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CHAPTER 1

INTRODUCTION, OBJECTIVE, SCOPE, AND APPROACH

1.1 Introduction

Concrete is a porous and highly heterogeneous, multiphase, composite material

with aggregate, bulk cement paste, and a transition zone of cement paste-aggregate as its

important constituents. Its physical behavior is complex, not only dependent on the

mechanical properties of its components, but also determined by the structure of the

composite matrix. It is therefore difficult to develop a complete model of the concrete

structure from which the mechanical behavior of concrete can be reliably predicted.

However, a knowledge of the structure and properties of individual components of

concrete and the relationship between these components can be used to control properties

of concrete. This approach is often used in development of high-performance concrete.

Improved engineering properties of concrete, such as high stiffness, high rigidity,

high strength, high toughness, high workability, high resistance to wear, low

permeability, low shrinkage, low creep, and good durability, are of major interest in

evolving high-performance concrete. Two research approaches are typically used in

studying the engineering properties of high-performance concrete: the chemical approach

and the physical approach (mainly the mechanical property studies). Although all of the

mechanical properties can be related to the chemical properties of the components of

concrete, a study of the mechanical properties is also necessary. This is because

mechanical properties such as stiffness, rigidity, strength, toughness, and damping can

directly supply information for establishing the complete constitutive laws and the creep-

relaxation model of concrete. From a mechanical point of view, a new constitutive law

that is a combination of the three constitutive laws of the three major ingredients of



concrete (aggregate, bulk paste, and the transition zone) will potentially be a powerful

tool in the development of high-performance concrete. The influence of any change in

the ingredients on the concrete matrix can be evaluated using this kind of constitutive

law.

Before establishing the constitutive law or the creep or relaxation models for the

concrete based on the properties of individual ingredients, a thorough study must be done

on the mechanical properties of the three major constituents of concrete: aggregate, bulk

paste, and transition zone. The properties of aggregate and bulk paste have been studied

extensively. However, due to experimental difficulty, information about the transition

zone is so far rather rare.

In addition, many efforts have recently been devoted to the development of high-

strength concrete. In making a high-strength concrete, one important strategy is to focus

on how to increase the stiffness and strength of the cement paste-aggregate transition

zone to a level comparable to that of bulk paste and aggregate. This may be achieved by

adding mineral admixtures such as silica fume, fly ash, or ground granulated furnace slag

to the concrete mixture. The next question is how much the moduli and strength of

transition zones can be increased by adding these admixtures. The answers to these

questions need to be provided by experiments. Some researchers have measured the

hardness of transition zones. For example, Tamimi [1994] measured changes in the

Vickers micro-hardness as the function of the distance from the aggregate surface.

However, it is hard to find the relationship between micro-hardness and moduli or

strength. In another work, Lindholm [1990] showed the micro-strain fields at the crack

tip by using Scanning Electronic Microscopy (SEM) with automated image analysis

capability. This method may potentially be applied for the experimental study of

transition zones in the future. Nevertheless, in practice it is hard to find an instrument to

measure with accuracy the mechanical properties of the transition zone due to its small

size (reported thickness 10 to 50 urn). Since it is impossible to study the mechanical

properties of the transition zone directly, an indirect way must be developed. This work

presents the development of such an indirect method and reports the research results.



The layout of this report is as follows. Chapter 1 presents the research objective

and scope. Chapter 2 discusses the literature review regarding transition zone. Chapter 3

describes materials used for experiments. Chapter 4 defines the experimental methods

applied in this research. The experimental results are reported in the next three chapters

as follows. Chapter 5 sets up a criterion to identify mixing and compaction problems and

is used to eliminate the biased experimental data resulting from mixing and compaction

problems. Chapter 6 establishes a theoretical basis for interpretation of experimental

data, and Chapter 7 presents an interpretation of the experimental data regarding dynamic

moduli of transition zones. This is performed by applying the theory developed in

Chapter 6 and by using the criterion established in Chapter 5 as the boundary condition

for this theory. In addition, the significance of transition zones on physical and

mechanical properties of mortar is also discussed in Chapter 7. Chapter 8 provides a

summary and conclusion to this research, and Chapter 9 describes some

recommendations for future research.

1.2 Project Objective and Scope

The objective of this project is to study the significance of transition zones on

physical and mechanical properties of mortar. The scope of this research is separated into

two studies: experimental and theoretical. The experimental study involves

determination of dynamic modulus of elasticity, dynamic shear modulus, flexural tensile

strength, compressive strength, and damping. The theoretical study involves modification

of the model of three-phase Hashin-Shtrikman bounds. The purpose of this theoretical

study is to offer a mathematical way to interpret the experimental data of dynamic

moduli. The overall objective and scope of this research are summarized in Figure 1.1.

1.3 Approach to the Objective

The issue of the average thickness of the transition zone is somewhat

controversial and was a subject of several studies. Based on SEM observation, Khokhrin
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[1973] reported a 60-|im thickness of transition zones between lightweight aggregate and

paste. In another study, Bentur and Cohen [1987] suggested the thickness of transition

zones to be about 20 to 50 u,m. Winslow et al. [1994] proposed a value in the range of 15

to 20 urn as measured by Mercury Intrusion Porosimetry (MIP). Mehta and Monteiro

[1993] suggested a range of 10 to 50 |im for the thickness of transition zones. Based on

the investigation of roughness number, Zanpini et al. [1995] proposed a range of 96 to

128 (im. Monteiro et al. [1985] used SEM and X-ray diffraction to confirm the diffusion

mechanism of ions, which forms calcium hydroxide and ettringite in transition zones, and

proposed that the thickness of transition zones depends on the size and shape of sand

particles. However, regardless of the actual value of this, it is difficult to measure directly

the mechanical properties of transition zones. Due to the lack of specific techniques to

measure directly the mechanical properties of transition zones, an indirect way needs to

be developed.

In general, there are two ways to design experiment for studying the physical and

mechanical properties of a transition zone indirectly. One is to increase the volume

fraction of aggregate (Va), but keep size and gradation of aggregate the same. This will

cause the increase of the volume fraction of transition zone. By studying the relationships

between the physical and mechanical properties of the matrix and the variation of Va, the

influence of physical and mechanical properties of the transition zone on these properties

of matrix can be evaluated. However, this method has certain drawbacks. Cohen et al.

[1995] have tried to estimate the average stiffness and rigidity of transition zones by using

the logarithmic mixture rule. In another study, Lutz and Monteiro [1995] tried to

determine the bulk and shear moduli of transition zones by introducing a power law. The

results of both studies show that the stiffness, rigidity, and bulk modulus of the transition

zone may be less than that of the bulk paste. Ordinarily, among the three constituents of

concrete or mortar, aggregate has the highest stiffness, rigidity, and bulk modulus. If Va

increases, the volume fraction of transition zones will also increase. The increasing

volume of transition zones will lower the stiffness of concrete matrix. However, the

increasing volume of aggregate will also raise the stiffness of concrete, thus making the



interpretation of test data difficult. The other way is to keep Va constant, but crush the

aggregate to finer size. Assuming that the average thickness of transition zones is

approximately equal for large and small aggregates, reducing the aggregate size will

increase the volume of transition zones and will also decrease the volume of bulk paste by

the same amount. In this case, the volume fraction of transition zones is related to the

specific surface area of aggregate (SA). By studying the relationships between the

physical and mechanical properties of the matrix and SA, the physical and mechanical

properties of transition zones may be estimated. Actually, these relationships reflect the

relative properties of transition zones and bulk paste. The physical and mechanical

properties of bulk paste can be determined by studying the sample of pure paste, and can

be regarded as the reference values in this method. The latter method has been

introduced by Cohen et al. [1994] and is adopted in this research.

The mechanical variables studied include dynamic modulus of elasticity (Ed),

dynamic shear modulus (Gd), logarithmic decrement damping (8), compressive strength

(of cube), and flexural strength. The necessity to study these mechanical variables is

explained below.

First, since they are dynamic properties, the dynamic moduli can be used directly

as the parameters of constitutive law. Even for a static problem, dynamic moduli can be

used utilizing the pre-established dynamic-static moduli relationship. The use of this

procurator is advantageous as it can be easily determined using non-destruction methods.

Secondly, some researchers may study the rheology of concrete such as creep and

relaxation by adopting viscoelasticity models for all three major constituents of concrete.

The stiffness modulus and damping property are two fundamental elements in

viscoelasticity models. Thus, logarithmic decrement damping of the transition zone is

one of the material properties to be studied in this research. In practice, however, the

logarithmic decrement damping must be transformed into a damping coefficient before it

can be used for viscoelasticity models.

Finally, in the conventional compression test of concrete, ASTM C-39,

"Compressive Strength of Cylindrical Concrete Specimens", a uniaxial load is generally



applied to a cylindrical specimen. The microcracks initiate in the transition zones, then

extend to the bulk paste. At this stage, some transgranular cracks (cleavages) may occur

and propagate through aggregates. At the later stage of loading, the coalescence of cracks

finally leads to the collapse of the concrete member when the ultimate strength, the

highest point in the stress-strain curve, is reached. In this test, the shape and surface

texture of aggregates play important roles in determining the strength of concrete. Both

factors provide friction and interlocking effects inside the concrete specimens. Moreover,

the strength of aggregate can contribute in part to the strength of concrete, if transgranular

cracking takes place. In this research, the compressive strength tests were performed on

one-inch cubes. In fact, although the concrete is under a uniaxial compressive loading,

the cracks inside the specimen may be induced by a tensile strain. This was studied

theoretically by Yamaguchi and Chen [1990, 1991]. They have concluded that the crack

caused by tensile strain is a dominant factor for crack propagation in mortar and

eventually influences concrete strength. Therefore, the investigation of tensile crack

should be one of the focuses in studying concrete strength. Consequently, the tensile

strength was selected as one of the important mechanical variables to be studied.

Unlike the uniaxial compression test, which is affected by the aggregate strength,

a tensile strength test such as the ASTM C-78, "Flexural Strength of Concrete (Using

Simple Beam with Third-point Loading Test)", can alleviate the effect of aggregate and

may provide a reasonable way to study the tensile strength of transition zones. In

addition, the flexural strength test, or Modulus of Rupture (MOR) test, may be a valid

representation of concrete property that is of interest because the concrete members tend

to be loaded in flexure rather than in direct tension or compression. The effect of

aggregate can be greatly diminished, if the dominant crack, which is the crack caused by

the collapse of matrix, is formed mainly by the coalescence of tensile cracks in the

transition zones and bulk paste. As a result, if the transition zone is weaker than bulk

paste, the specimen with more transition zones in the crack path or with a dominant crack

passing through percolated transition zones will show an apparent decrease of tensile

strength.



8

In brief, properties such as dynamic modulus of elasticity (Ed), dynamic shear

modulus (Gd), logarithmic decrement of damping (8), compressive strength, and flexural

tensile strength (MOR) of the cementitious matrix with the variation of SA were

evaluated in this research program. The purpose was to see how these mechanical

variables change with the variation of SA, which effectively means with the change of the

volume of the transition zone. Because the transition zone is more abundant in mortar

than in concrete, mortar rather than concrete was chosen as the material for test

specimens.

The relationship between the above mentioned mechanical variables and the

quantity of transition zones can be affected by several factors. These include aggregate

type, aggregate content, water-to-cement ratio, and admixtures added. Because the

mechanical properties of concrete are highly affected by these factors, they may also have

a similar effect on the mechanical properties of the transition zone.

An early work of Langton and Roy [1980] explored the difference in morphology

of the transition zone present near reactive and non-reactive aggregates. They proposed

that two layered zones developed in the transition zone between non-reactive aggregates

and portland cement paste, and that four layers were characteristically present in the

transition zone of reactive aggregates. They also concluded that the roughness of the

aggregate resulted in no major effect on the basic structure of transition zones. A later

work of Monteiro and Mehta [1986, (1)] suggested that a hydrated calcium carbonate -

calcium hydroxide compound precipitated in the transition zones between carbonate

aggregate and cement paste. They concluded that this was due to the calcite, etching from

carbonate rock, and reacting with the cement paste in the transition zone to form a smaller

crystal compound. They suggested that this process might strengthen the transition zone.

Their investigation also led to the development of a grain refinement technique [Monteiro

and Mehta, 1986, (2)]. A later research by Mehta and Monteiro [1988] compared the

characteristics of transition zones around quartz and limestone aggregates. They

concluded that the transition zone around limestone aggregate is strengthened while the

transition zone around quartz aggregate does not show signs of strength increase.



In this research, dolomite aggregate was used for the study, and the data was

compared with that of quartzite. In addition, one type of light-weight aggregate, perlite,

was chosen for the study as well. The purpose was to see how much the mechanical

properties of transition zones around lightweight aggregate can vary. In a sense, they can

be quite different because this kind of aggregate is capable of absorbing a large quantity

of water, thus potentially changing the structure of transition zones. In addition, it is

quite interesting to investigate whether or not aggregate content influences the transition

zone properties. As it is known, if aggregate content is too high, the compaction problem

may occur. Hence, aggregate type and content were two factors that were also studied.

It is a well-established fact that the water-to-cementitious material ratio by mass

(W/C) plays a major role in determining the mechanical properties of concrete. The W/C

may also affect the mechanical properties of transition zones. Therefore, the effect of

W/C was studied as well.

In addition, some researchers have investigated the effect of silica fume admixture

on the mechanical properties of concrete. These include the work by Alexander and

Milne [1995], Babu and Prakash [1995], Lydon and Iacovou [1995], and Katz and Bentur

[1994]. Others have focused their studies on the effect of silica fume on the transition

zone: Bentur et al. [1988] and Cohen et al. [1994]. The experimental results of these

researchers showed that silica fume may influence the physical and mechanical properties

of concrete, mortar, and the transition zone. Thus, the effect of silica fume was also

studied in this research.

In order to eliminate, or minimize, the effect of entrapped air in the mixtures, a

vacuum mixing with a vacuum of 27 mmHg applied for three minutes was performed.

Results were compared with those of non-vacuumed specimens.

In summary, the goal of this research was to investigate the role of the transition

zone in mortar and its influence on the mechanical properties. This was done by varying

SA and measuring mechanical variables on the mortars. These mechanical variables

included Ed, Gd, 8, compressive strength, and flexural tensile strength. The effects of



10

Variable Parameters

Vacuum Mixing (remove entrapped air,

measure moduli)

Water-to-Cement Ratio by mass (W/C)

Aggregate Content (Va)

Aggregate Type (not for 5 study)

Admixture Content (Silica Fume)

Relationship Studied

I Dynamic Modulus of Elasticity (Ed) vs. Specific Surface Area ofAggregate (SA)l

Dynamic Shear Modulus (Gd) vs. SA

Logarithmic Decrement ofDamping (5) vs. SA
Flexural Tensile Strength (MOR) vs. SA
Compressive Strength vs. SA

Establishment of a Criterion to Monitor Compaction Problem

Observe Abnormal Change of Trends:

1

.

Dynamic Moduli (drop)

2. Compressive Strength (drop)

3. Tensile Strength (drop)

4. Porosity (increase)

With the aid of:

1. SEM (Microstructural Study)

2. LOI (compare degree ofhydration)

Purpose:

To eliminate experimental data from

mixtures possibly having mixing and

compaction problems.

Development of Theoretical Model

Modified from Hashin-Shtrikman Bounds.

Purpose: To interpret dynamic moduli data.

Figure 1.2 Flow Chart of the Research Program



11

varying the aggregate type and content, W/C, silica fume addition, and vacuum mixing

were studied as well. Figure 1 .2 provides a summary of the research program.

In order to assist with the analysis of experimental data, a criterion based on the

volume of water and SA in the mixture was developed to eliminate the abnormal data.

Practically, this criterion was used to detect mixing and compaction problems that may

lower the moduli and strength of specimens. In addition, a three-phase model of Hashin-

Shtrikman bounds is employed and verified with the experimental data. A modification

of this model links the theory of Hashin-Shtrikman bounds to the study presented in this

research on dynamic moduli of the transition zone.

Ishai noticed the influence of pores or cracks on the elastic modulus and studied

the relationship between them [Ishai 1961, Cohen and Ishai 1967]. Several models have

also been proposed to describe the influence of volume of pores or cracks on the elastic

modulus of specimen. These include the differential scheme, the self-consistent scheme,

and the Mori-Tanaka method [Mori and Tanaka, 1973]. Scrivener and Gartner [1988]

measured the porosity of transition zones by SEM and concluded that there is a dramatic

increase of porosity in the cement paste in the vicinity of an aggregate surface. Thus,

porosity may be an important factor to be studied. With the aid of MIP, porosity was

measured in this research. In addition, the increasing proportion of porosity contributed

by transition zones was able to be determined.

In order to study the degree of compaction of specimens, a gross porosity was

calculated from the difference between theoretical maximum bulk density and the

experimental bulk density of a one-day-old specimen. Actually, this gross porosity

represents the porosity of a fresh mixture and is an indicator of the degree of compaction,

rather than porosity itself. This is because the hydration reaction of paste at later age will

change the porosity and properties of the specimen.

The microscopic features and crack patterns of specimens were investigated by

SEM. The images of porous features and crack patterns were correlated with the

mechanical properties. In addition, in order to determine the chemical compositions of
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aggregate, bulk paste, and transition zones, a technique of Energy Dispersive X-ray

Spectrometry (EDS) was also employed in this study.

The degree of hydration of the specimens was studied by the Loss-on-Ignition

(LOT) method. Its purpose was to observe whether or not W/C of both bulk paste and

transition zones varies with changing SA. It is known that when aggregate content is

increased to a certain amount, compaction problem may occur in the specimen. This

compaction problem is closely related to the water available for hydration, and aggregate

content may locally alter the water accessibility for the cement grains.
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CHAPTER 2

LITERATURE REVIEW

2. 1 Characteristics of Aggregate-Paste Interfacial Transition Zones

At the macroscopic level visible to unaided human eyes, concrete may be

considered to be a two-phase material, consisting of aggregate particles dispersed in a

matrix of cement paste. However, at the microscopic level, the complexity of concrete

micro structure begins to show up. The structure of hydrated cement paste in the vicinity

of aggregate particles is usually different from the structure of bulk paste in the system.

In fact, many aspects of concrete behavior under stress can be explained when the

transition zone of cement paste-aggregate is treated as a third phase.

2.1.1 Formation of the Transition Zone

A comprehensive report of researches on the transition zone has been presented by

Ollivier et al. [1995]. Based on the description given by Maso [1980], the structural

characteristics of transition zones are understood. In freshly compacted concrete, the

water film around the aggregates, especially beneath the particles, accounts for a locally

high W/C. Owing to this high W/C, relatively large crystals of ettringite and calcium

hydroxide produced due to the hydration of cement are formed in the vicinity of aggregate

or in the transition zone. Therefore, the transition zone is usually more porous than the

bulk paste. In addition, the so called "wall effect" [Neville, 1993] between aggregate

surface and cement grains may also contribute to a greater porosity in the transition zone.
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2. 1 .2 Microstructure of the Transition Zone

Because of the locally higher W/C and "wall effect," the rate and characteristics of

hydration in the vicinity of aggregate grains differ from that of the bulk paste, and result

in higher porosity in this area. This is proposed by Maso [1980] to be the major cause

and consequence of the existence of the transition zone. However, even if the porosity in

the vicinity of aggregate is the same as that of bulk paste, the difference in stiffness and

rigidity between aggregate and paste can result in a region of transforming different radial

or hoop stresses and the occurrence of stress concentration. This mechanical

phenomenon was studied by Zhao and Chen [1994] and is shown in Figures 5 and 6 of

their report. In addition, another report by Chen and Zhao [1995] also presented the

relationship between stress concentration factor and the stiffness discrepancy among

aggregate, transition zones, and bulk paste.

The porosity of transition zones is mainly studied using two techniques: SEM and

MIP. Scrivener et al. [1988] are the pioneers in applying quantitative SEM analysis to

measure the porosity of the transition zone. Their results show that the degree of porosity

is high near the surface of the aggregate and drops to a relatively constant level after

about 30 (im from the aggregate surface. At the same time, the amount of anhydrous

material is low near the surface of the aggregate and increases to a stable value at about

30 [im from the aggregate surface. However, some researchers attribute their results to

artifact. Scrivener and Gartner [1988] also used the same SEM technique to measure

variation in the amount of porosity, calcium hydroxide, and anhydrous material as a

function of the distance from the aggregate surface. The specimens they used were

Portland cement pastes with and without silica fume. Each specimen had a single piece

of granite, dolomite, or garnet aggregate cast within it. Similar results as above were

found. The porosity increased in the paste close to the surface of the aggregate, while the

content of anhydrous grains decreased. The amount of calcium hydroxide in the paste

was found to be similar and independent of the distance to the aggregate surface.

Recently, Scrivener and Nemati [1996] used equipment developed at U. C. Berkeley to

study the porosity of concrete by intruding Wood's metal into a concrete sample with a
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pressure of 1,500 psi. This allows Wood's metal to penetrate pores down to 0.08 Jim.

Their investigation on the images of SEM indicates that the pores in transition zones are

interconnected and permeated preferentially, rather than the bulk paste.

