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ABSTRACT 

·FATIGUE AND FRACTURE OF CEMENT MORTARS 
CONTAINING FLY ASH 

Peter Clement Taylor 

Department of Civil Engineering, University of_ Cape Town 

August 1995 

The aim of the work described in this thesis was two-fold; to investigate the 
effects of fly ash on the fatigue resistance of cement mortars when included as 
a partial cement replacement, and to seek to improve the understanding of 
cyclic fatigue crack growth mechanisms in cementitious materials. 

Mortar mixes were prepared with similar compressive cube strengths using a 
range of three fly ash contents from 0% to 25% (by mass of cement). Samples 
prepared using these mixes were tested in a double torsion facility under cyclic 
loading, and the rates of crack growth measured and recorded. These crack 
velocities were plotted against the applied stress intensities on log-log scales 
in so called V-K diagrams. 

An advantage of using the double torsion system was that the applied stress 
intensity was constant for constant load conditions and changing crack length, 
unlike many other configurations. However, the amount of scatter inherent in 
the system, and in testing cementitious materials, is large. This has meant that 
comparison between sets of data has had to be carried out on the basis of 
comparing the positions of clouds of data, rather than comparing the slopes of 
best fit lines. 

Another advantage of the OT system is that some of the parameters pertaining 
to the test can be changed whilst the test is in progress. This means that the 
effects of changing, say, load amplitude or cyclic frequency can be observed 
on the same specimen. Parameters that were considered in the test matrix 

. included the following: fly ash content, sample age, cyclic frequency and 
amplitude, maximum applied stress intensity, relative humidity and temperature 
of the environment, drying preparation of the sample and the type of fluid in 
which the samples were tested. The relative effects of all of these variables 
were compared in a series of V-K plots and trends were noted. 

It was apparent that the influence of the presence of fly ash was dependent on 
the age at which tests were conducted. At early ages the fly ash was found to 
increase fatigue resistance and toughness, whilst at greater ages the fatigue 
resistance of the mixes containing fly ash were slightly less resistant to fatigue 
crack growth. This was thought to be due to the spherical shape of the fly ash 
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particles resulting in a blunting effect on cracks. The relative size of the 
particles at these ages are similar to other flaws in the matrix (eg capillary 
pores). At greater ages the continued hydration of the cement reduces the 
average size of flaws in the matrix, but not all of the larger fly ages_ particles 
take part in the reaction. Electron microscopy indicated that the bond between 
the gel and the large fly ash particles was poor, resulting in their effectively 
acting as flaws that were now large in relation to other flaws in the matrix, thus 
reducing toughness and fatigue resistance. 

In all of the tests there appeared to be a reasonable correlation between 
sample toughness and fatigue resistance, which is consiste-nt with a crack 
growth mechanism controlled by some form of environmentally assisted 
cracking (EAC) described by the V-K model. This is in contrast to the inverse 
relation observed in metals in which crack growth is governed by a non-linear 
plasticity mechanism described by the Paris relationship .. 

The results of tests carried out in a variety of environments and over a range 
of load cases also pointed to an EAC mechanism dominating, yet there was a 
slight Paris type influence apparent. Another indication of the EAC mechanism 
dominating was the agreement between the measured relationship between 
static and cyclic fatigue crack growth rates, and a theoretical relationship for 
such a mechanism proposed by Evans and Fuller. 

Some models to describe the mechanisms of crack growth in cementitious 
materials have been proposed. The first approach was to consider the 
mechanisms at an extreme microscopic level, where it has been proposed that 

pa number of mechanism may be acting including: EAC, brittle shear failure, 
creep, slippage and wedging. The relative dominance of each mechanism is 
governed by the condition prevailing at the element being considered. At a 
slightly larger dimensional scale, these localised mechanisms would combine 
to become apparent in experimental results as two overall mechanisms, namely 
EAC and another called here pseudo-plasticity (PP). PP may be considered to 
~e a result of all of the micro level mechanisms acting together that manifests 
as a form of non-linear plasticity behaviour. 

The proposed model incorporating EAC and PP helps to explain the observed 
behaviour of EAC dominance but with a portion of plasticity being apparent. 
Further work is required in order to be able fo quantify the relative effects of the 
different mechanisms for a variety of environmental and loading states. 
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CHAPTER ONE - INTRODUCTION 

1.1 Motivation 

Concrete has been a building material of significant importance for many 

generations, and has not lost its market dominance ov~r the years. The 

production of cement is a high technology activity, but satisfacti;>ry concrete can 

often be made by semi-skilled personnel using cement with Jgcal §iggregates 

and rule-of-thumb mix proportions. Conversely, cement can also be used in 

very high technology applications such as "high performance concretes" where 

compressive strengths of 85 - 100 MPa are reliably being produced for building 

sites. 

Despite the high energy consumption in cement manufacture, the total energy 

requirement to make a cubic metre of concrete is much lower than any other 

structural material. This makes it very attractive in an age of energy 

conservation and efforts to reduce environmental damage to the planet. The 

use of waste materials such as fly ash to modify the properties of concrete at 

the same time as reducing the proliferation of potential pollutants also adds 

desirability to the use of concrete in structures. 

Considerable work has been reported r1·
1

•
1

·101 on the effects of fly ash when 

used as a partial cement replacement in concrete. Whole conferences !1·11 ·1·151 

have been organised around fly ash, particularly on its effects on the potential 

durability of concrete. 

On the other hand, durability is a subject that has largely been ignored in the 

past, but is becoming more and more important as large sums of money are 

being spent on concrete repair.!1
-
161 This has been partially due to changes in 

the composition of portland cement with time, with one of the major changes 

being the tendency to yield higher early strengths. This has lead to lower 

cement contents in concrete, and in turn to massive durability problems world 

wide. 

1.1 



A topic that is not durability related in the traditional sense, but certainly 

connected with structural serviceability, is that of fatigue. By fatigue is meant 

the accumulation of damage in a structure due to cyclic or constant application 

of loads that are less than the ultimate short term strength of the material. 

Fatigue is becoming increasingly important because economic an·d aesthetic 

pressures have promoted the use of increasingly slender structur_al sections, 
-· . 

·- -
which in turn have been facilitated by the development of technologies able to 

meet such requirements. However, the more slender the section, the greater 

the relative effect of (cyclic) live load compared with dead load, and the greater 

the flexibility of the stru_cture. All of_ these contribute to an increased risk of 

fatigue damage to cyclically loaded structures such as bridges as well as the 

burgeoning number of offshore structures.r1
·
17 

• 1·
191 

This trend has accentuated the need for design codes that take c-ognizance of 

fatigue, and some such codes have been proposed.11
·
20

-
1

·
221 Most of these are 

based on empirical methods or relatively simple test methods, but few of them 

approach the topic from a fundamental mechanistic point of view. Academics 

have addressed the subject of fatigue in the past, but with little impact on 

design code philosophies. In addition, very little work has been reported in 

which the effects of fly ash on fatigue or fracture toughness of concrete have 

been investigated. 

One of the techniques or disciplines available to assist in evaluating the fatigue 

and crack growth behaviour of materials is that of fracture mechanics. Fracture 

mechanics is presently a fashionable topic for concrete, despite the questions 

raised about the validity of linear elastic approaches and the insensitivity of 

concrete to notch size. A number of models have been proposed to describe 

the fracture behaviour of cementitious materials, some concepts of which can 

be used in the investigation of fatigue. 
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This study has used fraeture mechanics techniques to observe the' effects of 

fly ash as a partial cement replacement on fatigue and fracture behaviour of 

cement mortars, along with the effects of local environmental changes. These 

investigations would contribute to building the knowledge base, and in 

increasing understanding of the subject of fatigue mechanisms of cementitious 

materials. 

1.2 Scope 

This thesis describes how samples, made from three different mortar mixes, 

each containing different amounts of fly ash, were subjected to various fatigue 

loading regimes in a variety of environments. The loading regimes included 

variation of load amplitude and frequency, while the environmental parameters 

included sample drying, relative humidity, temperature and immersion in water 

or alcohol. 

The samples tested were in the form of 225 x 75 x 8-mm plates which were 

subjected to double torsion loading whilst crack growth rates were monitored 

and recorded. 

The results from the different sets of tests have been compared, and on the 

basis of these, models have been proposed to describe the mechanisms of 

fatigue crack growth. The proposed mechanisms have been separated on the 

basis of magnitude. At the microstructurally localised level several mechanisms 

can occur, but they cannot be directly observed or separated. At a slightly 

greater magnitude, the "process zone" level, the microstructural mechanisms 

are investigated and appropriate conclusions drawn. 

1.3 Thesis outline 

This section gives a brief outline of the contents of each of the following 

chapters. 
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The next two chapters comprise of a literature survey, where a broad review 

has been carried out because little work has been reported on the direct topic 

of this thesis. Chapter 2 covers the chemical and physical properties of 

cementitious materials including the effects of fly ash as relevant to this study. · 

This is followed in Chapter 3 by a more specific look at fracture mechanics, its 

application to cementitious materials and in particular, its use in fatigue related 

research. 

Chapter 4 is a mixed literature and experimental overview chapter, specifically 

looking at the experimental technique used in the study, that of double torsion. 

A brief review of the test method is followed by a description of the 

experimental confirmation of the validity of the approach to the materials and 

samples tested in this study. Some limitations in terms of specimen dimensions 

and setting up tolerances were also established as described in this chapter. 

Chapter 5 is a description of the experimental work carried out, including the 

materials and the reasons for their selection, the mix proportions and the other 

variables in the test matrix. The results given in Chapters 6 and 7, are 

separated into the effects of loading type variables such as load amplitude and 

frequency, and the material type variables such as fly ash content and 

environment. 

Chapter 8 is another mixed chapter with a literature review of the application 

of scanning electron microscopy to the subject, followed by a description of the 

work and findings of the microscopy carried out in this study. 

The results and some relevant literature are discussed in Chapter 9 in which 

models are proposed to describe and explain the obse.rved behaviour of 

cementitious materials subjected to static and cyclic fatigue loading. The whole 

is then summarised into a conclusion chapter, including recommendations for 

future work and ideas for future consideration. The thesis is closed with 

comments on the application of the findings to everyday engineering practice. 
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CHAPTER TWO - MATERIALS REVIEW 

2.1 Introduction 

It is not unusua1r2
·
1

• 
2

·21 for authors of texts on cement and concrete to refer to 

"concretes" manufactured by the Romans, particularly tho~e structures that 

survive to the present day and provide excellent exampl~s of great durability. 

These structures, however, were not built using portlanc:I c_e~ent, but rather 

natural hydraulic cements.r2
·
11 

Since Joseph Aspdin registered his patent for portland cement,r2
·
11 many 

structures have been built using this material, most of which have rea~h~d or 

surpassed their intended lifetimes. Portland cement is a blend of shale, clay 

and limestone that, when finely milled and heated, produces a hydraulic 

cement.12
·
31 This material, when mixed with water will harden and increase in 

strength with time in an irreversible reaction.r2
·
41 Portland cements have evolved 

with time, particularly with respect to their strength behaviour at early ages.r2
·
1
l 

This has largely been due to a demand from the construction industry for 

. concrete that would be strong enough to be self supporting at ever earlier ages. 

Consequently, the early days of research and specification writing emphasized 

the need for strength. r2.s1 -

This in turn has resulted in a period when strong concretes with relatively little 

cement in them were failing, not for lack of strength, but for lack of durability!2·
6
1 • 

Durability has since become the topic of extensive research,r2
·
71 seeking to use 

the modern cements as economically .. as possible and still to produce durable 

concrete. 

· Durability can be defined as the ability to survive the environment and load 

conditions into which the concrete is placed for the desired lifetime. Lack of 

durability may be due to the passage of aggressive agents which attack 

embedded steel (such as chloridesr2
·
81

), or those that attack the matrix of the 

concrete itself (such as acidsr2
·91). Alternatively, lack of durability may be due to 
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slow chemical reactions occurring within the concrete such as alkali silica 

reaction.12-101 Finally, a lack of durability may be regarded as the-inability to carry 

the loads without excessive deformation or failure under service loads with time, 

caused by mechanisms such as creep, shrinkage or fatigue. It is this last topic 

(ie fatigue) that is the subject of this study, with particular emph~sis on the 

effect of fly ash, a material often added to enhance durability of a concrete from 

the point of view of chemical attack. 

Fly ash, a waste product from modern coal fired power stations, has been 

found to have a number of beneficial affects on concrete when used as a 

partial cement replacement.l2·111 These t:>enefits include the reduction in the he~t . 

of hydration,!2·121 an improved workabilityl2·131 and an improvement in potential 

durability.12·141 

The intrinsic physical and chemical properties of hardened cement paste (HCP) 

· and fly ash within HCP, along with the reported changes in concrete properties 

due to the addition of fly ash, are discussed in this Chapter. 

No mention has been made in this Chapter concerning fatigue as a failure 

mechanism in cementitious materials, the causes behind it or the effects of fly 

,ash on fatigue performance. This is because the topic is discussed in detail in 

Chapter 3. 

2.2 Portland cement 

Portland cement is an artificially produced hydraulic cement product made by 

crushing selected raw materials and heating them together to apprm_<imately 

1 450 °C in order to create new chemical compounds. These compounds will 

hydrate with water in an irreversible reaction, that is slow, exothermic and 

continues in the presence of water. The products of this hydration cause the 

mix to change from a plastic to a solid phase that continues to gain strength 

with time, as long as water is available to drive the hydration process.l
2
·
3
· 
2
·
4
l 
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In the manufacture of portland cement, great effort is made to limit the 

variability of the final product: this rigomus control is ·carried out in order that 

designers and those building with the material have a product that is predictable 

and consistent, and therefore economic and safe. Cement manufacture is a 

multibillion rand industry, with capacity available tn Sout~ Africa to produce 

approximately one third of a tonne of cement per perso_n per year. 

It is a material that is known to be "abuser friendly"; anyone can obtain a bag 

of cement at a store and use it to produce a mortar, plaster or concrete and so 

build with it. However the technology behind the efficient and reliable use of 

cement is extremely complex. This will be illustrated in_ the following s.ections 

covering, in broad outline, the chemistry of hydration, the physical forms of 

HCP and the mechanisms of failure of paste and mortar. 

2.2.1 Chemistry 

The chemistry of the hydration of portland cement is a very complex study and 

. the topic of continued high level research over many years.[2
·
15

· 
2

·
291 This short 

. section presents only a brief summary of the commonly accepted features of 

the hydration process which are relevant to this study. The section has been 

written to cover the materials and their basic chemistry, with a view to leading 

on to their physical characteristics and so their effects on the behaviour of 

mortars under mechanical loading and chemical attack. 

The raw materials of concrete are cement, water and aggregate. The reaction 

of aggregates will not be considered in this section because siliceous 

aggregates were used in the experimental work, and it is considered that such 

materials do not influence the hydration reaction.[2
·
301 

The composition of a typical portland cement sample into its chemical oxides 

is given in Table 2.1. The predominant oxides are calcium oxide (CaO), silica 
~ . 

(Si02), alumina (Al20 3) and iron oxide (Fe20 3). These are normally abbreviated 

in cement chemistry terms to C, S, A, and F respectively and will be used as 
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such in this section.12-161 (Note that this notation has nothing to do with carbon, 

sulphur, arsenic or fluorine.) 

Table 2.1: Chemical composition of a typical portland cement sample12·
171 

% % 
Oxide content Oxide content 

by mass by mass 

Cao 64,3 MgO 2,1 

Si02 22,8 N~O 0,4 

. Al20 3 4,2 Mn20 3 0,2 

Fe20 3 3,8 LOI 1, 1 

S03 1,7 

The sulphate in cement is normally added as calcium sulphate (CaS04), also 

known as gypsum in the impure state, which is added to the clinker at the time 

of grinding.12·161 This acts as a regulator to the initial rate of hydration as 
< 

described below. Other materials occurring in cement are described at the end 

of this section. 

Portland cement is generally acceptedl2·16· 2·17· 2·19· 2·25 · 2·271 to comprise of four 

main compounds, which are crystalline combinations of the four oxides 

described above: 

• 

• 

tricalcium silicate, C3S or 3 Ca0.Si02, known as alite in the impure form, 

dicalcium silicate, B-C2S or 2 Ca0.Si02, known as belite in the impure 

form, 

• tricalcium aluminate, C3A or 3 Ca0.Al20 3, 
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• tetra calcium alumina ferrite, C4AF or 4 Ca0.Al20 3.Fe20 3 , known as 

ferrite. 

The relative proportions of these materials are affected by the composition of 

the raw materials but typical ranges in portland cement ar~:12 ·2 • 2·
18

1 

C2S 25 - 30% 

C3S 45 - 70% 

C3A 5 - 12% 

C4AF 5 - 12%. 

These proportions are not normally measured, but r.ather calculated using 

equations presented by Bogue[2·
241 from the proportions of the individual oxides. 

These equations are not precise but do provide a basis for monitoring and 

understanding the behaviour of a cement. 

The chemical reactions of portland cement as it hydrates, presented in a 

drastically simplified manner, are given for each compound below.12
·
161 The final 

ratios of calcium, silica, alumina and sulphate vary throughout the hardened 

cement paste (HCP) and the equations given are general approximations. 

(i) C3S - Alite 

The reaction of tricalcium silicate with water produces a calcium silicate hydrate 

(CSH) that is known as tobermorite gel. The name is misleading because 

despite the gel's similarity to tobermorite it is, in fact, something different.12·191 

This gel is responsible for most of the attractive characteristics of hardened 

cement paste (HCP) including strength and stiffness.12
·
181 The by product is 

calcium hydroxide which is blocky, flaky, and a· source of weakness in the HCP 

as discussed in Section 2.2.2. 
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(ii) C2S - Belite 

The calcium silicate hydrate is a similar gel to that arising from ~~e hydration 

of C3S, whilst the amount of calcium hydroxide produced is Jess. Hydration 

rates are slower, which from a construction point of view is less ~esirable and 

therefore the amount of C2S is often minimised in cement manufacture. 

(iii) C3A with CaS04 

3Ca0.Al20 3.3CaS04 .32H20 + 2(3Ca0.Al20 3) + 4H20 = 
3(CaO.Al20 3.CaS04.12H20) 

The rate of hydration of C3A is regulated by the presence of gypsum by 

mechanisms that are still debated.r2·181 Simply put, the reaction is in two stages, 

the second starting when all the locally available sulphate has been consumed 

in the first stage. The calcium-sulpho-aluminate formed in the first stage is 

known as ettringite and has the form of thin rods and is known as AFt, whilst 

the monosulphate hydrate from the second phase is found in thin hexagonal 

plates and is known as AFm.r2·21 · 2·281 When both the stages given above are 

complete, then the remainder of the C3A (if any) hydrates very rapidly as 

described below. 

(iv) C3A with Ca(OH)2 

In the absence of sufficient gypsum in the clinker the above reaction occurs, 

leading to flash set and the generation of large amounts of heat. However, C3A 
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is not excluded from cement as its presence is necessary in the manufacturing 

process to act as a flux and thus lower the temperature at which C3S is 

formed.l2·
311 Additionally, alumina is almost always present in the raw materials, 

which would make it difficult or expensive to exclude. 

4Ca0.Al20 3.Fe20 3 + 4Ca(OH)2 + 22H20 = 4Ca0.Al20 3.13H20 + 

4Ca0.Fe20 3.13H20 

This is a slow reaction producing a material knowl'.I _as hydrogarnet that 

contributes little to the final characteristics of the HCP. 

Each compound has a different rate of hydration, and these rates and the 

products formed are affected by the presence or absence of the others, thus 

making the study of this topic extremely complex.r2~221 Their respective hydration 

rates, expressed in a strength-time graph derived by Bogue, are shown in 

Figure 2.1 taken from an old but still often quoted text book by H F W 

Taylor.l2·261 

Alite has the fastest strength gain and has the greatest ultimate strength, 

followed by belite with similar ultimate strengths. The other compounds do not 

contribute significantly to the strength. These conclusions have since be~n 

revised in work reported by Beaudoin and Ramachandran,l2·
231 indicating that 

the C4AF has the greatest strength at early ages, but is superseded by the C3S 

and C2S in time (Figure 2.2). 

