse aggregate content. 

Water to cement ratio was calculated from data back analysis of the compressive 

strength by using the computer software. Cement and sand contents are obtained 

based on the residues after selective dissolution of the sample. Contents of all 

concrete compositions in 1 m
3
 of concrete can be derived from a set of mass balance 

equations. These method were developed with sample cured water at laboratory, and 

it was verified its efficiency. Hence analytical result of mix proportion and its 

efficiency of developed method with hardened concrete expose to marine 

environment were presented below. 

 In addition, the existing fly ash and limestone powder was not investigated 

owing to concrete samples already known that fly ash and limestone powder were not 

mixed in concrete sample. Moreover, the purpose of investigation of this case study is 

examined the proposed method for calculating mix proportion that it can be adopted 

to analyze hardened concrete unless sample had cured in water at laboratory. The 

proposed method will be observed its efficiency for applying exposed concrete with a 

marine environment. 
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 7.2.2.1 Determination of coarse aggregate content (
GW ) by image analysis 

 The image analysis method was used to determine coarse aggregate content of 

hardened concrete. The ratios between the area of the coarse aggregate and the total 

cross-sectional area of the concrete slices were then converted to volumetric ratios of 

the coarse aggregate to the concrete. The content of coarse aggregate could be 

obtained by multiplying its volume by the specific gravity. It is noted that gradation of 

coarse aggregate could not be evaluated by this method. The chemical attack of 

chloride is not affect to the image analysis method because of it is no effect to coarse 

aggregate particle. Hence, the determination of coarse aggregate content of this 

sample set is not presented. Moreover the sample was not enough for investigating 

 

 7.2.2.2 Determination of water to cement ratio 

 The compressive strength of concrete samples was obtained by using the 

universal testing machine at 180 days, 365 days and 4 years. The water to cement 

ratio could be calculated from data back analysis of the compressive strength by using 

the computer software, “FACOMP”. Models for predicting compressive strength of 

concrete constructed based on experimental data were implemented in the FACOMP. 

It has been proven that the prediction models could be used to accurately predict the 

compressive strength of concrete age up to 365 days within acceptable limits. In 

addition, compressive strength of concrete is exposed real environment then they may 

be defected when compared with compressive strength of unexposed concrete. And 

the predicted compressive strength of FACOMP is being suitable with concrete which 

is cured by normal water with standard condition. But the concrete sample in this 

study had been immersed in seawater for long time. 

 

 
 

Figure 7.1 Relationship between strength of normal concrete in laboratory with 

concrete exposed marine environment 
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 20.0091 1.1439y x x                   (7.1) 

 

Where x  and y  are tested result and adjusted result of compressive strength. 

 

 Thus the tested compressive strength was modified by compressive strength of 

unexposed concrete. The relationship of strength between exposed concrete and 

unexposed concrete is shown in Figure 7.1. It shown that compressive strength of 

concrete exposed to marine environment is decrease when compare with result of 

unexposed concrete which cured by normal water with standard condition. Hence, the 

compressive strength at 180 and 365 days were used for determining water to cement 

ratio, after they were modified by Eq. (7.1). The tested result and modified result of 

compressive strength as shown in Table 7.3.  

 

Table 7.3 Compressive strength results by UTM 

Sample 
Tested strength (MPa) Modified strength (MPa) 

180 days 365 days 180 days 365 days 

SCC1W40 39.26 45.43 58.93 70.74 

SCC1W50 30.46 39.07 43.29 58.58 

TPI1W50 28.87 34.87 40.60 50.95 

SCG1W50 30.60 38.21 43.52 57.00 

SCG5W50 27.72 34.02 38.70 49.45 

SCC1W60 22.25 29.64 29.96 41.90 

 

 Then, the determination of water to cement ratio were obtained from the data 

back analysis of both modified compressive strength at 180 and 365 days by using 

FACOMP is shown in Table 7.4,  It can be seen that the analytical results of water to 

cement ratio is close to the designed water to cement ratio for all mixtures. The 

maximum error percentages is 6.00% and the mean error percentages is -2.22 %. 
This can be presented that the proposed method can be adopted to determine water to 

cement ratio of hardened concrete exposed marine environment, but the compressive 

strength have to modify to normal concrete condition. Consequently the compressive 

strength of concrete need evaluated, before it was used to determine water to cement 

ratio.   