Based on the MIP experiment, Winslow and Liu [1990] have reported that the

pore structure in plain paste is less porous than that in the concrete paste, which includes

transition zones. It is known that MIP measures the volume of pores of transition zones

only if the transition zone porous system forms an interconnected cluster through the

specimen. Winslow et al. [1994] studied the percolation of transition zones by MIP, and

interpreted the results with an aid of a hard core/soft shell computer model. This

microstructural model of cement paste, used to study percolation of capillary pores, was

developed by Bentz and Garboczi [1991]. A similar work, based on combining MIP data

and a simulated result of percolation of a three-dimensional mortar model, has been

presented by Bourdette et al. [1995]. These researches on percolation suggested that

percolation may increase the porosities of concrete and mortar.

2.1.3 Morphology of Hydration Products in the Transition Zone

A review on morphology and microstructure of the transition zone of cement

paste and rock has been reported by Langton and Roy [1980]. Using SEM, Barnes et al.

[1979] have studied the micro-morphological features of the transition zone. These

features included formation of a duplex film on the surface of sand grain; development of

large well-formed calcium hydroxide crystals at intervals near the surface of aggregate

with their c-axes roughly parallel to it; development of stacked-platelet secondary

calcium hydroxide in open spaces immediately adjacent to the duplex film; and hydration

leading to the presence of hollow-shell hydration grain in the transition zone. In another

work these researches [1978 (1) and (2)] described the hollow shell hydration

phenomenon and reported in detail the morphology of the duplex film. It is a two-layer

structure typically about 1 to 1.5 fi.m thick. The lower layer, which is in direct contact

with the aggregate surface, was shown to be preferentially, but not perfectly, oriented

calcium hydroxide by X-ray diffraction. The upper layer is rod-shaped calcium-silicate-
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hydrate (C-S-H) gel. The rods project more or less normal to the aggregate surface. After

three days of hydration, the C-S-H gel rods transformed to a reticulated network.

The use of X-ray diffraction to detect the preferential orientation of calcium

hydroxide in transition zones was first proposed by Hadley [1972], and afterward

modified and developed by Grandet and Ollivier [1980].

Yuan and Odler [1987] studied CaO-to-Si02 (C/S) molar ratio in the transition

zones by microprobe analysis. In the vicinity of aggregate, C/S is about 6. At about 120

|im from the aggregate surface, the ratio decreases to 3. The C/S of C-S-H gel found in

transition zones is in the range of 3.5 to 4, instead of 1.5 to 2 in the bulk paste.

The concentration profile of ettringite was studied by Monteiro and Mehta [1985].

They proposed that much larger quantities of ettringite were precipitated immediately

next to the aggregate surface than farther away from it via the "through-solution"

mechanism.

2. 1 .4 Influence of Mineral Admixtures on Microstructure of the Transition Zone

Silica fume influences the microstructure of transition zones by pozzolanic

reaction and also by acting as microfiller. This has been studied by Bentur and Cohen

[1987]. The contribution of densified transition zones by silica fume to the strength of

concrete has been reported by Bentur et al. [1988].

Mehta and Monteiro [1988] have studied the effects of aggregate type, cement

type, and mineral admixtures on the microstructure of transition zones. In their study,

they compared the influence of quartz and limestone aggregates, Type I portland and type

K expansive cements, and three kinds of mineral admixtures, such as condensed silica

fume, granulated blast-furnace slag, and fly ash.

Another investigation on the influence of admixtures such as fly ash, silica fume,

and slag, on the morphology of transition zones has been published by Charles-Gibergues

et al. [1982]. They also described the characteristics of portland cement paste hydration

in the transition zone.
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2. 1 .5 The Transition Zone of Calcareous Aggregate

The microstructure of transition zones can be affected by a chemical reaction

between aggregate and cement paste. The reactivity of calcareous aggregate with

Portland cement paste has been reported by Grandet and Ollivier [1980] to form a

calcium carbo-aluminate C3A-CaC03-llH20. However, an alternative explanation of

this chemical reaction was made by Monteiro and Mehta [1986 (1)]. They reported that

calcite reacts with calcium hydroxide, resulting in the formation of calcium carbonate

with a varying composition of CaC03-Ca(OH)2-H20.

Ping et al. [1991] used electrical conductivity to study structural characteristics of

the transition zone. Their experimental results indicate that the transition zone between

quartz particles and portland cement paste is always less dense than bulk paste regardless

of the aggregate size; and the thickness of the transition zone decreases as the aggregate

size is reduced. The same general features occur for the transition zone between larger

limestone particles and portland cement paste. However, a transition zone denser than

bulk paste for much smaller limestone particle was observed. According to the authors,

the denser transition zones were possibly due to a chemical reaction occurring between

the limestone particles and the portland cement paste.

A theoretical study on electrical conductivity influenced by transition zone was

performed by Garboczi et al. [1995] by using a three-phase model: aggregate, bulk paste,

and the transition zone. A computer model was developed to simulate the DC electrical

conductivity of mortar.

2.1.6 Other Properties of the Transition Zone

The bond strength between aggregate and cement paste is a local property which

involves the characteristics of transition zones, including the chemical reactivity of

aggregate. This bond strength was studied by Zimbelmann [1985]. His experiments

showed that the bond strength between portland cement paste and limestone is higher as

compared to that between portland cement paste and granite. Consequently, he concluded
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that this added adhesion is due to the chemical reaction between limestone and cement

paste.

A review of the basic nature of the cement-aggregate bond and its effect on

concrete performance was presented by Struble et al. [1980]. By applying Weibull's

statistical theory, Monteiro and Andrade [1987] used the split tensile test to analyze the

tensile bond strength between cement paste and basalt, amphibole-gneiss, granite, and

limestone aggregates with smooth, sand-blasted, or rough surface condition.

Ping and Beaudoin [1992] studied the relationship of electrical conductivity of

transition zones and aggregate-paste bond strength. They concluded that decreasing the

thickness of the water-layer around the aggregate, and the W/C of mixture, can lead to

increase in the bond strength.

The interaction between sintered fly ash lightweight aggregate and cement paste in

the transition zone was studied by Wasserman and Bentur [1996]. They concluded that at

early age due to the physical process of absorption of the aggregate, the transition zone is

densified. In addition, they also suggested that a chemical process of pozzolanic activity

at later age contributes to the strength of concrete.

The transport property such as water permeability was investigated by Wakeley

and Roy [1982]. Their result showed that transition zone by itself does not appear to play

a significant role with regard to water permeability.

In other studies, Tamimi [1994] measured hardness in the paste and detected a

drop in the Vickers Micro-hardness in transition zones around aggregate. Vervuurt and

Van Mier [1995] used optical microscopy to perform a digital image analysis on the

process of bond-cracks in cementitious material, and determined the parameters in their

numerical model of fracture law.

2.2 Influence of the Transition Zone on Mechanical Properties

The presence of easily cleavable and highly soluble calcium hydroxide crystals

and the coarser porosity can affect the mechanical performance of the transition zone.

The platelike calcium hydroxide crystals tend to form in oriented layers with the c-axis
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perpendicular to the aggregate surface. Thus, the microcracks are formed easily in the

direction perpendicular to the c-axis. Besides, the large calcium hydroxide crystals

possess less adhesion capacity, not only because of the lower surface area and

correspondingly weaker van der Waals forces of attraction, but also because they serve as

preferred cleavage sites owing to their oriented structure. In addition to the oriented

calcium hydroxide crystals, the larger volume of capillary voids and the presence of

microcracks in the transition zone even before the concrete is subjected to external

stresses are responsible for the lower stiffness and strength of the transition zone

compared to the bulk paste in the concrete and mortar.

The transition zone is the weakest constituent in concrete, and therefore, it

exercises a great influence on the mechanical behavior of concrete than can be expected

based on its size. It is because of the presence of transition zones that concrete fails at a

considerably lower stress level than the strength of either of the other two constituents.

Since not much energy is needed to extend the cracks already existing in the transition

zone, higher incremental strains are obtained at a load of 40 to 70 percent of the ultimate

strength. At this stage, the aggregate and bulk paste remain elastic, whereas concrete

itself shows inelastic behavior. This phenomenon confirms the conclusions of Karihaloo

et al. [1993]. They proposed that the microcracks formed at paste-aggregate transition

zones are the cause of pre-peak nonlinear behavior, and the transition from linear to

nonlinear response of a cementitious material under loading is primarily governed by the

extent of available microcracks of transition zones.

From a mechanical property point of view, the extent of microcracks in paste-

aggregate transition zones is governed by the degree of strain mismatch between

aggregate and bulk cement paste under the applied loading. For a stress equilibrium

condition, the strain differences among aggregate, bulk cement paste, and transition zones

can be related to the discrepancy of modulus of elasticity and shear modulus. This also

introduces the stress concentration phenomenon between two constituents with different

moduli. In fact, the transition zone serves as a bridge between aggregate particle and bulk

cement paste. Even when the individual components are of high stiffness, the stiffness of
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the concrete may be low because of the broken bridge's effect that does not permit stress

transfer.
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CHAPTER 3

MATERIALS

Three kinds of aggregates were used in this research.

1

.

Crushed dolomite sand (from Delphi, Indiana). This sand was sieved into five

different ASTM size fractions: #4~#8, #8~#16, #16~#30, #30~#50, and #50~#100 by

using a mechanical sieve shaker. The sieves are in accordance with the sieves specified

in ASTM E-l 1, Standard Specification for Wire-Cloth Sieves for Testing Purpose. The

specific gravity and absorption of the sand were both determined according to ASTM C-

128, "Standard Test Method for Specific Gravity and Absorption of Fine Aggregate".

The moisture content of sand was measured in accordance with ASTM C-566, "Standard

Test Method for Total Moisture Content of Aggregate by Drying". The specific surface

area of sand was determined by using the Kozeny-Carman equation [Loudon, 1952].

This empirical equation counts in a Kozeny's constant, porosity between sand particles,

and water permeability through sand stockpile.

2. Natural quartzite sand (from Baraboo, Wisconsin).

3. Perlite, which is a lightweight aggregate. It is an amorphous silicate of volcanic

origin containing a low percentage of crystalline silica.

The cement used was ASTM type I portland cement (from Lonestar) designated

332. Received and compacted silica fume was used as the mineral admixture in some of

the mixtures. It was a high-quality, commercial grade with specific surface area of

24,300 m2
/kg and more than 90% amorphous silicon dioxide. The mixing water used

was de-ionized water.
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CHAPTER

4

EXPERIMENTAL PROGRAM

This chapter presents the experimental program. Section 4. 1 deals with mixture

design and preparation of specimens. Sections 4.2 discusses the methods for testing the

physical and mechanical properties of specimens. Section 4.3 presents the

microstructural study, including SEM and MP. Section 4.4 presents the LOI technique

that was used to compare the degree of hydration of paste within mortars.

4.1 Mixture Proportioning and Specimen Preparation

The mixture proportioning concept and mixing method are presented below. In

addition, the curing procedure of the specimens is also discussed.

4.1.1 Mixture Proportioning

In all three types of mixture proportions used in this research, the mixture

proportions shown in Table 4. 1 were used for studying mixing and compaction problems.

Plain portland cement mortars (PC mortars) were mixed with W/C 0.42 and several levels

of volume fraction of aggregate (Va). The values of Va were 0.25 and varying from 0.40

to 0.70 at every 0.05 interval. Five different fractions of dolomite aggregate size were

prepared. They were ASTM Sieve No. #4~#8, #8~#16, #16~#30, #30~#50, and

#50~#100. These five sand fractions were used for the Va levels of 0.25, 0.40, 0.45, 0.50,

and 0.55. Three sand fractions, #4~#8, #8-#16, and #16~#30, were used for Va = 0.60.

Two sand fractions, #4~#8 and #8~#16, were used for Va = 0.65, and one sand fraction,

#4~#8, was used for Va = 0.70. Only single fraction of sand was used in one specimen.

Three specimens were cast for each mixture.
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Table 4.1 Mixture Proportions for Studying Mixing and Compaction Problems

w/c Cement SF (%) Va Aggregate Aggregate Size Specimen

Weight (g) Weight (g) (ASTM Sieve No.) Quantity

#4-#8 3 I

#8~#16 3

0.42 800 0.0 0.25 520 #16~#30

#30~#50

#50~#100

3

3

3

#4~#8 3

#8~#16 3

0.42 600 0.0 0.40 780 #16~#30

#30~#50

#50-#100

3 i

3

3

#4~#8 3

#8~#16 3
!

0.42 570 0.0 0.45 912 #16~#30

#30~#50

#50~#100

3
;

3

3

#4~#8 3

#8~#16 3

0.42 570 0.0 0.50 1113 #16-#30

#3O-#50

#50~#100

3 j

3

3

#4~#8 3

#8~#16 3

0.42 450 0.0 0.55 1075 #16~#30

#30~#50

#50~#100

3

3

3

#4-#8 3

0.42 375 0.0 0.60 1100 #8~#16

#16-#30

3

3

0.42 375 0.0 0.65 1359 #4~#8

#8~#16

3

3

0.42 250 0.0 0.70 1142 #4-#8 3

Note: SF (%) is the percentage of cement weight substituted by silica fume.
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The purpose in designing this mixture series was to determine which of the

mixtures will experience mixing and compaction problems. It is assumed that the mixing

and compaction problems are related to SA in the mortar, and that SA can be increased by

increasing Va or using finer aggregate.

Second, the series of mixtures presented in Table 4.2 was designed to investigate

how varying the SA in the mortars influences the properties (mainly mechanical) of

mortars, such as Ed, Gd, 5, flexural tensile strength, compressive strength, porosity, and

LOI. SA is actually expressed in terms of the calculated volume of transition zones in the

mortar with an assumption that the thickness of transition zones around all the aggregates

is constant. By keeping Va constant, using finer aggregate means increasing SA. Further,

increasing SA means increasing the volume of transition zones. However, this will also

reduce the volume of the bulk paste (at the same level). Therefore, the relationship

between these properties of mortars and SA reflects the difference in the properties

between the transition zone and bulk paste.

Three different W/C, 0.35, 0.42, and 0.50, were used to study how the relationship

between the mechanical properties and SA is influenced by W/C. Besides, three different

levels of Va, 0.25, 0.40, and 0.55, were also used. The purpose was to observe how Va

content affects the relationship between the mechanical properties and SA.

In some mortars, 7% of cement weight was substituted by silica fume (7% SF

mortars). The purpose was to study how silica fume affects the relationship between the

mechanical properties and SA.

Finally, in order to study how aggregate type influences the relationship between

the mechanical properties and SA, some mixtures were designed and are shown in Table

4.3 according to the mixture proportions used by Cohen et al.[1994]. In their experiments,

quartzite sand was used for the mortar specimens. Va was kept at 0.37. W/C was kept at

0.52. Silica fume contents used were at 0% and 10% replacement of cement weight. The

tests on the specimens with mixture proportions shown in Table 4.3 were mainly

performed on dolomite and perlite mortars. The purpose of this testing was to
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Table 4.2 Mixture Proportions for Comparing the Effect of W/C, Va, and Silica Fume on

Ed, Gd, 5, Tensile Strength, and Compressive Strength.

W/C Cement

Weight (g)

SF (%) Va Aggregate

Weight (g)

Aggregate Size

(ASTM Sieve No.)

Specimen

Quantity

0.42 520 0.0 0.25 800

#4~#8
#8~#16
#16~#30
#30~#50
#50~#100

3

3

3

3

3

0.42 528 7.0 0.25 744

#4~#8
#8~#I6
#16~#30
#30~#50
#50~#100

3

3

3 !

3

3
!

0.35 766 0.0 0.40 650

#4-^8
#8~#16
#16~#30
#30~#50
#50~#100

3

3 i

3

3

3

0.35 778 7.0 0.40 604.5

#4~#8
#8~#16
#16~#30
#30~#50
#50~#100

3

3 1

3

3 !

3

0.42 780 0.0 0.40 600

#4~#8
#8~#16
#16~#30
#30~#50
#50~#100

3

3

3

3 |

3

0.42 790 7.0 0.40 558

#4~#8
#8~#16
#16~#30
#3O~#50
#50~#100

3

3 |

3

3

3

0.50 866 0.0 0.40 600

#4~#8
#8~#16
#16~#30
#30~#50
#50~#100

3

3

3

3

3

0.50 876 7.0 0.40 558

#4~#8
#8~#16
#16~#30
#30~#50
#50-#100

3

3

3

3

3

0.42 1075 0.0 0.55 450

#4~#8
#8-#16
#16~#30
#30~#50
#50~#100

3

3

3

3

3

0.42 1090 7.0 0.55 418.5

#4~#8
#8~#16
#16~#30
#30~#50
#50~#100

3

3

3

3

3
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Table 4.3 Mixture Proportions for Studying the Influence of Different Aggregate Types

on the Transition Zone.

W/C Cement SF (%) Va Aggregate Aggregate Size Specimen

Weight (g) Weight (g) (ASTM sieve no.) Quantity

#4~#8 3

#8~#16 3

0.52 570 0.0 0.37 744 #16-#30

#30-#50

#50-#100

3

3

3

#4~#8 3

#8~#16 3

j

0.52 513 10.0 0.37 756 #16~#30

#30~#50

#50~#100

3

3

3
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compare the relationship between dynamic moduli and SA for quartzite, dolomite, and

perlite mortars.

The preparation of samples was done using mixture proportions listed in Tables

4.1, 4.2, and 4.3. Five different size fractions of crushed dolomite sand (from Delphi,

Indiana) were prepared and mixed with Type I portland cement (from Lonestar,

designated 332) to make dolomite mortar specimens. Two kinds of sandstone, one

ASTM standard quartz sand C-190 and C-109 (from Ottawa, Illinois), the other quartzite

sand (from Baraboo, Wisconsin), were also prepared and mixed with Type I portland

cement to make mortar specimens. The quartzite sand was sieved according to the five

different size fractions mentioned above. These quartz and quartzite mortars were used

for the studies of the dynamic moduli and SEM. The purpose of these tests was to

compare the difference in mechanical moduli of transition zones between limestone-base

mortars and sandstone-base mortars. Five different size fractions of Perlite aggregates

were also mixed with the same cement in accordance with proportions shown in Tables

4.2 and 4.3 and were used to make perlite mortars. The purpose of this experiment was to

study the mechanical properties of transition zones of lightweight aggregate.

4.1.2 Mixing, Casting, and Curing

Two mixing methods were used. One was a normal mixing procedure and utilized

a Hobart mixer. This procedure followed ASTM C-305, "Standard Practice for

Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency".

The other was a vacuum mixing procedure. During this procedure, a vacuum of 27

mmHg was applied for three minutes only during mixing in order to minimize the loss of

water.

After mixing, the mixture was cast into a steel mold that had an internal

dimension of 12 in. x 1 in. x 1 in. and was placed on a vibrating table. The fresh

specimens with molds were kept in a moisture room at 24°C for 24 hours and then

demolded. After demolding, the specimens were cured in a saturated lime solution at

ambient temperature and were tested for the dynamic moduli at 1,3, 7, 28, and 56 days.
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Afterward, the specimens were cut into 4 inches x 1 in. x 1 in prisms and 1 inch cubes,

and the flexural tensile strength test and compressive strength test were performed under

the Saturated Surface Dry (SSD) condition. MIP and SEM experiments were performed

after an oven drying process on the 56 days old mature specimens.

4.2 Testing Procedures of Physical and Mechanical Properties

In this section, the gross porosity is defined, and its relation to the degree of

compaction is discussed. The instruments and procedures applied to measure Ed, Gd, 5,

flexural strength, and compressive strength are also described.

4.2.1 Gross Porosity and Compaction

Figure 4.1(a) shows a schematic composition of fresh mortar and is used for

explaining the meaning of gross porosity. The gross porosity is defined as the voids

volume between solid particles per unit bulk volume of mortar specimen. These solid

particles include silica fume particles, cement grains, and fine aggregate particles. The

voids are filled with water and entrapped air when the mortar is in a very fresh condition.

Thus, the gross porosity can be regarded as an index of compaction of solid particles.

In order to determine the gross porosity, a smeared density of solid particles (Ds)

needs to be introduced. It is calculated in accordance with the mass and volume fractions

of all kinds of particles included in the mixture by

r\ _ ry SF 3. Cement J_
rr Sand rA ]\

s v +v +vV SF T v Cement T v Sand

where WSF and Wis the mass and volume of silica fume,

WCcma„ and Vccmm is the mass and volume of cement, and

Ww and Vw is the mass and volume of Sand.

Then, the bulk volume of specimen (Vbuik) can be determined from the following formula:

•
' V

bulk
=(WSSD -WmerseJ )/Dw (4.2)

where Wssd is the mass of SSD specimen in the air,
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Gross Porosity is the space between solid particles, filled with water and pores of

entrapped air when mortar is fresh. It is also an index of compaction.

Silica Fume

Cement Grain

Fine Aggregate

s volume is filled with

smeared solid particles:

silica fume particles,

cement grains, and fine

aggregate particles.

(b)

Figure 4. 1 Gross Porosity acts as an Index of Compaction
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W^rgai is the net mass of specimen immerged in water, and

Dw is density of water.

Subtracting the mass expressed by Figure 4.1(a) (Wssd) from that expressed by

Figure 4.1(b) (Ws), it is the mass difference between the voids are filled with smeared

solid particles and they are filled with water. Thus, the volume of voids in Figure 4.1(a)

(Vv„w) can be determined as

W -W
V = -* SSD (A x\
wid D-D { }

where Ws is the mass of bulk volume of specimen, which is virtually filled with

the smeared solid particles only. Ws=DsxVhldic.