2.7 



., 
> 

·~ 4000 
a. 
E 

(3 

2000 

180 

Time (day~) 

600 

_c; 

- 400 g. 
~ . 
•' -... 
•• 

-· ·~ 
~ 
a. 
E 
0 

200 u 

360 
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The combined compounds hydrate in a process that goes through several 

phases, the study of-which is also beyond the scope of this study. A simplified 

summary of this process has been described in five phases by Skalny and 

others as follows:l2.1a. 2.22. 2.27. 2.2e1 

(i) initial or pre-induction: this occurs in the first few minutes and involves 

the leaching of large amounts of calcium and small amounts of silicate 

into solution. Combinations of A and S form a surface layer or 

membr~ne around grains. Large amounts of heat are released. 

(ii) induction or dormant: slow dissolution of calcium, with reactions slowed 

by the membrane, with little heat formation, for the period from 20 

minutes t<? 3 hours after starting . 

. (iii) acceleration: precipitation of calcium hydroxide which ruptures the 

membrane, and fibrous growth occurs as well as ettringite formation 

along with some heat formation from 3 hours to 24 hours. 

-
(iv) deceleration: CSH is formed from the contact of calcium and silicate rich 

solutions from each side of the damaged membrane. CSH is in the form 

of thin foils which entwine and curl, and contributes significantly to 

strength. 

(v) diffusion: reaction continues, governed by availability of materials by 

diffusion through hydrate products. 

From an engineering point of view not all of these phases are noticed, except 

when things go wrong such as flash set or severe retardation. The stages that 

may be observed are the dormant period, allowing a useful time for handling 

and placing the concrete, and the setting and hardening of phases (iii) to (v). 
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Other compounds that occur in portland cement include carbon dioxide, water, 

magnesium oxide and trace contaminants.l2·
161 

Carbon dioxide (C02) has little significant effect, except on hardening rates if 

present in excess. The amount of c62 is determined along with the free water 

as the loss-on-ignition, or the percentage reduction in mas~ on heating to 

1 000°C. The water is present as a result of the tendency of cement to be 

hygroscopic as well as due to the practice of cooling clinker by water sprays.· 

Magnesium oxide is frequently present in the raw materials of cement, and will 

· result in unsoundness or expansion if in excess of 5% by mass. This is due to 

its very slow hydration and consequent expansion in the presence of water. 

Alkalis remaining from the raw materials or from the fuel used to heat the 

clinker, do not effect cement hydration. However they may react over a long 

period of time with water and certain stressed silica aggregates, if present, 

resulting in an increased volume of gel causing expansion and cracking of the 

concrete.l2·
321 

The next section covers the physical microstructure of the HCP formed by the 

chemical reactions summarised above. 

2.2.2 Structure and microstructure 

The microstructure of paste, mortar and concrete is another topic that has 

occupied the attention of many high level studies over the years. Diamondl2·
25

1 

provided an excellent review in 1976 in which he made the point that the topic 

should be addressed at three levels: 

• the atomic level (nm), 

• the particle level (µm), 

• the micromorphic level (10-100 µm). 
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Pastes may be considered to be comprised of the following elements: 

• CSH gel, .. 
• calcium hydroxide crystals, 

• ettringite and calcium aluminate monosulphate hydrate, 

• unhydrated clinker, 

• contaminants, 

• gel pores, 

• capillaries, 

whilst mortars and concretes ~lso contain: 

• aggregates (fine and coarse), 

• interfacial zones. 

Atomic level 

At the atomic level, the CSH gel is estimated to comprise approximately 70% 

of a fully hardened cement paste and is in. the form of a poorly crystalline, 

quasi-amorphous or amorphous phase that is extremely varied and difficult to 

describe and categorise fully.[2
·
19

• 
2·251 

The calcium hydroxide, ettringite with calcium aluminate monosulphate hydrate, 

and clinker are estimated to account for approximately 20%, 7% and 3% 

respectively of a fully hardened cement paste.r2
·251 These are either fully 

crystalline or with small proportions of glassy, lesser crystalline phases.[2-331 

Particle level 

At the particle level the CSH gel is found in a variety of forms that have been 

described by Diamond[2.251 as: 

• Type I - spines,, rod shapes or aciculae. These have near parallel sides, 

with branches at the outer tip; some but not all are hollow, and they are 

flexible. 
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• Type II - reticular network or interlocking structure. These are elongated 

particles with a similar cross section to Type I but branch frequently, 

interlock and combine to form a 3-dimensional mesh. 

• Type Ill - nondescript, equant grains. These are small flattened particles 

that combine to form a massive structure. 

• Type IV - inner product formed inside boundaries of the original grairi 

and the membrane. 

Type I is dominant in immature paste.with Type II appearing occasionally. Type 

Ill tends to become dominant at greater maturity whilst Type IV is rare. With 

increasing age all the types, along with the other products merge into a 

nondescript, massive form.[2
-
251 

The presence of "inner product" was later questioned by Barnes[2·
34l in a paper 

describing the observation of so-called "Hadley grains". These are particles 

where a shell of hydration product has formed around an original cement grain 

that has subsequently dissipated leaving a void, a smaller cement grain or low 

density material.[2·
21

·
2

·
28

•
2

·
341 Increasing temperature during early curing has been 

shown to result in thicker shells and larger pores (colloquially known as coarser 

grains) which leads to a reduction in strength.l2·35
· 
2
·
361 

Jennings and Pratt[2
·
221 showed that both Type I and II forms were derived from 

the interlocking and combination of thin foils of CSH formed early in the 

hydration process. The type formed was related to the density of the foils. 

The different microstructural types found in HCP are best summarised in the 

Table 2.2 from Pratt and Jennings.[2·
18

· 
2

·
211 

Calcium hydroxide is initially seen as planar hexagonal crystals that combine 

eventually into a massive structure enmeshed with the CSH. Ettringite forms 
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long narrow rods with no branching, whilst the calcium aluminate monosulphate 

hydrates are thin hexagonal plates.l2·21
·
225

• 
2

·
28

· 
2

·
371 

Micromorphic 

At the next level up (micromorphic), HCP is seen-as an intimate combination 

of all of the above intertwined. At mature ages, it becon}es difficult to separate 

the separate entities from the solid ground mass.r2
·
251 

Table 2.2: Physical products of hydration 

I Classification I Morphology I 
Type E Gelatinous coating on particles approaching 

Aft composition 

Type I (CSH) Fibres 

Type II (CSH) Reticular network as seen on fracture surfaces 

Type Ill (CSH) Small irregular grains as seen on fracture 
surfaces or interlayered partly crumpled sheets 
as seen in transmission 

Type IV (CSH) Dimpled (<O, 1 µm) dense "in~er" product 

Hadley Grain Hollow shell 

Spherulites Spherical 
-

Aft Rods and tubes 

AFm Plates 

In mortars the interfacial zone between the aggregate and the paste is typified 

by weak crystalline structures predominantly containing calcium hydroxide and 

ettringite.r2
·
33l This is a relatively new field of study that only attracted attention 

after the experimental work of the present study was complete. It is now 

generally accepted that the interface is a source of weakness in mortar or 

concreter2
·
21

· 
2

·
33

· 
2

·
38

· 
2

·
391 and this is a topic for a large amount of future research. 
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Pores in HCP and mortars are formed by several mechanisms and are roughly 

·classified according to their source and size, although there ·is some overlap 

between the classes. 

Gel pores are the smallest pores and are contained in the gel as a result of the 

form of the gel. The number of gel pores therefore increases with_increasing gel 

volume. They are dimensionally small, from 2 nm up to approxim~t~ly 50 nm 

and their shape is a topic of debate.l2·211 They often contain water which may · 

not be removable as it is a monolayer on the surface of the pores. 

Capillary pores are normally accepted as being part of original water filled 

space that has not been filled with hydration product. They can be as small as 

the largest gel pores, from 50 nm, and upwards. The number of capillary pores 

decreases with continued hydration. If their volume fraction is greater than 0, 1 

then it is probable that they are interconnected. The amount of capillary pores 

in a paste can be adjusted by the use of a lower cement'water ratio or by the 

addition of fine filler materials such as microsilica. 

Hadley grains also.contribute to the porosity of an HCP in that if they occur, the 

volume between the skin and the grain is empty. They can be relatively large, 

up to 50 µm across.l2·
211 

Air voids are the largest voids, normally with dimensions in the order of mm. 

They are normally spherical and can often be interconnected. Their presence 

is controlled by the water content of the mix, degree of compaction and the 

possible use of chemical admixtures to expel or entrain them. 

This section has presented a brief physical overview of the structures within 

hardened cement paste and mortar, from the nanometre scale up to the 

millimetre scale. The chemical and physical characteristics are used in the next 

section in a description of the mechanisms by which a paste or mortar fails 

under static compressive or tensile forces or under certain chemical attack. 
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2.2.3 Failure mechanisms of hardened portland cement 

Having described the structure of HCP arid mortar, this section covers their 

mechanisms of failure, with particular reference to mechanical loading althou~h 

some chemical attack is also touched on. Once again, this topic is enormous 

and not yet fully understood.r2·401 Thi~ review describes the broad concepts, 

particularly as they relate to this study. 

The most important aspect of HCP and mortar, to those modelling their 

behaviour, is that most models are based on the assumption that the material 

is homogenous and isotropic, which is not true, whether considered at a micro 

or a macro scale. It should be noted that most of the discussion above has 

been at the particle or micrometer scale, whilst in this section it is at the 

millimetre scale. 

Porosity 

It was recognised at an early stage that the strength of an HCP, mortar or 

concrete was related to porosity, with increasing porosity leading to decreasing 

strength.[2·
19

•
2

·
41

·
2

·
421 For instance, Figure 2.3 shows that the line plotting strength 

versus pore volume can be projected back to an ultimate theoretical strength 

of about 500 MPa for zero porosity.[2
·
231 
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Figure 2.3: Compressive strength of the phases of HCP versus porosity[
2
-
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The difficulty in following up this concept arises from the measurement of 

porosity. This is because of the size and form of some of the pores, for 

instance gel pores, makes them impossible to measure directly. This means 

that different experimental methods yield different results, making comparisons 

difficult. [2-411 

The extent, size, shape and properties of different flaws all affect the strength 

and behaviour of a material[2.431 although it has been reported that pores less 

than 1 O nm do not materially effect the strength of an HCP.l
2
·
421 

HCP and mortar, as already indicated, contain a variety of flaws, from the very 

small gel pores up to air bubbles, crystals of Ca(OH)2 with planes of weakness, 

the transition zone between aggregate and paste as well as Hadley 

grains.[2.44, 2.4sJ 
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Fracture mechanics 

Fracture mechanics, the study of cracked and flawed materials under stress 

has lead to a better understanding of the mechanisms behind the effect of flaws 

and this is covered in more detail in Section 3.3.r2
·
461 

Microcracks 

It is generally accepted that unloaded HCP, and to a lesser extent mortar, 

contains a number of "submicrocracks" or "microcracks" which are present as 

result of the hydration process, most likely due to shrinkage of the paste as it 

is allowed to dry out. r2·
40

• 
2

·
47

• 
2

·
481 

On loading, these microcracks tend to increase in size and become orientated 

in the direction of the application of compressive force or perpendicular to 

applied tensile force.12·40
• 

2
·
46

• 
2

·
481 Their effect is negligible with stresses up to 

· about 30% of the ultimate strength of the material, which is reflected in a linear 

elastic behaviour, constant modulus of elasticity and a straight line on the stress 

strain cuNe (Figure 2.4).12
.4

6
, 

2
·
49

• 
2

·
501 This point is also thought to be related to 

the so called fatigue limit (Section 3.2). At about the same load microcracking 

becomes apparent in the interfacial zones.r2
·
47

• 
2

·
511 

As the stress (or strain, or more particularly strain gradientr2
·
52

• 
2

·
531

) is increased 

beyond about 50% of ultimate, some of the microcracks and bond cracks 

coalesce to form a few larger cracks.r2
·
49l These cracks tend to be in the 

direction perpendicular to the principal tensile stress.12
·
40

• 
2

·
46

• 
2

·
47

• 
2

·
50

• 
2

·
51

• 
2

·
53

1 

Cracks in mortar tend to form more readily than in paste, an ind!cation that the 

aggregate may be acting as a stress raiser.r2
·
40

• 
2

·
481 It has also been noted that 

the presence of microcracks is more critical as cement/water ratio (or strength) 

increases. r2·401 

The tips of these cracks are indistinct, but rather appear as zones of 

microcracking, sometimes known as the process zone. This zone may have the 
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effect of shielding the cracks from the applied stresses (and stress 

intensity).l2·51 • 2·54 • 2·
551 The presence of a process zone also makes it difficult to 

define a formal crack length, a concept necessary for linear elastic fracture 

mechanics to be applied. l2 .4
5

• 
2

·
551 The size and shape of the process zone is 

dependent on the loading configuration, as well as the method of observation 

and type of materials tested, although it is has been reported as ~pproximately 

1 to 6 mm in extent.l2·
57

• 
2

·
501 

The coalescence is made apparent in the stress strain plot becoming curved, 

eventually reaching a peak at failure load as shown in Figure 2.4.[
2

.4
91 
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Figure 2.4: Typical stress strain curve for plain concretel2.4
9

J 

Damage mechanics 

The subject of damage mechanics, where changes in mechanical behaviour are 

modelled by relatively large scale non-linear approximations rather than 

microstructural elements, is beginning to be applied to cementitious 

systems. l2·
511 

If a sufficiently stiff testing machine is used, it is possible to record a 

descending branch in the stress strain curve, where there is increasing strain 

and still some stress carrying capacity.l2.4
9

• 
2

·
591 The shape of this curve is 
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dependent on specimen configuration, test equipment and materials used and 

there does not seem to be a unique curve for a given paste.12·581 However this 

effect is being used in non-linear fracture mechanics studies. This tendency is 

apparently not related to microcracking, but is more likely due to the tendency 

of cracks to jump or be discontinuous. [2·
401 

The concept of a process zone also makes discussion on the basis of strain 

difficult, as the shorter the gauge length, the higher the strains that are 

recorded.[2.
581 It is often more meaningful to refer to crack opening displacement 

(COD), the width of a crack at its "tip", which can be calculated from other 

measurements. This COD is typically in the range from 1 µm[2
.
571 to 24 µmf2·

581 

for mortar and paste. On this basis it is considered by some that spherical 

bubbles bigger than this can act as crack blunters and slow crack growth.f2·57J 

Cracks in HCP and mortar are not straight, but will always be tortuous and may 

be discontinuous.r2
·
601 The route taken depends on the strength of the paste, the 

strength of the bond, the strength and shape of the aggregate and the rate of 

loading.r2
.4

5
• 
2
·
61

· 
2

·621 In immature pastes the preferential route is around particles, 

at or near the interface.[2·
631 As the paste gets stronger it may be energetically 

preferable for the crack to go through the particles.[2
-
281 At -high strain rates the 

cracks get straighter, particularly in moist samples, even if they have to go 

through stronger or tougher materials.r2
·
45

· 
2

·
54

· 
2

·
55l It was proposed by Rossir2

.
641 

that this is due to the presence of menisci of water between particles, the so 

called "Stefan" effect. The surface tension of the water tends to resist the 

. separation of the particles, thus increasing toughness and promoting straighter 

cracks. 

It has been shown that cracks are not fractal in form, but rather unique in 

pattern for each type of morphology that they pass through, and this pattern is 

not repeated with increasing magnification.[2-
521 
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It is known that the strength or load required to propagate a crack is dependent 

on the presence of water or moisture.f2·49
• 
2

·
54

· 
2

·
60

• 
2

·
651 It is thought by some that 

this is related to a type of stress assisted corrosion attack of bonds.r
2

·
46

• 
2

·
66

1 

Chemistry 

The present study is predominantly concerned with physical rather than 

chemical effects. However, it is necessary to cover briefly some aspects of 

chemical attack of HCP and mortar, in particular those involving water soluble 

materials. r2·
91 

Most of the products of hydration contain calcium in some form and it is the 

attack or by removal of this element that dominates the following discussion.r
2

·
9

• 

2.67] 

Soft waters have the tendency to leach calcium out of the paste at high rates, 

leading to rapid deterioration of a concrete. Similarly, acids also tend to attack 

the calcium in the HCP leading to damage.r2
·
91 

Salts such as magnesium and sulphate can react with ions in the HCP, often 

resulting in changes in volume of the paste and so leading to swelling, internal 

stressing and damage to the structure.r2
·
91 

Alkali silica reaction is a special case of this, with alkalis from the cement or 

aggregates reacting with water and stressed alkalis to form a gel that is greater 

in volume with the consequent stressing and cracking.[2
·
10

• 
2

·
68

1 

Other salts such as chlorides may be non-deleteriously bound to the gel, or 

transmitted through the paste leading to potential problems with other 

embedded items such as reinforcing steel. The· permeability of the mortar or 

concrete, or its resistance to transmission of such salts is therefore critical to 

its durability.r2
·
33

• 
2

·
69

• 
2

·
101 



This completes the description of cement, its hydration and behaviour as HCP. 

The next section provides a similar coverage of fly· ash and its pozzolanic 

reaction in HCP. 

2.3 Fly ash 

Ash is one of the waste products from the combustion o_f low grade pulverized 

coal in thermal power stations. The coal delivered from the mine is milled to 

approximately 50 µm in diameter and blown into the furnace.!2
·
711 After 

combustion, approximately 80% of the residue is released as so called "fly ash" 

and the remainder as bottom ashl2·
721 which together are known as pulverised 

fuel ash (PFA). For the remainder of this thesis the term "fly ash" will be used 

as opposed to PFA, and will be presumed to be the product of the combustion 

of pulverised coal, as opposed to any other fuel. 

Fly ash is comprised of particles in the range of approximately 0, 1 µm to 

100 µm in diameter.r2
·
73l These particles are often spherical as a result of their 

being melted in the. furnace, and are composed of mineral oxides that vary with 

the source of the coal. After being fired the particles are carried by the flue 

gasses out of the furnace where they are separated from the gasses, normally 

by means of electrostatic precipitators.r2.74
J Ash disposal is a major problem to 

the operators of power stations and this has lead to various research initiatives 

into possible uses of the material. 

It was acknowledgedr2
-
7SJ as early as 1937 that fly ash was. pozzolanic (see 

Section 2.3.2) but only in the fifties was work commenced in earnest on using 

fly ash in concrete both in the UKr2.
761 and America.!2·

771 Initially fly ash was used 

for ·producing lightweight aggregates and mass concrete, later it was introduced 

for highway construction and more recently for structural concrete.l2·
76 

-
2

·
78

1 

Usage in the UK was boosted in the seventies by the formation of the company 

Pozzolanic (Pty) Ltd which actively marketed a consistent material. This was 

further assisted by aggressive marketing by the Central Electricity Generating 

Board (CEGB) and the introduction of standards and specifications, to the point 
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where at present 45% of the ash produced in the UK is commercially 

utilised. l2·
79l 

It is interesting to note that in countries where land is at a premium the usage 

of ash is relatively high (West Germany 85%, Israel 60%f·801 while in countries 

with more open spaces the usage is relatively low (USA 15°/~, RSA S%).t
2

·
811 

This would indicate that it is the disposal of ash that is a problem as opposed 

to the need for its benefits that motivates its imaginative use. 

Pulverised Fuel (PF) was first utilised in South Africa in the thirties but limited 

means of ash extraction in the chim~ey resulted in ash being blown into the 

atmosphere with a resultant pollution problem, thus making the use of PF 

unpopular. It was only in the sixties that ESKOM began using PF boilers with 

efficient precipitators thus producing large quantities ·of ash. At present 

approximately 14 million tons of ash are produced annually by ESKQMl2·
82

1 

although most of the fly ash marketed in South Africa for use in concrete is 

currently obtained only from Matla and Lethabo Power Stations. 

Research into the properties of South African fly ash was only started in the 

early sixties with disappointing results due to the inconsistency of the 

material.l2·831 Awareness and research was boosted by a Symposium in 1979 

in Pretorial2·041 followed by considerable work by the National Building Research 

lnstitutel2·
851 on characterizing the behaviour of South African fly ashes. An 

International Conference "ASH: A Valuable Resource" in 1987 in Pretorial2·
11

1 

provided a forum for the dissemination of the present state of knowledge as 

well as focusing publicity on the practical uses of fly ash in South Africa. 