 

Table 7.4 Result of w/c ratio by FACOMP 

Sample Design 
w/c 

Trial Error (%) 

SCC1W40 0.40 0.40 0 

SCC1W50 0.50 0.47 -6.00 

SCG1W50 0.50 0.50 0 

SCG5W50 0.50 0.47 -6.00 

TPI1W50 0.50 0.51 +2.00 

SCC1W60 0.60 0.58 -3.33 

Mean err. (%) -2.22 
Note: - and + is underestimate and overestimate, respectively. 
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 7.7.2.3 Determination of weight ratio of cement and sand by selective 

dissolution 

 Residual weight of cement, sand and sample by selective dissolution testing 

are shown in Table 7.5 and Table 7.6, respectively. They are subsequently used to 

calculate weight ratio of cement and sand first as mentioned earlier. The proposed 

method for determining cement, water and sand, which was followed in Chapter 4, 

was calculated by using design w/c and coarse aggregate content for evaluating 

efficient developed method with sample exposed to marine environment. Because of 

the selective dissolution result may be affected from marine environment such as 

contaminations into sample by chloride ion exist either in physical absorption and 

chemical reaction in sample (Yuan, Shi et al. 2009, Florea and Brouwers 2012). 

 

Table 7.5 Residual weight of concrete materials by selective dissolution method 

Materials 
Residue (%) 

SCC1 TPI1 SCG1 SCG5 

Cement 2.500 2.233 2.820 3.840 

Sand* 96.671 
Note: * is assumed by tested result of sand C (the same source was used to prepare sample). 

 

Table 7.6 Residual weight of concrete sample by selective dissolution method 

Sample Residue (%) 

SCC1W40 52.858 

SCC1W50 59.395 

TPI1W50 60.301 

SCG1W50 57.329 

SCG5W50 57.386 

SCC1W60 61.351 

 

 The ratio of cement and sand in sample were obtained. The results of cement, 

water and sand content and percentage error are shown in Table 7.7 and 7.8, 

respectively. In addition, this procedure was evaluated capability of the proposed 

method for calculation of mix proportion with deteriorated hardened concrete sample. 

Where, the degree of hydration of cement was assumed to equal 0.95. Because of, the 

concrete samples had been exposed seawater at tidal zone for 4 years after hardening; 

they are affected of degree reaction to full hydration due to hindrance of both 

chemically bound to the unhydrated products and physically held to the surface of the 

hydrated products by chloride ion.  

 From the analytical results, it can be seen that the proposed equation can be 

adopted to estimate cement and sand content of hardened concrete with good accuracy 

for all tested mixtures, although the concrete sample was 4 years exposed in marine 

environment. The maximum errors of the determination of content of cement and 

sand are +10.80% and -11.36%, respectively. The mean errors of the determination of 

content of cement and sand are +6.19% and -6.57%, respectively. It can be observed 

that the sample exposed seawater is higher mean errors than sample cured in 

laboratory, as the result of the concrete sample are deteriorate that they may be occur 

to chemical attack and contaminate some matter from environment for long time. 
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Table 7.7 The analytical results of mix proportion of concrete with designed w/c and 

coarse aggregate content 

Sample w/c 
Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse 

aggregate 

(kg/m
3
) 

SCC1W40 Design 435 174 776 Design 

 
0.40 482 193 688 1025 

SCC1W50 Design 382 191 776 Design 

 
0.50 395 197 748 1025 

TPI1W50 Design 382 191 776 Design 

 
0.50 388 193 765 1025 

SCG1W50 Design 382 191 776 Design 

 
0.50 413 206 710 1025 

SCG5W50 Design 382 191 776 Design 

 0.50 416 208 703 1025 

SCC1W60 Design 340 204 776 Design 

 0.60 357 214 737 1025 

 

Table 7.8 Percentage error of mix proportion of concrete with designed w/c and 

coarse aggregate content 

Sample 
% Error 

Cement Water Sand 

SCC1W40 +10.80 +10.80 -11.36 

SCC1W50 +3.38 +3.38 -3.66 

TPI1W50 +1.23 +1.23 -1.41 

SCG1W50  +8.01 +8.01 -8.50 

SCG5W50 +8.87 +8.87 -9.40 

SCC1W60 +4.85 +4.85 -5.08 

Mean err. (%) +6.19 +6.19 -6.57 

Note: - and + is underestimate and overestimate respectively. 