In this derivation, the minor effect of entrapped air is neglected. Eventually, the gross

porosity is derived as

V D xV -W
Gross Porosity =-^= t!l2llM wssd

(4 A)

V
buUl

(Ds -Dw )xVbM

The gross porosity is good for representing the volume of voids filled with water

inside a very fresh specimen. For a hydrated specimen, the porosity obtained this way

may not reflect a real condition. This is because the voids are filled with hydration

products due to the chemical reaction of cement grains and silica fume particles.

In fact, this gross porosity is closely related to the compaction condition of solid

particles in a fresh specimen. If the gross porosity is large, the solid particles are

relatively far apart from each other. On the other hand, if the gross porosity is small, the

solid particles are closer to each other.

4.2.2 Dynamic Modulus of Elasticity and Dynamic Shear Modulus

Most of the dynamic moduli were measured by using Grindo-Sonic MK4

sonometer in accordance with a resonant frequency method. A description of the

resonant frequency method was reported by Malhotra and Sivasundaram [1991]. In this
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method, the mortar specimen is struck lightly with a small hammer. The impact causes

the specimen to vibrate at its natural frequencies. The amplitude and frequency of the

resonant vibrations are obtained by using a waveform spectrum analyzer that determines

the component frequencies via the fast Fourier transform. The fundamental resonance

frequency can be read directly from the instrument. This method is considered by ASTM

as an alternate to ASTM C-215, "Test Method for Fundamental Transverse, Longitudinal,

and Torsional Frequencies of Concrete Specimens". The advantages of this method over

the forced resonance procedure in ASTM C-215 are the greater speed of testing and the

capability of testing specimens having a wide range of dimension.

In this study, the dynamic modulus of elasticity was measured in flexural and

longitudinal modes. The dynamic shear modulus was determined by measuring in

torsional mode. The support of specimen for each kind of mode is in accordance with

ASTM C-215. The moduli are calculated in accordance with the formula proposed by

Spinner and Tefft [1961]. For the flexural mode, the dynamic modulus of elasticity is

calculated by

b
2

E = 0.9464
H

/2
(4.5)

T = 1+ 6.585(1 + 0.0752V + 0.8109v
z

)-r (4 -6)

i
2

where p is bulk density of the material,

/ is length of the specimen,

/is fundamental resonance frequency,

b is cross section dimension in the direction of vibration,

vis Poisson's ratio, and

T is correction factor.

For the longitudinal mode, the dynamic modulus of elasticity is calculated by

E^^Il (4.7)
K

6/
2
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For the torsional mode, the dynamic shear modulus is calculated by

G = 4pl
2

f
2R (4.9)

R= 1.1856(1 + 0.019—) (4.10)

Another method used to measure the dynamic moduli is the ultrasonic pulse

velocity method. This method was discussed by Naik and Malhotra [1991]. A portable

and simple V-Meter manufactured by James Instrument was applied. The calculation of

dynamic modulus of elasticity was proposed by Naik [1979] as

E = =

V
> P

= (4.11)

[ +——

]

3(1 - 2v) 3(1 + v)

where V, (= l/t) is the longitudinal velocity, and

t is the measured travel time of ultrasonic pulse.

4.2.3 Logarithmic Decrement of Damping

The logarithmic decrement of damping (8) was measured by using the CE2622

Geotest Sonometer with Oscilloscope. A description of this method was reported by

Malhotra and Sivasundaram [1991]. In reference to Figure 4.2, 5 is defined as

8 = 7C/Q

where Q = fo/(fb - fa) is defined as the damping factor,

fo is the resonant frequency, and

fa and fb are the frequencies on either side of resonance at which the

amplitude is 0.707 times the amplitude at resonance.

The logarithmic decrement of damping was also measured in flexural,

longitudinal, and torsional modes. The support of the specimen was also in accordance

withASTMC-215.
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Figure 4.2 Logarithmic Decrement ofDamping is calculated from Resonance Curve, fo

is the resonant frequency, fa and fb are the frequencies on either side ofresonance at

which the amplitude is 0.707 times the amplitude at resonance.
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4.2.4 Flexural Tensile Strength and Compressive Strength

The flexural tensile strength test and the compressive strength test were performed

on SSD specimens at 56 days. The flexural tensile strength test was in accordance with

ASTM C-78, "Standard Test Method for Flexural Strength of Concrete (Using Simple

Beam with Third-Point Loading)," with a loading rate that constantly increases the

extreme fiber stress to 125 psi/min. The specimen size was 4 in. x 1 in. x 1 in. A

schematic view of support of specimen is shown in Figure 4.3. The compressive strength

test was performed on one-inch cubes with a loading rate of 35 psi/sec. The purpose of

controlling the loading rate was to make sure that the test was under a quasi-static loading

condition.

4.3 Microstructural Study

The microstructural study applied the techniques of MIP and SEM. These

experiments were performed on 56 days old mature specimens. The original prism

specimens were cut by a diamond saw to avoid the artificial cracks. The sliced

individuals were then immersed in acetone. The purpose was to stop hydration in the

specimens and to reduce the vapor pressure in order to prevent the unnecessary cracks

during the subsequent drying process. Then, the individual samples were oven-dried at

105°C, which is a necessary process in preparing the experimental specimens for the

apparatus used. At this stage, the specimens for MIP experiment were ready.

However, some further manipulations are needed for preparing SEM specimens.

The dry specimens were then inserted into a plastic mode and impregnated in ultra-low

viscosity epoxy mixture, evacuated, and oven-cured at 80°C for 24 hours, then demolded.

The hardened, impregnated specimens were again sliced and the surface to be examined

was polished using successively finer grades of diamond grit from 45 |im down to 15 Jim.

Final polishing is delicately conducted by using 3 (im and 1 (im impregnated diamond

cloth in order to properly reveal the information of the polished surface. Afterward, the

polished surfaces of the specimens was coated with Palladium for two minutes in a

chamber evacuated to 100 millitorr.



35

d = L/3

15

Head;of Testing Machine

TT

m m
Specimen

Bed of Testing Madhine

j__ L/3 V L/3 !/ T./3

1 inmin.

Steel Rod
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4.3.1 Mercury Intrusion Porosimetry (MIP)

MIP was performed by using the Micromeritics Autopore II 9220. This apparatus

is capable of a minimum intruding pressure of 20 torr (mmHg), and a maximum of 414

MPa (60,000 psi). The contact angle of mercury on cement paste was assumed to be

130°. Thus, in accordance with the Washburn equation:

d ==^^l (4 . 12 )

P

where d is the diameter of pores,

y is surface tension of mercury (480 dyne/cm),

6 is contact angle, and

P is pressure of intrusion,

the corresponding range of intruded pore diameters was between 0.04 cm and 25

Angstrom.

4.3.2 Scanning Electron Microscopy (SEM)

The microstructural features and cracks patterns were investigated through the

Backscatter Electron Image (BEI) of SEM. The SEM study in this research was

performed by using an Akashi Beam Technology 55A SEM, which was operated at 15

KeV and equipped with a GW Electronics 30-A backscatter detector and a Tracor

Northern 5505 EDS system. In addition, this SEM apparatus was also coupled to both

Princeton Gamma Tech. IMIX Version 7 image analysis system and Quartz PCI image

manipulation software.

The BEI micrographs were used to study two objects. One was the pore image of

the mortar specimen, and the other was the pattern of tensile cracks in the broken

specimen. Special attention was given to the image characteristics of transition zones.

The specimens were broken by applying the method as ASTM C-496, "Standard Test

Method for Splitting Tensile Strength of Cylindrical Concrete Specimens". Thus, the

cracks shown in the BEI micrograph are mainly the tensile cracks.
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4.4 Comparison of Degree of Hydration Using Loss-on-Ignition (LOP Data

One way to compare the degree of hydration within mortar specimens is to

compare the mass of non-evaporable water in unit mass of 105 °C oven dry mortars. If

the data shows a larger value, the non-evaporable water is more abundant in a unit mass

of specimen. Thus, the degree of hydration is higher. On the other hand, if the data

shows a smaller value, the degree of hydration is lower. The non-evaporable water

content can be determined by measuring the mass loss of the mortar specimen from the

end of a 105 °C oven dry treatment to the end of a 1050 °C ignition process. The ignition

process was maintained for 40 minutes in this LOI experiment, and the mass of

specimens used varied from 1.9 grams to 4.7 grams.

Because dolomite can be dedolomizated beneath 1050 °C, the mass of evaporated

carbon dioxide is also counted in the LOI data for dolomite mortars. Consequently, if the

LOI data of dolomite mortars are used for comparison, the Va must be kept the same as

possible for each specimen. Thus, each LOI data includes the same mass of carbon

dioxide. As a result, the difference between the LOI data represents the difference of

mass of non-evaporable water in unit mass of specimens.
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CHAPTER 5

RESULTS AND DISCUSSION 1: MIXING AND COMPACTION PROBLEMS

The results of this research are divided into three categories. In the first category,

a criterion to identify the specimens that show mixing and compaction problems was

established. This was achieved by varying SA in the specimens and studying the trends

in dynamic moduli, tensile strength, compressive strength, gross porosity, and density,

accompanied with SEM investigation of polished specimens. For several critical

conditions, the average thickness of water film for individual fraction of aggregate size

was calculated, and a criterion was developed for identifying the starting of mixing and

compaction problems. This procedure will allow removal of the data of samples that had

mixing and compaction problems. In the second category, the development of a

theoretical model used to interpret dynamic moduli data of this research is presented.

One of the limitations of this proposed theoretical model is also discussed. In the third

category, the mechanical properties of interfacial transition zones are presented. The

effects of silica fume and aggregate type on mechanical properties of transition zones are

discussed. In addition, the influence of percolation of transition zones on mechanical

properties of specimens is investigated as well.

5.1 Introduction

This chapter discusses issues related to identification of mixing and compaction

problems. These problems can be detected by varying Va in the mortar specimens and

observing the change of trends in dynamic moduli, tensile strength, compressive strength,

and bulk density of the mortars. In addition, a higher gross porosity was observed when

the mixing and compaction problems occurred in the specimen. By analyzing the BEI
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micrographs of polished specimens, SEM investigation reveals the micro mechanism that

causes the mixing and compaction problems.

Based on the average thickness of water film that virtually coats the aggregate

surface, a criterion is established to judge whether a specimen has mixing and compaction

problems or not. Further, an optimum water content for the mixture proportioning can be

estimated from this criterion. This information may help in determining the lowest

possible W/C that can be used without resulting in mixing and compaction problems in

the specimens. This is useful information in designing high-strength concrete since W/C

used tends to be as low as possible for high-strength concrete.

5.2 Abnormal Change of Trends in Dynamic Moduli

Usually, if the Va in the mortar increases, the elastic moduli of the mortar increase

too. However, some researchers [Ishai 1961, Hansen 1965, and Swamy and Rigby 1971]

obtained the experimental results and suggested that when the Va increases beyond the

0.52 - 0.60 range, the elastic moduli decrease rapidly.

In order to evaluate the moduli-decrease mechanism, an experiment was designed

to investigate the relationship between dynamic moduli and Va. Five fractions of

aggregate were used for the mortar specimens. Each specimen contained a single fraction

of aggregate size. The results of dynamic modulus of elasticity are shown in Figure 5.1,

and that of dynamic shear modulus are shown in Figure 5.2. These figures show that the

decrease of elastic moduli may not only depend on Va, but may also depend on aggregate

size. The moduli of mortars made of finer sand drop at a relatively lower Va, while the

moduli of mortars made of coarser sand drop at a higher Va. For instance, the moduli of

mortar containing aggregate size #50~#100 start to drop at point A. Its corresponding Va

is 0.40. For the mortar containing aggregate size #4~#8, the drop happens at point D with

a corresponding Va of 0.55. In other mixtures, the critical point C is corresponding to

Va=0.50 for the mortar containing aggregate size #8~#16, and the critical point B is

corresponding to Va=0.45 for the mortar containing aggregate size #30~#50. The mortar

containing aggregate size #16~#30 does not show an apparent peak on either dynamic
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Figure 5.1 Dynamic Modulus of Elasticity vs. Va for dolomite mortars at 28 days old

having one of five fractions (ASTM sieve no.: #4^#8, #8^#16, #16~#30, #30~#50, and

#50^#100) of aggregate size and W/O0.42.
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#50~#100) of aggregate size and W/C=0.42.



42

modulus of elasticity or dynamic shear modulus. Thus, the critical points selected for

further analysis were these marked as A, B, C, and D.

5.3 Abnormal Change of Trends in Tensile Strength and Compressive Strength

The graphs of tensile strength and compressive strength vs. SA are presented in

Figures 5.3 and 5.4 respectively. The trends in these graphs are similar to that of dynamic

elastic moduli vs. SA. Points A, B, C, and D in Figures 5.3 and 5.4 correspond to the

critical points A, B, C, and D in Figures 5.1 and 5.2 respectively. It is observed that these

four points are not only the critical points for dynamic moduli, but also are the critical

points for tensile strength and compressive strength. Thus, it can be inferred that perhaps

similar mechanisms are responsible for the unique behavior of the specimens in losing

their moduli and strengths.

5.4 Abnormal Change of Trends in Gross Porosity and Bulk Density

Figures 5.5 and 5.6 show the graphs of gross porosity and SSD bulk density vs.

Va respectively. Points A, B, C, and D in Figures 5.5 and 5.6 correspond to the critical

points A, B, C, and D in Figures 5.1 and 5.2 respectively. It is observed that these four

points are also the critical points in the graphs of gross porosity and SSD bulk density.

The SSD bulk density shows the same trend as the dynamic elastic moduli, while the

gross porosity presents an inverse trend. It is known that more compacted and less porous

means denser and denser material usually behaves stiffer.

The reason why these critical points exist may be explained by the analysis of BEI

micrographs of the SEM samples below.

5.5 Microscopic Image Analysis

Three samples, containing Va=0.25, 0.45, and 0.55, were prepared for SEM study.

All have the same W/C of 0.42 and aggregate size #50~#100. After cutting the prismatic

specimens for making SEM samples, many dark blue spots were observed on the
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Figure 5.3 Flexural Tensile Strength vs. Va for dolomite mortars having one of five

fractions (ASTM sieve no.: #4~#8, #8~#16, #16-#30, #30~^#50, and #50~#100) of

aggregate size and W/C=0.42.
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47

profile of the specimen with Va=0.55. For the specimen with Va=0.45, the dark blue

spots were less intense, although they still could be recognized.

After the investigation of SEM, the secrets that cause the trends' alternation in

moduli, strength, porosity, and density were gradually revealed. Figure 5.7 shows the

BEI micrograph of dolomite mortar made of aggregate size #50~#100, magnification 60x,

and mixture proportion 55_42_00. The first two digits in the mixture proportion

represent the volume fraction of aggregate in hundredths. The second two digits

represent W/C in hundredths as well. The third two digits are the percentage of cement

weight substituted by silica fume. Judging from this micrograph, it is known that the

dark blue spots in the specimen are the agglomerated cement grains. Taking a closer look

at the cement cluster shown in Figure 5.8 with magnification 500x, it can be seen that

there is no shell-like hydration product surrounding the unhydrated cement grains. Thus,

the hydration process here may be somewhat abnormal. Because cement grains could not

be dispersed and mixed well with aggregate particles, a large void space was observed

between aggregate particles. A high gross porosity of the specimen was therefore

measured. In addition, the bonding between aggregates was weak due to lack of paste.

Thus, the values of dynamic moduli, tensile strength, and compressive strength become

low. In the mortar with Va=0.45, the phenomenon of agglomerated cement grains and

pores is not so crucial as that in the mortar with Va=0.55. However, this phenomenon

still can be found. For instance, the phenomenon of agglomerated cement grains can be

observed in Figure 5.9, and the phenomenon of agglomerated pores can be found at the

bottom of Figure 5.10. Comparison of the BEI micrographs of mortars containing

Va=0.55 and 0.45 with that of mortar containing Va=0.25 shown in Figure 5.1 1 indicates

that the latter has a more normal image of mixture.

Three other samples, containing Va=0.25, 0.50, and 0.65 respectively, were also

prepared and studied by SEM. All have the same W/C 0.42 and aggregate size #8~#16.

The phenomenon of agglomerated cement grains and pores was again observed in

the samples with Va=0.65 shown in Figure 5.12. Moreover, large pores were also

observed in Figure 5.13. While for the samples with Va=0.50 and 0.25, the BEI
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Figure 5.8 BEI Micrograph ofAgglomerated Cement Grains in Dolomite Mortar,

magnification 500x, mixture proportion 55_42_00, aggregate size #5O^#100.
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Figure 5.9 BEI Micrograph ofAgglomerated Cement Grains in Dolomite Mortar,

magnification lOOx, mixture proportion 45_42_00, aggregate size #50~^#100.
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Figure 5.10 BEI Micrograph ofAgglomerated Voids in Dolomite Mortar, magnification

100x, mixture proportion 45_42_00, aggregate size #50-^100.
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Figure 5.1 1 BEI Micrograph ofDolomite Mortar, magnification lOOx, mixture

proportion 25_42_00, aggregate size #50~#100.
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Figure 5.12 BEI Micrograph ofAgglomerated Cement Grains and Pores in Dolomite

Mortar, magnification lOOx, mixture proportion 65_42_00, aggregate size #8~#16.
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Figure 5.13 BEI Micrograph of Large Pores in Dolomite Mortar, magnification 3Ox,

mixture proportion 65_42_00, aggregate size #8~#16.
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micrographs show that they are normal mixtures as can be seen from Figures 5.14 and

5.15. However, some agglomerated small pores can be observed in some portions,

especially within transition zones as shown in Figures 5.16 and 5.17.

In summary, because cement grains become agglomerated and cannot be

effectively dispersed and mixed well with aggregates, the gross porosity is high and the

dynamic moduli and strengths are low. The factor responsible for the cement grains to be

agglomerated is closely related to the water availability for cement grains, because when

Va increases, the total surface area of aggregate increases too. Thus, more water is held

on the surface of the aggregate during mixing. If there is sufficient water to fill the voids

between solid particles during casting, the mixture is normal. Under this condition, the

W/C in the bulk paste is still the same as the designated one in mixture proportioning.

However, if SA in the mortar increases beyond a critical value, an abnormal mechanism

may begin to occur, which is discussed below. The solid grains have the higher priority

to acquire water on their surface. Consequently, if the aggregate surface is increased, less

water will remain for cement grains to participate by hydration. Under this condition,

W/C of the bulk paste will be less than the designated value in mixture proportioning.

Although near the aggregate surface the local W/C may be higher than the designated one

in mixture proportioning, the overall W/C of paste including bulk paste and transition

zones may show a lower value than that in the mortar with SA below the critical value.

This concept may be explained by the data of LOI below.

5.6 LOI and W/C of Paste

The LOI shown in Figure 5.18 is the sum of non-evaporable water kept in

hydrated cement and loss of carbon dioxide in dolomite due to dedolomization. Each

point stands for the average value of three specimens' data. Since the volume of

aggregate is kept constant, the loss of carbon dioxide is regarded as the same for all

specimens. Thus, the difference in LOI data is due to the difference of loss of non-

evaporable water. Less LOI means less non-evaporable water, and therefore a lesser
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Figure 5.14 BEI Micrograph ofDolomite Mortar, magnification 200x, mixture

proportion 50_42_00, aggregate size #8—#16.
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Figure 5.15 BEI Micrograph ofDolomite Mortar, magnification 500x, mixture

proportion 25_42_00, aggregate size #8~#16.
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Figure 5.16 BEI Micrograph ofDolomite Mortar, magnification lOOx, mixture

proportion 50_42_00, aggregate size #8~#16.
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Figure 5.17 BEI Micrograph ofDolomite Mortar, magnification 200x, mixture

proportion 25_42_00, aggregate size #8—#16.
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Figure 5.18 Loss-on-Ignition vs. SA for Dolomite Mortars. Five points of-- represent

LOI of PC mortars having one of five fractions (ASTM Sieve No.: #4~#8, #8~#16,

#16~#30, #30~#50, and #50~#100) of aggregate size, mixture proportions of 40_42_00,

and normal mixing process. Three points: 1st, 3rd, and 5th of represent LOI of SF
mortars having mixture proportions of 40_42_07. Another three points: 1st, 3rd, and 5th

of A represent LOI of PC mortars having mixture proportions of 40_42_00 and applying

vacuum in mixing. LOI of CO2 is the loss of carbon dioxide due to dedolomization.
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degree of hydration. The samples for the five points marked by -- in Figure 5.18 are the

same samples as those with Va=0.40 in Figure 5.1. The last one with SA around 160

cm2
/g corresponds to Point A in Figure 5.1. It is observed from Figure 5.18 that the

specimen with the finest aggregate has a lower LOI compared to the others. Thus, it is

less hydrated, while the others may hydrate at the same degree. This indicates that when

there is enough water, the W/C of the bulk paste may still be the same as indicated by

mixture proportions. It is not influenced by the increasing aggregate surface. However, if

the aggregate surface increases in the mixture and approaches that of the critical point in

Figure 5.1, the W/C of bulk paste decreases below its designed value. Thus, the overall

degree of hydration of paste including bulk paste and transition zone becomes smaller. In

addition, it is noted in Figure 5.18 that the LOI data of vacuum mixing mortars and 7%

SF mortars are quite closer to the corresponding values of PC mortars. This indicates that

vacuum mixing, or 7% of portland cement weight replaced by silica fume, does not

influence the degree of hydration of mature mortar much.