Due to the fact that most of the fly ash commercially available in South Africa 
. 

comes from only two sources, with little difference in quality between the two, 

the characterisation of their quality, as well as mix design procedures is not a 

great source of problems. For this reason these aspects have only been lightly 

touched on in this section, whilst emphasis has been placed on the effects that 
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fly ash has on concrete, particularly from the point of view of failure 

mechanisms. 

2.3.1 Chemistry and microstructure 

The chemical composition of a fly ash is dependent on the minerals with which 

the coal is embedded, which will vary from mine to mine as well from country 

to country.r2
·
80

• 
2

·
86 

-
2

·
881 This means that generalised statements about the 

chemical or physical attributes of ashes must be considered as very broad. 

Nonetheless the chemical composition of a selection of ashes worldwide given 

in Table 2.3 indicates that fly ash is normally comprised of the oxides of various 

minerals. These are predominantly silica and alumina as well as smaller 

portions of iron and calcium oxides together with traces of potassium,. 

magnesium, sodium and sulphur oxides: There is also normally present a 

portion of unburnt carbon, a measure of which is given by the loss-on-ignition 

(LOI). (Note that LOI includes not only carbon but other volatile materials such 

as waters of crystallisation.). 
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Table 2.3: Summary of chemical compositions of some fly ashes worldwide 

RSA USA USA Germany UK China 
[2.89] Class F Class C (2.92] [2.93] [2.12] 

f2.901 [2.911 

Si02 38,2 47,0 45,8 46,3 48,7 50,5 

Al20 3 28,3 17,7 22,3 25,5 27,8 29,8 

Fe20 3 5,2 25,3 7,4 - 9,2 8,2 

Cao 14,4 2,1 19,0 - 3,0 3,3 

MgO 4,0 1,0 5,0 - 1,9 1,2 

S03 1,0 0,3 1,6 0,8 0,9 0,5 

K20 0,8 2,3 0,3 2,7 1,0 

Na20 0,5 0,7 0,2 0,7 
} 5, 1 

0,7 

LOI 2,9 2,4 0,2 3,1 3,9 5,7 

The calcium oxide (lime) content has a large effect on the behaviour of fly ash 

in concrete in that it affects the soundness of the concrete (or the expansion 

due to the reaction of free lime).[2.
941 The magnesium also affects the soundness 

and is limited by BS 3892 to 4% by mass. In West Germany a maximum of 8% 

by mass of calcium oxide (or 4% if 1,5% is free lime).[2
-
95

1 In America, ashes are 

classified into two classes; high calcium (Class C, Cao >10%) and low calcium 

(Class F). r2.96, 2.97J 

In South Africa the policy is not to limit the amount of calcium oxide or 

magnesium oxide but to monitor and limit the unsoundness caused by both 

compounds. [2.
83

• 
2

·
981 It should be noted that South African fly ashes have a low 

silica content and a moderately high calcium oxide content. 

The presence of lime in the fly ash may also cause it to behave marginally as 

an hydraulic cement as well as a pozzolan.l2·83
• 
2

·
861 This would mean that such 

an ash would deteriorate in the presence of moisture.[2·771 
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The other component that has a marked affect on fly ash in concrete is that of 

LOI which is limited to a maximum of 7% in the British Standard, BS 3892[2·991, 

5% in DIN 1045l2·1001 and 2,5% in SABS 1491.r2.981 This is because the carbon 

tends to form into larger particles and so reduce fineness and increase water 

requirement.[2·1011 The presence of carbon also redl1ces the pozzolanicity of the 

fly ash.[2.78, 2.93, 2.101 -2.1041 

It should be noted that the fly ash from any single power station is generally 

more consistent in composition and quality than the cement from a single 

factory.l2·181 This is because the source of the material is from one mine and the 

operating conditions of the furnace are normally kept constant in order to 

maintain efficiency. 

The sulphate and alkali contents are also limited in several specifications in 

order to minimise the adverse affects that these materials may have on the final 

concrete. l2·98 · 2·1001 

The chemical compounds described above are formed into a number of mineral 

phases, predominantly quartz, mullite, hematite and magnetite as well as 

amorphous components appearing as glassy spheres.l2·1051 The amorphous 

component is predominant in terms of volume, whilst the others appear as 

cryptocrystalline components in the glass or as irregular grains and sometimes 

as mantles on the spheres.r2
·
105

J 

The physical characteristics of fly ash may be described by three variables: 

fineness, particle shape and phase; of which the most influential is fineness. 

Fly ash particles size, normally in the range 0, 1 µm to 100 µm, can be 

expressed by various means. The most practical is the percentage retained on 

a 45 µm sieve;l2·93·2·99·2·102·2
·
1031 although the specific surface given in m2/kg,l2·93l 

or a plot of cumulative mass against grain sizel2·
18·2

·
92·2

·
104·2·1061 have been used. 
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The fineness of a fly ash is governed by its source, the fineness of the 

pulverised coal before it is burnt, the operating conditions of the furnace and 

also by the means of ash collection and classification. For example a finely 

ground coal produces a finer ash than a coarse ground coal while a very hot 

furnace will generally produce a finer ash than a cooler one. Fly ash collected 

from the last plate of a series of precipitators is generally finer than that 

collected from the fi·rst plate.l2·83
· 
2-951 

With increasing fineness of the fly ash there is a reduction in water requirement 

(or an improvement in workability) for concrete containing fly ash, which leads 

to higher strengths due to a lower cement:water ratio for the same 

workability.12·102· 2·1071 Increasing fineness also results in an increase in the 

Pozzolanic Activity Index (see Section 2.3.2). 

It has been suggested that fineness is the most suitable single parameter with 

which to classify ashes physically.12.78, 2·
97· 2·1021 However it has also been 

suggested2·93· 2·1081 that a useful measure of the water reducing ability of a fly 

ash is the product of the LOI and the percentage retained on the 45 µm sieve. 

The higher the value of this number the smaller the influence on the workability. 

A copy of the relevant table is reproduced as Table 2.4. 

Table 2.4: Classification of fly ash on the basis of water reducing ability12·1091 

I Fineness· x LOI I Observations I 
< 50 Large water reductions 

50 - 100 Moderate water reductions 

100 - 150 Small water reductions 

> 150 No water reduction, unsuitable 

·(retained on 45µm sieve) 
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It has been noted by Diamond that due to the method of formation of the fly 

ash particles, no two particles may necessarily be similar in chemical or 

physical form. This means that microstructural studies of the behaviour and 

influence of fly ash in cementitious materials must take the different forms into 

account. l2·1101 

Fly ash particles are predominantly spherical in shape as a result of their 

molten formation. This is generally believed to explain the improved workability 

of concretes containing fly ash. These spheres may be solid (Fig 2.5), hollow 

(cenospheres), or hollow and containing smaller spheres (plerospheres). Other 

common particle shapes are rounded (but not spherical), a limited number of 

angular crystalline particles, and broken spheresJ2·86· 2·110· 2·1111 There are also 

amorphously shaped particles which are normally relics of the combustion 

process.[2.1os. 2.1121 

Figure 2.5: Micrograph of fly ash particles 

The shapes of the ash particles are directly related to their constituent phases; 

the predominant phase is glassyl2·87 ' 2·1121 which constitutes the spheroidal 

particles. The other phase is crystalline which often comprises small crystals 

embedded in the larger glassy spheres.l2·861 The glassy phase is considered the 
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more reactive whilst the crystals tend to be more stable and inert.l2·86·2·92·2·94·2·110
J 

However a glass phase content within the limits of 63 - 75% has been shown 

not to effect markedly mechanical behaviourl2-871, c;,nd one Indian fly ash has 

been shown to be insensitive to the presence of cenospheres in terms of its. 

reactivity. r2·1131 

It has been reported by Swamyl2·881 that good concrete can even be made using 

ashes that fall outside the limits of current standards. It is critical, however, that 

the ash does not vary with time. 

2.3.2 Fly ash as a pozzolan 

A pozzolanJs defined an aluminous and/or silicio~s material which, when finely 

divided, chemically reacts with calcium hydroxide (lime) and wat~r to form 

cementitious compounds. [2·97l 

Fly ash was recognised as a pozzolan in the thirties but the first attempt to 

quantify this characteristic was only made in the mid fifties when the concept 

of the Pozzolanic Activity Index (PAI) was introduced.r2·1071 This index has 

become an accepted means of characterising an ash and is defined as the ratio 

of the 28 day strengths of a mortar mix containing a ·proportion of ash over a 

mix without ash; both mixes having the same workability. The percentage of fly 

ash used varies from specific~itiori to specification.[2·99·2·1141 The. PAI· provides a 
' 

reasonable indication of the stre.ngth behaviour of th,e ash where a high PAI is 

normaHy associated with a .high reactivity.r2:115l Modifications to· the PAI have 

also beeri proposed where the water/binder ratio is kept constant; or a measure 

is made of the strength of a cube at seven days; or .cu~es ar~ made with fly 

ash and lime.r2.102. 2.116- 2.1181 

The reactivity is primarily affected by the fineness and the loss-on-ignition of the 

ash as described in Section 2.3.1,r2-18· 2·1021 with increasing fineness and 

decreasing LOI leading to increased pozzolanic activity. A finer ash has a 

greater surface area available for reaction, whilst the carbon interferes 
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chemically and slows the reaction.l2·
101

·
2

·
1091 Increasing soluble silica content has 

also been shown to increase reactivity, probably due to the increased 

availability of silica for reactionY·1191 The difference in reactivity between ash 

that has been blended with cement, or interground, depends on the fineness 

of the original ash. Fine ashes are not affected whilst coarse ashes will improve 

in reactivity if interground.r2
·
120

1 

AlfJ 3 

flyash® 

Cao 
Figure 2.6: Ternary phase diagram showing compositions of portland cement 

and some cement extenders 

As can seen from Figure 2.6, the primary difference in composition between a 

portland cement and a typical fly ash is the calcium oxide content. However, a 

by-product from the cement hydration reaction is calcium hydroxide, which is 

then available to react with the fly ash and so form a type of calcium silicate 

hydrate.l2·
86

• 
2

·
121

• 
2

·
1221 The presence of sulphates has also been shown to 

accelerate the rate of the pozzolanic reaction. l2 ·
121

· 
2

·
1231 This reaction is 

expedited by the form (glassy, often hollow spheres), and size of the fly ash 

particles being of the same magnitude as the cement grains. It has been shown 

that the reaction consumes Cao. This leads to the conclusion that the optimum 
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amount of fly ash (on a purely ch~mical basis) seems to be about 30% by 

mass before all the available Ca(OH)2 is used up.[2
-
122

• 
2

·
124

1 

The hydration of the fly ash is dependent on the availability of Ca(OH}2, both 

in terms of the amount of lime generated and the amount-of contact between 

the two materials. At an early stage the ash appears to act pre~ominantly as 

an inert filler and by providing nucleation sites, although it has been shown to 
- -

interfere with the hydration rates of the cement compounds)2
·
86

• 
2

·
122

• 
2

·
125

1 

Generally, no pozzolanic reaction occurs for at least 7 days,[2·
122

•
2

·
126

1 probably 

due to the early formation of a layer of porous hydrate around the fly ash 

particles that inhibits access of reagents to each other. Work by Dhir, and 

others, has shown that overall, there is an early reaction of a limited number 

of particles, increasing to approximately 50% reaction by six months, and 

reaching 60 - 80% reacting at 2 years.[2
·
112

• 
2

·
1271 The effects of the unreacted 

particles on the physical behaviour of the paste is discussed in Section 2.3.5. 

The following section gives a summary of the influence of fly ash on plastic 

concrete and mortar. 

2.3.3 Effects of fly ash on plastic concrete 

The addition of fly ash to concrete has many different effects on the concrete's 

behaviour, some beneficial and others deleterious. These effects are looked at 

in the following sections. This section covers the characteristics of freshly mixed 

or "plastic" concrete whilst the next deals with hardened concrete. In order to 

limit the bounds of this survey no consideration has been given to the effects 

of chemical additives such as superplasticisers in the discussion. 

It is generally acceptedr2
·
13

·
2

·
75

•
2

·
83

·
2

·
112

•
2

·
120

·
2

·
130

1 that the workability of a concrete 

is improved if part of the cement or fine aggregate is replaced with a 

reasonable quality fly ash. 
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Rather than quantify a change in workability due to a change in ash content or 

quality, the reduction in water content requirea·to produce the same slump is 

more often measured.r2.78· 2·89· 2·95l 

The improvement in workability is affected by the following: 

• amount of ash in the mix; up to a limit, the more ash there is the better 

the workability~r2 - 1081 

• the fineness of the ash; the finer the ash the greater the workability; in 

fact a coarse ash can tj_ecrease the workability of a mix.r2·108· 2·1311 

• if a coarse ash has been ground to increase fineness the improvement 

in workability is less marked.r2-100
J 

• the LOI: a high carbon content decreases workability due to water being 

absorbed by the carbon grains.r2-101 · 2·1081 

A rule of thumb for South African fly ashes is that an approximate water 

reduction of 10 R.lm3 is obtained for each 15% fly ash in the cementitious 

fraction.r2-131 It has also been noted that the improvement is visually deceptive, 

a fly ash mix will appear to be sticky until energy is put into it, when the 

improved workability becomes discernible as a tendency to flow more 

easily. r2.1321 

The reasons for the changes in workability are varied. It is probably largely due 

to the spherical particles acting as ball bearings.r2·92· 2·131 · 2·1331 This effect is 

reduced when fly ash is ground, although there is still a net improvement in 

workability with the use of fly ash.r2·75· 2·1121 It has also been proposed that the 

reduced water requirement is because of the different zeta potentials between 

the ash and cement particles causing the deflocculation of the cement grain 
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floes. [2·92· 2·94· 2·108· 2·1331 This results in water that is entrapped ·in the floes being 

released as well as making mixing of the effectively smaller grains, easier. 

It is generally well accepted that the rate of bleeding is reduced by the addition 

of fly ash.l2·13· 2·1291 The smaller particles of fly ash result in slower sedimentation 

rates and reduced bleeding. However the longer setting times_ mean that this 

advantage may be lost because the total amount of bleed water is similar to 

that of a mix without ash. 

Both the initial and final setting times of fly ash concrete are greater than those 

of OPC concrete. The finer the ash and the lower the carbon content the less 

the effect on a given mix; whilst increasing amounts of ash delay the setting to 

a greater extent. For South African ashes a 15% replacement mix will have the 

initial set delayed by approximately 30 - 60 minutes and the final set is 

generally retarded more than the initial set.[2·13· 2·18· 2·95l The cause of the delay 

is attributed to the presence of alkaline sulphates on the surface of the ash 

particles which retard the normally rapid hydration of the C3A?·1081 

2.3.4 Effects of fly ash on hardened concrete 

Strength gain in a fly ash concrete is initially slower than for OPC concrete, but 

continues for a longer period as shown in Figure 2.7. The result·of this is that 

with time a fly ash mix will be stronger than an OP.C concrete with the same 

strength at a given age.[2.101, 2.109, 2.129, 2.134. 2.13sJ 
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Figure 2.7: Compressive strength development of OPC and fly ash 
concreter2· 1361 

The extent of this effect is controlled by a number of factors, not least the 

amount of fly ash in the mix. For mixes with 15% or less fly ash, there is little 

discernible difference between OPC and fly ash concrete. Strength is also 

dependent on the quality of the ash (ie LOI and fineness) although tests on 

some 25 year old concrete made using sub-standard ash (by present day 

standards) have shown that the concrete was satisfactory.r2
·
75l 

The mechanism of the effect of fly ash on strength gain is two fold. Initially it 

acts as a fine filler and provides nucleation sites for hydration to initiate. With 

time, as reaction of the fly ash commences with the Ca(OH)2, CSH gel is then 

formed which contributes to the strength.l2·
112

• 
2

·
129

• 
2

·
137

• 
2

·
1381 

This can only take place if sufficient water is available to promote hydration 

when the fly ash begins to react, thus necessitating curing of the concrete for 

this period. If water is not available then the fly ash will not hydrate, effectively 

reducing the amount of binder in the mix, thus explaining the often reported 

sensitivity of fly ash concrete to poor curing.r2
·
88

• 
2

·
109

• 
2

·
124

• 
2

·
139 

• 
2

·
1411 

This sensitivity is not globally accepted in the literature, as it has been reported. 

that fly ash concrete is equally as sensitive, or less sensitive than OPC 
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concrete to poor curing.[2.83· 2·135· 2·142 -2·145l There is, however, agreement that 

enhanced curing has more of a beneficial effect on fly ash concrete than OPC 

concrete.r2-128, 2.135, 2.140, 2.1441 

The modulus of elasticity of fly ash mixes is related to the strength Of the 

concrete and it reported that similar strength concretes with ang without fly ash 

have similar elastic moduli. [2·109· 2·129· 2·139· 2·1461 

Permeability is often used as a measure of the durability of a concrete.r2·129
J The 

consensus of research worldwide is that the permeability at 28 days of 

concretes of the same strength is le~s in fly ash mixes.r2·14· 2·134· 2·136· 2·147· 2·148
l It 

has also been indicated that the permeability of older fly ash concretes was 

less than at 28 days; the slow pozzolanic reaction resulting in continued 

hydration, thus filling voids and reducing permeability.r2·129
J 

The sensitivity of fly ash concrete to carbonation is another unsettled issue. It 

would appear that initial carbonation rates are higher in fly ash concrete due to 

the reduced amount of Ca(OH)2 to neutralize carbon dioxide entering the 

concrete.[2·109· 2·134· 2·149l The better impermeability, however, later slows the 

carbonation rate, meaning that in the long term the overall amount of 

carb~nation appears to be similar for OPC and fly ash concretes.[2·134·2
·
150 ·· 2·1521 

Sulphate resistance of fly ash concrete is generally greater than that of OPC 

concrete.r2·93· 2·94· 2·129· 2·1531 This is due to the reduced permeability of the 

concrete, the dilution of C3A content as well as reaction of the calcium 

hydroxide with the fly ash.[2.78' 2·147l 

It is also generally reported that fly ash concrete has a greater ability to slow 

the movement of chlorides, both due to its impermeability as well as to some 

form of chemical binding. This has the effect of improving the protection of 

embedded steel reinforcement.[2.109, 2.115. 2.134, 2.136J 
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The drying shrinkage of fly ash concrete is equal to, or more often, less than 

OPC concretes of similar strength. This is probably due to the lower water 

content of a mix with the same workability.t2-109· 2·143· 2·146· 2·153. 2.1541 

There are conflicting opinions concerning creep. There are reports of increased 

creep (particularly in high percentage fly ash mixes);l2 · 1~91 "no change"f2·95· 2·1291 

and decreased creep.l2·83· 2·109· 2·146· 2·1531 The variation in reported results is 

probably due to differences in water and paste contents, strengths and fly ash 

contents. 

One of the most beneficial attributes of fly ash concrete is its resistance to 

alkali aggregate reaction (AAA). Resistance to AAA increases with increas!ng 

amounts of fly ash, above a minimum threshold of approximately 30% by mass 

of cement. The mechanism by which fly as~ reduces the AAA reaction is 

reported to be a combination of the dilution of available alkalis in the mix as 

well as the chemical binding of some alkalis.t2.101. 2.129. 2.134, 2.136, 2.141, 2.155- 2.1511 

Another beneficial and commonly exploited attribute of fly ash is its tendency 

to reduce the heat of hydration.l2·12· 2·13· 2·75l This is also apparently due to the 

slower rate of reaction as well as the interfering effect of the LOI. 

All of the above clearly shows the generally beneficial effects obtained by using 

fly ash as a pozzolanic addition or replacement in concrete. The next section 

covers the mechanisms by which the mechanical behaviour of fly ash concrete 

is changed due to the presence of another type of particle in the already 

complex microstructure of HCP, mortar and concrete. 