 

 7.2.2.4 Determination of mix proportion of hardened concrete 

 Mix proportion of concrete estimated by the developed method and its 

percentage error are shown in Tables 7.9 and 7.10, respectively.  

 From the analytical results, it can be seen that the developed method can be 

adopted to estimate mix proportion of deteriorated hardened concrete with capability 

for all tested mixtures. The maximum errors of the determination of content of water, 

cement, and sand are +10.80 %, +10.80 %, and -11.36 %, respectively. The mean 

errors of the determination of content of cement, water, and sand are +6.99 %, +4.60 

%, and -5.58 %, respectively. Hence, the results show that the proposed method can 

be applied to estimate mix proportion of deteriorated hardened concrete exposed 

marine environment for long time. Hence, it can conclude that the proposed method is 

effectively applied to calculate mix proportion of hardened concrete exposed in 



 97 

marine environment although they were deteriorated by seawater, and prepared by 

different cement brand and type.  

 

Table 7.9 Mix proportion of concrete sample (Case I) 

Sample w/c 
Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse 

aggregate 

(kg/m
3
) 

SCC1W40 0.40 435 174 776 Design 

 
0.40 482 193 688 1025 

SCC1W50 0.50 382 191 776 Design 

 
0.47 403 189 762 1025 

TPI1W50 0.50 382 191 776 Design 

 
0.50 388 193 765 1025 

SCG1W50 0.50 382 191 776 Design 

 
0.47 421 198 724 1025 

SCG5W50 0.50 382 191 776 Design 

 0.51 413 211 698 1025 

SCC1W60 0.60 340 204 776 Design 

 0.58 361 209 745 1025 

 

Table 7.10 Percentage error of mix proportion of concrete sample (Case I) 

Sample 

% Error 

w/c Cement Water Sand 
Coarse 

aggregate 

SCC1W40 0 +10.80 +10.80 -11.36 0 

SCC1W50 -6.00 +5.42 -0.90 -1.75 0 

TPI1W50 0 +1.23 +1.23 -1.41 0 

SCG1W50 -6.00 +10.24 +3.63 -6.61 0 

SCG5W50 +2.00 +8.13 +10.29 -10.01 0 

SCC1W60 -3.33 +6.09 +2.55 -3.96 0 

Meam err. (%) -2.22 +6.99 +4.60 -5.85 0 
Note: - and + is underestimate and overestimate respectively. 

 

7.3 Cored concrete from existing structure: Case II 

 In this case, the existent mass concrete structure, which was constructed in 

1998, had been damaged. Crack in the concrete were observed in many locations. The 

cracks were repaired but they were continuously extended and new cracks were 

formed. Then, the cause of deterioration of concrete structure need evaluated to 

arrange proper repair and maintenance planning of the concrete structure. The mix 

proportion need determined to analyze cause of crack such as thermal effect and 

shrinkage that they can occur on mass concrete structure. 
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 Base on the visual examination, damage of the concrete structures can be 

divided into 4 levels accordingly to amount of cracks and crack width of the concrete 

structure that is Very severe (A), Severe (B), Moderate (C), and None (D).  

 In addition, this concrete structure had been constructed since 1998 that its age 

is about 15 years. Since, the existing structure in this case was constructed for long 

time ago; the document of mix designed was unavailable examined. In the past, fly 

ash of Thailand was not used widespread due to limit amount researching for 

supported many properties and characteristic of using fly ash of Thailand into 

concrete. At that time most construction project of government was required only 

cement concrete, therefore the procedure for investigating fly ash or limestone powder 

existence in sample of this case study was disregarded. 