The increase in the surface area of aggregate leads to an increase in the amount of

water on the aggregate surface and may introduce two opposite effects on the mechanical

properties of mortar. Firstly, the increase in the aggregate surface will also increase the

volume of transition zones, while the volume of bulk paste will be decreased. As a result,

the stiffness and rigidity of mortar will be reduced if the transition zone is less stiff and

less rigid than bulk paste. Secondly, holding water on the aggregate surface will result in

reduced W/C in the bulk paste, thus strengthening the bulk paste. This has a positive

effect on the stiffness and rigidity of mortar. However, this mechanism happens only if

the mixture proportioning has the aggregate surface area similar to or beyond that of the

critical point in Figure 5.1.

If the aggregate surface area increases beyond that of the critical point, it will lead

to a condition where there is not sufficient water for the cement grains to rinse. Thus, it

results in cement grains being agglomerated, and they cannot disperse and hydrate well in

the mixture. Under this condition, the mixture is harsh and difficult to compact.

Therefore, based on the water availability and the total surface area of aggregate particles,
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a criterion should be determined for identifying these mixing and compaction problems.

It is noted that water, not paste, is the controlling factor. This is because in these

problems it is lack of water to make paste. It is not a problem that paste itself cannot be

dispersed into the space between aggregate particles.

5.7 Criterion for Identification of Mixing and Compaction Problems

Dividing the water volume by the total surface area of aggregate particles in the

mixture leads to a water film thickness. This is actually a virtual value, because water

does not coat on the aggregate surface at this thickness during mixing. However, this

thickness indicates the maximum water available for each aggregate particle and is used

as the criterion for identifying the mixing and compaction problems. Figure 5.19 shows

the calculated water film thickness for the same mixtures used for Figure 5.1. Points A,

B, C, and D correspond to Points A, B, C, and D in Figure 5.1 respectively. A regression

curve, passing through Points A, B, C, and D and redrawn in Figure 5.20, is used to

determine the criterion for identifying the mixing and compaction problems. The

equation for this regression is

y = 0.1Lc-°-
80

(5.1)

where x is the specific surface area of aggregate in cm2
/g, and

y is the critical water film thickness in cm.

In Figure 5.19, any point located above the regression curve falls in the curve-

descending region in Figure 5.1, and mixing and compaction problems may occur in the

specimen. On the other hand, any point located below this regression curve falls in the

curve-ascending region in Figure 5.1, and no mixing and compaction problems may occur

in the specimen. Thus, this regression curve may be used to identify whether there are

mixing and compaction problems within the specimen or not.

Figure 5.21 is obtained from Figure 5.20 by transforming the abscissa SA into the

aggregate size. It shows a linear relationship between critical water film thickness and

aggregate size by the regression line:
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y = 0.047* + 0.0012 (5.2)

where x is aggregate diameter in cm, and

y is critical water film thickness in cm.

This regression line is the final form of criterion used for identifying the mixing

and compaction problems. Equation (5.2) is derived based on the testing on mortar

specimens with W/C=0.42. Thus, the aggregate diameter is effective for fine aggregate

only and selection of a different W/C may influence the constants in this equation. In

addition, some admixtures like silica fume or a commonly used agent such as

superplasticizer may change the location of the regression line. However, it should be

possible to determine the critical thickness of water film by following the same

procedure.

5.8 Optimization of Water in Mixture Proportioning to Avoid Mixing and Compaction

Problems

Recently, a lot of work has been done in trying to reduce W/C in order to obtain

high-strength concrete, but the ability to reduce the water has a limit. The regression line

in Figure 5.21 potentially provides a way to check the optimum quantity of water

demanded for mixture proportioning. The optimum water quantity provided for mixture

should be more than, and close to, the value calculated by Equation (5.2) in order to let

the mixture gain its highest density, stiffness, rigidity, and strengths.
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CHAPTER 6

RESULTS AND DISCUSSION 2: DEVELOPMENT OF A THEORETICAL MODEL

TO INTERPRET DYNAMIC MODULI DATA

Many theories have been proposed to study the mechanical behavior of concrete.

They can be roughly divided into two categories. One type of theory attempts to study the

local stress or strain distribution inside and among aggregate particles, and thus may be

called micro-mechanics approach. The other regards concrete as a statistically

homogeneous and isotropic material and tries to find the effective moduli or other

mechanical properties for a typical unit cell of concrete called the representative volume

element. Basically, the latter method is an approach of rule of mixture, and its results can

be directly incorporated into finite element code as a material property.

In the above two theoretical approaches, some researchers have focused their

work on the evolution of moduli (e.g., stiffness and rigidity) models, while others have

been trying to establish strength models with yielding or damage criteria embedded in

their theoretical frameworks.

Since one of the experimental work tasks of this study is testing the dynamic

moduli of elasticity of transition zones, the theoretical work will focus on developing a

moduli model for concrete and mortar. Based on the rule of mixture, many models have

been proposed for studying the elastic moduli of concrete and mortar. These models

include the model of Voigt [1928], Reuss [1929], Hirsch [1962], Counto [1964], Hansen

[1965], Bache and Nepper-Christensen [1965], Popovics [1970], and Hashin-Shtrikman

(HS bounds) [1963], etc. Among these models, the last one represents a powerful

approach to the analysis of composite materials. It deals with the bonding of the effective

elastic properties between upper and lower bounds. For statistically isotropic and
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homogeneous material, Hashin and Shtrikman applied the variational principal to derive

the improved bounds that are much narrower than the Voigt-Reuss bounds. Up to now,

most of the previous models of concrete were two-phase models. The theoretical

framework of this study is to adopt HS bounds in three phases and then transform this

three-phase model into another form in order to aid in explaining the experimental results

of this study.

Two recent works of Hashin [1991 and 1992], using the variational method to

derive bounds for the elastic properties of two-phase composites with imperfect

interfaces, have been adopted by Simeonov and Ahmad [1995] for simulating the elastic

modulus of transition zones of cement-based composites. The results of these two works

have not been considered in developing the theoretical model of this study.

6. 1 Hashin-Shtrikman Bounds of Three Phases

At the beginning, the main frame of the theoretical model of this study is

established by adopting HS bounds extended in three phases. Subsequently, with

manipulation of this model in a mathematical way, a suggestion is proposed for

interpreting the experimental results.

Hashin and Shtrikman [1963], using variation principles in the linear theory of

elasticity, derived upper and lower bounds for the effective elastic moduli (i.e., bulk

modulus K, and shear modulus G) of quasi-isotropic and quasi-homogeneous multiphase

material with arbitrary phase geometry. Let the smallest K and G of the components in a

composite be denoted by K\ and G\, and the largest by Kn and G„. The volume fraction of

the rth component is denoted by vr. With n phases in composite, the upper and lower

bounds of K and G are read as:

the lower bound of bulk modulus of composite is

** = *' +77^ (61)

the upper bound of bulk modulus of composite is

AKvc = Kn
+ .

"
,

(6.2)
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where

1

3£,+4G,
K }

a"=-^^: (6 -4)

A=S r^ (6.5)
-2— a,
K

T
-K

X

r= n -l

A, = X f^ (6-6)

the lower bound of shear modulus of composite is

GLC = G, + l-
(6.7)

2(1 +M)
the upper bound of shear modulus of composite is

2(1+PMGvc = Gn
+—-%-— (6.8)

where

A- 3( *' +2G|)
(6.9)

3(g„ +2G.)
5G„(3^+4G

n )

5, =2—r^
(6 -n )— /*

2(G
r
-G,)

=n-l

*
n =X—r^ (6.i2)

r=l J R
2(Gr -G„) ^"
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By definition, the lower bound of modulus of elasticity of composite is given by

_ 9KLCGLC (613)
(3KLC + GLC )

and the upper bound of modulus of elasticity of composite is given by

Euc
= 9K^Gvc (614)
(3KUC + GUC )

Extend Kuc, Kw, Guc, and Glc in three phases: 1, 2, 3 to obtain

V
!

,

V
2

,

3(1 -v 3 )

„ „ .
K

2
-K

t
K,- K, 3AT

3
+4G

3 (6.15)
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where K^> K2 > K\ and G3 > G2 > Gi. Rewrite equations (6.15) ~ (6.18) to be

Kvc = K3 -j (6.19)

KLC = K1
+£ (6.20)
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GLC = G, (6.21)

GLC = G1+ j: (6.22)

where
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In reference to Appendix A, it is proved that R, S, P, Q, V, W, T, and U are all positive if

K-$ > K2 > K\ and G3 > G2 > G\. Under this circumstance, the relationships of Kuc < K3,

Klc > K\, Guc < G3, and Glc > G\ are always sustained. Based on Equations (6. 19) through

(6.30), it is not easy to describe the model for lower and upper bounds of K and G.

Nevertheless, a description of the model based on three-dimensional geometry will make

this model easier to understand.

6.2 Characteristics of Proposed Three-Phase Model

In reference to Figure 6.1, an equilateral triangle with length 2/V3on each side is

taken as a ternary coordinate system used to express the volume fractions of three

constituents in a composite. For the three sides of a triangle, there are three perpendicular

distances for any point within this equilateral triangle. These three distances, representing

the volume fractions of three constituents, have their total equal to one. Thus, although

the geometric length on each side of the equilateral triangle is 2/V3 , the volume fraction

values represented on each side of triangle are between and 1 and vary linearly.

Furthermore, each vertex of the triangle stands for one of the three constituents.

If the ternary coordinate system is set to be the base as shown in Figure 6.2, the

upper and lower bounds of K (or G) are the two triangular curved surfaces between the

three vertical axes. K\, K2, and £3 (or G\, G2, and G3) are the intersections between the

triangular curved surfaces and the three vertical axes. If the volume fraction of aggregate

is fixed at V3, the upper bound is curve anb and the lower bound is curve fnc. They are

the intercepted curves between plane abde and two triangular curved surfaces. The gap

between the upper and lower bounds increases with increasing relative K (or G) among

the three constituents.
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2/V3

Figure 6.1 Base of Ternary Coordinate System
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K,
(or G,)

1

Figure 6.2 Ternary Coordinate System
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6.3 Applicable Limitation of Proposed Model

There is a limitation when applying this model to mortar. The experimental

results of Ishai [1961] and Swamy [1971] showed that the modulus of elasticity decreases

if V3 in mortar is somewhere around 0.52 or 0.60. Figure 5.1 also shows a similar trend.

Consequently, the triangular region of A3ed in Figure 6.2 with V3 near or exceeding a

critical value will show a moduli-drop phenomenon. Practically, this region is not

applicable for simulating the elastic moduli of mortar.

In Chapter 5.7, the criterion for identifying the mixing and compaction problems

in mortar is established based on the thickness of virtual water film surrounding aggregate

particles. This criterion can also be used to judge if the experimental data is suitable for

the proposed model to simulate. In other words, this criterion is used to find the

limitation of the proposed model. The proposed model cannot be applied to simulate the

elastic moduli if the mixing and compaction problems occur in the specimen because the

structures of constituents in the specimen have been changed contradicting the basic

assumption of HS bounds.

6.4 Verification of Proposed Model

In order to check the validation of the proposed Hashin-Shtrikman 3-D model for

mortar, a procedure of mathematical manipulation using some experimental data as input

is presented below.

Equations (6.19) ~ (6.30) give a mathematical expression for 3-D HS bounds.

Assume phase 3 is aggregate, phase 2 is bulk paste, phase 1 is transition zones, V3 is the

volume fraction of aggregate, V2 is the volume fraction of bulk paste, and vi is the volume

fraction of transition zones. In the equations, the moduli of elasticity and shear moduli

for mortar, aggregate, and bulk paste (Ec, Gc , £3, G3, £2, and G2) can be determined from

testing on mortar, aggregate, and pure paste having the same W/C ratio as mortar.

Subsequently, the bulk moduli for mortar, aggregate, and bulk paste can be calculated

from the measured moduli of elasticity and shear moduli by K=EG/(9G-3E). V3 can be

acquired from mixture proportions. V2 and vi can be calculated from an assumed
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thickness of transition zones and the specific surface area and quantity of the aggregate

used for mixtures.

Since the four equations (6.19) ~ (6.22) represent the upper and lower bounds of

both bulk modulus and shear modulus, the solutions of bulk and shear moduli may

theoretically fall between these upper and lower bounds. Assume each solution is the

average of its associated upper bound and lower bound. Then, the bulk modulus (K\) and

shear modulus (G\) of transition zones can be determined. Let Kc and Gc be the average

values of their associated upper bounds and lower bounds. Equation (6.3 1) is obtained by

taking the average of Equations (6.19) and (6.20), and Equation (6.32) is obtained by

taking the average of Equations (6.21) and (6.22);

Kc =±(Kuc + KLC)=MKl
,G

l ) (6.31)

Gc =±(Guc + GLC ) = f2
(K

l
,G

l ) (6.32)

where /i, and/2 are two functions.

Eventually, there are two equations: (6.31) and (6.32), and two unknowns: K\ and

G\. Thus, the unknowns can be determined. The solutions for K\ and G\ do not need to

be very accurate since they can be anywhere between their associated upper bounds and

lower bounds. With a few iterations, a trial-and-error method has been used to solve

these two nonlinear equations. Results show that this method works well and it will be

discussed later.

Subsequently, the question is how to choose the data to verify the proposed

model. Among the experimental data of this study, there are two groups of data that can

be used for verification of the proposed model. The first group includes the dynamic

modulus of elasticity and dynamic shear modulus data for mixtures which are 28 days old

with mixture proportions W/C=0.42, no silica fume, and volume fractions of aggregate

0.25, 0.40, and 0.55. The values of dynamic modulus of elasticity and dynamic shear

modulus for various SA are presented in Figures 6.3 and 6.4 respectively. The other

group includes the dynamic modulus of elasticity and dynamic shear modulus of mixtures
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Figure 6.3 Dynamic Modulus of Elasticity vs. SA for PC mortars having mixture
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that have the mixture proportions similar to the former group, except 7% of cement

weight is substituted by silica fume. Their values of dynamic modulus of elasticity and

dynamic shear modulus, which correspond to various values of SA, are presented in

Figures 6.5 and 6.6 respectively.

The reason for choosing these two groups of data was the constant W/C used with

these mixtures. Thus, the mechanical properties of the three constituents of mortars:

aggregate, bulk paste, and transition zones, can be maintained and are not dependent on

changing the relative quantities of constituents. The only change is the relative quantities

of constituents when varying SA in the mortar, and this satisfies the basic assumption of

the Hashin-Shtrikman bounds theory.

To validate the proposed model, the experimental data must be investigated before

it can be used. If the mixing and compaction problems occur in the specimen, the data of

this specimen must be discarded. Thus, the "sieve" used is the critical water film

surrounding the aggregate, which is Equation (5.2) in Chapter 5.7. Figures 6.7 and 6.8

present the water film thickness with the variation of aggregate diameter for the two

groups of mixtures mentioned above. The criterion line represents Equation (5.2). Any

mixture with its associated water film thickness falling below this line may have mixing

and compaction problems. Judging from Figures 6.7 and 6.8, it is inferred that whether

the mixtures contain silica fume or not, all of the ten mixtures with a V3=0.55 have mixing

and compaction problems. The others with a V3 of 0.25 and 0.40 seem normal.

The proposed model is tested as follows. The dynamic moduli of aggregate

presented in Table 6.1 were determined by testing rock prisms with the resonant

frequency method. Also, using the resonant frequency method, the dynamic moduli of

bulk paste were determined by testing pure paste prisms having a W/C of 0.42.

By applying the measured dynamic moduli of mortars which contain the finer

aggregates, i.e., #30-#50, or #50-#100, and have mixture proportions of 40_42_00 and

40_42_07, and assuming the thickness of transition zones to be 50 u.m, the dynamic

moduli of transition zones can be calculated by Equations (6.31) and (6.32). During this

calculating process, E=9KG/(3K+G) is used. The reason to choose the data of finer
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Figure 6.5 Dynamic Modulus of Elasticity vs. SA for SF mortars having mixture

proportions of25_42_07, 40_42_07, and 55_42_07.
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Table 6.1 Measured Dynamic Modulus of Elasticity (Ed) and Dynamic Shear Modulus

(Gd) for Aggregate and Bulk Paste, and Calculated Values for Transition Zones in PC
Mortars and 7% SF Mortars. (The thickness of transition zones is assumed to be 50um.)

Aggregate Bulk Paste Transition Zones (50u.m)

PC Mortars

Ed (GPa)

Gd (GPa)

86.9

37.2

21.7

8.3

18.5

7.0

SF Mortars

Ed (GPa)

Gd (GPa)

86.9

37.2

21.2

7.8

19.4

7.7
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aggregate mortars for calculation is that only these specimens contain enough volume of

transition zones and this can reduce the error propagated via calculation.

In accordance with the data in Table 6.1, it is possible to predict the upper bounds

and lower bounds of dynamic modulus of elasticity and dynamic shear modulus by using

Equations (6.13), (6.14), and (6.19) ~ (6.22). Figures 6.9 and 6.10 show the calculated

upper and lower bounds and measured data of dynamic modulus of elasticity and dynamic

shear modulus for the mortars with mixture proportions of 40_42_00. For a V3 of 0.25,

the calculated upper and lower bounds and measured data in dynamic modulus of

elasticity and dynamic shear modulus for the mortars with mixture proportions of

25_42_00 are shown in Figures 6.11 and 6.12. The measured data all fall between the

upper and lower bounds.

In an extreme case, if V3 is increased to 0.55, the calculated upper and lower

bounds and measured data for dynamic modulus of elasticity and dynamic shear modulus

for the mortars with mixture proportions of 55_42_00 are shown in Figures 6.13 and

6.14. The measured data are out of bounds. As mentioned before, at this high aggregate

concentration, the mixing and compaction problems that occurred in the mixtures may

have caused this result.

In another case, 7% of the cement weight in the specimen was substituted by silica

fume. Figures 6.15 and 6.16 show the calculated upper and lower bounds and measured

data for dynamic modulus of elasticity and dynamic shear modulus for the mortars having

mixture proportions of 40_42_07. If v3 is changed to 0.25, the calculated upper and lower

bounds and measured data for dynamic modulus of elasticity and dynamic shear modulus

for the mortars having mixture proportions of 25_42_07 are presented in Figures 6.17 and

6.18. The measured data also fall between the upper and lower bounds.

However, if V3 is changed to 0.55, the calculated upper and lower bounds and the

measured data in dynamic modulus of elasticity and dynamic shear modulus for the

mortars having mixture proportions of 55_42_07 are presented in Figures 6.19 and 6.20.

Again, the measured data are out of bounds. This may be also due to the mixtures having

mixing and compaction problems.
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Figure 6.9 Dynamic Modulus of Elasticity vs. SA for calculated Hashin-Shtrikman

bounds (UB: upper bound, LB: lower bound) and measured data for PC mortars having

mixture proportions of40_42_00.
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proportions of25_42_00.
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Figure 6.13 Dynamic Modulus of Elasticity vs. SA for calculated Hashin-Shtrikman

bounds (UB: upper bound, LB: lower bound) and measured data for PC mortars having

mixture proportions of 55_42_00.
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Figure 6.14 Dynamic Shear Modulus vs. SA for calculated Hashin-Shtrikman bounds

(UB: upper bound, LB: lower bound) and measured data for PC mortars having mixture

proportions of 55_42_00.
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Figure 6.16 Dynamic Shear Modulus vs. SA for calculated Hashin-Shtrikman bounds

(UB: upper bound, LB: lower bound) and measured data for SF mortars having mixture
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Figure 6.18 Dynamic Shear Modulus vs. SA for calculated Hashin-Shtrikman bounds

(UB: upper bound, LB: lower bound) and measured data for SF mortars having mixture

proportions of 25_42_07.
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Cohen et al. [1995] tried to estimate the average stiffness and rigidity of the

cement paste-aggregate transition zone by using the logarithmic mixture rule. In another

study, Lutz and Monteiro [1995] tried to determine the bulk and shear moduli of the

transition zone by introducing a power law. The results of both studies show that the

stiffness, rigidity, and bulk modulus of the transition zone may be less than those of the

bulk paste. Ordinarily, among the three constituents of concrete or mortar, aggregate has

the highest stiffness, rigidity, and bulk modulus. If Va is increasing, the volume fraction

of transition zones will also increase. The increasing volume of transition zones will

lower the elastic moduli of concrete or mortar matrix. On the other hand, the increasing

volume of aggregate will raise the elastic moduli of concrete or mortar. Thus, it would

become a confounded problem by designing an experiment this way. Therefore, the

volume fractions of constituents, the abscissas in the ternary coordinate system of the

proposed model, are not suitable for studying the elastic moduli of transition zones in

concrete or mortar. Before applying the proposed model to study the transition zone, it

needs to be transformed from the relationship between elastic moduli and volume

fractions of constituents into the relationship between elastic moduli and SA. The reason

was explained in detail in Chapter 1.3.