2.3.5 Failure mechanisms of cementitious 
materials containing fly ash 

This section provides a brief review of reported mechanisms of failure of fly ash 

concretes and mortars where they differ from OPC mixes, under mechanical 

loading. 
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It has been stated by several authorsl2·
90

· 
2

·
112

• 
2

·
127

· 
2

·
135

· 
2

·
1581 that only a proportion 

of fly ash particles are hydrated even after several months, or years, in 

structural grade fly ash concretes. This means that the others provide another 

source of flaws, albeit small, as discussed in Section 2.2.3. 

These flaws are often seen in SEM micrographs,l2·
1211 alt~ough it may 

questioned whether these visible flaws are as a result of the preparation of the 

sample for examination, or inherent. 

Even those particles that do react appear to form a weak layer of calcium 

hydroxider2-111 • 2·122• 2·1581 or acicular CSH!2
·
901 around their surfaces. The effect of 

these was illustrated by Montgomery and Diamond in micrographs clearly 

showing the path of cracks around and through cenospheres.r2
·
111

l 

Additionally, if such an unreacted sphere is also a hollow cenosphere, the 

effective size of the flaw may be increased, although it is apparent that the wall 

of a cenosphere is generally thick and strong enough to modify the path of a 

crack. This modification tends to cause a crack, which is going around the 

outside of the sphere, to branch. This was interpreted by Montgomery as 

indicating that crack paths were caused to be more tortuous, thus absorbing 

more energy and so increasing the toughness of the matrix.r2
·
1111 

· 

This conclusion was not confirmed by Brooks and Sikharulidze who indicated 

that OPC and OPC/fly ash mixes of similar strengths also had similar fracture 

energies:r2·159l 1t would be reasonable to state, however, that the effect of flaws 

present as a resu_lt of fly ash in a matrix may be masked by larger flaws caused 

by other mechanisms. 

This is illustrated by the reports of decreased Ca(OH)2 orientation, and amount 

in the interfacial zone with aggregates.l2·
138

• 
2

·
1601 Thus despite formation of a 

small amount of lime around a fly ash particle, the lime in the much larger 
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aggregate interfacial zone is reduced, giving an overall beneficial effect as the 

size of the flaws is reduced. 

Thus on a relatively large scale fly ash appears to improve microstructure due 

to its pozzolanic effects. However on a much .smaller scale, its presence results 

in an increase in the number of flaws, the effect of whi<2_h may masked by the 

presence of other, larger flaws in the paste or mortar. 
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CHAPTER THREE - FATIGUE REVIEW 

3.1 Introduction 

3.1.1 General 

Fatigue, in the engineering or materials science context, is the phenomenon 

whereby a material undergoes permanent and progressive change in 

mechanical properties due to the growth of cracks or damage when it is 

subjected to cyclic loads which are lower than the ultimate strength.[3·1· 3·21 This 

means that structures or components subjected to repetitive loads are liable to 

fail after a certain period despite the fact that each applied load is less ~han the 

ultimate ·strength of the unit. 

The consequences of such failures can be, and have been, disastrous, from the 

Comet aircraft in the fifties to the potential failure of oil rigs subjected to tidal 

or wave action.t3·3· 3·41 It is therefore critically important that this failure 

mechanism be understood so that designers of engineering structures can 

make allowance for it, or strive to design so that its effect is minimised. The 

mechanisms of fatigue crack growth for metals are reasonably well understood 

and codes and practices are available for structural steel design.r3.s1 However 

for cementitious materials, despite investigation since the turn of the century,[3.51 

there is as yet no fundamental clarity. Methods of design are available,[3·~ -3.91 

but they are largely empirical, and possibly based on assumptions that are not 

strictly valid.13·101 

The conventional method of describing fatigue behaviour for most materials is 

by means of the S-N or Wohler Curve,13·1·3·10 ·3·131 an example of which is shown 

in Figure 3.1 for aluminium. This curve plots the number of cycles to failure of 

a material (on a log scale), against the maximum stress applied (normally 

expressed as a percentage of the ultimate stress,13·14 -3·161 and also often on a 

log scale). It can be seeri for example, that such a material can sustain only a 

few hundred cycles under a high stress of 80-90% of ultimate, but several 

million cycles at the 40-50% stress level. 
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Figure 3.1: An S-N cuNe for aluminium alloy l3·
131 

There are, for all materials, two distinct phases in the development of cracks 

under fatigue, the first is the initiation of the crack, which is predominantly 

dependent on the presence and size of existing flaws in the material. The 

second is the growth of the crack to a size that is critical to the integrity of the 

component. The rate of crack growth is largely dependent on the magnitude 

(cyclic amplitude and peak stress) of loading, and to a lesser extent frequency, 

environmental conditions, waveform and the type of material. These cuNes do 

not differentiate between the time, (or strictly, number of cycles) taken for 

initiation and that for growth. This leads to a large amount of inherent scatter 

when plotting experimental data, because the initiation stage can vary from a 

negligible to a considerable percentage of the lifetime. 

Due to the large amount of scatter in the experimental results the S-N cuNe is 

frequently presented with bands of probability as shown in Figure 3.2.13
·
171 This 

means that the designer in choosing the desired lifetime of his structure, can 

take into account an acceptable probability of failure when reading off the 

maximum permissible stress level to be used in his design.13·2• 
3

·
7

• 
3

·
181 
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Figure 3.2: An S-N curve for concrete showing bands of probabilityl3·
17l 

Some materials exhibit a fatigue limit, characterised by the flattening off of the 

S-N curve, implying that below a given maximum stress level, fatigue damage 

does not accumulate within the material.13
·
2
• 
3
·
191 Materials such as concrete are 

frequently reported as not exhibiting this fatigue limit, ie damage is .incurred, 

albeit slowly, at all stress levels. There is a practical difficulty in confirming this 

as the time required to observe such slow damage accumulation becomes 

excessively high. Because of this, some define a "fatigue strength" of such 

materials as the cyclic stress applied which results in a specified number of 

cycles (normally one or ten million) before failure.!3·201 

The fatigue strength of most materials is affected by the amplitude of the 

applied cyclic stress wave. This is often allowed for by stating the stress (R) 

ratio (the ratio of minimum to maximum applied stress) pertaining to the S-N 

curve or by presenting a family of curves for a number of stress ratios (Figure 

3.3). 
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Figure 3.3: Families of S-N curves for different stress ratios (R) l3·
211 

The mechanism of fatigue crack propagation in metals is one of plastic 

deformation of the crack tip leading to crack extension with each cycle.l3·221 This 

. means that the growth rate per unit cycle is independent of frequency. It also 

means that it is the amplitude of the cycle, rather the than the magnitude of the 

maximum stress, that is critical. 

The methods given above are the traditional methods of describing the fatigue 

behaviour of materials, particularly metals. An alternative means of description 

is to use the fracture mechanics parameter of stress intensity (K), plotted 

against the rate of crack growth (V) in the so-called "V-K diagram" for brittle 

materials, or the "Paris equation" approach l3·
23

• 
3

·
241 for metals (da/dn vs ~K).l3 ·251 

This topic is covered in more detail in Section 3.3 and Chapter 4. 

The following section summarises reported research on the fatigue of 

cementitious materials, particularly from a point of view that does not include 

fracture mechanics, as this is considered later in a section on its own. 
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3.1.2 Fatigue of cementitious materials 

Despite research reports d~ting : back as fa.r as ~ 90317 as reported by van 

Ornum [3·261, the mechanisms of fatigue of cementitious materials are still not 

well understood. Most design codes[3·2· 3·7· 3·271 are based on the S-N curve, the 

Goodman Diagram and Miner's Rule, all of which are covered in this section. 

The type of concrete structures that need to be designed for fatigue include 

concrete road pavementsP.28. 3·291 bridges, 13·30· 3·311 and structures exposed to 

marine tidal action such as off-shore platforms[3·321 and sea walls. Some 

examples of reported failures include a post-tensioned slab due to loads from 

changing ambient conditions,[3·331 dolosse,[3·34l and numerous bridge decks.l3·27
J 

Whilst most concrete structures include reinforcing, this review has been limited 

to plain concretes because the experimental work in the research was carried 

out on mortars only, as discussed in Chapter 5. 

Numerous methods have been used to try to measure and describe the 

accumulation of damage in concrete (see Section 3.2; 1 ). The research has 

indicated that the relationship between cyclic loading and damage is extremely 

. complex and dependent on a large number of variables. These include: 

• the loading cycle; including amplitude, maximum or peak load in the 

cycle,[3.17· 3·35l 1oad or stress ratio,[3·15· 3·351 profile of the loading wave, and 

frequency or elapsed time aspects;[3·36· 3·371 

• loading history; ie the magnitude and sequence of previously applied 

cycles,!3·16, 3.35, 3.38, 3.391 or rest periods;l3.4DJ 

• environmental conditions; including moisture content and temperature of 

the material,[3·15·3·41 ·3·44l and presence of aggressive chemicals;[3·20·3.45.3·
4s1 
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• type of binder;l3·
1
• 

3
·
421 

• sample size.l3·
47

• 
3
·
401 

An alternative graphical method to the S-N curve of presenting the fatigue life 

of a material is the so called "Goodman diagram" (Figure 3.4).l3·
2

• 
3

·
7
1 This plot 

gives the range of maximum and minimum stresses for a given number of 

cycles to failure. The model takes into account both the magnitude of the cycle 

peak as well as the amplitude of the cycle. This is unusual as most fatigue 

models only consider the peak or the cyclic' amplitude, not both. The graph is 

often presented with different lines provided for different numbers of cycles, 

clearly showing that if a higher amplitude or peak stress is to be applied, the 

number of cycles that can be carried is reduced. The curves are .normally 

derived from experimental compression or tension testing of prisms, in which 

the number of cycles to failure under a given cyclic load are counted. 
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Figure 3.4: Goodman diagram 
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The process of fatigue failure appears to be the progressive growth of cracks 

and microcracks that are initiated in flawsY.2
• 

3
·
49l Some of these coalesce to 

form larger cracks that grow in dimension until the structure is overstressed, 

leading to failure.l3·501 This would help to explain the reported sigmoidal or "S" 

shape of the curve of the damage accumulation (Figure 3.5).!3
·
19

· 
3

·
27

• 
3

-
51 

•
3

.
531 The 

first zone is the initiation of crack growth, whilst the linear portion is the ·zone 

of steadily accumulating damage as microcracking cracks increase and crack 

bridging decreases,!3·221 and the final acceleration is the agglomeration of a 

number of small cracks into a few major cracks that lead to failure. 13·
10

· ~-54 • 3·
551 
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Figure 3.5: Typical S-shape curve of fatigue damage accumulation l3·
19l 

It is also often reported that the rate of growth is subject to a lot of scatter, 

even within a single sample. This can be explained by the existence of local 
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zones with varying strength due to the heterogenous nature of concrete or 

mortar.l3·561 . 

The presence and growth of a zone of microcracking of appreciable size, 

known as the process zone, that would absorb large amounts of loaded energy 

by elastic deformation helps to explain the reported hysteresis in the stress 

strain curve as a number of other reported effects (see Section 3.2).1
3
·
51

· 
3
·
57

1 

Fatigue hardening, or the increase in static strength of samples subjected to 

low amplitude cyclic loading, has also been reported.l3·44
• 
3·551 It is thought to be 

due to the hydration of previously unhydrated cement grains freshly exposed 

by the microcracking caused by the fatigue loading.l3·44· 3·
58

1 

It has been reportedl3·10· 3·401 that for cementitious materials the rate of crack 

growth is largely a function of time rather than the number of cycles irrespective 

of loading frequency, (particularly at high stress levels). It has also been 

reported that it is the maximum stress13·17· 3·351, or stress ratiol3·211 (or stress 

intensity, see Section 3.3.3) rather than cyclic stress amplitude that governs the 

rate of crack growth. However, some influence of amplitude is still observed.1
3
·
56

1 

Such a maximum stress approach would also indicate a transportation or 

chemical process mechanism, consistent with a form of environmentally 

assisted cracking (EAC). This is opposed to a plasticity controlled-elongation 

mechanism of conventional metal fatigue. An EAC mechanism would validate 

the use of the V-K diagram as opposed to the Paris equation approach in 

describing fatigue behaviour.l3·25· 3·56· 3.591 

Variations in the magnitude of. loading cycles, ie variable R ratio, is often 

handled by means of the Miner hypothesis13·60 - 3'631 as used in many 

specifications. There are, however, some that query the validity of the 

approach.l3·2· 3·19· 3·35· 3·391 This topic is discussed further in the following sections 

along with the reported effects and mechanisms. 
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3.2 Fatigue mechanisms and~ cementitious materials \ 

3.2.1 Measurement 

Damage incurred in a concrete over a period of time may arise as a result of 

two forms of fatigue. Static fatigue is the imposition of a constant load on a 

structure or sample that is lower than the short term strength of the material 

that still results in damage and possible failure as a function of elapsed time. 

Cyclic fatigue is the accumulation of damage with the application of cyclic loads 

that are also less than the short term strength. 

Measurement of the damage incurred in a sample of concrete subjected to 

cyclic or static fatigue loading is difficult to carry out directly. However there are 

a number of indirect approaches that have been reported. ~ _ 

The most commonl3·
22

• 
3

-
52

• 
3
·
64 

-
3
·
681 is to count the number of cycles to failure of 

samples under various loading configurations, often for load cycles of constant 

amplitude. The results are normally expressed in the form of S-N or Wohler 

curves as described in the previous section. The general shape of these curves 

are similar, irrespective of the mode of loading.13
·
271 The experimental results 

tend to exhibit a large amount of scatter, apparently largely due to the inherent 

scatter in measuring the strength of the specimens when normalising the 

vertical axis.!3·19
· 

3
·
57l 

In order to accommodate variable amplitudes or frequencies, reference is often 

made to the Palmgren-Miner hypothesis.13·
60

•
3.s31 This states that the amount of 

damage incurred can be expressed as a fraction of the number of applied 

cycles divided by the total number of cycles that can be carried at that loading 
-

level. When the sum of the fractions for the differing loading conditions reaches 

one, failure nominally occurs. 

k N. 
M = L (-1 

) = 1.0 
i=1 NFi 

..................................... (3.1) 
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Where 

Ni = number of cycles applied at stress level i 

NFi = number of cycles to failure at stress level il3·19l 

Although it is widely used, this approach is not accepted as valid by all 

authors.l3·2· 3.19, 3.35, 3.39J 

The equation 3.1 has been refined by van Leeuwen13·631 to allow for the non

linear fatigue behaviour of concrete by using a log relationship. 

Other methods have been used to measure the amount of damage more 

directly. Examples include: 

• measuring the change in secant modulus of the concrete with increasing 

number of cycles,13·19· 3·511 

• the change (or hysteresis) in the shape of stress strain curve13·19· 3·66· 3·671 

• recording acoustic emission13·10· 3·191 

• measuring the change in ultra sonic pulse transit time (UPTT).!3·10·3·19·3·691 

• counting the number of cycles to failure of: 

compression prisms,13·64
• 
3·651 

beams in flexure 13·661 , 

direct tension prisms,13·52· 3·671 

compact tension specimeris;l3·221 

• surface crack mapping.13·70· 3·711 

Another approach is to use the double torsion (DT) test configuration which 

forms a (nominal) single crack, the length and growth rate of which can be 
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directly observed as discussed in Chapter 4.l3-10· 3·72 · 3·751 In this case, crack 

growth rates may be directly related to damage development rates. 

Measuring the crack length in tensile tests of other specimen shapes (eg 

compact tension) has also been attempted,l3·
681 but unlike the OT approach, 

such specimen configurations have an increasing, not constant, stress intensity. 

Therefore the cracks tend to accelerate rapidly as they progress, which can 

make observation difficult or even impossible. 

Environment, loading details, and other variables all have their own effects 

which are discussed in the following sections. 

3.2.2 Effect of frequency and loading rate 

It is generally acknowledged that an increased loading strain rate leads to an 

increased strength of a concrete being recorded.!3·47· 3·76 
• 
3·791 -This is more 

apparent in wet than dry concretes,l3·77
• 
3·80· 3·811 and in weak rather than strong 

concretes. 13·811 

Concretes fatigued at high frequencies are effectively subjected to high strain 

rates. Thus, for evaluation, the stresses (normalised as a propo.rtion of the now 

higher ultimate strength) are consequently lower - leading to an increase in the 

number of cycles that can be carried. This agrees with reported results, 

particularly for high stress levels.l3-9· 3·36· 3·37· 3·821 However, at lower stress levels 

and frequencies this is not always observed.13-471 

However, there is a strong influence of time. That is, a tenfold increase in 

frequency does not give a tenfold increase in the number of cycles to failure, 

therefore a shorter life measured on the basis of time. This was acknowledged 

by Hsu in his derivation of an equation for predicting fatigue life that included 

both time and number of cycles. 13·361 It is necessary to try to separate the 

different effects of high loading rate at high frequency from the time 
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dependence of the failure mechanism. The scatter in such results 13
·
35

1 can cover 

two orders of magnitude, therefore it is difficult to be explicit, but the influence 

of time is real. 

There are some reports relating creep or secondary creep with fatigue (Figure. 

3.6) 13.57• 3·79• 3·83• 3·841 where there is a "strong interaction".13
·
53! Some researchers 

have attempted to separate the two effects by monitoring fhe developing 

microcracking, but it is possible that at this level creep and fatigue involve the 

same mechanism with the microcracking simply not being visible. The topic of 

creep is discussed further in Section 3.2.5. 

-13L.----"---~-_,;.-_;.. _______ __ 
0 2 3 4 5 6 7 

10109 ft (sec) 

Figure 3.6: Comparison of strain rate vs time to failure of tensile creep and 
fatigue 13

·
671 

The influences of the presence of moisture, and the function of time on fatigue 

crack behaviour indicate that the mechanism of failure possibly involves some 

form of stress corrosion cracking. This is discussed further in Section 3.3.3. 
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3.2.3 Effect of amplitude, load ratio and loading history 
~ ~ t . I . 

The effect of cyclic load amplitude on the fatigue behaviour of concrete is 

described by authors in a variety of ways, which makes direct comparison 

difficult. 

As shown in Figure 3.7, a change in amplitude may be described on the basis 

of four basic variables: 

• stress amplitude, 

• maximum stress, 

• mean stress, 

• R ratio (defined as minimum stress/maximum stress). 

Many authors (particularly those used to working with metals) use the last as 

a point of comparison, deriving relationships or families of curv~s with R as a 

variable (Figure 3.3).13
·
21

• 
3

·
27

• 
3

·
35l 
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Figure 3.7: Describing changes in amplitude 
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However, as shown in Figure 3.7, a change in R is in effect a change in 

amplitude and maximum and mean stresses and a single R value does not 

uniquely define the characteristics of the load cycle applied. In order to avoid 

ambiguity, the approach used in the remainder of this study has been to 

describe both maximum stress intensity and amplitude. 

As discussed in Section 3.3.3, the basic difference between the Paris equation 

for metals, . 

da = Cll.K m .•........•••........................••.•• (3.2) 
dn 

and the V-K relationship for brittle materials, 

. V =AK" .... · ....... · ... · .......................... -...... (3.3) 

is that in the first the amplitude of the loading cycle is critical, whilst in the latter, 

the magnitude of the maximum or peak load is critical. In the following 

discussion, changes have been described by a change in one parameter, 

(amplitude or maximum load) in order to be able to evaluate the applicability of 

either of the two equations above.13·25
· 
3·561 

As can be seen from Figure 3.3, an increase in R (reducing amplitude) will lead 

to a greater number of cycles that can be ca!ried at a given peak load.13·56
• 
3·85

1 

This indicates that there is an effect of both amplitude (Paris) and peak load 

(V-K). 

It is interesting to note one of the conclusions dr"awn by Holmen13·19
1. that 

"variable amplitude loading seems to be more damaging than predicted by the 

Palmgren Miner hypothesis. This is due to sequence effects present by variable 

loading". This is as a result of testing using variable amplitudes in each cycle 
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rather than batches of constant amplitude. His view is contradicted by 

Siemes13
·
81 who considers that the Miner approach is "remarkably good for 

describing the cumulative damage due variable amplitude loadings". 

Work carried out by Ruimin et al 13·54l showed that fatigue damage due to blocks 

of differing amplitude could be related to measurement of maximum strain in 

compression prisms. 