7.3.1  Sample preparation 

 The concrete sample in this study was cored from structure. Four concrete 

sample as A, B, C and D were investigated. The cored concrete with dimension of 7 

cm in diameter as shown in Figure 7.2 was cut with a diamond saw to separate each 

test method for estimating mix proportion procedure. And then, the cored samples 

were prepared as followed in Chapter 3. 

 

    
 

Figure 7.2 Cored concrete samples 

7.3.2  Estimation of mix proportion of hardened cement concrete 

 In the analysis for determining mix proportion of hardened cement concrete, 

three major investigation techniques are implemented as mentioned before. The 

efficiency of developed method was presented previous. Hence analytical result of 

mix proportion and its efficiency of developed method with hardened concrete from 

existing structure were presented below. 

 

 7.3.2.1 Determination of coarse aggregate by image processing 

 The analytical procedure for determining coarse aggregate content is same 

method as mentioned in Chapter 4. Eight cut faces of concrete sample were bought to 

produce image analysis. And the reasonable Z-score between -1 to 1 (-1 < Z < 1) was 

applied to analyze the results of the coarse aggregate content. The content of coarse 

aggregate results were estimated by image processing technique as shown in Table 

7.11 
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Table 7.11 Result of coarse aggregate content by image analysis (Case II)   

 7.3.2.2 Determination of water to cement ratio 

 Since, the existing structure was constructed in 1998 that it is age around 14 

years but the FACOMP can predict the compressive strength of concrete within 365 

days. Consequently, the tested compressive strength results were adjusted, the 

compressive strength was regarded to data back analysis for determining the water to 

cement ration as tested result at 365 days. Some researchers studied to develop 

concrete strength in long-term. They presented results of development of concrete in 

long-term that compressive strength at 15 years have increased around 15-25% after 1 

year (Mohamed 2008). So, the strength result was decrease 20% of testing that they 

would be used for determination of water to cement ratio by FACOMP. 

 The compressive strength of concrete sample and the water to cement ratio 

obtained from the data back analysis of the adjusted compressive strength by using 

FACOMP is shown in Table 7.12. 

 

Table 7.12 Compressive strength results by UTM and result of w/c (Case II) 

Sample 
Compressive strength (MPa) 

w/c 
14 years 1 year 

A 57.01 45.61 0.54 

B 53.52 42.81 0.56 

C 59.04 47.24 0.53 

D 59.56 47.65 0.52 

 

 7.3.2.3 Calculation of mix proportion of hardened concrete 

 Residual weight of cement and sand was assumed as 0.42% and 89.03%, 

respectively. Residual weights of sample by selective dissolution method are shown in 

Table 7.13. They are subsequently used to calculate weight ratio of cement and sand. 

The proposed calculation method by selective dissolution and the calculation of mix 

proportion of cement concrete, which was followed in Chapter 4. In addition, the 

degree of hydration of cement was assumed as 95% of full hydration and the specific 

gravity of cement, sand and coarse aggregate is 3.15, 2.6 and 2.7, respectively. Mix 

proportion of concrete estimated by the developed method and its percentage error are 

shown in Tables 7.14.  

 

 

 

 

Sample 
Volume ratio of Coarse Aggregate 

(SSD) 

Coarse aggregate content 

(kg/m
3
) 

A 0.315 849.5 

B 0.325 876.6 

C 0.360 973.1 

D 0.352 949.8 
Note: Coarse aggregate content is calculated based on 2.7 of specific gravity. And, its content 

was average from 8 faces of sample 
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Table 7.13 Residual weight of concrete sample by selective dissolution method (Case 

II) 

Sample Residue (%) 

A 61.494 

B 60.213 

C 59.228 

D 59.056 

  

Table 7.14 Mix proportion of concrete sample of cored sample (Case II) 

Sample w/c 
Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

Sand 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) 

A 0.54 354 191 968 850 

B 0.56 357 200 915 877 

C 0.53 353 187 859 973 

D 0.52 362 188 872 950 

 



 

 

CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

 From the analytical results, the procedures for investigating fly ash or 

limestone powder existence and determining mix proportion of hardened concrete can 

be concluded and be summarized as followed  

 

1. The investigation of fly ash existence procedure has been proposed in this study. 

The proposed method was verified by sample prepared in laboratory with known type 

of admixture. It can be concluded from the analytical result of the SEM analysis that 

this SEM technique is efficient to find some spherical particles of fly ash although 

only 5% of fly ash was replaced in sample. Then the SEM-EDS technique was 

adopted for evaluating theirs particle after the SEM testing. The analytical result of 

EDS technique can be concluded that it is efficiently identifying type of fly ash 

particle. And, XRD technique was adopted investigating fly ash existence for 

ensuring.  

 

2. The investigation of limestone powder existence procedure has been proposed in 

this study. The proposed method was verified by sample prepared in laboratory 

with known type of admixture. It can be concluded from the analytical result that 

some particles of limestone powder can be found by SEM technique. Then the SEM-

EDS technique was adopted to confirm theirs particle after the SEM testing. The 

analytical result of EDS technique can be concluded that it is efficiently identifying 

limestone powder particle in concrete regardless of particle size of the limestone 

powder.  

 

3. The coarse aggregate content is determined by image processing. It can be 

observed that the appropriate standard score of this method is in a range of 1.00 of 
Z-score. The maximum error of the analytical result with Z-score between -1 to 1 (-1 

< Z < 1) is 5.28% (or 54 kg/m
3
), which is within acceptable limits. This can be 

confirmed that the image processing technique can be efficiently used to determine 

coarse aggregate content of hardened concrete regardless source and s/a of aggregate. 

Consequently, this method can be even applied to different type of coarse aggregate 

of this study as the result of the chemical composition of coarse aggregate is 

disregarded in analysis procedure of this method. However this method cannot 

determine grading of coarse aggregate. 

 

4. The water to binder ratio is obtained from data back analysis of the compressive 

strength by using FACOMP. It can be seen that almost analytical result is close to the 

designed water to binder ratio for all mixtures and test ages. This can also be 

confirmed that the proposed method can be efficiently used to determine water to 

binder ratio of hardened concrete. However, the predicted compressive strength of 
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FACOMP is suitable for concrete cured in water with normal condition. Moreover the 

prediction models could be used to accurately predict the compressive strength of 

concrete age up to 365 days within acceptable limits. Hence, age of concrete and 

curing condition are needed to be known for evaluating compressive strength result, 

before it was used to determine water to binder ratio. 

 

5. A method for estimating mix proportion of hardened cement concrete was 

developed in this study. From the analytical results, it was found that the developed 

method could be used to estimate mix proportion of hardened concrete with different 

water to cement ratios and different sources and s/a of aggregate at any age of 

concrete. The maximum error of the determination of w/c was -8.89 %. The 

maximum errors of the determination of content of cement, water, sand, and coarse 

aggregate are -10.28 %, -7.57 %, +5.02 %, and +5.28 %, respectively. The mean 

errors of the determination of content of cement, water, sand, and coarse aggregate are 

-4.69 %, -4.52 %, +2.58 %, and +1.79%, respectively. The accuracy was acceptable. 

Moreover, it was found that the proposed calculation method can be used to determine 

mix proportion of hardened concrete with good accuracy even though different age of 

concrete sample, since the effect of age of concrete is covered by taking into account 

the degree of hydration of sample in the analysis. 

 

6. A method for estimating mix proportion of hardened fly ash concrete was 

developed in this study. From the analytical results, it was found that the developed 

method could be used to estimate mix proportion of hardened fly ash concrete with 

different water to binder ratios, different type and percent replacement of fly ash at 

different age of concrete. The maximum errors of the determination of content of 

cement, fly ash, water, and sand are +6.27 %, -8.83 %, +5.89 %, and -6.71 %, 

respectively. It shows that the maximum errors of each material are lower than 10 %. 

The mean errors of analytical result of content of cement, fly ash, water and sand are 

+1.25 %, -0.85 %, +0.59 %, and -0.60 %, respectively. The accuracy was acceptable. 