6.5 Modification of Proposed Model

The transformation is basically a mathematical manipulation. Assume p is the

density of aggregate particle and t is the average thickness of transition zones. The total

mass and volume of the aggregate are kept constant for each mixture proportion of this

study. Aggregate size is the only variable. Under this circumstance, the equations for

taking the derivatives of moduli Elc, Euc , Glc, and Guc to the specific surface area of

aggregate by mass Sass are expressed as:

dE dE
for the lower bound of modulus of elasticity —— =——tp (6.33)

dS dv,

dE dE
for the upper bound of modulus of elasticity —— =—— tp (6.34)

dS dv,""agg " K
l
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AC* AC
for the lower bound of shear modulus —— =—— tp (6.35)

dS dv,

AC AC
for the upper bound of shear modulus —— =—— tp (6.36)

dS
agg

dv,

In Equations (6.33) - (6.36), t and p both act as magnification factors for the derivatives

in the right hand side. However, if Saffl
, stands for the specific surface area of aggregate by

volume, then the derivatives of Etc, Euc, Glc, and Guc are expressed as:

dE dE
for the lower bound of modulus of elasticity —— =—— rv

3
(6.37)

dS dv,""agg "M

dE dE
for the upper bound of modulus of elasticity —— =—— rv

3 (6.38)
dS

agg
dv,

AC AC
for the lower bound of shear modulus —— =—— rv

3 (6.39)
dSm dv,

AC AC
for the upper bound of shear modulus —— =—— fv

3
(6.40)

dS
agg

dv,

Similarly, t and V3 in Equations (6.37) ~ (6.40) are two magnification factors. By simple

deriving from Equations (6.13), (6.14) and (6.19) ~ (6.30), Equations (6.41) ~ (6.54) can

be obtained.

qcxy 2 ~Gj£
1 r 2 ^M_\

,- Wklc—,— + Cjlc—}—

)

dE, r dv. dv.^ ——
' ^— (6.41)

dv, OKLC + Gw )

9(3K 2

UC
^ + G 2

UC
^-)

dEuc dv, dv,
(6.42)

dv, (3KUC + GUC )

2

From the geometric relationship, it is observed that dKuldvi, dGu:ldv\, dKucldv\, and

dGvc/dvi in Equations (6.41) and (6.42) are the slopes of curves fnc and anb in Figure

6.2 expressed in its associated KotG coordinate system.

In this study, V3 is fixed and V2+V3=l-vi. Thus,
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dK„r 1 dR R dSk
t/C

+ TT-T- (6-43)
dv

x
S dv

x
S dv

x

dR— = (K
2
-K

X
)(3AT, + 4G

3 )
2

(6.44)
dv

x

^- = XK2
-

K

X
)(3K

3
+4G,) (6.45)

dv
x

dK±c_ = }_dP__P_dQ

dv
x
~QdVy Q

2
dv

x

dGLC _ i jr r <#/

dv, " C/ dv
x

U 2
dv

x

(6.46)

^- = (K
X
-K

2
)(3K

X
+ AG

X
)(3K

3
+ 4G

X ) (6.47)
dv

x

^- = 3(K
2
-K

X
)(3K

3
+ 4G

X ) (6.48)
dv

x

dv
x

W dv
x
W 2

dv
x

= 25G 2
(G2 -Gx

)(3K
3
+ 4G

3 )
2

(6.50)
dv

x

— = 30G
3
(G

2
- G,)(3£

3
+ 4G

3 )(£3
+2G

3 ) (6.51)

(6.52)

— = 5G
X
(G

X
-G

2
)(3K

X
+ 4G

X
)[6G

3
(K

X
+2G

X
) + G

X
(9K

X
+SG

X )] (6.53)
<iv,

— = 6(G
2
- G, )(£, + 2G, )[6G

3 (£, + 2G, ) + G, (9K
X
+ 8G, )] (6.54)

dv
x

One of the typical graphs of this study is similar to Figure 6.21, the relationship

between dynamic modulus of elasticity and SA, which is adopted from the experiment by

Cohen et al. [1994]. In the same experiment, the data of dynamic shear modulus with a

varying SA are presented in Figure 6.22. These two graphs are good examples of how to

apply the above modified model in the process of interpretation of the experimental data.
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Figure 6.21 Dynamic Elastic Modulus vs. SA from Cohen et al. [1994].
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6.6 Interpretation of Experimental Data by Using Modified Model

Equations (6.33) ~ (6.36) are suitable for describing the characteristics of the

curves in Figures 6.21 and 6.22. Two cases are described below.

1 . K and G of transition zones are both less than those of bulk paste (K\ <K2 and G\

<G2).

Under this condition, it can be assumed that

(6.55)

(6.56)

K
2
= xK

x

and G
2

:= vG,

where x, y > 1

.

From the similar relationship as Ecjuation (6.13), it is obtained

£
2
=

9K
2
G

2

3K
2
+ G

2

and £,=:
9K&

(6.57)

(6.58)
3JST, + G,

By subtracting Equation (6.58) from Equation (6.57) and substituting K2 and G2 in

Equations (6.55) and (6.56) into Equation (6.57), it is obtained

^ _jE
>

=
civ ±rlfv I ^J3^1

(y-l)+yG,U-l)]>0 (6.59)
(3a ,

+ G, )(3xA ,
+ vG,

)

Thus, E\ also will be less than E2 . In reference to Appendix B, the right hand sides of

Equations (6.43), (6.46), (6.49), and (6.52) are all negative if £3 > K2 > Kx and G3 >G2 >

G\. Therefore, the right hand sides of Equations (6.41) and (6.42) are both negative.

Thus, the right hand sides of Equations (6.33) and (6.34), which are corresponding to the

slopes of lower and upper bounds for the data of solid curves in Figure 6.21, are both

negative too. A mechanical interpretation for the solid curves in Figure 6.21 is suggested

by the fact that the dynamic modulus of elasticity of bulk paste is larger than that of the

transition zone. Also, the right hand sides of Equations (6.49) and (6.52) are both

negative. Thus, the right hand sides of Equations (6.35) and (6.36), which correspond to

the slopes of lower and upper bounds for the data of solid curves in Figure 6.22, are both

negative as well. This may also suggest a mechanical interpretation for the solid curves
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in Figure 6.22 that the dynamic shear modulus of bulk paste is larger than that of the

transition zone.

2. K and G are the same for transition zones and bulk paste {K\ =Ki and G\ =Gz).

Under this condition, E is the same for transition zones and bulk paste too {E\ =£2)- This

can be proven by applying E=9KG/(3K+G). Therefore, the right hand sides of Equations

(6.44), (6.45), (6.47), (6.48), (6.50), (6.51), (6.53) and (6.54) will all equal to zero. Thus,

the right hand sides of Equations (6.43), (6.46), (6.49), and (6.52) are all equal to zero

too. Furthermore, the right hand sides of Equations (6.41) and (6.42) are both equal to

zero. Thus, the right hand sides of Equations (6.33) and (6.34), which are corresponding

to the slopes of lower and upper bounds for the data of dashed curves in Figure 6.21, are

both equal to zero as well. This may suggest a mechanical interpretation for the dashed

curves in Figure 6.21 that the dynamic modulus of elasticity of bulk paste may be equal to

that of the transition zone. Also, the right hand sides of Equations (6.49) and (6.52) are

both equal to zero. Thus, the right hand sides of Equations (6.35) and (6.36), which

correspond to the slopes of lower and upper bounds for the data of dashed curves in

Figure 6.22, are both equal to zero too. This may also suggest a mechanical interpretation

for the dashed curves in Figure 6.22 that the dynamic shear modulus of bulk paste may be

equal to that of the transition zone.

By physical inference, it also makes sense. In this study, since the aggregate

volume is fixed, the increasing volume of transition zones will replace the bulk paste by

the same amount. If the stiffness and rigidity of the transition zone are less than those of

bulk paste, then the dynamic modulus of elasticity and dynamic shear modulus, the

smeared-average properties in the mortar matrix, will be reduced when the volume of

transition zones is increasing. However, if the stiffness and rigidity are the same for both

the transition zone and bulk paste, the composite matrix will retain the same stiffness and

rigidity no matter how the relative quantity between the transition zone and bulk paste is

varied.
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CHAPTER 7

RESULTS AND DISCUSSION 3: SIGNIFICANCE OF TRANSITION ZONES ON

PHYSICAL AND MECHANICAL PROPERTIES OF PORTLAND CEMENT

MORTAR

7.1 Introduction

The major objective of this chapter is to analyze the significance of cement paste-

aggregate interfacial transition zones on the physical and mechanical properties of mortar

presented in five sections.

1. Based on the experimental results of MIP and SEM, the porosity of transition

zones is described and how the influence of vacuum mixing on this porosity is discussed.

In addition, a problem found in applying MIP data to study the porosity of transition

zones is also discussed.

2. How the aggregate type and silica fume affect the dynamic moduli of transition

zones is investigated. Also, the results of EDS performed on aggregate, bulk paste, and

transition zones, are presented.

3. The effects of W/C and Va on the dynamic moduli of transition zones are

discussed.

4. With the percolation mechanism in mortar specimens, the tensile and

compressive strengths of transition zones are studied.

5. The values of logarithmic decrement of damping for transition zones in

flexural, longitudinal, and torsional modes are estimated.

It is known that the degree of compaction of the specimen directly impacts its

elastic moduli. The higher the compaction in the specimen, the more rigid and stiffer its

behavior. In Chapter 4.2.1, it is discussed that the gross porosity is an index of
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compaction for the specimens. Thus, the relationship between gross porosity and

dynamic moduli, such as dynamic modulus of elasticity and dynamic shear modulus, is

studied. Some researchers may raise the question that entrapped air in some harsh

specimens may result in erroneous interpretation of the experimental data. Therefore, the

effect of vacuum mixing on the porosity and dynamic moduli of transition zones is also

studied with the aid of MIP and microscopic examination.

7.2 The Effects of Vacuum Mixing on Compaction. Porosity, Dynamic Moduli of the

Transition Zone

A harsh mixture may contain much entrapped air, and thus the dynamic moduli of

the mixture may be reduced. In studying the dynamic moduli of transition zones, it is

essential to separate the influence of this entrapped air from that of the transition zone. It

is known that vacuum mixing may eliminate entrapped air or reduce its amount.

Therefore, the effect of vacuum mixing on the dynamic moduli of mortar specimens can

be used to study the influence of entrapped air on the dynamic moduli. In this study,

differences in porosity and in the degree of compaction are studied between specimens

having the same mixture proportion but mixed with and without vacuum being applied

during mixing. In addition, the microstructural effects associated with the vacuum

mixing are studied by MIP and SEM methods.

Figure 7.1 shows the relationship between gross porosity and SA for dolomite

mortars having mixture proportions of 40_42_00. Data are presented with and without

vacuum mixing. It is observed that the gross porosity for the vacuum-mixed mixture is

lower, i.e., the mixture is more compact. Consequently, both the dynamic modulus of

elasticity and the dynamic shear modulus are found to increase slightly as shown in

Figures 7.2 and 7.3. It is seen that the vacuum mixing process does not alter any of the

trends of porosity, dynamic modulus of elasticity, and dynamic shear modulus. This

implies that these mixtures do not have a compaction problem that is due to entrapping

extremely large amounts of air.
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Figure 7.1 Gross Porosity vs. SA for dolomite mortars having mixture proportions of

40_42_00, with and without vacuum applied in mixing.
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Figure 7.2 Dynamic Modulus of Elasticity vs. SA for dolomite mortars at 28 days old

having mixture proportions of 40_42_00, with and without vacuum applied in mixing.
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Figure 7.3 Dynamic Shear Modulus vs. SA for dolomite mortars at 28 days old having

mixture proportions of 40_42_00, with and without vacuum applied in mixing.
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For other mixtures having mixture proportions of 40_50_00, it is observed that

vacuum mixing has similar modest effect on gross porosity as shown in Figure 7.4. For

the mixtures having mixture proportions of 55_42_00, vacuum mixing has essentially no

effect on the gross porosity as shown in Figure 7.5. Also, the associated dynamic

modulus of elasticity and dynamic shear modulus are both observed to be uninfluenced by

the vacuum mixing as shown in Figures 7.6 and 7.7. As indicated in Chapter 5.5, it is

known that this group of specimens may all have mixing and compaction problems due to

insufficient water added for mixing. It is therefore inferred that this kind of mixing and

compaction problem cannot be solved by vacuum mixing, although such mixing can

reduce the content of entrapped air.

MIP is notorious for its "ink-bottle" effect. However, the information concerning

threshold pore size and the total cumulative intruded volume provided by MIP is still

regarded as valid. Figure 7.8 presents the MIP result for PC mortars having mixture

proportions of 40_42_00, without vacuum mixing. It is observed that the mortars with

finer aggregate contain more intruded pore volume. In contrast, if vacuum is applied

during mixing, the total volume of pores decreases to a stable value (about 0.06 cm3
/g)

regardless of the aggregate size in the mixture, as shown in Figure 7.9. These MIP results

are consistent with the gross porosity results shown in Figures 7.1 and 7.4 in that vacuum

mixing reduces the pore volume and the specimens become more compact. In addition,

no abnormally large volume of pores is detected in Figure 7.8. Thus, the specimens used

are deemed to be free of compaction problem.

Results from investigating BEI micrographs in SEM analysis may support the

viewpoint that the increase of pore volume with fineness of aggregate, as shown in Figure

7.8, is due to the progressively increasing volume of transition zones. This is discussed

as follows. Figure 7.10 presents a BEI micrograph of a transition zone around a dolomite

aggregate having a size between ASTM Sieve No. #4 and #8. The mixture proportion for

this specimen is 40_42_00. The magnification of this image is 200x. Figure 7.11 taken

at 500x is a magnified view of the rectangular region in Figure 7.10. There appear to be a

porous region near the calcium hydroxide deposit at the surface of the
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Figure 7.4 Gross Porosity vs. SA for dolomite mortars having mixture proportions of

40_50_00, with and without vacuum applied in mixing.
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Figure 7.5 Gross Porosity vs. SA for dolomite mortars having mixture proportions of

55_42_00, with and without vacuum applied in mixing.
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Figure 7.7 Dynamic Shear Modulus vs. SA for dolomite mortars at 28 days old having

mixture proportions of 55_42_00, with and without vacuum applied in mixing.
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Figure 7.10 BEI micrograph of transition zones around a dolomite aggregate of size

between ASTM sieve no. #4 and #8, magnification 200x, mixture proportion 40_42_00.
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Figure 7.11 A magnified view ofthe rectangular region in Figure 7.10, magnification

500x.
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aggregate. Therefore, it may be suggested that increasing the volume of transition zones

may also increase the pore volume, thus porosity, in the specimen. However, the

phenomenon of porous region was not uniformly observed in the specimens and the

porosity may vary from place to place. This SEM investigation is consistent with one of

the conclusions by Scrivener and Gartner [1988]. Based on SEM image analysis, they

measured porosity by varying the distance from aggregate surface and proposed that

porosity became higher when approaching the aggregate surface.

Figure 7.12 is a BEI micrograph of a specimen having the same mixture

proportion and magnification as the one for Figure 7.1 1, except that vacuum mixing was

applied for this specimen. In comparison with Figure 7.11, it appears that the quantity of

pores is much diminished, especially, the number of smaller pores, less than 10 jxm, is

significantly reduced. This observation is consistent with the MIP result that vacuum

mixing reduces the pore volume in the specimen. It is also noticed that many pores near

the aggregate surface are either eliminated or reduced in size due to the vacuum mixing.

In summary, porosity plays an important role in determining the dynamic moduli

of a specimen. Vacuum mixing can efficiently reduce the number of small pores, thus

lowering the porosity in both the bulk paste and the transition zones and making them

more compact. Therefore, the dynamic moduli of specimen are increased.

7.2.1 A Reconsideration on Studying Porosity of the Transition Zone by MIP

An interesting and essential attempt is made to determine the porosity of transition

zones. Intuitively, the solution may fall on the quantitative analysis of MIP data for

aggregate, paste, and mortar. Basically, this quantitative analysis is according to the

following concept. Mortar is composed of aggregate, bulk paste, and transition zones.

One can measure the porosities of aggregate particles, bulk paste, and mortar by MIP.

Then, by subtracting the porosities of aggregate particle and bulk paste from the porosity

of mortar in accordance with the volume fraction of each constituent, the porosity of the

transition zone may be able to be determined.
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Figure 7.12 BEI micrograph with magnification 500x. The mixture proportion for this

specimen is the same as the one for Figure 7.1 1 ; 40_42_00 except that vacuum mixing

was applied for this specimen.
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Unfortunately, the issue of the average thickness of the transition zone is still

controversial and is the subject of several studies. Thus, the exact volume fractions for

bulk paste and transition zones in the mortar cannot be determined. An alternate method

to avoid using the thickness or volume of the transition zone is to present the result as the

extra volume of pores in the cement paste of mortar by comparing it to the volume of

pores in bulk paste. The bulk paste used for comparison must have the same W/C and

volume as the cement paste of mortar. Conceptually, this extra volume of pores

expressed in per unit volume of transition zones and bulk paste may be induced by

transition zones. This method can be expressed by the following equation:

AVtZ-BP _ VMortar
X ^Mortar ~ VASS X DASS

X VAgg y ^ p ,~
j.

VTZ+BP 1— V Agg

where AVtzxf is the difference in pore volume between transition zones and bulk paste,

v tz+bp 1S me combine volume of transition zones and bulk paste,

VMomr, VBP, and VAss represent the pore volume measured by MIP and expressed in

per unit weight of 105°C oven dry mortar, bulk paste, and aggregate

particle respectively,

DMorar, DBp, and DAsg are the bulk densities of mortar, bulk paste, and aggregate

particle respectively, the weight of specimen was measured after a 105°C

oven dry process, and

vAjj, is the volume fraction of aggregate in mortar.

The extra porosity induced into mortar by the transition zone is presented by the

numerator of the left hand side of Equation (7.1), while the denominator represents the

combined volume of the bulk paste and the transition zones.

In the following, it is explained how the variables in the right hand side of

Equation (7.1) are determined from experiment. Because the included aggregate particle

is regarded as having no influence on the properties of bulk paste, the porosity of bulk

paste can be assumed to be the same as that of plain paste with the same W/C. Thus, VBp

and DBr can be determined by measuring on the plain paste with the same W/C as mortar.

With the variation of pore diameter, the cumulative volume of pores is shown in Figure
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Figure 7.13 MIP Cumulative Intruded Volume vs. Pore Diameter for plain paste, having

mixture proportion W/C=0.42, with 7% and without silica fume, and without vacuum

applied in mixing.
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7.13 for plain paste (VBP) having a W/C of 0.42, none and 7% silica fume content. The

point in the far left hand side of each curve has its largest volume. This largest volume

represents the total volume of pores inside the specimen and is used for calculation.

In addition, VUonar , DMorur, VAss , and DAss can be determined by performing MIP and

density tests on mortars and aggregate particles. The relationship between pore diameter

and the cumulative volume of pores {VMonar) is shown in Figure 7.8 for dolomite mortars

having five fractions of aggregate sizes (ASTM Sieve No.: #4~#8, #8~#16, #16~#30,

#30~#50, and #50~#100), mixture proportion 40_42_00. The relationship between pore

diameter and the cumulative volume of pores is shown in Figure 7.14 for dolomite

mortars having three fractions of aggregate sizes (ASTM Sieve No.: #4~#8, #16~#30, and

#50~#100), mixture proportion 40_42_07. vAss can be determined from mixture

proportion. The relationship between the cumulative volume of pores and pore diameter

is shown in Figure 7.15 for five fractional sizes (ASTM sieve no.: #4~#8, #8~#16,

#16~#30, #30~#50, and #50~#100) of dolomite aggregate particles. To the right hand

side of five critical points: A, B, C, D, and E, ascendant regions are observed in the

curves when pore diameter becomes smaller. In accordance with the discussion by Olek

et al. [1990], this may be due to the rearrangement and compaction of the clumps or

agglomerates of aggregate particles. Nevertheless, due to the lack of a second slope-

transforming region in the curves, the rearrangement and compaction phenomenon are not

obvious for each individual aggregate particle. Thus, the plateau region, the left hand

side of each critical point, represents the cumulative intruded volume for aggregate

particle in each fractional size. By subtracting the volume due to rearrangement and

compaction, Figure 7.15 is transformed into Figure 7.16. Thus, the intruded volume of

aggregates (V^) can be determined from the point in the far left hand side of each curve

in Figure 7.16. It is noted that the pore volume in this kind of dolomite aggregate particle
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aggregate, mixture proportions of 40_42_07, and without vacuum applied in mixing.
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Figure 7.15 MIP Cumulative Intruded Volume vs. Pore Diameter for five fractional sizes

(ASTM Sieve No.: #4~#8, #8~#16, #16~#30, #30~#50, and #50~#100) of dolomite sand

particles. Include the effects of rearrangement and compaction of sand particles.
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is quite small; close to zero, regardless of aggregate size. Thus, all of the variables in the

right hand side of Equation (7.1) are able to be determined.

In this study, data for two groups of dolomite mortars were used for calculation in

the right hand side of Equation (7.1). One is the group for the PC mortars having five

fractions of aggregate sizes (ASTM Sieve No.: #4~#8, #8~#16, #16~#30, #30~#50, and

#50~#100) and mixture proportion 40_42_00. The other group is for the SF mortars

having three fractions of aggregate sizes (ASTM Sieve No.: #4~#8, #16~#30, and

#50~#100) and mixture proportion 40_42_07. The calculated results are shown in Figure

7.17. The calculated values of AV^^p I'v TZ+BP are negative for the PC mortars having

individual aggregate size fraction #4~#8, #8~#16, #16~#30, or #30~#50 included. In

addition, the calculated values of AV^^ I V-^^p are also negative for the 7% SF mortar

having aggregate size fraction #4~#8 included. Does this mean the porosity of the

transition zone is less than that of bulk paste? A discussion of this question is presented

below.