The application of blocks of cycles of different amplitude has been shown to 

affect the fatigue life of samples in laboratory tests, albeit with trends reported 

in opposite directions. Oh and Kiml3-
35l concluded that increasing load amplitude 

leads to damage with a Miner number greater than one, and vice versa with 

decreasing load amplitude. This is consistent with Petkovic et al13·15J ·who 

reported that low loads applied initially lead to a greater number of cycles that 

can be carried. Tait13·
10l has quoted two sets of results, one that shows a 

-
behaviour similar to that above, and another that is in the opposite direction as· 

shown in Figure 3.8 . 
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Figure 3.8: Two sets of data showing opposite trends as a resulf applying 
similar loading histories l3·

101 · 

The cause of these trends have not been commented on, but may have been 

due to the rate of damage accumulation being lower under lower loads, or due 

to some other effect. 

These apparent contradictions lend weight to the contention that there are 

many variables that contribute to fatigue, and to try and apply strict numerical 

relationships to the topic of fatigue without qualification is ambitious at best. 

Static fatigue, as defined earlier, still results in long term failure of structures 

under sustained loading, even with no cyclic amplitude. Examples of this are 

shown in Figure 3,9t3.ss1 and the subject is discussed further in Chapter 9. 
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Figure 3.9: Influence of type of loading on ultimate stre!1gth 13·~51 

The next section covers the effects of the environment. 

3.2.4 Effect of environment 

The bulk of the papers on the effect of environment on fatigue strength 

described work carried out using static fatigue tests on compression prisms, 

beams under bending loads or double torsion specimens. In this context, 

"environment" is considered to involve temperature effects,13·87·3·881 the presence 

of water13·16· 3·20· 3·27· 3·42· 3·43· 3·45· 3·891 (measured as relative humidity) or the 

immersion of the sample in a liquid.13·10· 3·90· 3·911 

It is generally reported that the wetter a concrete is, the earlier the failure under 

static or cyclic fatigue loading.[3·16· 3·20· 3·27· 3·42· 3·43· 3·45· 3·891 This is presumed to be 

due to the attack of stressed concrete microstructure of (possibly) silicate bonds 

by hydroxyl ions, or additionally by the wedging of the cracks by water.13·20· 3·871 
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This is borne out by the markedly increased resistance to static fatigue of 

beams loaded under vacuum.l3.
43

J . 

Tait and Garrettl3·92J employed double torsion tests in the measurement of V-K 

curves (see Chapter 4) under static and cyclic loading, and showed that with 

increased relative humidity, the crack growth rate was faster~ The results also 

indicated that the mechanism of crack propagation under static and cyclic 

loadings was essentially the same, ie possibly that of hydroxyl ion ~ttack. This 

means that the difference in crack growth rates between static and cyclic 

loading is a function of integrated time and stress, as predicted by Evans and 

Fuller 13·
591 in the equation: 

da = .A g AK i" 
dN a 

.............................. • ....................... (3.4) 

Where: da/dN is the crack growth per cycle as calculated from a measured 

static crack growth rate, · 

'A= period of aach cycle, 

g =correction factor (See Appendix 8), 

A and n = materials properties (see Section 3.3.3) 

K1a = Average cyclic stress intensity. 

This can be manipulated (See Appendix 8) to read: 

v = c 

............. · ........................................ (3.5) 

Where Ve= calculated crack velocity due to cyclic loading (for Kmax) 

Vs = measured crack velocity due to static loading 
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g = correction factor (Appendix B) 

S = Kamplitude / Kaverage 

This contention needs to be balanced with the effect of fatigue hardening, which 

is probably due to hydration of freshly exposed grains,l3·
581 which in effect 

increases fatigue lifetime. This effect has, however, only been observed at low 

fatigue stress levels.l3·89
1 

Retesting of loaded and healed compression prisms by Abdel-Jawad et a1l
3

·
93

l 

resulted in failure in the old cracks indicating that even if autogenous healing 

occurs, the healed cracks still act as flaws or stress raisers under loading. 

The greater sensitivity of wet concrete to loading rate than dry 13·
78

1 has been 

described as being due to the Stefan effect.13
·
801 This effe~t considers the 

surface tension of water, in contact with two faces close together, resisting the 

forces separating the faces (Figure 3.10).13
·
81

1 

Displacement of the walls of 
the capillaries with rate : dh/dt 

Figure 3.10: Stefan effect inside the pores of concrete· 13·
81

1 

It was reported by Barrick and Krokosky l3·
811 that temperature has an inverse 

effect from that expected, in that increasing temperature reduces the damage 

incurred by fatigue loading. This was more marked in wet than dry specimens. 

They thought that this was due to the reducing s9lubility of Ca(OH)2 with 

increasing temperature, thus reducing the availability of hydroxyl ions to attack 
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the stressed bonds (Fig 3.11).r3·20
•
3·97

• 
3·94l However, they employed somewhat 

questionable statistics in that they discarded a lot of their data if fatigue 

occurred "too quickly".r3:87l 
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This contrasts with the report that fracture energy decreases with increasing 

temperature,13·001 which is again more marked in wet concretes. This was 

explained as being due to a reduced activation energy. Fracture energy has 

also been reported to decrease with increasing humidityl3-951 (Fracture energy 

is the energy input required to create new surfaces within a body, and is 

discussed further in Section 3.3.1.) In a similar manner, increased stressing of 

Si-0-Ca-O-Si bonds leads to lower activatign energy for chemical attack and 

subsequent cracking.13·961 

In summary, the extent of fatigue damage appears to be affected by the 

environment due to a combination of: 

• stressed silica-oxide bonds being more susceptible to corrosive attack 

than unstressed bonds, 
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• liquids that will chemically attack such bonds must be present in 

sufficient quantities for sufficient time; (transport effects), 

• increasing temperature appears to have an influence in that the 

activation energy to propagate cracks is lowered. There is also a report 

that hydroxyl ion solubilities may have a part.to play. 

• some influence of wedging is also indicated, the extent of which has not 

been quantified. 

The next section d~scusses the implications of the above findings from the point 

of view of the mechanisms of fatigue damage of cementitiqus materials. 

3.2.5 Failure mechanisms 

A summary of the failure mechanisms of concrete under static or cyclic fatigue 

is presented in this section.· 

It is generally acknowledged that hardened concrete that has not been loaded 

contains a number of different types of flaws, including shrinkage cracks, air 

bubbles and interfaces between the different constituents.13
-
29

•
3

·
43

•
3

·
70

·
3

·
971 A study 

by Hansenl3-
9

7J could not detect shrinkage cracks by optical microscopy, 

although it is possible that the magnification was too low or preparation of the 

concrete had allowed shrinkage to occur without incurring visible cracking. As 

discussed in Chapter 8, some cracking has been observed in samples that 

have not been loaded when studiedin an electron microscope. 

Crack initiation and propagation can occur at any of the numerous flaws in a 

typical concrete. The process involved is still not fully resolved but it is likely 

that general load increases cause large local increases in stresses at the tips 

of flaws and cracks. The bonds of such tips become highly stressed and hence 

more susceptible to attack (for example by water). The effect of having both 

moisture and local stress at crack tips is that the additional energy required to 
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overcome the activation energy for cracking is reduced and may even be 

sufficient to overcome the activation energy. This will result in crack growth in 

a number of locations.!3·431 Hansenl3·
97l has noted that as loads were increased, 

microcracks tended to coalesce into continuous cracks that eventually led to 

failure. 

In the case of prisms loaded in compression,l3·
701 cracks were reported as 

tending to grow along the aggregate interfaces, perpendicular to the (tensile) -

principal stresses (ie parallel to the direction of the compressive load). When 

the surface of the aggregate changed direction, the cracks were then observed 

to branch pff into the paste and maintain their original approx·imate direction. 

The specimens were thus broken up into a number of columns that 

subsequently failed in buckling. The release of stored strain energy also 

resulted in more damage.13·70
• 
3
.
97J 

.. 

Cracks in concrete or hardened· cement paste are seldom - straight and 

continuous, even at the microscale level. They tend to be straighter in high 

strength concrete where failure occurs through the aggregate as well as 

through the paste and interfaces. Bentur and Mindessl3-
9s1 also noted that cracks 

often went around rounded particles. 

Schlangen stated that crack jumping (or as he called it, bridging) leads to 

toughening in the scale ·s µm - 25 mm, where the maximum size of s_uch 

bridging is affected by aggregate size. The falling branch of stress-strain curves 

was descri~ed as being related to this bridging effect. The interface bond 

strength is also critical where low bond strength leads to more jumping and 

bridging, and therefore more so-called "ductility". l3-
991 

Bridging of the cracks by aggregate particles would also contribute to the 

toughening of the concrete, which is large in relation to the energy absorbed 

by the process zone.!3·221 
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Fatigue crack growth and creep are thought to be related by Suter[3·100J and 

Cornellissen[3
·
1011 who have. proposed that the r~te of secondary creep gives a 

measure of the damage within a concrete including that due to fatigue loading. 

Bazant and Gettu[3·
102

J have reported that there is a strong interaction between 

fracture and creep in concrete. In tests. where strong load relaxation was 

observed in samples maintained at constant crack mouth opening displacement 

(CMOD) in the post peak regime, the relaxation was attributed to creep as well 

as time dependant crack growth (EAC). The phenomenon of creep is normally 

attributable to the movement of water at the gel pore and small capillary pore 

level under the action of applied loads, or relative movement of particles.13·1031 

This would imply that samples that have been dried are less subject to .the 

former mechanism.l3.691 

The broad outlines of the different mechanisms of static and cyclLc fatigue crack 

growth and in concrete as described above may be summarised as: 

• crack propagation by ·chemical attack of stressed fibres, particularly 

those subject to stress concentrations such as at the tips of existing 

flaws, 

• creep, or the movement of particles due to water movement or particle 

movement at gel pore level, 

• brittle cleavage type fracture, 

• non-linear "plasticity" mechanis_ms. 

This discussion has largely excluded the concepts presented by the discipline 

of fracture mechanics. The next section briefly covers fracture mechanics as a 

subject, its application to concrete and its relevance to the study of fatigue of 

concrete. 
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3.3 Fracture mechanics 

3.3.1 Fracture mechanics theory 

Fracture mechanics has been defined as the branch of applied mechanics that 

deals with the behaviour of cracked bodies under load.!3·
1041 

This section gives 

a broad definition and outline to the topic, the next considers its application to 

cementitious materials, and the following the application of fracture mechanics 

to cementitious materials under cyclic loading. 

The bulk strength of materials (crc} is normally found to be substantially lower 

than the theoretical value by a factor of 10 to 1 OQ.[
3
·
1051 This is due to the 

presence of flaws or cracks in most materials which cause concentrations of 

stress, which are locally higher than crc, thus propagating the crack. Flaws on 

the surface of a body have been shown to contribute more to this effect than 

those within a body. 

In the early 1920's, Griffith [3-
1061 undertook some elegant experime-ntal fracture 

research on glass si_nce he realised that the fracture stress was approximately 

two orders of magnitude less than the theoretical value for complete separation 

of two sides of a crack. Using glass slides as specimens, he found that the 

product of fracture strength and square root of the crack length was effectively 

constant. He used an energy balance argument given below to provide a 

theoretical background to these observations. 

For a stressed brittle material, the stored strain energy per unit volume (U) is 

U = cr2/2E' ...................................... .: ..... (3.6) 

where cr is the applied principal stress and E' =the young's modulus E in plane 

stress, or E' = E/(1-u2} in plane strain. If a through-thickness crack were to 

develop in a semi infinite sheet of such material with surface energy y (in J/m2
), 

. then stored strain energy would be released immediately above and below the 

crack region as the crack surface cannot sustain a stress normal to its surface. 
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For unit thickness material, the strain energy released is simply the ener!;Jy per 

unit volume multiplied by the volume per unit thickness. Griffith !3·1061 was able 

to show that this relaxed area was equivalent to the value 2na2 for a crack 

length of 2a. Hence 

a -a2rra2 
U = -- x 2rra2 = ---

2E' E' 
.............................. (3.7) 

This released strain energy goes into the creation of the new surfaces (crack 

surfaces need energy just like surface tension in fluids) which for a crack length 

of 2a and unit thickness gives a surface energy requirement (S) of 

S = 4ay ., .................................... -· ....... . (3.8) 

One can now write a total energy (W) balance equation for the crack as follows: 

a2rra2 
W = 4ay - ..... : ............... ·. . . . . . . . . . . . . . . . (3.9) 

E' 

This is represented on a schematic energy vs crack length plot as shown in 

~ Figure 3.12. 
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Figure 3.12: Energy balance as crack extends in brittle material is.ssr 

The stability of the crack in the material can now be assessed from an energy . 

r-elease rate approach. Up to the vertical line in Figure 3.12 the energy release 
-

is less than the energy demand for new cracks to form, hence the crack is 

stable. Beyond the "maximum" the converse is true, there is more energy 

supplied from the released strain energy field than is required by the new crack 

surfaces, therefore the crack becomes unstable and accelerates, leading to 

catastrophic failure. This maximum can be found by differentiating the total 

energy term W with respect to crack length a, and setting to zero as is standard 

calculus procedure . 

. dW = 4y ...: a2n2a = 0 ................................. (3.10) 
da E' 
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Therefore at the point of unstable fracture 

a, = ~ ~!: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (3.11 ) 

or 

a1..jrra0 = J2y E = a constant • • e e • • e • e • • • I I I I I I I I I I I I• I I I 1 (3.12)· 

where cr1 is the fracture stress and a0 is the critical crack length. This provides 

a theoretical justification for Griffith's experimental observations that cr.Ya-was 

constant. 

The term 2y = dU/da is known as the strain energy release rate G, also 

occasionally known as the crack resistance. Note that the rate is with respect 

to crack length and not time). . 

The term cr'1(rca) is also known as the stress intensity K, (ie K = cr'1(rca)) and is 

a convenient parameter since it can be superimposed and added as a vector 

in much the same way as stress is used. K provides a measure of the 

toughness, or ability to resist crack propogation, of a material. 

-
When discussing fracture mechanics parameters, it is necessary to separate 

the three loading modes with respect to cracks, ie opening, in-plane and anti

plane shear known as I, II and Ill as shown in Figure 3.13. 
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Figure 3.13: Fracture mechanics failure modes l3·
107

J 

It is also practical to incorporate a so called compliance function Y in the 

formulation 

K = Ycr'1(rta) ..................................... -..... (3.13) 

which is related to the geometry of the loaded structure and the shape of the 

flaw under consideration. 

This stress intensity term K must be distinguished from the stress concentration 

factor (SCF) parameter kt. This parameter may be regarded purely as a 

geometrical factor which refers to the enhancement of stress due to local macro 

geometry effects, ie 

kt = crmJcrmin •••••••••••••••••••••••• · .••••••••••• ,• ••••. (3.14) 

where crmax is the maximum stress experienced near a crack tip and crmin is the 

average stress remote from the flaw. 
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K1c, the critical stress intensity is the fracture toughness of the material, and is 

a measure of its ability to resist cracking. The relationship between Kand G (for 

plane strain conditions) is given by 

K = "(EG) ....................... , .................... (3.15) 

All of the above discussion is limited to linear elastic fracture mechanics 

(LEFM), based on assumptions of homogeneity and elasticity. This concept and 

K parameter is practically useful for a number of engineering materials,13
·108

-
3·1111 

in the limitation that the plastic zone ahead of a crack tip is less than a/15.13·691 

However, materials that display a large amount of plastic deformation, and 

those that contain zones of crack bridging, microcracking o'r a number of 

discontinuous cracks, are outside the bounds of the assumptions for LEFM. · 

Such materials can be accommodated in fields such as elastic-plastic fracture 

mechanics (EPFM), which utilise terms such as the J-integral or crack tip 

opening displacement (CTOD) to characterise the toughness of a material.13
·
1121 

The J-integral is broadly related to the area under the stress strain curve 

(including the descending branch for concrete) and under elastic conditions is 

equivalent to the strain energy release rate G discussed above. 

Alternatively, an approach known as the R curve, a plot of toughness index 

(K,G, CTOD or J), plotted against crack length (a) (Figure 3.14) provides a 

means of evaluating the probability of cracking in a given body by comparing 

a characteristic material R curve of toughness against the energy supply curve 

(ie the release of stored strain energy U). The system is stable ,up to the 

tangent between the two graphs, but unstable cracking occurs beyond this 

point.13·69, 3.1131 
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The next section continues the discussion with particular reference to cement 

based materials. 

3.3.2 Fracture mechanics and cementitious materials 

Linear elastic fracture mechanics (LEFM) as described above is based on a 

number of assumptions, including the homogeneity and linear elasticity of the 

material concerned as well as the extent to which it can be considered as 

isotropic.13·691 Few of these assumptions are valid for cementitious materials, and 

in particular, concretes. This is due to the nature of concrete, a material made 

up of a number of phases that are not homogenously mixed, even at a macro 

scale. Indeed, some of the phases do not comply with these assumptions in 

their own right. 

The application of fracture mechanics to concrete is a topic that is still the 

study, at very high level, of a large number of people as well as a topic leading 

to a certain amount of contentious debate.13·114 
-

3
·
1211 
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A review by Mindess in 1993l3·1211 concluded that the question of the applicability 

of fracture mechanics to cementitious materials had not been answered. Since 

that time a number of increasingly sophisticated models have. been proposed 

and refined,l3·1151 but it would appear that the question.has still not been settled 

conclusively. Design of concrete structures using fracture mechanics is still in 

the hands of the theoreticians,13·119· 3·1221 not practising engineers, 

Some of the models referred to include the fictitious crack modet' by 

Hillerborg·l3·123
J the crack band model of Bazantl3·117·3·124

J and the two parameter 

model of Jenq and Shah.J3·1251 R curves,l3·113·3·116·3·126 ·3·1281 the J-integra1l3·1291 and 

damage (or continuum) mechanicsl3·114· 3·130· 3·1311 are also described as having 

varying degrees of success. 

When concrete, mortar or paste is stressed, a crack is forme~ .that is typically 

not straight, continuous, or singular.l3·1321 In fact a zone of softening or 
. -

microcracking is said to form in front of the visible crac-k tipl3·133 · 3·1351 which 

contributes to the material's non-linearity.!3·116· 3·1271 Determination of the size of 

the so called fracture process zone (FPZ) is another topic of much research 

and discussion.!3-1361 

An effect of the process zone is the shielding of the crack tip or redistribution 

of strain (or strain gradientl3·711) such that pot_entially critical flaws. are not 

subjected to critical displacements and failure is delayed. This can also be 

considered from the view point that energy is absorbed in the creation of a 

large number of micro-cracks aroun~_ the nominal crack tip as well as in crack 

bridging.!3·11s, 3.137J 

Therefore, energy introduced into a concrete by loading can be dissipated in 

three ways: 

• creation of a new surface or surfaces, 

• · microcracking or process zone, 

• and crack bridging behind the crack path. 
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LEFM describes the first type only, whilst Bazant's model covers the first two 

and the two parameter model addresses all three.l3·
1381 

Birchall 13.1391 has shown (Figure 3.15) that pastes behave as predicted by 

Griffith down to maximum flaws of about 20 µm, the first form of energy 

dissipation. This is the basis of the manufacture of very high performance, or 

macro-defect-free mortars and pastes that have remarkably high tensile 

strengths as reported for example by Jennings and Birchall.1
3

·
140

• 
3

·
141
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Figure 3.15: Flexural strength vs (artificial) flaw size 13.
1391 

Some of the flaws that affect fracture parameters are:l3·
1421 

• air bubbles due to poor compaction and due to entrainment, 

· • cracks in the coarse aggregate, 
-

• interfaces with coarse and fine aggregate, 

• CaOH crystals, 

• capillary pores 

• gel pores. 
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These range in size from the macro (mm) to the micro (µm). Additionally, there 

are cracks induced by shrinkage (which are said to be inher~nt) or due to 

loading, which range in size from the macro to the so-called process zone. 