Moreover, it was found that the proposed calculation method can be used to determine 

mix proportion of hardened concrete with good accuracy even though different age of 

concrete sample, since the effect of age of concrete is covered by taking into account 

the degree of hydration and the degree of pozzolanic reaction of sample in the 

analysis. 

 

7. A method for estimating mix proportion of hardened limestone powder concrete 

was developed in this study. From the analytical results, it was found that the 

developed method could be used to estimate mix proportion of hardened limestone 

powder concrete with different water to binder ratios, different type and percent 

replacement of limestone powder at different age of concrete. The maximum errors of 

the determination of content of cement, limestone powder, water, and sand are -22.33 

%, +195.07 %, -3.78 %, and +4.10 %, respectively. The mean errors of analytical 

result of content of cement, limestone powder, water and sand are -9.13 %, +46.29 %, 

-2.85 %, and +2.70 %, respectively. The mean errors of concrete materials except 

limestone powder do not exceed 10%. High error percentages of limestone powder 

may be occurred from human error on experimental procedure, and may be because of 

low content of limestone powder in the designed mix proportion. However, more 
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accuracy of the analytical method for limestone powder concrete will be developed in 

the future work. 

 

8.2 Limitations 

 A method for determination of mix proportion of hardened concrete has been 

proposed in this study. However, there are some limitations of the proposed 

expressions and application.  

 This method was developed based on normal concrete sample cured in the 

laboratory conditions which is different from the real condition at field, where the 

environment affects the properties of hardened concrete, such as mechanical and 

chemical properties.  Since some properties, such as compressive strength was used in 

the analysis. When concrete is subjected to some chemical attacks from environment 

causing a reduction in compressive strength and change in the chemical composition 

of the concrete, the developed method may inappropriate to be applied for those 

concretes.  

 Moreover, properties of materials are needed to be assumed in some cases of 

concrete sample from existing concrete structures such as specific gravity of material 

especially coarse aggregate. This will cause error of the determination of the mix 

proportion of hardened concrete. However, the error is insignificant as 1% of change 

of specific gravity of coarse aggregate results in 1% of error of the determination of 

coarse aggregate content.  

 

8.3 Recommendations for future study 

1. The investigation of fly ash or limestone powder existence procedure, more data 

base of basic properties of materials should be collected in order to be able to 

correctly identify their type.  

 

2. Since many binder types are used to produce concrete in nowadays. The method for 

determining other admixtures in addition to fly ash and limestone powder should be 

further studied.           

 

3. Many brands and types of cement are used widespread today. Thus the 

determination of mix proportion of hardened cement concrete should be studied 

further for concrete made with various types of cement. 

 

4. Since many binder types are used to produce concrete in nowadays. The estimation 

of mix proportion of concrete containing other types of binder should be developed in 

the future such as concrete containing silica flume or slag and concrete with ternary 

binder (3 binders). 

 

5. The determination of coarse aggregate content by image processing should be 

further studied with different size, grading, and type of coarse aggregate. 

 

6. More convenient and precise method for determination of coarse aggregate content 

by image processing technique should be further developed. 
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7. The determination of mix proportion of hardened concrete with different size and 

shape of concrete sample should be further studied.  
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Results of Compressive Strength  

for Analyzing Water to Binder Ratio 
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Table A1 Average compressive strength of concrete sample cured water in laboratory  

No. Sample 14 days (MPa) 28 days (MPa) 91 days (MPa) 

1 W45C-A - 43.99 48.95 

2 W45C-B - 41.30 46.81 

3 W45C-C 33.96 - 41.87 

4 W55C-C 22.61 - 33.04 

5 W65C-C 17.66 - 23.23 

6 W45FA130-A - 38.33 46.30 

7 W55FA130-A - 21.24 27.90 

8 W45FA230-A - 32.09 46.05 

9 W45FA150-B - 27.50 33.56 

10 W45LP110-B - 43.72 45.39 

11 W45LP210-B - 39.90 51.35 

12 W45LP220-B - 31.20 35.88 

 