A similar experiment was conducted by Kayyali [1985, 1987] and similar results

were obtained. In his work, a conclusion was drawn that the porosity of the transition

zone is lower than that of bulk paste. Another conclusion he made is that the porosity of

the transition zone is so low as to mask the pores in aggregate particles from being

intruded.

However, judging from the MIP data of this study in Figures 7.8 and 7.14, it may

be concluded that the porosity of the mortar increases when the volume of the transition

zone increases. In addition, Figure 7.17 shows a trend that when SA increases, the

volume of transition zone increases, as well as the value of ^tl-bp^tz^bp- These

results may support the viewpoint that the transition zone is more porous than the bulk

paste. Furthermore, as shown in BEI micrographs of Figures 7.10 and 7.11, the large

amount of tiny pores residing in transition zones may also support this point of view. But

why are some of the calculated values of AV^^p I v-^^p negative? An explanation

suggests that the pore volume of bulk paste in mortar may be lower than that of plain

paste with the same W/C. This is based on the concept that if the W/C of the region
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Figure 7.17 Difference in Pore Volume Between the Transition Zone (TZ) and Bulk

Paste (BP) vs. SA in Per Unit Volume ofthe Transition Zone and Bulk Paste

(avt7-bp I v i7+bp ) for PC and SF dolomite mortars having Va=0.40, W/C=0.42. PC
mortars have one of the five fractional sizes (ASTM sieve no.: #4^#8, #8~#16, #16~#30,

#30-^50, and #50-^#100) of aggregate. 7% SF mortars have one of the three fractional

sizes (ASTM sieve no.: #4~#8, #16-^30, and #50-^#100) of aggregate. No vacuum was

applied in mixing.
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around the aggregate surface is higher than the denoted value, the W/C of bulk paste must

be lower, resulting in less pore volume. Another explanation suggests that aggregate

particle in the mortar plays a role as a barrier to the pore channel system that is the

intruded path of mercury. Thus, the pores induced by the aggregate particles located in

the center portion of the specimen may be isolated and cannot be intruded by mercury,

although the volume of these pores ought to be counted in the porosity of mortar.

Therefore, the MIP data for the mortar specimen is lower than its real value.

The suspicion on the masked effect of aggregate is based on the results of three

other experiments. Firstly, Figure 2 in Bourdette et al. [1995] shows that the incremental

volume intruded by mercury with pore diameter between 0.03 and 0.05 |im in the plain

paste is much larger (almost twice) than that in the cement paste of mortar. Thus, the

masked effect may mainly happen on the pores of 0.03 to 0.05 |im size.

Secondly, the BEI micrographs in Figures 2 and 3 of Scrivener and Nemati [1996]

show that although Wood's metal fills into the pores around aggregate, a lot of pores in

the bulk paste are still not intruded by Wood's metal. This may indicate that some pore

channels may be either isolated or masked in the specimen. However, the penetrating

capacity of their technique is 0.08 urn. This is not enough substantiation to prove the

masking effect. A penetrating capacity of at least 0.03 |im is necessary, and the intruding

material ought to be capable of being "frozen" in the pores like Wood's metal for

investigation.

Finally, a delicate experiment by Winslow and Liu [1990] addressed the

difference in pore volume between plain cement paste and the cement paste in mortar or

concrete. Their experiment compared the data of specimens at an equal degree of

hydration, and not at equal hydration time. In addition, by applying an optical

microscope, the volume of entrapped air could be estimated and subtracted from the total

pore volume in the specimen measured by MIP. Thus, their results may be regarded as

more reasonable in reflecting the pore volume of the specimen. A relationship between

cumulative extra intruded volume and pore diameter is shown as Figure 5 in their paper.

The extra intruded volume is the difference obtained by subtracting the pore volume of
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plain paste from that of cement paste in concrete. Two curves are shown in Figure 5; one

is for the more hydrated pastes and the other is for the less hydrated pastes. For the curve

of more hydrated pastes, there is a descendent region for the cumulative extra intruded

volume if the pore diameter is smaller than 0. 1 UMn. For the curve of less hydrated pastes,

there are two descendent regions in the curve. The descendent region in the curve of

more hydrated pastes may indicate that the pore volume having a pore diameter of less

than 0. 1 |im in the plain paste is larger than that of the concrete paste. Both pastes used

for comparison are at the same degree of hydration. Another explanation may suggest

that some of the pore channels with a pore diameter of less than 0. 1 (im are masked by

the aggregate particles. Thus, part of the pore volume, corresponding to pore diameter

less than 0. 1 urn, measured in the concrete paste is less than that measured in the plain

paste. Therefore, this descendent region is observed in the curve of more hydrated pastes.

A question may be raised that, with the maximum pressure of 60,000 psi in the

MTP experiment of this study, the intruded capability of mercury is about 25 A. However,

this value is calculated according to Washburn relation. In the complex channel system

of pores similar to that in the mortar, the channel is tortuous and the shape of the cross

section is irregular. This could cause a large loss of pressure head. Therefore, the

intruded capacity of mercury in the inner portion of mortar specimen will be reduced,

especially if some of the channel system of pores happen to be intercepted by aggregate

particles, the porosity measured by MIP on the mortar will be lower than its true value.

Thus, some of the negative values of AV^^p I Vj^gp were obtained. However, this

point of view needs to be verified by more advanced instruments and experimental

techniques.

7.3 Dynamic Moduli of Transition Zones for Various Aggregate Types and the Influence

of Silica Fume

Based on analyzing the slopes of the curves in Figures 6.21 and 6.22, it is

suggested in Chapter 6.6 that dynamic modulus of elasticity and dynamic shear modulus

of transition zones surrounding quartzite aggregate particles may be less than those of
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bulk paste. Another suggestion is that silica fume may modify the transition zone to

possess a level of dynamic moduli equal to that of the bulk paste. In this section, a

discussion is presented on the dynamic moduli of transition zones around other types of

aggregates such as dolomite and perlite.

Figures 7.18 and 7.19 present the dynamic modulus of elasticity and dynamic

shear modulus with varying SA for dolomite mortars having mixture proportions

37_52_00 and 37_52_10. These mixture proportions are the same as those of quartzite

mortars having their dynamic moduli shown in Figures 6.21 and 6.22.

Before performing analysis on the experimental data, an attempt was made to

check the validity of these data. With reference to Chapter 5.6, invalid data due to the

compaction problem may be found by checking whether or not the average thickness of

water film around the aggregate particle exceeds the criterion. Figure 7.20 presents the

thickness of water film for the two groups of specimens having mixture proportions

37_52_00 and 37_52_10. It is observed that the water films are always thicker than the

criterion. Thus, there are probably no mixing and compaction problems in these two

groups of specimens. Therefore, the data for these two groups of specimens are

considered to be valid for analysis.

By comparing Figures 7.18 and 7.19 with Figures 6.21 and 6.22, it is noticed that

the dynamic modulus of elasticity and dynamic shear modulus of PC dolomite mortars

are relatively flat in comparison with those of PC quartzite mortars. In accordance with

the interpretation in Chapter 6.6, this may suggest that the transition zone around

dolomite sand particles is stiffer and more rigid than that around quartzite sand particles.

This conclusion is in accord with the conclusion of Monteiro and Mehta [1986, (1)], who

concluded that the carbonate rock reacts with the cement paste in the transition zone and

may strengthen the transition zone.

By observing the curves in Figures 7.18 and 7.19, it may be suggested that silica

fume has an effect of reducing the dynamic modulus of elasticity and the dynamic shear

modulus of mortars. In order to evaluate the mechanism resulting in this effect, it is

better to analyze the data of gross porosity and to investigate the microstructure in the
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Figure 7.18 Dynamic Modulus of Elasticity vs. SA for dolomite mortars at 1, 3, and 28

days old having mixture proportions of37_52_00 and 37_52_10.
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associated mortar specimens. Figure 7.21 presents the trend in gross porosity with the

variation of SA for two groups of dolomite mortars having mixture proportions 37_52_00

and 37_52_10 respectively. The SF mortar group shows a higher gross porosity than the

PC mortar group. It is known from Chapter 4.2.1 that this gross porosity represents the

space between the solid particles in the fresh mortar mixture, which consists of sand

particles, cement grains, and silica fume particles. Thus, gross porosity is an index of

compaction. With reference to Figure 7.21, it may be concluded that when part of the

cement is replaced by silica fume, the space between solid particles in the mortar

becomes larger. In other words, the SF mortar is less compact immediately after casting.

In order to discuss the changes that develop in the space between solid particles in

the SF mortar, a BEI micrograph of PC dolomite mortar at 28 days old is presented in

Figure 7.22. Since most of the clear distances between aggregate particles are less than

100 Jim, all of the space between aggregate particles may be regarded as transition zones.

In other words, this is a percolation case. A magnified view of the rectangular region in

Figure 7.22 is shown in Figure 7.23. It is observed that many pores less than 10 Jim, exist

in the pore system. If the mixture proportion is kept the same, except that 10% of cement

weight is replaced by silica fume, the pore system is significantly changed. Figures

7.24-7.26 present this changed pore system under three levels of magnifications: 200x,

500x, and lOOOx. It is observed that many of the visible pores presented in Figure 7.23

are not present in Figure 7.25. On the other hand, many pores are found between 10 and

20 |im, rather larger than the pores found in Figures 7.22 and 7.23. Therefore, it may be

concluded that the pore system of the transition zone is changed by silica fume.

Does silica fume also change the pore system of the bulk paste? Figure 7.27

shows BEI micrograph of PC dolomite mortar having mixture proportion 37_52_00, sand

particle size #16~#30, a magnified view of which is presented in Figure 7.28. Most of the

pores are less than 10 |im. If 10% of the cement weight is replaced by silica fume, most

of the pores less than 10 fim are missing, as shown in the BEI micrograph in Figure 7.29.

The sizes of remaining pores are mostly between 10 and 20 iim. Therefore, the
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Figure 7.22 BEI micrograph of dolomite mortar at 28 days old, magnification 200x,

mixture proportion 37_52_00, aggregate size #50~#100.
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Figure 7.23 A magnified view ofthe rectangular region in Figure 7.22, magnification

500x.
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Figure 7.24 BEI micrograph of dolomite mortar at 28 days old, magnification 200x,

mixture proportion 37_52_10, aggregate size #50~#100.
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Figure 7.25 A magnified view ofthe rectangular region in Figure 7.24, magnification

500x.
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Figure 7.26 A magnified view of the rectangular region in Figure 7.25, magnification

lOOOx.
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Figure 7.27 BEI micrograph of dolomite mortar at 28 days old, magnification 500x,

mixture proportion 37_52_00, aggregate size #16~-#30.



143

Figure 7.28 A magnified view ofthe rectangular region in Figure 7.27, magnification
lOOOx.
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Figure 7.29 BEI micrograph of dolomite mortar at 28 days old, magnification 500x,

mixture proportion 37_52_10, aggregate size #16~#30.
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modification in the pore system happens not only in the transition zone, but also in bulk

paste.

The above discussion may suggest that silica fume has the micro-filler effect,

especially to the pores of size less than 10 |im. However, inevitably it also has side

effects on the mortar, making solid particles become less compact and altering the pore

size distribution by introducing many pores of size 10 to 20 (im. The micro-filler effect

may increase the bulk density of mortar, while the effects of less compaction and of

producing larger pores may decrease the bulk density. In addition, silica fume itself has a

lower bulk density than that of cement. Thus, the addition of silica fume will tend to

decrease the bulk density of mortar. In reality, the decreasing effect overwhelms the

increasing effect. Thus, as shown in Figure 7.30, the bulk density of SF mortar is less

than that of PC mortar having the same Va and W/C. For the same class of material,

materials with higher bulk density will show higher dynamic moduli. Therefore, the PC

mortars show higher dynamic moduli than the SF mortars in Figures 7.18 and 7.19.

With reference to Figures 6.21 and 6.22, the reduction in dynamic moduli by silica

fume also happens in quartzite mortar. However, the mechanism is somewhat different

between quartzite mortar and dolomite mortar. Unlike what happen in dolomite mortar,

silica fume may have a larger strengthening effect on the transition zone of quartzite

mortar. Therefore, by comparing the far right hand side points in the PC mortar curve

with those of the corresponding SF mortar curve in Figures 6.21 and 6.22, it is seen that

the dynamic moduli of SF mortar exceed those of PC mortar. While both mortars possess

a large number of transition zones, dolomite mortar does not show this characteristic.

The reason may be revealed by investigating the microstructure and porosity of the mortar

as follows.

Two of the BEI micrographs of quartzite mortar are shown in Figures 7.3 1 and

7.32. Since most of the distances between aggregate particles are less than 100 u.m, the

space between aggregate particles may be regarded as the transition zone. By comparing

the BEI micrograph in Figure 7.31 with that in Figure 7.23, it is noticed that the transition

zone of quartzite mortar is more porous than that of dolomite mortar when both mortars
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Figure 7.3 1 BEI micrograph of quartzite mortar at 28 days old, magnification 500x,

mixture proportion 37_52_00, aggregate size #50-^100.
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Figure 7.32 A magnified view of the rectangular region in Figure 7.31, magnification

lOOOx.
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have the same mixture proportion. Thus, for quartzite mortar the trend is that gross

porosity increases correspondingly to SA increases, as shown in Figure 7.33; the

corresponding trend for dolomite mortar is relatively flat as shown in Figure 7.21.

Therefore, for quartzite mortar the relationship between dynamic modulus of elasticity

and SA shows a decreasing trend in Figure 7.34. The graph in Figure 7.34 presents two

five-point curves. One is the relationship between dynamic modulus of elasticity

measured by the resonant frequency method and the SA. The other is the same

relationship, but the dynamic modulus of elasticity was measured by pulse velocity

method. Both curves are quite close. This may strengthen the suggestion that the trend in

dynamic modulus of elasticity with varying SA for quartzite mortar is a decreasing trend.

This trend is different from that for dolomite mortar which shows a relatively flat trend in

Figure 7.18. In Figure 7.34, the data of the two points connected by a short line represent

the dynamic modulus of elasticity of the mortar made of one of the ASTM standard

quartz sands, C-190 and C-109. The purpose of presenting these data is to provide an

impression of the trend in dynamic modulus of elasticity with varying SA for quartz

mortar.

By comparing Figure 7.35 with Figure 7.29, it is noticed that similar to what

happens in dolomite mortar, silica fume also has a micro-filler effect in quartzite mortar.

In Figure 7.35, few pores of sizes less than 10 |im are found; most of the pores observed

are of sizes between 10 and 20 u\m.

In summary, the transition zone of dolomite mortar is seen as being as stiff and

rigid as bulk paste, which may be due to two effects. One is the chemical strengthening

effect proposed by Monteiro and Mehta [1986, (1)]. The other is the effect of the less

porous transition zone of dolomite mortar compared to that of quartzite mortar. In

addition, because the transition zone of quartzite mortar is quite porous, it may be thus

less stiff and less rigid than bulk paste. Silica fume has the same effects on the transition

zones of dolomite and quartzite mortars. One effect is that the amount of pores of size

less than 10 |im are significantly reduced, and another is that the amount of pores of size

between 10 and 20 |i.m is increased. The last effect is that the mortar become less
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Figure 7.34 Dynamic Modulus of Elasticity vs. SA for quartzite and quartz mortars. The
quartzite mortars are at 28 days old, having one of the five fractions of aggregate sizes

(ASTM Sieve No.: #4~#8, #8~#16, #16~#30, #30~#50, and #50~#100), mixture

proportions of 37_52_00. Two different measuring methods were performed on these

quartzite mortars. One is Resonant Frequency method performed by Cohen et al. [1994],

the other is Pulse Velocity method. Quartz mortars were made of one of ASTM Ottawa

standard quartz sands: C-190 and C-109, having mixture proportions of 40_50_00 and

measured by Resonant Frequency method.



152

Figure 7.35 BEI micrograph of quartzite mortar at 28 days ol4 magnification 500x,

mixture proportion 37_52_10.
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compact. These three effects may lower the dynamic moduli of dolomite mortar but do

not alter the trend in dynamic moduli with varying SA. For quartzite mortars, the trend in

dynamic moduli with varying SA is changed from leaning to flat after adding silica fume.

In other words, unlike what happens in the transition zone of dolomite mortar, silica fume

shows a stiffening effect on the transition zone of quartzite mortar. Based on the data in

Figures 6.21 and 6.22, an explanation is suggested below.

Due to the fact that the transition zone of quartzite mortar is quite porous, the

trend in dynamic moduli with varying SA was decreasing. Silica fume can effectively

modify this porous transition zone and this micro-filler effect overwhelms the other two

effects; i.e., the less compact mortar and the introduction of larger pores. Thus, the

dynamic moduli of SF quartzite mortar having a large number of transition zones are

higher than those of similar PC quartzite mortar. However, when there are fewer

transition zones (e.g., SA is smaller), the effect of micro-filler suppresses the effects of

less compact pores and introducing larger ones. Under this circumstance, the dynamic

moduli of SF quartzite mortar are lower than those of PC quartzite mortar.

With regard to the microstructural study on the transition zone of perlite mortar,

the BEI micrographs of perlite mortar are presented in Figures 7.36 and 7.37. Figures

7.23, 7.31, and 7.37 show the transition zone images of dolomite, quartzite, and perlite

mortars respectively having the same mixture proportion 37_52_00, aggregate size

#50~#100, and taken at magnification 500x. By comparing the images in these three

figures, it may be concluded that the transition zones of dolomite and perlite mortars are

denser, while the transition zone of quartzite mortar is porous. With reference to Figures

7.38 and 7.39, the relationship between dynamic moduli and SA for perlite mortar shows

a flat trend as that for dolomite mortars. This may also suggest that the transition zone of

perlite mortar is as stiff and rigid as bulk paste. However, there are some differences

between perlite mortar and dolomite mortar. Silica fume only has a minor influence on

the dynamic moduli of perlite mortar, which may be due to two reasons. Firstly, the

dynamic moduli of perlite mortar is only about one-third of those of dolomite or quartzite

mortar. Thus, for perlite mortar, the effect of lowering the dynamic moduli by silica fume
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Figure 7.36 BEI micrograph of perlite mortar, magnification 200x, mixture proportion

37_52_00, aggregate size #50^#100.
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Figure 7.37 A magnified view ofthe rectangular region in Figure 7.38, magnification

500x.
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Figure 7.38 Dynamic Modulus of Elasticity vs. SA for perlite mortars at 1, 3, and 28

days old having mixture proportions of 37_52_00 and 37_52_10.
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Figure 7.39 Dynamic Shear Modulus vs. SA for perlite mortars at 1, 3, and 28 days old

having mixture proportions of 37_52_00 and 37_52_10.
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Figure 7.40 BEI micrograph of perlite mortar, magnification 200x, mixture proportion

37_52_10, aggregate size #50~#100.
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Figure 7.41 A magnified view ofthe rectangular region in Figure 7.40, magnification

500x.
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may be less obvious if the percentage of reduction is similar for perlite and dolomite

mortars. Secondly, the pores in perlite mortar are not significantly influenced by silica

fume as shown in Figures 7.40 and 7.41. With 10% of the cement weight replaced by

silica fume, many pores of less than 10 fxm in size still exist in the mortar. Even in the

bulk paste, the modification by silica fume is also poor as shown in Figure 7.42. This

mechanism is quite different from that of dolomite and quartzite mortars, where many

pores of a size less than 10 fim are modified due to the addition of silica fume.

An alternate way to study the transition zones around these three types of

aggregates is by applying EDS.

Figure 7.43 shows the BEI micrograph of dolomite mortar having a mixture

proportion 37_52_00. A, B, C, and D as the four locations where EDS was performed.

Their EDS results are shown in Figure 7.44. Judging from the number of elements

detected, the following two conclusions may be drawn. Location A is a dolomite

aggregate that is rich in magnesium. Location B is calcium hydroxide which is rich in

calcium and has less silicon. In addition, judging from the distance between the points

and the aggregate surface, the following conclusion may be made. Location C is in the

transition zone, while location D is in the bulk paste of the dolomite mortar. It seems that

the difference in chemical composition between the transition zone and the bulk paste is

not obvious. Carbon is introduced due to the epoxy used in preparing the samples. Thus,

the carbon information is meaningless in the EDS analysis. This makes it difficult to

provide information to support the conclusion by Monteiro and Mehta [1986, (1)],

namely, that there is etching of calcite in the carbonate rock and this calcite reacts with

calcium in the transition zone to form compound of smaller crystal.

Figure 7.45 shows the BEI micrograph of quartzite mortar having mixture

proportion 37_52_00. A, B, and C as the three locations where EDS was performed.