These flaws may reduce toughness, or act as crack arrestors depending on 

their orientation with respect to the crack direction.13·95
· 

3
·
1431 

It is interesting to note the increase in fracture toughness of mortar impregnated 

with polymers, attributed to the improvement of the microtoughness by the 

polymer binding microflaws and suppressing microcracking.!3·1441 This_ is probably 

related to crack bridging acting as _an energy sink as described by Yu.13
·
1371 

LEFM is also largely based on the assumption that failure is predominantly_ in 

Mode 1 (Figure 3.13), as proposed by Schlangen,13
·
145l although work on 

fracture modes 2 and 3 is continuing.!3·125
• 

3
·
1461 

Despite all of these difficulties, it is possible to measure a fracture tovghness 

(eg Kie) of a concrete or mortar, using specimens with a suitable geometry.r3·1161 

The result appears to be dependent on the size of the sample, 13·
147 

-
3

·
1501 and 

the rate of loading,13
·
102

· 
3

·
113

• 
3

·
1511 whilst for a concrete, samples would have to 

be very large before influences due to the process zone become small.13
·
121

• 
3

·
1471 

Wolinski et al have reported that there were no distinctive relationships between 

fracture mechanics parameters and aggregate size.!3·1521 

The parameter K1c may be considered a reasonable means of assessing and 

. comparing various similar concretes under similar loading conditions. It is this 

parameter that has been used in the experimental work of this study in fatigue 

testing as described in the next chapter. 

The next section looks at the application of fracture mechanics parameters to 

the study of fatigue in cementitious materials. 
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3.3.3 Fracture mechanics, cementitious materials and fatigue 

The validity of fracture mechanics, and particularly linear elastic fracture 

mechanics to failure in cementitious materials is still open to debate. However, 

the use of LEFM parameters such as K for comparative fatigue testing of 

samples of similar shape and size is acceptedl3·
110

• 
3

·
153 

-
3

·
155

f as being 

reasonable. If it is accepted that the driving mechanism of failure is fracture 

based rather than purely stress based, 13
·
121

· 
3

·
1441 even if the.modelling of it has 

not been resolved, then FM parameters can be used to monitor behaviour and 

used in seeking to understand mechanisms.l3·56
• 

3
·
153

· 
3

·
156

1 

The advantage of using these parameters is that it is possible to separate the 

initiation and growth phases of crack propagation,l3-
55

• 
3

·
157

1 unlike the S-N 

curves. Additionally it is possible to get closer to an understanding of crack 

advance mechanisms, ie plasticity controlled (Parisl3·
154l) or some form of stress 

enhanced attack (V-Kl3·
1531

) as discussed in this section. 

The mechanism of fatigue crack growth in metals is described as a plastic 

process where a zone of local plasticity is induced in front of the crack tip, into 

which the crack extends by localised shear and subsequent bulging with each 

cycle.l3·157
-

3
·
1591 This is one of the models th.at leads to the well known striations 

visible in electron micrographs of fatigue crack surfaces of ductile materials 

such as aluminium alloys.l3·157l A plot of da/dN against ~Kon a log-log scale is 

given in Figure 3.16 which is typical for metals. In terms of lifetime, the 

predominant zone is that marked B in which there is a constant rate of crack 

growth when expressed as a function of stress intensity amplitude ~K, on a log

log basis. This is described by the equation, known as the Paris relationship 

da/dN = C~Km ..................................... : .. (3.16) 
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For such growth behaviour,· it is the magnitude of the amplitude of the cyclic 

stress rather than the maximum stress which governs the rate of crack growth. 

This behaviour is typical of metals and alloys, with m usually in the range 2 to 

4. Note that the rate of crack growth is expressed per unit cycle rather than per 

unit time, ie the frequency of cycling does not influence the crack growth rate 

(at least for the middle linear portion). 

On the other hand the governing relationship for cyclic fatigue of brittle 

materials such as cementitious or ceramic based materials is rather 

differentP·1611 One representation is the V-K curve (Figure 3.17).13
·
10

· 
3

·
153

• 
3

·
162

•
3

·
163

1 

The difference is in the crack advance mechanism where there is no substantial 

plastic zone (although there may be a process zone of microcracking), and the 

growth mechanism is rate dependent. Thus the parameters are da/dt rather 

than da/dN and K rather than L1K. The maximum load Kmax is the critical 

parameter, rather than the cyclic load amplitude L1K. However this is not strictly 

true as there is an effect of the amplitude reflected in variations caused by 

changing the stress ratio R. Alternatively Baluch13·
25

J has shown, in tests on 
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concretes, all at the same frequency, that the Paris approach was valid, but 

expressed 6K as a relationship with the stress ratio R. Kim13
·
1631 has reported 

using a similar system with granite. It would seem that the truth for cementitious 

materials is some combination of the two relationships. 

> 
<.!:> 
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Figure 3.17: V-K Curve for concretes. l3·
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The shape of the plot is somewhat different from that of the Paris approach, but 

the predominant characteristic is still that of constant rate with increasing K 

(marked I in Figure 3.17). This is expressed by the equation: 

V = AK" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (3.17) 

where A and n may be considered as materials parameters and a measure of 

the static fatigue resistance properties of a material. The mechanism is thought 

to be reactio~ rate and transport dependent, where failure is by means of 

stressed fibres at the crack tip undergoing environmental attack and breaking, 

thus accounting for a strong time dependence. The plateau region marked II in 
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Figure 3.17 corresponds to a limiting velocity, constrained by the availability of 

aggressive species at the crack tip to cause corrosive attack, and thus is 

transport rate limited rather than stress limited. 

Measurement of V-K behaviour is most easily carried out using specimens 

which have a geometry such that imposed loading results in a constant stress 

· intensity (K), even as the crack length extends. Details of these types of 

configurations are given in the next chapter. If it is accepted that K is·valia for 

a given specimen size and configuration, comparisons in fatigue effects due to 

changes in rate, environment or material are then possible. This can still be 

evaluated using specimens which do not exhibit constant K but measurement 

is more difficult.13-153 
-

3
·
1551 The technique of comparing V-K. behaviour as 

employed in this study, is described in the following chapter. 
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CHAPTER FOUR -THE DOUBLE TORSION TEST 

4.1 Introduction 

Determination of the V~K plot for brittle materials is most easily carried out 

using specimens which have a geometry such that imposed loading results in 

a constant stress intensity (K), even as the crack length changes.f4
·
1l A common 

test used for mea,suring fracture toughness of many materials is the single 

notch beam loaded in three point bending.[4
·
1

• 
4

·
21 However the stress intensity 

is not constant with crack length, making the determination of a V-K curve very 

difficult. A configuration which does exhibit constant K conditions, namely the 

double .torsion test, is discussed in this chapter. 

The available configurations include the tapered double cantilever beam 

(TDCB), constant moment (CM) and double torsion (OT) tests.[4
·
1

• 
4

·
3

· 
4

·
4l Their 

geometry is such that the imposed stress intensity at the crack tip is 

independent of the crack length, at least for a significant portion of the 

specimen length, (4-
3

· 
4

·
5

· 
4

·61 unlike most other configurations in which stress 

intensity typically increases with crack length. Thus it is possible to apply a 

known, constant, stress intensity (or stress intensity range) to a given specimen 

under controlled environmental conditions, and observe the crack growth rate. 

This makes it relatively easy to plot the V-K curve for the material in question 

under those conditions . 

The biggest disadvantage of the TDCB is the shape of the specimen which 

requires considerable precise machining. This is a particular disadvantage in 

testing cementitious materials. The CM test has been described as more 

difficult than the DT to carry out.[4
·
11 The OT specimen is a simple configuration 

to prepare, although it is very sensitive to the accuracy of setting up in the 

testing machine as discussed later in this chapter. 

The double torsion test was first reported by Outwater et a1[4.sai and used 

experimentally by Kies and Clarke.[4.sbJ Since then it has been used 
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extensively for a number of brittle materials including polymers
14
·
71

, 

ceramics14·1•4·81 , rock14·9• 4·101 , cementitious materials14·4· 4·5· 
4·

11 
-

4
·151

, tungsten 

carbidel4·161 and glass14·17l_ It has also been usefully employed for testing 

materials in aggressive environments.14·18
• 
4·19

1 

The remainder of this chapter is used to describe the theory and analysis of the 

DT test including a literature review, the results of a modelling exercise carried 

out at University of Cape Town, as well as the results of testing carried out as 

part of this study. This testing was conducted in order to satisfy the writer that 

the technique did indeed yield constant K conditions for the specimens and the 

equipment used. Limits of acceptability of skewness, and the range of crack 

length, were also determined experimentally and are described here. 

4.2 Description 

The specimen used in the double torsion test consists of a flat plate, with 

approximate proportions of 1 :10:30 for the depth, width and length respectively, 

as shown in Figure 4.1. A notch is cut from one end through the full depth for 

about one quarter of the length along the centre line. 

Figure 4.1: The double torsion test specimen 
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Grooves, approximately one tenth of the depth are sometimes formed by 

investigators into the top and/or bottom faces on the sam~ line as the notch, 

for the full length of the specimen. Various groove profiles have been used, 

such as semi-circular, rectangular or triangular;[4
·
20

• 
4

·
211 The purpose of the 

groove is to try and force the crack created during loading to grow down the 

centre line. The validity and effect of grooves is discussed in the next section. 

At the edge at which the notch is started, four point loading is applied as stiown 

in Figure 4.1 such that each half-beam is effectively loaded in torsion in 

opposite directions, hence the name "double torsion". A crack tends to grow 

down the centre line of the specimen if the loads are applied perfectly 

symmetrically and square. The crack front profile in the longitudinal section of 

the crack is assumed to be square to the face, but is in fact a curve as shown 

in Figure 4.2. The effect of this on the theoretical validity of the test is 

discussed in the next section. 

Top (tension) face _ 

Bottom (compression) face ·-:~c~-· 

Figure 4.2: Profile of the crack front for a OT specimen 

The stress intensity at the crack tip, for a constantly applied load, is constant 

as the crack grows for approximately the middle third to middle half of the 

length of the specimen.14
·
3

• 
4

·
5

• 
4

·
161 
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Plots of load or stress intensity vs crack length should therefore nominally be 

constant within these limits. This is useful in fatigue studies as the rate of crack 

growth for a given load cycle, material and environment should also be 

constant. It is also useful because it is possible to change one of these 

parameters, for instance cyclic load amplitude or frequency, and to observe the 

change in crack velocity as a result, on a single specimen. This helps to reduce 

the errors induced by testing multiple specimens which is useful because the 

scatter of results from the test tends to be large.l422
J A typical a-N curve where

the load has been increased several times is shown in Figure 4.3. 
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Figure 4.3: Effect on the a-N curve for a mortar of increasing maximum load 
(or KmaiJ 

The next section describes the limitations and some of the theory behind the 

test method and discusses the factors that affect its validity. 

4.3 Discussion 

The derivation of the equations for calculating stress intensity has been 

discussed extensively elsewhere l4·
5

• 
4

·
6

• 
4

·
16

• 
4

·
211 and only major pojnts will be 

covered here. The proof is given in reference 4.3 by Tait.l4·
3

• 
4.SJ 
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The relationship used in this thesis was based on plane stress (see Figure 

4.1.): 

1 

K = PW ( 3 ( 1 + v) )2 
m t 3 t W'P-

n 

................................... 

where P = the applied load 
Wm= distance between supports (moment arm) 
v = Poissons ratio -
t =specimen thickness 
tn = crack thickness (specimen thickness in the groove) 
W =specimen width · 
'P = as given below 

(4.1) 

'P = ( 1 - : ~) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . (4.2) 

Points worth noting are the effects of specimen geometry an~ size; grooving, 

the crack face profile, mode of failure, the range of validity and sensitivity to 

setting up in the test machine. These are discussed individually below. 

Specimen proportions and dimensions 

A wide range of specimen proportions and sizes have been used in 

experimental work. Reported length to width ratios range from 2 to 12, 7 with a 

value of 3 being the most popular and which has been validat-ed against double 

cantilevered beam testing for several materials.[4·
31 The wfdth to thickness ratios 

reported have been in the range 3,33 to 50 with 8 to 12 being the most 

recommended. [4·
31 

One effect of having a thick plate relative to the width is the overlap and 

potential interference of the adjacent bottom corners at the crack· interface 

below the neutral axis of the two torsion beams. A correction factor for this 

effect has been proposed by Fuller.[4·
51 Calculation of this correction factor for 

the specimen size used in this study showed an error of approximately O, 1 % 

and it has therefore not been included. 
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The selection of the minimum specimen size is dependent on the grain size of 

the material being tested as the sample thickness should be at least 15 to 20 

grain diameters. Fine grain ceramics and cement pastes have been tested in 

specimens as small as 20 mm long and 1 mm thick.l4·
3

• 
4

-
23

1 

For metals and alloys where some local ductility occurs at -the crack tip, there 

is a limiting requirement for the ratio of plastic zone size to specimen 

dimensions for valid plane strain linear elastic conditions. For the double torsion -

configuration this requirement for thickness reduces to:l4·
16

l 

I > ( ;; r · · . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 4.3) 

The implication for concrete materials is that the minimum thickness of 

specimen would be approximately 100 - 200 mm. Hillerborg and Wittll!ann have 

however suggested that to measure K1c for concrete or paste, double torsion 
.. 

specimens 3 m or 200 mm long respectively would be necessary.l4·
21

• 
4
·
24

1 This 

derives from a standard DT specimen of proportions 3:1:0,1 and typical 

strength and toughness values of paste and concrete. 

The effect of side grooves 

The use of grooves in the faces to channel the direction of the- crack has 

previously been considered.l4·
3

• 
4

·
5

· 
4
·
201 The conclusion drawn by Fuller .l4•

2SJ and 

Tait l4·
31 is that careful control of specimen placing will improve the probability 

of a straight crack whilst avoiding the unknown effects of the stress 

concentrating effect of the groove on the stress intensities.l4-
3l If a crack grows 

along the corner of an approximately rectangular groove~ it is unclear what the 

stress intensity really is.l4·31 Both increasedl4·
251 and decreasedl4·

201 scatter due 

to the use of grooves have been reported. 

Crack profile 

- The above. DT · analyses make the assumption that the crack profile in 

longitudinal cross section is square to the tensile face. However, in practice the 
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actual shape of the crack front is typically curved a:s shown in Figure 4.2. It is 

generally assumed that the profile remains constant as it propagates and hence 

the calculation of stress intensity may be assumed to be correct. For constant 

K the profile has been shown to be constant whilst the variation with changing 

K is marginal.[4.3, 4.16. 4.111 

Corrections to calculate the actual velocity from the observed velocity on the 

tension face due to the crack profile have been proposed depending orf the 

angle between the crack front and the tensile surface. This is because the 

actual velocity is orthogonal to the crack front, which is not necessarily 

perpendicular to the tension face.[4·3· 4·161 In effect the stress intensity varies 
. . 

along the profile front and corrections to the measured tension face crack 

velocity can be made as a function of the sine of the angle of incidence 0. 

(Figure 4.2). 

-
For this present study it was difficult to measure the crack front shape 

consistently, but was typically greater than 80°, for which the effect of the 

correction would be to reduce the observed velocity by approximately 1,5%. 

Because all of the work in this study has been carried out on specimens of the 

same dimensions and with similar materials, and was intended to be primarily 

based on comparison between samples, this error was felt to be acceptable 

and no correction has been applied . 

Mode of failure 

It is normally assumed [4·3· 4·61 that the mode of failure in the double torsion 

specimen is Type I (tensile crack opening) although this is open to question. 

There is an argument that there is a certain amount of Type Ill [4·161 (antiplane 

shear) but for most materials where K111c is larger than K,c this may be 

ignored.I4·3· 4·61 Evans has shown by comparison with other techniques that the 

correlation based on this assumption is acceptable.[4·61 
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Range of validity 

The range of validity for constant K conditions has been variously reported as 

from O,OSL to 0,3L minimum and 0,47L to 0,85L maximum.[4·
3

•
4
·
5

•
4

·
161 The range 

as calculated by Epstein!4·261 was approximately 0,33L to 0,72L and that 

determined experimentally as described in Section 4.4 was approximately 0,44L 

to 0,8L. The difference between Epstein's results and the observed may be 

explained by the crack profile. Epstein assumed a perpendic-ular profile while 

the real profile was a curve trailing behind the observed crack tip. This means 

that the "centre of gravity" of the crack must be somewhat behind the tip. 

Specimen misalignment 

Tait and Fry have reported[4
·
31 that it is possible to steer a crack that was going 

off course by rotating the specimen.[4
·
5

•
4

·
161 This was checked by Epstein as part 

of an undergraduate project!4·
261 in which the test was numerically mod~lled. The 

output showed that as a result of lateral misalignment: (a) the stress along the 

length of the sample was not changed (the stress intensity was not modelled) 

and (b) the principal stress field was skewed in the direction that cracks had 

been observed to move in experiments (Figure 4.4). Thus the modelling 

confirmed that it should be possible to steer a crack if action is taken early 

enough. 
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Sample moved to the right wrt 

the loading points. 

Stress field also skewed to the right. -

Figure 4.4: Modelled effect of lateral misalignment on the principal stress 
fieldl4·261 

The other aspect checked by modellingl4·
251 was the effect of mis~lignment of 

the loading points such that the top outer points were closer to the remote end 

of the specimen than the inner. The stresses were lower than the perfectly 

aligned model, again as observed experimentally in this study. 

4.4 Experimental validation 

In order to address the question of the validity of the assumption of constant 

stress intensity with increasing crack length for the materials and set-up used 

in this study, a number of experimental trials were carried out. A secondary 

intention was to evaluate the limits of validity of obtaining constant Kin relation 

to the length and skewness of the crack. 

The trials consisted of using specimens and the equipment as described in 

Chapter 5 in so called "ramp" tests. In these tests the samples were loaded at 

constantly increasing displacement (0,007 mm/s) with the machine in 

displacement control. The measured load was recorded (in volts) on a chart 

plotter against time or displacement. The signal was manually "spiked" when 

the crack was observed to cross marks on the specimen at regular intervals. 
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This provided a means of correlating the slope of the plot with the crack length 

as well as allowing the calculation of crack velocity. Ideally, according to theory 

above, the load should increase linearly to a maximum, remain constant for a 

period before dropping off again as the crack moved into, through and out of 

the zone of validity (Figure 4.5). Similarly the effects of deliberate 

misalignments in setting up the specimen were investigated . 
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Figure 4.5: Ideal plot of load versus time for the double torsion ramp test 

Typical plots of the various cases are shown in the following five figures. It can 

be seen that with good alignment, constant K conditions (or as shown in the 

plots, constant load independent of crack length) was observed in the range of 

crack length from 100 mm to 180 mm (0,44L to 0,8L) from the front face of the 

specimen (Figure 4.6). It should be noted that there is a relatively large amount 

of "noise", ie load variation, in the plateau region (Figure 4. 7) which is not 

surprising considering the non-homogenous nature of mortar. 

4.10 

• 



4 

3 

I .-. 

I(,,,,.,. =- /. 043 /liP,. /;, 

y,. 5.6 mm/s 

0.1 o.:t 0.3 0.4 

Vcrt1J d;;/a&cmUJf (m,,.} 

1.6 

04 

l<!na::z::. 0. 6 rz MP .. r;;, 
V:. 2./ mmfo 

0.14 0.2.I 0.2.S 

~I ~I <:::. !::!, ~ 

1 
1 I 

j, I 
I ' i 
I I 

I 
(:) -~i 

~ I)<:) ~I 

~ .._ l'(j 

o.4:J.. 

Figure 4.6: Typical load deflection plots for specimens that have been well 
set up 
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Figure 4.7: A typical load deflection plot showing the amount of noise that 
can occur 

If the loading points were misaligned longitudinally by as little as 0, 1 mm such 

that the upper/outer points were closer to the remote end of the specimen than 

the lower/inner, then the load increased as the crack grew along the specimen 

(Figure 4.8). Conversely if the upper loading points were closer to the notched 

end than the lower, thus causing the specimen to lift off the back supports, the 

load (or K) reached a maximum at a short crack length (80 mm) before 

decreasing steadily (Figure 4.9). 
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Figure 4.8: Typical load deflection plot where the upper load points were 
behind the lower 
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Figure 4.9: Typical load deflection plot where the upper load points were in 
front of the lower 

If a crack was allowed to grow skew, then the load was seen to drop off when 

the lateral deviation was larger than approximately 10 mm from the centre line, 

as shown in Figure 4.10. This was also observed in fatigue loading where the 
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crack was seen to accelerate after moving more than 1 O to 12 mm off the 

centre line. 
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Figure 4.10: Typical load deflection plot showing the drop off i_n load as the 
crack grows more than 10 mm off the centre line 

Some fatigue tests were also carried out in which attempts were made to steer 

·the crack that was growing skew. In this case it was found that, to a limited 

extent, if the notched end of the sample was moved in the same direction that 

the crack was going skew, it could be straightened out. 