Table A2 Average compressive strength of concrete sample exposed sea water  

No. Sample 
Tested strength (MPa) Modified strength (MPa) 

180 days 365 days 180 days 365 days 

1 W45SCC1 39.26 45.43 58.93 70.74 

2 W50SCC1 30.46 39.07 43.29 58.58 

3 W50TPI1 28.87 34.87 40.60 50.95 

4 W50SCG1 30.60 38.21 43.52 57.00 

5 W50SCG5 27.72 34.02 38.70 49.45 

6 W60SCC1 22.25 29.64 29.96 41.90 

 

Table A3 Average compressive strength of concrete sample cored existing structure  

No. Sample Tested strength (MPa) Modified strength (MPa) at 365 days 

1 A 57.01 45.61 

2 B 53.51 42.81 

3 C 59.04 47.24 

4 D 59.56 47.65 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix B 

 

Image of cross-sectional area of concrete slices for determining coarse 

aggregate content by image processing 
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(B1-P1) Image of cross-section of sample W45C-A 
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(B1-P2) Image of cross-section of sample W45C-B 

 



 

 

118 

 
P3-1 

 

 
P3-2 

 

 
P3-3 



 

 

119 

 
P3-4 

 

 
P3-5 

 

 
P3-6 

 

(B1-P3) Image of cross-section of sample W45C-C 
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(B1-P4) Image of cross-section of sample W55C-C 
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(B1-P5) Image of cross-section of sample W65C-C 

 



 

 

124 

 
P6-1 

 

 
P6-2 

 

 
P6-3 



 

 

125 

 
P6-4 

 

 
P6-5 

 

 
P6-6 

 

(B1-P6) Image of cross-section of sample W45FA130-A 
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(B1-P7) Image of cross-section of sample W55FA130-A 

 



 

 

128 

 
P8-1 

 

 
P8-2 

 

 
P8-3 

 



 

 

129 

 
P8-4 

 

 
P8-5 

 

 
P8-6 

 

(B1-P8) Image of cross-section of sample W45FA230-A 
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(B1-P9) Image of cross-section of sample W45FA150-B 
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(B1-P10) Image of cross-section of sample W45LP110-B 
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(B1-P11) Image of cross-section of sample W45LP210-B 
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(B1-P12) Image of cross-section of sample W45LP220-B 

 

Figure B1 (P1-P12) Image of cross-section of concrete sample cured water in 

laboratory 
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(B2-P13) Image of cross-section of sample A 
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(B2-P14) Image of cross-section of sample B 
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(B2-P15) Image of cross-section of sample C 
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(B2-P16) Image of cross-section of sample D 

 

Figure B2 Image of cross-section of concrete sample cored existing structure
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Table B2 Result of Image analysis of concrete sample cored existing structure 

Notation Sample CA/C* kg./m
3
** 

P13 A 0.315 850 

P14 B 0.334 901 

P15 C 0.360 973 

P16 D 0.364 981 

* CA/C is average ratio by volume of coarse aggregate to concrete 

** Content of analytical result of coarse aggregate per concrete 1 m
3
 at SSD state 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix C 

 

Degree of hydration and Pozzolanic reaction 
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Table C1 Degree of cement hydration and Pozzolanic reaction of sample 

Sample 

Degree of hydration  

(c) 

Degree of Pozzolanic reaction 

 (f) 

14 days 28 days 91 days 14 days 28 days 91 days 

W45C-A - 93.62 96.45 - - - 

W45C-B - 93.89 96.76 - - - 

W45C-C 91.09 - 96.76 - - - 

W55C-C 96.67 - 99.38 - - - 

W65C-C 98.57 - 99.77 - - - 

W45FA130-A - 93.17 96.78 - 31.00 45.48 

W55FA130-A - 96.89 98.21 - 33.01 59.95 

W45FA230-A - 93.17 96.77 - 23.98 35.17 

W45FA150-B - 92.81 97.91 - 23.34 34.23 

W45LP110-B - 93.82 96.78 - - - 

W45LP210-B - 93.82 96.78 - - - 

W45LP220-B - 93.65 96.89 - - - 
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