Their EDS results are shown in Figure 7.46. In accordance with the amounts of elements

detected, the following conclusion may be drawn. Location A is a quartzite aggregate

that is rich in silicon. In addition, judging from the distance between the points and

aggregate surface, the following conclusion may be made. Location B is in the transition



161

Figure 7.42 BEI micrograph of perlite mortar, magnification 500x, mixture proportion

37_52_10, aggregate size #16^30.
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Figure 7.43 BEI micrograph of dolomite mortar, magnification 200x, mixture proportion

37_52_00, aggregate size #16-^#30. The circles marked by A, B, C, and D are the four

locations to apply EDS.
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Figure 7.44 EDS results of the four locations: A, B, C, and D in Figure 7.43.
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Figure 7.45 BEI micrograph of quartzite mortar, magnification 200x, mixture proportion

37_52_00, aggregate size #16~^#30. The circles marked by A, B, and C are the three

locations to apply EDS.
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Figure 7.46 EDS results ofthe three locations: A, B, and C in Figure 7.45.
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zone, while location C is in the bulk paste of the quartzite mortar. It also shows that the

difference in chemical composition between the transition zone and the bulk paste is not

obvious.

Figure 7.47 shows the BEI micrograph of perlite mortar having mixture

proportion 37_52_00. A, B, and C at the three locations where EDS was performed.

Their EDS results are shown in Figure 7.48. In accordance with the amounts of elements

detected, the following conclusion may be drawn. Location A is a perlite aggregate that

is rich in silicon. In addition, judging from the distance between the points and aggregate

surface, the following conclusion may be made. Location B is in the transition zone,

while location C is in the bulk paste of the perlite mortar. It also shows that the

difference in chemical composition between the transition zone and the bulk paste is not

obvious too.

7.4 The Effects of W/C and Volume Fraction of Aggregate on Dynamic Moduli of the

Transition Zone

As indicated in Chapter 6.6, it is known that the relationship between dynamic

moduli of mortar and SA in the mortar may reflect the relative values of dynamic moduli

between the transition zone and bulk paste. Thus, in this study, the investigation of how

W/C and Va affect the dynamic moduli of the transition zone is transformed into studying

how the relationship between dynamic moduli and SA is affected by W/C and Va. If the

trend in dynamic moduli with varying SA is affected by W/C, it may be proposed that the

degree of influence by W/C on the dynamic moduli of the transition zone is different

from its affect on the dynamic moduli of bulk paste. In addition, if the trend in dynamic

moduli with varying SA is affected by Va, it may be inferred that the quantity of

aggregate in mortar can alter the dynamic moduli of the transition zone. The latter

inference is based on an assumption that the dynamic moduli of bulk paste are not

affected by the quantity of aggregate in the mortar.

The trends in dynamic modulus of elasticity and dynamic shear modulus with

varying SA are shown in Figures 7.49 and 7.50 respectively for PC dolomite mortars
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Figure 7.47 BEI micrograph of perlite mortar, magnification 200x, mixture proportion

37_52_00, aggregate size #16~#30. The circles marked by A, B, and C are the three

locations to apply EDS.
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Figure 7.48 EDS results of the three locations: A, B, and C in Figure 7.47.
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Figure 7.49 Dynamic Modulus of Elasticity vs. SA for dolomite mortars at 28 days old

having mixture proportions of40_35_00, 40_42_00, and 40_50_00.
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Figure 7.50 Dynamic Shear Modulus vs. SA for dolomite mortars at 28 days old having

mixture proportions of40_35_00, 40_42_00, and 40_50_00.



171

having mixture proportions 40_35_00, 40_42_00, and 40_50_00. In these two figures,

the mixture for the data indicated by A shows relatively lower values in dynamic modulus

of elasticity and dynamic shear modulus. Thus, for the group of mixtures, 40_35_00,

both dynamic modulus of elasticity and dynamic shear modulus show decreasing trends

with increasing SA. However, these decreasing trends may be due to the mixing and

compaction problems that occurred in some of the specimens because of insufficient

water for mixing. In Chapter 5.6, based on the water film around aggregate particles, a

criterion is proposed for predicting the mixing and compaction problems. As shown in

Figure 7.51, that criterion is used in this section to check whether or not the mixing and

compaction problems occurred in the specimens having mixture proportions 40_35_00,

40_42_00, and 40_50_00.

Figures 7.52 and 7.53 present the dynamic modulus of elasticity and dynamic

shear modulus with varying SA respectively for 7% SF mortars. The group of mixtures

having mixture proportion 40_35_07 also show a decreasing trend in the dynamic moduli

owing to the values being relatively low for B and C points. By comparing the average

thickness of the water film around aggregate particles with the criterion as shown in

Figure 7.54, the mixing and compaction problems may be detected in some of these SF

mortars. Figures 7.51 and 7.54 show that some mixtures have water film thickness values

closer to that of the criterion, and, consequently, they are more suitable for analysis.

Table 7. 1 shows the data of thickness of water film for the criterion, PC mortars

having mixture proportions 40_35_00, 40_42_00, and 40_50_00, and SF mortars having

mixture proportions 40_35_07, 40_42_07, and 40_50_07. In accordance with the data in

Table 7.1 and the curves in Figures 7.49, 7.50, 7.52 and 7.53, the following conclusion

may be drawn. If the water film of an aggregate particle is within ±13% of the criterion,

the mortar will probably have mixing and compaction problems. If it is 13% less than the

criterion, mixing and compaction problems are more likely to occur; if it is 13% above

the criterion, mixing and compaction problems likely may not happen.
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Figure 7.51 Water Film Thickness vs. Aggregate Diameter for dolomite mortars having

mixture proportions of40_35_00, 40_42_00, and 40_50_00. A criterion line is also

plotted for comparison.
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Figure 7.52 Dynamic Modulus of Elasticity vs. SA for dolomite mortars at 28 days old
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Table 7.1 Thickness of Water Film for Criterion, PC Mortars, and SF Mortars. PC
mortars have mixture proportions of40_35_00, 40_42_00, and 40_50_00. SF mortars

have mixture proportions of 40_35_07, 40_42_07, and 40_50_07.

Aggregate

size

Specific

surface

area of

aggregate

Water film

criterion

Water film

for

mixture

40_35_00

Compared

with

criterion

Water film

for

mixture

40_35_07

Compared

with

criterion

#4-#8 10.0 0.0179 0.0297 +65.9% 0.0293 +63.7%

#8-#16 20.8 0.0096 0.0143 +49.0% 0.0141 +46.9%

#16-#30 41.8 0.0054 0.0071 +31.5% 0.0070 +29.6%

#30-#50 80.9 0.0033 0.0037 +12.1% 0.0036(B) +9.1%

#50-#100 159.4 0.0023 0.0019(A) -17.4% 0.0018(C) -21.7%

Water film

for

mixture

40_42_00

Water film

for

mixture

40_42_07

#4-#8 10.0 0.0179 0.0323 +80.4% 0.0318 +77.7%

#8-#16 20.8 0.0096 0.0155 +61.5% 0.0153 +59.4%

#16-#30 41.8 0.0054 0.0077 +42.6% 0.0076 +40.7% I

#30-#50 80.9 0.0033 0.0040 +21.2% 0.0039 +18.2%

#50-#100 159.4 0.0023 0.0020 -13.0% 0.0020 -13.0%

Water film

for

mixture

40_50_00

Water film

for

mixture

40_50_07

#4-#8 10.0 0.0179 0.0346 +93.3% 0.0343 +91.6%

#8-#16 20.8 0.0096 0.0166 +72.9% 0.0165 +71.9%

#16-#30 41.8 0.0054 0.0083 +53.7% 0.0082 +51.9%

#30-#50 80.9 0.0033 0.0043 +30.3% 0.0042 +27.3%

#50-#100 159.4 0.0023 0.0022 -4.3% 0.0021 -8.7%

Note: The mixtures marked by A, B, and C may have mixing and compaction problems.
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In comparison to the criterion, the thickness of water film for the three mixtures

marked by A, B, and C are -17%, +9%, and -21.7% respectively. Therefore, they show

the loss in dynamic moduli in Figures 7.49, 7.50, 7.52, and 7.53.

Since the mixtures marked by A, B, and C are more likely to exhibit mixing and

compaction problems, their data should not be regarded as valid in interpreting the trend

of dynamic moduli. Finally, the result is that the trends in dynamic modulus of elasticity

and dynamic shear modulus with varying SA are quite flat for a different W/C in both PC

mortars and SF mortars. In other words, the influence of W/C on bulk paste is equivalent

to its influence on transition zones in dolomite mortar.

Can Va affect the dynamic moduli of transition zone? Figures 6.3, 6.4, 6.5, and

6.6 present the dynamic modulus of elasticity and dynamic shear modulus with varying

SA for PC mortars having mixture proportions 25_42_00, 40_42_00, and 55_42_00, and

SF mortars having mixture proportions 25_42_07, 40_42_07, and 55_42_07. Figures 6.7

and 6.8 present the thickness of water film for each mixture and criterion. The data of

thickness of water film for the groups with mixture proportions 40_42_00 and 40_42_07

are presented in Table 7.1. The data for the groups with mixture proportions 25_42_00,

25_42_07, 55_42_00, and 55_42_07 are presented in Table 7.2. It is observed that all of

the data in two groups having mixture proportions 55_42_00 and 55_42_07 are less than

the criterion. Thus, the mixtures in these two groups are likely to have mixing and

compaction problems. Therefore, the data of these two groups may be regarded as

invalid. Finally, the result is that the trends in dynamic modulus of elasticity and dynamic

shear modulus with varying SA are rather flat for a different Va. In other words, Va may

not influence the dynamic moduli of the transition zone.

7.5 Percolation of Transition Zones and Its Influence on Mechanical Properties

It is generally considered that percolation of transition zones will accelerate the

rate of deterioration and result in a durability problem in cementitious material. This is

based on the understanding that water can go through cementitious material easier if

percolation has formed inside the material. The water may bring in harmful substances,
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Table 7.2 Thickness of Water Film for Criterion, PC Mortars, and SF Mortars. PC
mortars have mixture proportions of25_42_00 and 55_42_00. SF mortars have mixture

proportions of 25_42_07 and 55_42_07.

Aggregate

size

Specific

surface

area of

aggregate

Water film

criterion

Water film

for

mixture

25_42_00

Compared

with

criterion

Water film

for

mixture

25_42_07

Compared

with

criterion

#4-#8 10.0 0.0179 0.0646 +261% 0.0636 +255%
#8-#16 20.8 0.0096 0.0311 +224% 0.0306 +219%
#16-#30 41.8 0.0054 0.0155 +187% 0.0152 +181%
#30-#50 80.9 0.0033 0.0080 +142% 0.0079 +139%
#50-#100 159.4 0.0023 0.0041 +78.3% 0.0040 +73.9%

Water film

for

mixture

55_42_00

Water film

for

mixture

55_42_07

#4-#8 10.0 0.0179 0.0176 -1.7% 0.0174 -2.8%

#8-#16 20.8 0.0096 0.0085 -11.5% 0.0084 -12.5%

#16-#30 41.8 0.0054 0.0042 -22.2% 0.0042 -22.2%

#30-#50 80.9 0.0033 0.0022 -33.3% 0.0021 -36.4%

#50-#100 159.4 0.0023 0.0011 -52.2% 0.0011 -52.2%
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dissolve, and then carry away soluble material, thus deteriorating the cementitious

material.

An issue in this study is whether or not dynamic moduli of mortar will be affected

by the percolation mechanism. The behavior of dynamic moduli is discussed in Chapters

7.2 and 7.3. It is suggested that porosity and the dynamic moduli of individual

constituent control the dynamic moduli of mortar. By observing Figures 7.18 and 7.19,

the data in the dynamic modulus of elasticity and the dynamic shear modulus show

consistently flat trends, even for the percolated mixtures having mixture proportions of

37_52_00 and 37_52_10, and aggregate size #50~#100, which correspond to SA=159

cm /g. Thus, the percolation mechanism of transition zones may not affect dynamic

moduli of mortar.

Another issue is whether or not tensile and compressive strengths of mortar will

be influenced by the percolation mechanism. The experimental study on the strengths of

transition zones meets the same problem as in the study of dynamic moduli of transition

zones. That is, no instrument is available to measure the tensile or compressive strength

of transition zones directly. Thus, the relationships of tensile and compressive strengths

with varying SA were chosen to be studied. However, there are some differences

between the study of dynamic moduli and the study of strength. Unlike dynamic moduli,

the strength in mortar is controlled by the weakest link. This weakest link includes the

weak points and the structure of these weak points, whichever link is the weakest. Based

on the concept of probability, the strength of the material will be lower if there are more

weak points, such as pores, in a homogeneous material. However, in a heterogeneous

material, such as concrete or mortar, the strength is controlled not only by the probability

of the weak points, but also the weakest structure of these points.

By keeping Va constant, increasing SA in the mortar by using finer aggregate

particles may also increase the volume of transition zones, if the thickness of transition

zones remains the same. Thus, the chance of a weak link in the mortar is increased if the

volume of transition zones is increased. In addition, if the aggregate particles are crushed

to a smaller size, they become stronger. This is because the crushing impact can
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eliminate the weak links in aggregate particles. In this study, SA is increased by using

finer aggregate particles. Thus, there will be two opposite effects in the mortar if the

fracture cracks are transgranular (cleavage) in performing the strength test. The first effect

is the chance that a weak link may become higher, thus lowering the strength of the

mortar. The other is the included aggregate particles become stronger thus increase the

strength of mortar. However, if the fracture cracks are intergranular (around aggregate

particle), under a percolation condition, the strength of the mortar may be related to the

strength of transition zones only because the fracture cracks are just propagated along the

connected transition zones under this circumstance. Thus, the strength of the mortar will

be significantly reduced if the strength of the transition zones is much lower than that of

the bulk paste or aggregate particle. This is the concept used for studying the strength of

transition zones.

Figure 7.55 presents the relationship between flexural tensile strength and SA for

dolomite mortars having mixture proportions of 40_35_00, 40_42_00, 40_50_00,

40_35_07, 40_42_07, and 40_50_07. The data for the group of mixtures having mixture

proportions of 40_50_00 have a hump-shaped trend, owing to two abnormally high points

that correspond to SA=42 and 81 cm2
/g. In addition, Figure 7.56 shows that the

compressive strengths for this group of mixtures are abnormally high. Another group of

mixtures having mixture proportions of 37_52_00; close to 40_50_00, also shows a

hump-shaped trend in tensile strength, as presented in Figure 7.57. The compressive

strength is presented in Figure 7.58. With regard to dolomite mortars having mixture

proportions of 40_50_00 and 37_52_00, the reason for their extraordinarily high tensile

and compressive strengths is not yet known. However, this does not influence the

analysis of the strength of the transition zone.

Figures 7.59, 7.60, and 7.61 present tensile cracks in the mortars having mixture

proportions of 40_42_00 and aggregate sizes of #4~#8, #16~#30, and #50~#100

individually, which correspond to a SA of 10, 42, and 159 cm2
/g respectively. In

addition, Figures 7.62, 7.63, and 7.64 present tensile cracks in the mortars having

aggregate sizes of #4~#8, #16~#30, and #50~#100 respectively and the same mixture
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Figure 7.55 Flexural Tensile Strength vs. SA for dolomite mortars at 56 days old having

mixture proportions of 40_35_00, 40_42_00, 40_50_00, 40_35_07, 40_42_07, and
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Figure 7.56 Compressive Strength vs. SA for dolomite mortars at 56 days old having

mixture proportions of40_35_00, 40_42_00, 40_50_00, 40_35_07 5 40_42_07, and

40 50 07.
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Figure 7.59 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

3Ox, mixture proportion 40_42_00, aggregate size #4~#8.
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Figure 7.60 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x. mixture proportion 40_42_00, aggregate size #16~#30
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Figure 7.61 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

60x, mixture proportion 40_42_00, aggregate size #50~#100.
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Figure 7.62 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 40_42_07, aggregate size #4~#8.
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Figure 7.63 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 40_42_07, aggregate size #16~430.



190

Figure 7.64 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 40_42_07, aggregate size #50-^#100.
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proportions of 40_42_07. It is observed that when the included aggregate particles are

larger, e.g., #4~#8 or #16~#30, the cracks are transgranular in both PC mortar and SF

mortar. However, if the included aggregate particles are smaller, e.g., #50~#100, the

cracks are intergranular in both PC mortar and SF mortar. A suggestion is that the tensile

strength of transition zones in dolomite mortar is low. Thus, the tensile crack is

intergranular under the percolation cases as shown in Figures 7.61 and 7.64.

Nevertheless, based on different points of view, two reasons may be suggested to

interpret the occurrence of the intergranular fracture cracks. One reason is that an

aggregate particle is stronger when it is smaller, and thus, becomes harder to break

hrough. The other reason is that it may take less energy for the crack to propagate around

the smaller dolomite aggregate particle instead of breaking through it. Therefore, the

intergranular cracks that occurred in the percolated mortars may not positively indicate

that the tensile strength of transition zones is low. On the contrary, the tensile strength of

transition zones in dolomite mortar may be on a similar level as that of bulk paste. This

is based on the observation in Figure 7.55 that the trends in flexural tensile strength with

a varying SA for two groups of mixtures having mixture proportions of 40_42_00 and

40_42_07 are still increasing slightly even though the percolation condition existed and

intergranular fracture cracks formed inside the mortars.

Figures 7.65, 7.66, and 7.67 present the tensile fracture cracks in dolomite mortars

having aggregate sizes of #4~#8, #16~#30, and #50~#100 respectively and the same

mixture proportions of 37_52_00. In addition, Figures 7.68, 7.69, and 7.70 present the

tensile fracture cracks in dolomite mortars having aggregate sizes of #4~#8, #16~#30, and

#50~#100 respectively and the same mixture proportions of 37_52_10. By observing

Figures 7.67 and 7.70, the intergranular cracks are found in both PC and SF mortars

having aggregate size #50~#100 included. This phenomenon is similar to what happen in

the two groups of mortars having mixture proportions of 40_42_00 and 40_42_07.

Figures 7.71, 7.72, and 7.73 present the tensile fracture cracks in quartzite mortars

having aggregate sizes of #4~#8, #16-#30, and #50-#100 respectively and the same

mixture proportions of 37_52_00. In addition, Figures 7.74, 7.75, and 7.76 present the
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Figure 7.65 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 37_52_00, aggregate size #4~#8.
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Figure 7.66 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 37_52_00, aggregate size #16~#30.
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Figure 7.67 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

lOOx, mixture proportion 37_52_00, aggregate size #50~#100.
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Figure 7.68 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 37_52_10, aggregate size #4~#8.
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Figure 7.69 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

30x, mixture proportion 37_52_10, aggregate size #16~#30.
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Figure 7.70 BEI micrograph of flexural tensile crack in dolomite mortar, magnification

lOOx, mixture proportion 37_52_10, aggregate size #50~#100.
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Figure 7.71 BEI micrograph of flexural tensile crack in quartzite mortar, magnification

60x, mixture proportion 37_52_00, aggregate size #4~#8.
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Figure 7.72 BEI micrograph of flexural tensile crack in quartzite mortar, magnification

60x, mixture proportion 37_52_00, aggregate size #16~#30.



200

Figure 7.73 BEI micrograph of flexural tensile crack in quartzite mortar, magnification

60x, mixture proportion 37_52_00, aggregate size #50~;#100.
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Figure 7.74 BEI micrograph of flexural tensile crack in quartzite mortar, magnification

30x, mixture proportion 37_52_10, aggregate size #8~#16.
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Figure 7.75 BEI micrograph of flexural tensile crack in quartzite mortar, magnification

30x, mixture proportion 37_52_10, aggregate size #16-^30.
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tensile fracture cracks in quartzite mortars having aggregate sizes of #8~#16, #16~#30,

and #30~#50 respectively and the same mixture proportions of 37_52_10. By observing

Figures 7.73 and 7.76, it is concluded that similar to dolomite mortars, the intergranular

cracks are more likely to occur in quartzite mortars with smaller aggregate particles.

Figure 7.77 presents the relationship between flexural tensile strength and SA for

dolomite mortars having mixture proportions of 25_42_00, 40_42_00, 55_42_00,

25_42_07, 40_42_07, and 55_42_07. In addition, Figure 7.78 presents the relationship

between compressive strength and SA for dolomite mortars having mixture proportions

of 25_42_00, 40_42_00, 55_42_00, 25_42_07, 40_42_07, and 55_42_07. It is observed

that the values of tensile and compressive strengths are low for the two groups of

mixtures having mixture proportions of 55_42_00 and 55_42_07. This may be due to the

mixing and compaction problems that is discussed in Chapter 6.4.

The study of the influence of silica fume on the strength of dolomite mortar is

based on the comparison of the data of tensile and compressive strengths in Figures

7.55-7.58, 7.77, and 7.78 between mortar groups in each pair, such as 40_35_00 and

40_35_07; 40_42_00 and 40_42_07; 40_50_00 and 40_50_07; 37_52_00 and 37_52_10;

25_42_00 and 25_42_07; and 55_42_00 and 55_42_07. Unlike the fact that silica fume

usually has a reducing effect on the dynamic moduli of mortar as discussed in Chapter

7.3, the modifications induced by silica fume to the pore system can have either an

increasing or a decreasing effect on the flexural tensile strength and compressive strength

of dolomite mortar. This is also different from what happens in concrete, where silica

fume usually has an increasing effect on its strength. The reason may be due to the

different pore size distribution between mortar and concrete. Concrete usually has many

pores that are greater in size than 20 (im. The pores that are 10 to 20 (im in size,

introduced into mortar by silica fume, may not influence the pore system of concrete very

much. Therefore, the micro-filler effect overwhelms the effect of introducing larger pores

and thereby strengthens the concrete. However, these pores may significantly increase

the .amount of large pores in the mortar, and this effect may lower the strength of the

mortar. Although the micro-filler effect may increase the strength of the mortar, the
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power of these two opposite effects may be balanced. Therefore, silica fume does not

show an obvious effect, either positive or negative, on the strength of mortar.