4.5 Summary 

This chapter has described the basis of the decision to use the double torsion 

test configuration in order to carry out fatigue studies of cement mortars. 

Alternative "constant K" configurations have been discussed and evaluated. A 

brief literature review of the advantages, disadvantages and limitations of the 

double torsion test has been presented along with some results from a 

modelling exercise carried out with some input from the writer. 
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Finally, typical plots of load versus time, with the crack length marked, have 

been presented, based on experimental work carried out by the writer. These 

plots show that there is a zone in which constant stress intensity with increasing 

crack length is achieved for the materials, samples and equipment used for the 

remainder of the study. The effects of misalignment of the specimen on the 

machine have been demonstrated and approximat~ bounds of validity of the 

position of the crack tip on the specimen, for constant K,have been confirmed. 

All of this has contributed to the writer being satisfied that the double torsion 

test was suitable for the work to be carried out in the remainder of the study as 

described in the following chapters. 
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CHAPTER FIVE - EXPERIMENTAL DETAILS 

5.1 Introduction 

The details of and reasons for using the double torsion system for the work 

carried out in this study have been described in the previous chapter. In this 

chapter details are given of the specific experimental procedures including the 

selection of materials, specimen preparation and a description of the 

equipment. A description of the execution and processing of the tests is given, 

along with the range of variables in the test programme. 

5.2 Materials 

The use of mortars was selected in order to minimise the number of materials 

(ie variables), and yet to have a material from which it was relatively easy to 

make consistent samples of a suitable size. 

Cement paste was not chosen because of the potentially high risk of shrinkage 

. cracking and the difficulty in obtaining repeatable test results. On the other 

hand, concrete was not suitable for use in small double torsion samples, 

because valid thickness criteria[5
·
1

· 
5

·
21 (as discussed in Section 4.3) could not be 

met in the testing machine. 

The specimen size selection (225 x 75 x 8 mm) was based on the need to be 

able to make, handle and store a reasonably large number of them, as well as 

to make use of the equipment available in the laboratory. This also meant that 

the maximum size of aggregate that could be used was governed by the size 

of specimens (see Section 5.2.3). 

It was felt that it was desirable to seek to understand the mechanisms of 

fatigue crack growth in mortars initially, with larger scale tests using concrete 

to follow, if possible, in future studies. 
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The following sections describe the materials that were used, along with the 

reasons for their selection. 

5.2.1 Cement 

The decision was initially made to work with samples of a fixed age of seven 

days for the bulk of the testing, in order to avoid the loss of time waiting for 

28-day trial mixes. On this basis, a rapid hardening portland cement was 

selected. 

The cement was obtained from a single batch from a local factory in order to 

minimise the variability inherent in cements from several batches. An analysis 

of it's composition was conducted at the beginning and the end of the work and 

the results are given in Table 5.1. It was a Type II cement containing a 

permissable non-deleterious inert material up to 5% by mass. 
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Table 5.1: Composition of cement and fly ash (as a percentage by mass) 
with physical properties 

RHPC at RHPC at end Fly ash 
begining of of programme 
programme 

cao 62,8 . 63,4 8,00 

Si02 22,2 22,3 47,8 

Al20 3 4,2 5, 1 29,8 

Fe20 3 2,7 3,0 3,96 

MgO 2,2 2,9 2,2 

S03 2,7 2,5 0,65 

Ti02 0,2 1,86 

Mn20 3 0,3 

P20s 0,2 1, 18 

Na20. 0,06 0,05 0,6 

K20 0,44 0,49 0,75 

LO.I. 0,8 0,7 . 0,92 

Free lime 0,8 

Insoluble 0,3 
residue 

Specific 471 429 
surface 

Setting time 3:20 3:05 
initial 

Setting time 4:00 3:45 
final 

Expansion 0 0 

% passing 92,2 
45µm sieve 
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The cement was supplied in 50 kg sacks and stored in airtight 200 £ drums in 

order to prevent deterioration with time. This appears to have been effective as 

the cube results did not drop over the duration of the project. It was found that 

cubes made using cement taken from a drum that had been open for some 

time did exhibit reduced strengths. When this occurred, the cement was 

discarded and a fresh drum opened. 

5.2.2 Fly ash 

The fly ash was obtained from a single batch from Matla Power Station, the 

only commercial source of fly ash at the time. As can be seen from the 

chemical composition (Table 5.1) it was neither a Class C nor a Class F 

material in that it contained a moderate amount of calcium. This fly ash was 

also stored dry in 200 £ airtight drums. 

5.2.3 Sand 

A plaster sand (nominally 100% passing the 1, 18 mm sieve) was used in order 

to limit the maximum particle size to a small proportion of the specimen 

thickness. This was done to reduce the potential variability (eg intertacial zone 

effects) due to the presence of particles that were large with respect to the 

specimen minimum dimension. The sand was a red siliceous pit sand from 

Randfontein with a dust content and grading as given in the bold line in 

Figure 5.1. 

After the project had been extended and moved to a laboratory in a different 

city, there was an insufficient supply of the original material. The dune sands 

available in Cape Town were predominantly single sized with a low dust 

content. In order to make up a similar material to the original, a dune sand was 

blended with a selected pit sand from a glass manufacturer and some granitic 

rock flour from an aggregate crushing plant. The grading achieved was similar 

(Figure 5.1) and there was no observable effect on the fatigue results (see 

Section 7.4). The mix designs were not modified but it was noticed that the 
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mortars made with the blended sand were less workable; probably due to 

greater fineness of the sub 75-µm fraction of the rock flour. 

Sand Gradings 
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Figure 5.1: Grading curves of the sands used 
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5.2.4. Mix design. 

The aim of the mix design was to obtain similar compressive strengths at seven 

days using three different proportions of fly ash, namely 0, 15 and 25%. The 

other targets were to have similar workability as determined by using a flow 

tablel5-
3J. and similar sand contents. 

The target strength was set at approximately 40 MPa at seven days. This 

meant that the fly ash mixes would be expected to have higher compressive 

strengths than the OPC mix at greater ages, and this must be born in mind in 

the evaluation of the results at the other ages. This approach was based on the 

desire to follow practical engineering practice, that is to specify a strength at a 

given age with a given workability. The selected age was seven days because 

of the original short duration of the project. 

The approach was to select a water:cementitious ratio (W/Cm) for each mix 

based on data collected by the local supplier of fly ash. The amount of sand in 

the mix giving the right workability was found by means of trial mixes conducted 

by the fly ash supplier's laboratory. 

Two of the initial mixes were found to be too weak and their water:cement 

ratios were decreased. The mix proportions were not changed thereafter and 

are given in Table 5.2. 

Table 5.2: Mix proportions per m3 of mortar 

I I OPC (0% FA) I 15% FA I 25% FA I 
Cement (kg) 681 586 561 

Fly ash (kg) 0 103 187 

Sand (kg) 1145 1143 1078 

Water (.e) 341 328 325 

W/Cm 0,50 0,56 0,43 

Aggregate/Cm 1,68 1,66 1,44 
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5.3 Specimen preparation 

5.3.1 Mixing and moulding 

Purpose made moulds were machined to the required sizes from sheets of 

clear perspex. The parts were numbered so that assembly was always in the 

same pattern. The original sheets were selected to be as flat as possible in 
-

order that the moulded specimens should also be dimensionally true. Each 

mould held a batch of fifteen specimens which were cast with the longest 

dimension vertical. The moulds were sized such that the top few millimetres of 

each specimen were cut off to remove mortar that was affected by bleeding. 

The moulds were oiled using a release agent before assembly, and then 

clamped with steel plates to give rigidity during filling and vibrating. 

The method of mixing the mortar was carried out as descrLbed below, and 

normally took place at mid morning. Batches were made in four l~tre lots, which 

was sufficient to fill the fifteen OT moulds and to make four cubes of fifty 

millimetres dimension, with a minimum of waste. 

The dry ingredients were placed in a pan mixer and mixed for a few seconds 

before the water was added and mixed for one minute. When the work was 

being conducted at Wits University a flow test was then carried out. This was 

not possible at the University of Cape Town as there was no flow table 

available, but by this time the writer had gained enough experience to be able 

to guage the consistance by eye. The material was then remixed for thirty 

seconds and transferred to the moulds. The mould was clamped onto a running 

Vebe vibrator and was filled by means of a purpose made square funnel that 

just fitted into the mould. The time taken to fill the moulds varied because the 

fly ash mixes were stickier than the OPC mix, but was about five minutes. The 

moulds were then covered with plastic sheeting and left overnight. 

Leakage sometimes occurred from the bottom of the moulds, but this was 

found to be preferable to having large air bubbles. The specimens were 
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prepared so that the areas of leakage were at the remote end from the load 

points. The leakage occured on the side corners of the samples, and thus was 

some distance away from the crack and so did not affect the final measured 

crack growth rates. Some tests were carried out on specimens that had been 

notched from the other (bottom) end to confirm whether the direction of casting 

had any measurable effect on crack growth rates. For the same reason, a set 

was prepared and tested in which the moulds were temporarily adapted so that 

the samples were cast on their sides. 

5.3.2 Stripping and curing 

The moulds were left under the plastic sheeting overnight, then stripped 

approximately 24 hours after filling. The specimens were marked with the date 

of casting, the percentage fly ash and a specimen number. They were then 

placed into a curing tank filled with lime saturated water controlled at 25°C. 

They were left in the tank (except for trimming) until removed for drying _(where 
. -

relevant) or testing. 

The surface finish of the specimens was good as can be seen from Figure 5.2. 

The visible marks were due to the mould oil. 
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Figure 5.2: Photograph of a double torsion specimen 

5.3.3 Trimming and notching 

After four to seven days, the top 15 mm was cut off the specimens using a 

diamond tipped blade on a standard "Clipper" cutting table-. 1:hey were then 

notched at the top end for approximately one third of the length on the centre 

line (Figure 5.2). It was critical that the notch was in the centre of the specimen 

and that it was straight and perpendicular. 

After some difficulty with the notching process, a rig was made on a converted 

lathe that held the specimens straight and flat with respect to a dedicated 

1,2 mm wide diamond blade. Centrality was ensured by turning the specimens 

over and cutting a second time. The notch length was generally 60 mm on the 

faces of the specimens. 
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The samples were then marked with a centre line and the bounds of validity of 

the position of the crack tip for fatigue specimens; or with lines at 20 mm 

intervals parallel to the short dimension for monotpnic tests (Figure 5.3). 

76 . 

· Zone wherei---............... t---t 160 

constant K 
waa valld 

Fatigue aample 

200 ti---.......... -.....i 

180 i---.... -+---i 

160 i---.... -+---i 

140 ..... _...,_.,__-I 
120 ___ .... _..,.. __ 

80 i---.... -+---i 

60 ti---.......... -.....i 

401---............. _-i 

201---............. _-i 

Ramp sample 

Figure 5.3: Markings placed on fatigue and ramp specimens 

226 

Some lime efflorescence was not uncommon which made observation of the 

crack tip difficult. This was normally polished off by_ rubbing two specimens 

together before measurement and testing. 
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5.3.4 Drying 

Most of the tests were conducted on specimens that were wet. However, one 

of the variables in the test matrix was the d~ying of the specimens. Three 

methods were used: 

• 

• 

Specimens were air dried for .seven days, and then placed in the 

environmental chamber for testing. 

. -
Specirf_lens were sealed for seven days in a plastic packet with ·silica gel 

and then placed in the environmental chamber. 

• Specimens were air dried for 24 hours followed by 24 hours in an oven 

set at 100°C, then placed in the environmental chamber. 
" 

5.4 Equipment 

5.4.1 ESH universal testing machine 

All the fatigue, monotonic and ramp tests were conducted using an ESH servo

hydraulic machine (Figure 5.4). The machine comprised an hydraulic ram, 

mounted on the top platen, which was controlled by a ·servo-valve with a feed 

back system. The ram could be controlled with respect to the desired position . .. 

(stroke control) or load (load controi). · 
; 

The machine had a maximum load capacity ·at 50 kN with a 10 kN load cell with 

ranges down to 1 kN attached for the present study. Th~ machine was set on 

ranges such that a signal of 1 volt corresponded to 0, t mm or· 1 O kN depending . . ' ... . 

on the mode of control. The output of the machine was to 4 significant figures 
, . . . . / ·~ ·-· . 

in volts, which corresponded to reliable readings to a lower limit of 1 N or 0,01 

mm. 
·' \ ,"'fl/(,. 

. 
A ramp generator was used for monotonic (ramp) tests such that the rate of 

change of position of the ram was controlled at 0,007 mm/s. A_ signal generator 

with a range from 0, 1 Hz to 10 MHz and sine wave output was used for the 
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fatigue tests in load control. The amplitude and mean level of the load cycles 

was controlled so that any desired loading cycle could be applied. 

A peaks reading digital volt meter was used for precise monitoring of the 

cycling. This electronic device effectively removed the middle 99% of the wave 
-

signal displayed on an oscilloscope, so that the maximum and minimum values 

of the signal could be amplified on the oscilloscope and accurately monitored. 

Any of the control signal parameters could be changed during a test, thus 

allowing direct observation of their effects on the crack growth rate in the 

specimen. A cycle counter was used to monitor the number of cycles applied 

to the specimens. 

Figure 5.4: Photograph of the ESH testing machine 
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A chart recorder linked to the ESH was used to plot the load:deflection or 

load:time curves of some of the ramp tests. These plots were also marked by 

spiking the signal to the recorder by hand at s~lected crack lengths facilitating 

the direct calculation of crack velocities under ramp loading conditions. 

-
Two different machines were used at the two different laboratories in which the 

work was carried out. They were of the same make and operation and both 

their load cells and amplifiers had been calibrated by the South African Bu-reau 

of Standards. The results from the two machines were therefore directly 

comparable. One test rig, as described in the next section, was used 

.throughout the program. 

5.4.2 Double torsion test rig 

A purpose made, mild steel, test rig for double torsion testing_had been made 

for a previous study on tungsten carbide and was suitable for this program.[s.41 

It consisted of a base plate bolted to the bottom platen of the ESH. Two 

pedestals supported the specimens, with the front pedestal on the centre line 

of the ram. Load transfer was through the ball bearings mounted on the front 

pedestal whilst the support of the back pedestal was simply to hold the 

specimen level, particularly during setting up. 

The supports were marked with centre lines to assist with the setting up, and 

also had side walls with setting screws to move and hold the specimens in 

place during setting up (Figure 5.5). The support at the rear consisted of a line 

support on the specimen centre line. The loads were applied by means of a 

clevis attached to the hydraulic ram through the load cell. 
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Figure 5.5: Photograph of the double torsion loading rig 

This setup was limited in that more screw adjustments were needed to be able 

to move the rig in a controlled way when it was installed on the machine, and 

the specimens on the rig. 

5.4.3 Crack length measurement 

The crack length measurement was achieved using an Olympus microscope 

with 10X eyepiece and 1-15X zoom objective and 75 mm working distance, an 

attached cold light source, no polariser, a crosshair; all of which was supported 

on a sliding mounting arm on a heavy base (Figure 5.6). 
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Figure 5.6: Photograph of microscope system used for crack observation . 

The procedure used was to centre the crosshair on the observed crack tip and 

to use a vernier calliper to measure distance between the stops on the sliding 

arm and support arm of the microscope. The readings were-thus not absolute 

but relative, but a measured reading on a known point on a specimen gave the 

means of calculating the real crack length if necessary. However the difference 

in readings between two points was sufficient to calculate a change in crack 

length for growth rate measurements. 

The arrangement was accurate to approximately 0, 1 mm, which was as close 

as the actual crack tip could be judged. Further discussion about the 

observation of the crack tip is given in Section 5.5.3. The system was relatively 

cheap and satisfactory for this project. Any improvement in precision could only 

be obtained at much greater cost. 

5.15 



5.4.4 Environment chamber 

For the tests conducted in a controlled environment, a perspex chamber with 

an aluminium base was built that fitted inside the loading frame. The entire test 

rig went inside the chamber along with a batch of specimens and a digital 

relative humidity/temperature meter. Access to the specimens and rig was by 

means of long sleeved rubber gloves, whilst the ram passed through rubber 

bellows. 

Figure 5.7: Photograph of environmental chamber 

The top of the chamber was removable for initial setting up and for putting in 

specimens and equipment. The top was sealed with vaseline and held down by 

wing nuts. The system was not completely airtight, but the relative humidity was 

held within 5 percentage points over a period of one day. A suitable 

modification would be to provide an extra set of bellows so that glove 

movement does not cause pressure differentials in the tank. 
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A glass port was fixed into the top of the chamber over the specimen in order 

to facilitate observation of the crack tip. This tended to mist up at high 

·humidities. 

The humidity in the chamber was controlled by means of exposed saturated 
-

solutions of selected salt solutions or with silica gel. 

.. 
5.4.5 Fluids tank 

A perspex container on an aluminium base was built i~ order to be able to carry 

out tests within a variety of fluids. This was mounted on the pedestals just 

below the specimen supports. This tank was just wide enough to go around the 

rig with a 10 mm ~reeboard on three sides and an adjustable weir at the 
0 . . 

. specimen's loaded end. The weir could be set such that the ta~k could be filled 

with a fluid to the level of the top· of .. specimen. This meanJ that whilst the 

specimen was immersed, a localised area of the top surface a! the crack tip 

was dry, facilitating observation of the crack. 

-·· 
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Figure 5.8: Photograph of fluids tank 

The overflow was recirculated by a peristaltic pump with the inlet at the end of 

the tank remote from the weir. This was to ensure uniformity of the 

temperature, which was monitored using a thermometer placed just below the 

specimen. 

The liquid used was stored in a container next to the machine, and temperature 

control devices were installed there when necessary. A difficulty was 

encountered with the use of ethyl alcohol which degraded the perspex; the tank 

lasted just long enough for the desired tests to be completed! 

5.5 Test description 

5.5.1 Setting up 

- The technique of setting up the rig and the specimen was critical because any 

misalignment resulted in skew cracks, thus invalidating the test. Tolerances of 
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less than a millimetre were necessary, and the following method was developed 

over some time having wasted many specimens. 

The first step in setting up was to fix the height of the top platen with respect 

to the lower in order to prevent compression damage of the equipment (and 
_J 

load cell) if there was a loss of control resulting in the ram travelling to the end 

of its stroke. 

If either of the perspex tanks were to be used, they were then placed in 

position before the test rig was bolted to the table. The lateral position of the 

rig was set by swinging the clevis which was attached below the load cell onto 

the ram, to the left and right whilst moving the rig. The rig was secured when 

the clevis just touched the uprights on the rig symmetrically on each side. The 

clevis was then rotated until p'reset marks lined up with the ba§e. This process 

was repeated iteratively until everything was straight and squ~re. The final 

adjustment was to check that the centre-line of the rig was below that of the 

ram lengthwise, again measured using the marks on the clevis and the rig. This 

could be adjusted a small amount by moving the rig within the play of the bolts, 

or else different sized spacer washers could be placed inside the clevis. 

A check run was then conducted using a waste specimen to see if the crack 

ran straight under a ramped load. The position of the lower loading balls were 

moved in the same direction· as the crack if the crack skewed to one side. 

The specimen was set up by lining up its front (notched end) with the front of 

the rig whilst a vernier calliper was used to set its lateral position such that the 

notch was over the machine centre line. 

5.5.2 Fatigue tests 

From a batch of fifteen specimens, the first three would be ramped to provide 

a measure of the inherent "toughness" of the batch at the beginning of testing. 