Figures 7.79 and 7.80 present flexural tensile strengths and compressive strengths

with varying SA respectively for perlite mortars at 56 days old having mixture

proportions of 40_35_00, 40_42_00, 40_50_00, 40_35_07, 40_42_07, and 40_50_07. In

addition, Figures 7.81 and 7.82 present flexural tensile strengths and compressive

strengths with varying SA respectively for perlite mortars at 56 days old having mixture

proportions of 25_42_00, 40_42_00, 55_42_00, 25_42_07, 40_42_07, and 55_42_07.

Moreover, Figures 7.83 and 7.84 present flexural tensile strengths and compressive

strengths with varying SA for perlite mortars at 56 days old having mixture proportions of

37_52_00 and 37_52_10. It is observed that the tensile and compressive strengths of

perlite mortars are higher if the aggregate particles included are finer. It is also observed

that silica fume may only have a minor effect on the flexural tensile strength and

compressive strength of perlite mortar. This is indicated by comparing the data of tensile

and compressive strengths in Figures 7.79-7.84 between mortar groups in each pair, such

as 40_35_00 and 40_35_07, 40_42_00 and 40_42_07, 40_50_00 and 40_50_07,

25_42_00 and 25_42_07, 55_42_00 and 55_42_07, and 37_52_00 and 37_52_10. As

discussed in Chapter 7.3, silica fume does not have an apparent influence on the dynamic

moduli of perlite mortar. One of the reasons why silica fume has a minor effect on the

moduli or strengths of perlite mortars may be due to the fact that the transition zone of

perlite mortar is not obvious. Silica fume cannot effectively modify this ambiguous

transition zone.

Figures 7.85, 7.86, and 7.87 present the tensile fracture crack in perlite mortars

having aggregate sizes of #4~#8, #16~#30, and #50~#100 respectively and the same

mixture proportions of 37_52_00. In addition, Figures 7.88, 7.89, and 7.90 present the

tensile fracture crack in perlite mortars having aggregate sizes of #4~#8, #16~#30, and

#50~#100 respectively and the same mixture proportions of 37_52_10. The

characteristics of the fracture cracks in perlite mortar are different from those in dolomite

or quartzite mortars. In perlite mortar, the cracks are transgranular regardless of the size
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Figure 7.85 BEI micrograph of flexural tensile crack in perlite mortar, magnification

3Ox, mixture proportion 37_52_00, aggregate size #4~#8.
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Figure 7.86 BEI micrograph of flexural tensile crack in perlite mortar, magnification

60x, mixture proportion 37_52_00, aggregate size #16~#30.
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Figure 7.87 BEI micrograph of flexural tensile crack in perlite mortar, magnification

150x, mixture proportion 37_52_00, aggregate size #50~#100.
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Figure 7.88 BEI micrograph of flexural tensile crack in perlite mortar, magnification

60x, mixture proportion 37_52_10, aggregate size #4~#8.
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Figure 7.89 BEI micrograph of flexural tensile crack in perlite mortax, magnification

50x, mixture proportion 37_52_10, aggregate size #16~#30.



219

Figure 7.90 BEI micrograph of flexural tensile crack in perlite mortar, magnification

150x, mixture proportion 37_52_10, aggregate size #50~^#100.
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of aggregate particle included, which may be due to the perlite aggregate particle being

much weaker than bulk paste or the transition zone.

7.6 Logarithmic Decrement of Damping of the Transition Zone

Figure 7.91 presents the relationship between logarithmic decrement damping in

flexural mode and a SA for 28 days old dolomite mortars having mixture proportions of

40_35_00, 40_42_00, 40_50_00, 40_35_07, 40_42_07, and 40_50_07 respectively.

Figure 7.92 presents the relationship between logarithmic decrement of damping in

longitudinal mode and a SA for the same mortars as shown in Figure 7.91. Figure 7.93

presents the relationship between the logarithmic decrement of damping in torsional

mode and the SA for the same mortars used in Figure 7.91. The data show that the

logarithmic decrement of damping of mortars in flexural, longitudinal, and torsional

mode becomes stable after seven days and with values ranging from 0.04 to 0.06. These

results are consistent with the experimental results reported previously by Swamy and

Rigby [1971]. Their experiments used concrete and mortar of a different W/C, and tested

wet and dry specimens at different ages. In this study, the damping in all three modes

seemed to be quite independent of the changes in SA for dolomite mortars. This may

indicate that in dolomite mortars the logarithmic decrement of damping of the transition

zone in flexural, longitudinal, or torsional modes is not very different from that of bulk

paste, and that it is also independent of the changes in W/C and Va.

Figure 7.94 presents the relationship between the logarithmic decrement of

damping in flexural mode and the SA for dolomite mortars at 28 days, having mixture

proportions of 25_42_00, 40_42_00, 55_42_00, 25_42_07, 40_42_07, and 55_42_07

respectively. Figure 7.95 presents the relationship between the logarithmic decrement of

damping in longitudinal mode and the SA for the same mortars as used in Figure 7.94.

Figure 7.96 presents the relationship between the logarithmic decrement of damping in

torsional mode and SA for the same mortars used in Figure 7.94. It is observed that when

7% of portland cement weight is substituted by silica fume, it may not have an obvious

effect on the damping property of transition zones. This conclusion is based on the

comparison of the data of logarithmic decrement of damping between the mortar groups
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mortars at 28 days, and having mixture proportions of25_42_00, 40_42_00, 55_42_00,
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in each pair such, as 40_35_00 and 40_35_07, 40_42_00 and 40_42_07, 40_50_00 and

40_50_07, 25_42_00 and 25_42_07, and 55_42_00 and 55_42_07 in Figures 7.91-7.96.

In summary, owing to the fact that the logarithmic decrement of damping is inert

to the variations of all of the factors, such as W/C, Va, silica fume content,

concrete/mortar, and wet/dry, it may indicate that the logarithmic decrement of damping

for aggregate, bulk paste, and the transition zone in flexural, longitudinal, and torsional

modes remains in the range between 0.04 and 0.06 for concrete and mortar older than

seven days, with and without silica fume.

However, there is an exception. For mortar made of a harsh mixture, the

logarithmic decrement of damping in flexural, longitudinal, and torsional modes is high

when a high gross porosity is measured in the mortar. This is concluded by observing the

six points marked by A, B, C, D, E, and F in Figures 7.94-7.96. The data of these six

points are determined from testing the mortars having mixture proportions of 55_42_00

and 55_42_07. As discussed in Chapter 6.4, these two groups of mixtures have mixing

and compaction problems. This may suggest an explanation for the high values of

logarithmic decrement of damping obtained.
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CHAPTER 8

SUMMARY, FINDING, AND CONCLUSIONS

It appears that after Ishai [1961] reported that compaction problems may occur in

the mortar if Va equals or exceeds 0.52, no further research in this direction has been

conducted. The present study addressed the issue of mixing and compaction problems

that occur in mortar and suggests that the controlling factor for the mixing and

compaction problems is water quantity, not the Va. Consequently, based on the thickness

of the virtual water film surrounding aggregate particles, a criterion has been established

for predicting whether the mixing and compaction problems could occur in mortar. This

is a new field to be explored and only minimal work has been done so far. However, this

is an important area to explore because of a recent tendency to use a lower W/C for

concrete in order to gain higher strength.

In accordance with the mixture proportioning, the water film criterion developed

in this study may be used to predict whether or not mixing and compaction problems will

occur in mortar. Moreover, an optimal water content for a mixture to gain its highest

possible strength may be attainable from this criterion. It also may help in sifting out

abnormal experimental data, i.e., the data that is influenced by the mixing and

compaction problems, rather than the effect of transition zones, which is important in this

study because it avoids the potential mistake in analyzing the experimental data.

Since Hashin-Shtrikman [1963] published their theory of bounds, almost all of the

further studies have applied their bounds based on two phases. No work based on three

phases was found by the author, which may be due to the mathematical complexity of

applying three or more phases to Hashin-Shtrikman bounds. This study tried to adopt
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three-phase Hashin-Shtrikman bounds and applied the experimental data of this study to

test and verify the validation of three-phase Hashin-Shtrikman bounds for mortar.

A modification to the theoretical three-phase Hashin-Shtrikman bounds attempts

to correlate Hashin-Shtrikman bounds to an experimental result, namely, the relationship

between dynamic modulus of elasticity and SA in the mortar. This relationship was

originally introduced by Cohen et al. [1994] in their researches on the dynamic modulus

of elasticity of transition zones. The results of this theoretical study seem reasonable and

were helpful in interpreting the experimental data of dynamic moduli in this study.

The volume of voids detected by MIP increases with the increasing volume of

transition zones. This may be due to the fact that many agglomerated pores exist and

surround aggregate particles, which seems to be observed by SEM. However, this

phenomenon does not happen uniformly in mortar. One of the conclusions of this study

suggests that the information supplied by MIP may not truly reflect the real quantity of

voids in the mortar, which may be due to the aggregate particles probably playing a role

in interrupting the path of intruding mercury.. However, this inference needs to be

confirmed with more advanced apparatus and experimental techniques as discussed in

Chapter 7.2.1.

The dynamic moduli of transition zones may be close to those of bulk paste, as

found in dolomite mortar and perlite mortar. However, in quartzite mortar, the dynamic

moduli of transition zones may be less than those of bulk paste. Silica fume may reduce

the dynamic moduli of bulk paste and may have the same effect on transition zones in

dolomite mortar. In quartzite mortar, silica fume may more effectively modify the

transition zones so that they have dynamic moduli similar to bulk paste. For perlite

mortar, silica fume seems to have no (or minor) effect on the dynamic moduli of both

bulk paste and the transition zones. This may be due to the fact that the transition zone of

perlite mortar is not obvious.

In this study, excluding calcium hydroxide detected in the transition zone, the

chemical composition of the EDS result found no difference between bulk paste and the

transition zones in any one of dolomite, quartzite, or perlite mortar.
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W/C and Va do not alter the trend in dynamic moduli with a varying SA for

dolomite and perlite mortars. This may indicate that W/C has the same effect on bulk

paste and the transition zone, and that Va does not influence either bulk paste or the

transition zone.

Percolation may have an important influence on the durability property of

cementitious material. However, it does not show any apparent influence on dolomite

mortar and perlite mortar in dynamic moduli, tensile strength, and compressive strength.

The transition zones in dolomite mortar may be as strong as the bulk paste. This

inference is based on the experimental results discussed in Chapter 7.5. With percolation

of transition zones in mortar and despite the stress concentration that occurred in

transition zones, the overall tensile strength of mortar associated with the intergranular

tensile crack is not reduced.

The variables of logarithmic decrement of damping of transition zones in flexural,

longitudinal, and torsional modes are quite inert to the variation of W/C, Va, and silica

fume content. All of the measured variables of logarithmic decrement of damping for the

mature mortar specimens are in a range of 0.04 to 0.06. This may also indicate that the

values of logarithmic decrement of damping of transition zones in flexural, longitudinal,

and torsional modes are similar to those of other constituents, all being in the range of

0.04 to 0.06.

As a whole, the mechanical properties of transition zones do not appear to be very

different from those of bulk paste except in the quartzite mortar, which may be due to the

specimens used for studying being quite young, less than two months old, and that they

are cured and protected well. Thus, they do not have a durability problem. The durability

problem of cementitious material usually starts from the deterioration of transition zones,

especially the dissolution of calcium hydroxide in transition zones. Therefore, for old and

deteriorated cementitious material, the difference in mechanical properties between

transition zones and bulk paste may be more significant.
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CHAPTER 9

RECOMMENDATIONS

It is useful to establish a more advanced criterion for detecting mixing and

compaction problems because such a criterion may potentially be used to optimize

mixture proportion. For high-strength concrete, some mixture proportions are proposed

by using low W/C and adding silica fume and superplasticizer. Thus, a further

investigation may include studying the influence on the criterion by varying the quantity

of W/C, silica fume content, and superplasticizer.. A form of the advanced criterion may

be primarily proposed as

M„, =^[/,(SA) + /2<^)] (9..)

where MH is the optimal water content in per unit volume of mixture,

/i,/2, and/3 are three functions,

SA is the specific surface area of aggregate by volume,

W/(C+SF) is the mass ratio of water to cement and silica fume, and

SP is the quantity of superplasticizer based on (C+SF).

The concept behind Equation (9.1) may be explained as follows. By holding

water on the surface, aggregate particles are competing with cement grains and silica

fume particles for water. Thus, three functions are considered on the right hand side of

Equation (9.1). One is/i(SA), which is related to the water held on aggregate surface;

another isMW/(C+SF)), which is related to the water for hydration of binders; and the

last one is fs(SP). Because superplasticizer may have influence on the two functions

MSA) andMW/(C+SF)), function MSP) is therefore outside the brackets. If the water
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added to mixture is reduced, the W/C of the paste is decreased. Thus, the moduli,

strengths, and density of the mixture will increase. However, if the water is reduced

below a certain level, the mixing and compaction problems begin to surface, as discussed

in Chapter 5. These problems will lower the moduli, strengths, and density of the

mixture. Therefore, by varying the water content, these two opposite effects will compete

within the mixture. This indicates that in the theory an optimal water content can be

found for a mixture to gain its highest moduli, strengths, and density, thus, leading to an

optimal design for mixture proportion.

The proposed 3-D Hashin-Shtrikman bounds must be tested on more three-phase

composite material in order to increase its credibility for application.

The transition zone in dolomite mortar may have higher elastic moduli than that in

quartzite mortar. Therefore, if higher stiffness and rigidity are needed, dolomite

aggregate may be the better choice than quartzite aggregate for the mixtures. However,

other factors such as strength, durability, and stress concentration may also need to be

considered. In particular, the intensity of stress concentration may be dependent on the

shape of aggregate particles and the relative stiffness and rigidity between the aggregate

and the transition zones. The transition zone in perlite mortar is not obvious, which may

be due to perlite aggregate's inability to absorb large quantities of water. This

mechanism may offer a way to study how to reduce or even eliminate the quantity of

transition zones. However, the stress concentration phenomenon can only be decreased

by raising the stiffness and rigidity of transition zones to the same level as those of the

aggregate.

The results of this study indicate that the mechanical properties of transition zones

in a young dolomite mortar may be similar to those of bulk paste. However, in old or

deteriorated cementitious material, the mechanical properties of transition zones might be

different from those of bulk paste. Thus, the direction of further investigation may be the

study of old or deteriorated concrete or mortar. The role and significance of transition

zones and the underlying mechanisms in the overall mechanical behavior of old concrete

or mortar could then be further understood.
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In this study, the tensile and compressive strengths of transition zones were

experimentally studied by intentionally designing a percolation mechanism in the

specimen and comparing the test result with the one without a percolation mechanism.

The information supplied by this technique is quite limited because the result can only be

qualitatively described in terms of whether or not the transition zone is stronger than bulk

paste. Perhaps, with the aid of theoretical models, a study on the strengths of transition

zones can be more detailed and clear.
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APPENDIX A

The Proof of Positive Values of Variables; R, S, P, Q, V, W, T, and U in Equations (6.23)
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+ 8G

3 )+ 6G,(i:3
+ 2G3 )]}

> if G3
> G2 and G2 > G,.



242

6. W
= 25G

3

2
(3^3

+4G
3 )

2 -30(l-v,)G
3
(G

3
-G,)(3A:3 +4G

3 )(^3 + 2G
3
)-30(v, +v

3
)G

3
(G

3
-G2 )

(3*3 + 4G
3X*3

+ 2G
3 ) + 36v

3
(G

3
- G, )(G

3
- G2 )(K, + 2G

3 )
2

= [G
3
(9A:

3
+ 8G

3 ) + 6G,(/:
3
+ 2G3 )] x [G

3
(9K, + 8G

3 ) + 6G2
(K, + 2G

3 )] + 6v,(G
3
- G,X£ 3

+ 2G
3 )

[G
3
(9A:

3
+ 8G

3 ) + 6G2
(tf

3
+2G

3
)]+6v

2(G3
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3
)[G,(9K

i
+8G3 ) + 6G,(^

3
+2G

3 )]

> ifG3
> G2 and G3 > G,.

7.7
= 25v

3
G,

2(G3
- G, )(3^, + 4G, )

2 + 25(1 - v, - v
3
)G^(G2

- G, )(3^, + 4G, )
2 + 30(1 - v,yG^ - G,

)

(G
3
-G,)(3^

1
+4G

1
)(/:

1
+2G

I )

> if G3
> G, and G2 > <?,.

Z.Uu
= 25G 2

(3A:
1
+4G,) 2 +30(v, + v

3
)G,(G2 -G.X3A:, +4G,)(*

1
+2G,) + 30(1-

v

3
)G,(G

3
-G,)

(3*, + 4G, X*, + 2G, ) + 36v, (G
2
- G, )(G

3
- G, )(*, + 2G, )

2

> if G3
> G, and G2 > G,.
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APPENDIX B

The Proof ofNegative Values of dK.jjQ/dv
x
in Equation (6.43), dKic/dv

x
in Equation

(6.46), dGjjC/dv \ ^ Equation (6.49), and dGLC/dv \ in Equation (6.52), ifK2 >K2 >Kl

an&Gi>G2 >G x
.

l.dKUC/dv x

1 , dR RdS^ 1 „= —

(

+ ) = —M
S dv, Sdv/ S

Assume m = -—+——<0
dv

1
S dv

x

then R #L <s rtL since S>0tfKz >Kx
and

K

3 >K2
dv

}
dv

t

[v,(*
3
- K,)(3K

3
+ 4G

3 )
2 +(1- v, - v3)(^3

- K
2
)(3K

3
+ 4G

3 )
2 - 3(1- v

3
)(K

3
- ^)(^3

- *2 )

(3*3 + 4G3
)]x 3(K 2

- K
t
)(.3K

3
+ 4G

3
)<[(3K

3
+ 4G

3 )
2 - 3(1- v,)(tf

3
- X,)^ + 4G

3
)- 3(v, + v

3 )

(K
3
- K

2
)(3K

3
+ 4G

3
)+9v

3
(K

3
- K

t
)(K

3
- K 2

)]x(K
2
- K

t
)(3K

3
+ 4G

3 )
2

.". (3.K, +4G
3
)(3A:

2
+4G3)> o is sustained. So, M< 0.

Therefore, it is true that dK\jcfdv
x
< ifK3 > Kx

and £3 > J5T2 .

2.dKLC/dvx

Qdvt Qdv/

— = (£.- K2 )(3K, + 4G,)(3K
3
+ AG, ) < ° # -^2 > ^l

A,

-^-,= 3(/:2 - *, )(3a:3
+ AG, ) > ifK2 > Kx

d»
x
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Since P > and Q > ifK3 > Kx
and K2 > Ku it is true that dKic^x < ifK2 >K1

and

K2 >KV

3. dGuc/fox
1 dV V dW 1

~
fF <fr,

+
W dv

l
W

Assume Ar = _^L + il^: < o

then V—<w— since JF> ifG3 > G2 and G3 > G x

[25v,G
2 (G

3
- G,)(3£

3
+ 4G

3 )
2 + 25(1- v, - v

3 )G,
2 (G

3
- G

2 )(3* 3
+ 4G3 )

2 - 30(1- v
3
)G

3
(G

3
- G,)

(G
3
- G

2
)(3^T

3
+ 4G

3 )(£ 3
+ 2G3

)]x 30G
3
(G

2
- G,)(3^

3
+ 4G

3 )(£ 3
+ 2G

3
)<[25G 2

(3£ 3
+ 4G

3 )
2 -

30(1 - v^G^G, - G,)(3A:
3
+ 4G

3
)(AT

3
+ 2G

3
)- 30(v, + v

3
)G

3
(G, - G

2
)(3K

3
+ 4G

3 )(£ 3
+ 2G 3 ) +

36v
3
(G

3
- G,){G

3
- G

2
)(K

3
+ 2G

3 )
2
)] x 25G 2 (G

2
- G

t
)(3K

3
+ 4G

3 )
2

.'. iG3 (9^3
+8G

3
)+6G,(i:

3
+ 2G

3
)]x[G

3
(9A:

3
+8G

3
) + 6G2

(Ji:
3
+2G

3 )]>0 is sustained. So,N<0.

Therefore, it is true that dGuC/dv \ < ifG3 > G2 and G3 > G x
.

4. dGLc/dv,
\ dl T dU

~ U dv
}

U dv
x

-— = 5G, (G, - G2 )(3K 1
+ 4G, )[6G

3
(K, + 2G, ) + G, (9K, + 8G, )1

< ifG2 > Gj
dvj

^- = 6(G
2
-G

1 )(#, + 2G, )[6G
3
(A:, + 2G, ) + G, (9K

l
+ 8G, )]

> ifG2 > Gj
dv,

Since T> and U> ifG3 > G x
and G2 > Gu it is true that dGic/dv x

<0 ifG3 >G X
and

G2 > Gj.
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