The next ten specimens would be fatigued and the last two ramped again to 
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indicate if there was a change in the material over the period taken for testing. 

This was particularly relevant for the seven day tests as a batch could take a 

full day to test. 

A fatigue specimen would then be loaded by ramping in stroke control mode 
-

until the crack was observed to be in the field of view of the microscope. The 

load taken to achieve this was also recorded and used as the basis for 

calculating the desired load amplitude as a percentage of the ultimate. The load 

was then reduced by fifty percent and machine control switched to load control. 

A cyclic load was then applied at the desired amplitude, frequency and 

maximum peak load. This was monitored and controlled using the peaks meter, 

amplitude measuring unit and oscilloscope as well as the digital output of the 

machine ... 

At regular ,intervals a record was made of the number of cycles elaps~d, the 

crack length, the maximum load and amplitude, as well as any comments and 

observations. The crack length (a) and the number of cycles (N) was plotted on 

a computer as the test progressed using spreadsheet graphics. The slope of 

the line joining the data pqints gave the crack velocity (V), which in turn could 

be plotted against the maximum stress intensity (K). Periodically the test 

parameters would be changed, thus allowing direct observation of-their effect 

on the rate of fatigue crack growth in the specimen as indicated by the change 

of slope of the a-N curve. The range and variety of parameters that were tested 

are described in Section 5.6 on test parameters. 

On the basis of experience and experimentation, it was accepted that a crack 

within ten millimetres of the longitudinal centre line was considered to be valid 

and the test was continued whilst it stayed within that limit. This was confirmed 

as described in Section 4.4. A maximum length of one hundred and fifty 

millimetres from the front of the specimen was also accepted before the test 

- was stopped and the specimen was ramped to check its ultimate strength. 
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5.5.3 Observation of the crack tip 

The greatest difficulty in any given test, apart from the setting up, was the 

observation of the crack tip in order to measure the crack length. This was 

primarily because mortar does not have a crack tip, but rather a zone with a 

number of cracks decreasing in size, spreading out from. the so called "crack 

tip" . Therefore if one noted a point as being the limit of cracking on a 
-

specimen, and then increased the magnification or introduced a fluid to the 

surface, a series of smaller cracks extending further could be observed, 

seemingly ad infinitum. 

However, in the measurement of crack growth rate, the absolute position of the 

"crack tip" need not be known, but only the position of some point a constant 

distance behind it. Therefore if a given technique was used consistently in a 

given specimen by the same observer identifying a point at which the crack was 

opening a . given . constant amount, then velocities could be measured 

satisfactorily and reliably. 

Techniques used to identify this fictitious crack tip point included: 

• observation of small bubbles of fluid (water, oil or dye-penetrant) being 

pumped out of the crack having been introduced into the crack some 

distance behind the tip; 

• pumping of air bubbles on a wet surface; 

• observation of the colour change in the damp surface of a specimen as 

it cracked; 

• the relative movement of the mortar on each side of a crack as the load 

was cycled. 

The crack was often seen to jump in discrete steps of up to five mm, rather 

than incrementally. This made observation difficult as the crack could jump out 
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of the field of view of the microscope, thus the operator would be waiting for the 

crack to grow whilst it has already jumped and continued down the specimen. 

Alternatively the crack would split, causing it to slow down due to the increased 

energy required to drive two cracks instead of one, each with their own process 

zone. 

-
For further discussion on these effects and their consequences reference 

should be made to the discussion in Chapter 9. 

5.5.4 Ramp tests 

The so called ramp tests involved the application of a constantly increasing 

downward displacement of the loading ram at a rate of 0,007 mm/s. This is the 

commonly accepted rate for fracture mechanics tests on other materials[5·
5
· 

5
-
5
1 

for these specimen sizes. Whilst this displacement was applied, a record could 

be kept of the load, deflection, time and crack length. A plot of load versu~ time 

or crack length should show an increasing characteristic up to a maximum and 

then a plateau of constant load as the crack grew under nominally constant 

load conditions until failure (see Figure 4.5) as described in Section 4.4. The 

tests were conducted to ascertain whether the DT specimen gave a constant 

stress intensity (K) along its length. 

A simpler version of the test was also carried out on five specimens in every 

batch as well as at the beginning and end of each fatigue specimen to find the 

ultimate strength of each specimen/batch. Only the ultimate load was recorded 

from these tests. 
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5.6 Matrix of experimental variables 

The factors that were varied during the course of the project were: 

Percentage ash in the mix (%) 

Specimen age at testing (days) 

Cyclic load frequency (Hz) 

0 15 25 

7 28 90 180 random 

0, 1 1 5 10 20 
-

Relative humidity of environment 0 10 50 100 ambient 

Temperature (°C) 

(for underwater tests) 

(in air) 

Type of fluid environment 

Cyclic amplitude 

(%of ultimate load) 

0 20 60 

ambient 

air water ethyl-alcohol 

50 to 95 

Load ratio (maximum/minimum) 0.1 0.4 other 

Specimen orientation 

Maximum load(% of ultimate) 

Type of sand 

Drying preparation before test 

normal, up-side-down, _side-ways-on 

50 to 95 

pit sand, blend 

air, silica-gel, oven dry, none 

Not all possible combinations of the above variables were tested. A base set -

of those highlighted in bold above were selected, and then, In any given batch 

of specimens, one or two of the variables were changed within the ranges 

given. 

The project was conducted in three ph~ses. The first was to confirm that the 

stress intensity was constant over the specimen length using ramp tests as 

described in Section 4.4. 

The second phase tested the effects of "mechanical" test parameters, ie 

specimen orientation, cyclic load amplitude and frequency. The third phase was 

to vary the "materials" changes including fly ash content, age, type of sand, 

specimen preparation, surrounding fluids, relative humidity and temperature. 
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Some ramp tests were also conducted on mini specimens mounted inside the 

SEM as described in Chapter 8. 

5.7 Data processing 

5.7.1 Crack length - number of cycles (a-N) curves 

During the progress of a test, a record was kept of the number of cycles and 

the length of the crack, and these were plotted on computer (Figure 4.3). The 

slope of the line was the crack velocity for a given set of test parameters and 

applied stress intensity. A linear regression program was used to calculate the 

velocity from the line. 

Whilst the line was straight in most cases there were occasions when the crack 

would slow down due to splitting or would decelerate and stop altogether. This 

would result in a curve rather than a straight line, making it difficult.to r~ad a 

so called constant velocity for "stable" test conditions. The reasons for this are 

discussed in the results section. 

5.7.2 Crack velocity - stress intensity (V-K) Plots 

The calculated velocities and applied stress intensities were recorded on a 

spreadsheet along with details of the test variables. The stress intensity values 

were then adjusted for the calibration of the load cell and plots of crack velocity 

(V) versus stress intensity (K) (as the maximum in the cycle) generated on a 

log-log scale. According to the literature l5·
4

· 
5

·
7 

· 
5

·
101 the plot of data for a given 

set of variables should be a straight line on this scale. This means that the data 

can be represented by the equation: 

V =AK" ............................................... 5.1 

The data did indeed show this behaviour, albeit with the large amount of scatter 

typical of this test system.l5·
7

• 
5

·
111 Comparison of the values of A and, 

particularly, n should provide a quantitative means of measuring the effect of 

changing conditions or materials on the fatigue behaviour of mortar. However 
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the scatter was large enough to prevent the significant evaluation of these 

parameters and for the purposes of this thesis only the relative position of the 

"clouds of data" for sets of parameters has been used as a basis of discussion. 

A cl~ud of data to the top left of a V-K plot implies that for a given applied load, 

the crack growth rate is higher and therefore considered to be "worse" than a 

cloud of data to the bottom right of the plot. 

-· 

As has been described in Section 4.4, each specimen was non-homogenous, 

thus leading to relatively large scatter in the data. 

This chapter has described in detail the materials, equipment and techniques 

used in the experimental work in the present study. The next chapter presents 

the results of the some one thousand eight hundred tests that were carried out. 
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CHAPTER SIX - RESULTS PART 1 - LOADING EFFECTS 

6.1 Introduction 

Results of the tests, carried out as described in the previous chapter, are 

presented in the next two chapters. This chapter covers the effects of "loading" 
-

type parameters such as the orientation of the specimens with respect to 

casting direction, cyclic frequency and amplitude. The next chapter presents the 

data from tests investigating the "materials" parameters such as composition 

of the samples, their preparation methods, age and the environment to which 

they were exposed. 

Each parameter has been discussed in a separate section, in which the data 

has been presented in the form of V-K plots showing crack growth velocity in 

mm/s versus applied stress intensity in MPa{m, both on log scales. The same 

data is also presented in V-Krei plots where the stress intensity figures for the 

horizontal axis have been normalised against the maximum stress intensity 

determined for each individual specimen. The validity and implications of this 

approach are discussed in Chapter 9. 

The extent of the scatter is shown in Figure 6.1 for a typical, single, set of 

results on both V-K and V-Krei plots. It can be seen that for a single K value, V 

varies by approximately 1,6 orders of magnitude, and for a ~01 value V varies 

approximately 1,7 orders of magnitude. This scatter is apparently normal for 

this type of test on mortars.[6·
1

· 
6

·
21 
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Figure 6.1: V-K and V-Krei plots showing the extent of a scatter in a typical data set 
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. 6.2 Sample orientation and setting up 

A limited number of tests Were carried out in which crack growth direction was 

varied with respect to sample casting direction. As stated in Section 5.3.3 the 

standard orientation was to cut the starter notch from the end that had been at 

the top of the mould. This was in order to reduce the probability of the load 

points at the corners being applied onto the soft zones due to leakage from the 

mould. 

However, it is possible that due to bleeding and gravitational effects, the mortar 

at the top of a sample was not the same as that at the bottom. To investigate 

this, one set of samples was prepared such that the starter notch was cut from 

the bottom end (called the up-side-down set); A set was also prepared in which· 

a mould was modified and placed on its side so that the width of the sample 

was vertical (called the sideways set). 

The samples were all made from mortar containing 25% fly ash. Standard 

fatigue testing was carried out using the base set of variables as shown in bold 

in Section 5.6. The effect of the casting orientation on the rate of crack growth 

is shown in Figure 6.2 

The clouds of data appear to occupy the same area, indicating that there was 

no discernible difference in fatigue behaviour due to casting orientation. 

Additionally it indicates that t~e slowing and stopping discussed subsequently 

was not due to material variations related to casting orientation. 
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Part of the motivation for this exercise was the observation in other tests that 

the crack was often seen to slow down and stop (Figure 6.3). This set was 

carried out to see if variation in material properties as a result of casting 

orientation was causing the slowing and stopping. 

It was subsequently found that there was a small error in alignment between 

the loading points such that the upper points were closer to the back of the 

specimen than the lower. This resulted in a condition where the load (or stress 

intensity) was not constant along the length of the specimen, but increasing 

(see Section 4.4). Once this had been corrected, the problem was encountered 

less frequently. 

6.3 Cyclic frequency 

As stated in the literature review, it is generally accepted t~at the fatigue 

behaviour for cementitious materials is described by the V-K relationship 

between crack velocity and Kmax• as opposed to the Paris relationship between 

da/dn and ~K.l6·2 · 6
·
31 The V-K relationship implies that there is a time 

dependency in the failure mechanism at the crack tip for cementitious materials. 

To assess this, a range of tests were carried out in which the cyclic frequency 

was varied from 0, 1 Hz up to 20 Hz. The results are presented in the following 

figures. If a pure V-K mechanism is dominant then the clouds for the different 

frequencies should be inseparable on a V-K plot. However the same data 

presented on a da/dn-K plot should spread the clouds out with the high 

frequency data below that of the lower frequencies. 

As can be seen from Figures 6.4 and 6.5, the V-K plot is as expected with little 

real difference between frequencies of 1 Hz to 20 Hz. However the 0, 1 Hz band 

is significantly separated from the rest. The da/dn plot shows spread between 

all of the ranges. These indicate that the mechanism is not necessarily a pure 

"V-K" effect, particularly at the lowest frequency. 
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6.4 Load amplitude 

The other half of the discussion regarding the applicability of the V-K or Paris 

relationships to cementitious materials i_s the effect of load amplitude. In metals 

the crack growth rate is largely governed by the amplitude of the cyclic stress 

intensity (~K), while in cementitious materials it is thought to be governed by 

Kmax·[5·
2

•
6
·
31 This was assessed in a range of tests in which the amplitude and the 

Kmax were varied. The results are presented in the follO\Ning figures. 

As discussed in the literature review, the means of expressing such 

investigations should be clearly defined. The use of the R ratio PmiJPmax does 

not adequately separate the variables and has not been used. The results have 

been presented as velocity versus Kmax for families of amplitude (expressed_ as 

a percentage of the Krpeak of the cycle)(Figure 6.6). The same .data has been 

presented in plots of velocity versus ~K for families of Km~ (Figure 6. 7). It 

should be noted that these tests were conducted at a frequency of 1 Hz, 

therefore the vertical axis of Figure 6.7 may be considered to be a rate (da/dn) 

or a velocity (da/dt). 

These plots also indicate that the material does not behave in a manner 

consistent with the pure V-K model, nor the pure Paris model. 

The results have also been presented in the form of a Goodman diagram in 

Figure 6.8 where lines of similar crack velocity (ie a measure of lifetime) have 

been plotted against scales of Kmin versus Kmax· The results are similar in form 

to a typical Goodman diagram (such as Figure 3.4), thus indicating that, in 

principal, the Goodman diagram is valid. 
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6.5 Loading history 

One set of results has be.en presented in Figure 6.9 to indicate the effect of 

previous loading history on the fatigue crack growth rate. The set labelled 

"base" are the results for the initial cyclic loading condition on the samples. In 

the cases where the load, or Kmax was then increased, the data points have 

been labelled "above" indicating that the loads for the points in question were 

at an applied stress intensity greater than previously applied. Conversely, where 

the loads were reduced the data points have been labelled as "below". -· 

The plots show that there is no discernible effect due to the loading history. 

This is not surprising for the double torsion configuration where the stressed 

zones are relatively small with respect to the specimen size and the cr?ck 

length. This means that the zone around the present crack tip has probably not 

been affected by previous loading due to the relative remote~ess of the zone 

carrying the loads. 

6.6 Ramp tests 

As described in Section 4.4, the crack growth rate was determined during some 

of the .ramp tests. In these tests, the position of the loading ram was 

monotonically changed at a constant rate, given in mm/s. The effect of the 

different loading rates on the crack velocity and the Kmax is shown in Figure 

6.10. 
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6.7 ·Summary 

The effects of various mechanical aspects of loading have been demonstrated 

in this chapter by means of several V-K plots for different loading parameters. 

They indicate that mortar does not behave in a manner consistent with the pure 

V-K model, nor the pure Paris model. In terms of age, the variation after 7 days 

is negligible, and if normalised against the maximum capacity of the material, 

·the results for the 7 day old samples is similar to .the older samples. 

The following chapter presents similar plots showing the effects of material type 

variables. 
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CHAPTER SEVEN - RESULTS PART 2 - MATERIALS EFFECTS 

7.1 Introduction· 

This chapter covers the effects of "materials" type parameters such as the 

composition of the samples, their preparation methods and the environment to 

· which they were exposed. The intention behind these tests was to seek to 

understand better the mechanisms of fatigue crack grow.th by evaluating the 

effects of different materials parameters on fatigue crack growth rates. 

As in the previous chapter, the results are given in the form of V-K and V-~01 

plots for various variables with each variable covered in a different section . 

. 7.2 Specimen age 

The compressive strengths of cubes from the three mixes are given in Figure 

7.1. This shows the similarity in 7- and 28-day strengths of all the mixes, and 

the greater strengths of the fly ash mixes at greater ages. 

The results of fatigue tests on the effects of specimen age are presented in 

Figures 7.2 to 7.4 in the form of V-K and V-Krei plots for each of the three fly 

ash contents. 

It is interesting to note that there is little apparent difference between the 28 

day and older sets, but the 7 day sets show a higher crack velocity' for the 

same stress intensity. This is true for all fly ash contents on the V-K plots, but 

disappears when the data is presented as V-Krei· 
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Figure 7.1: Plot of the compressive strength results at various ages of the 
mixes with their different fly ash contents 

7 .3 Fly ash content 

The results presented in this section are based on the same data as. those in 

the previous section, except that the plots are in given sets of similar age 

showing the effect of the fly ash content. Figures 7.5 to 7.8 are for ages 7, 28, 

90 and 180 days respectively. At 7 and 28 days the OPC (0% fly ash) mix 

appears to have a similar crack velocity to that containing fly ash. However at 

greater ages the fly ash mix exhibits a faster (worse) crack velocity for the 

same applied stress intensity. 
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7 .4 Sand type 

During the course of this study the writer moved from Johannesburg to Cape 

Town. A supply of sand was transported to Cape Town that was initially thought 

to be sufficient for the remainder of the work. However, there was insufficient 

sand for the tests carried out in the last year of the project. The sand used in 

Johannesburg was a typical fine siliceous pit sand with a relatively high 

proportion of material passing the 75µm sieve, whilst those- ?-Vailable in the 

Cape are predominantly wind blown dune sands that are single sized. It was 

therefore necessary to blend a dune sand with a pit sand and a portion of rock 

flour from a local crusher in order to achieve a similar grading. 

A set of tests was carried out to observe whether the change in material had 

an observable effect on the V-K results. The results, given in Figure 7.9, show 

that there was no distinct effect, thus indicating that results from tests carried 

out before and after the change could be compared directly. 

7.5 Relative humidity 

A set of tests was carried out in which the relative humidity of the air in the 

environmental chamber was controlled by using trays of saturated salts, and 

monitored using a digital RH meter. The results of these tests are presented in 

Figures 7.10 to 7.12. Each figure is for a separate specimen preparatio.n regime 

in which different means were used to dry the samples before testing. 

The plots show that there was no distinct or unique trend in changing crack 

velocity with changing RH. 
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7.6 Sample preparation 

The results in Figures 7.10 to 7.12 are repeated in Figures 7.13 and 7.14, but 

set out in order to show the effect of specimen drying methods for two different 

bands of environmental RH. 

For the lower humidity set, the sets of data for the different drying systems all 

lie on the same line, albeit at different locations on the line with the air dried set 

exhibiting lower toughness. For the higher RH sets the data lies on different 

lines with the air dried set exhibiting the fastest crack resistance whilst the oven 

dried set were the slowest. As previously noted, these differences are not as 

apparent when the K axis is normalised. 

7.7 Immersion in fluids 

The final variable assessed in the programme was the effect of immersing the 

samples in different fluids at different temperature~. The results of this set are 

presented in Figures 7.15 and 7.16. 

Figure 7.15 show samples tested in water at temperatures ranging from 4 to 

60°C, p_lotted with a set that was tested in air with a relative humidity of 99%. 

The low temperature set shows a better crack resistance than the higher 

temperature set, while the 99% RH set was similar to tbe. 4° set. These 

samples had not been dried. 

Figure 7.16 shows the sets tested in alcohol at room temperature (air dried and 

oven dried) along with an air dried set tested in air at RH of 99%. The air dried 

alcohol samples show faster crack growth than the air dried wet set. This 

indicates that the alcohol was more aggressive to the mortar than water. 

7.8 Summary 

The results of tests assessing the effects of various materials parameters have 

been presented in this chapter. 
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. The common thread in most of these results has been the apparent lack of 

variation when the results are presented with the stress intensity figures 

normalised against the K1e for each sample. The spread of the V-K sets is 

generally wider than that of the V-Krei sets, the implications of which are 

discussed in Chapter 9. 

Further to this, Figures 7.17 and 7.18 show the range of K1e figures measured 

for the samples containing different fly ash contents at different ages, and those -

tested under a range of preparation and environmental variables. These plots 

show the marked effect of these variables on the toughness of mortar. 
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CHAPTER EIGHT - SCANNING ELECTRON MICROSCOPY 

8.1 Introduction 

An additional aspect to the work carried out in this project was a limited amount 

of scanning electron microscopy to try to observe the microstructural changes 

in the samples due to the different binders used, and how these affected 

physical properties as a function of continued hydration with time, and the loads 

applied. 

This chapter presents a brief summary of some of the literature pertinent to the 

topic and a description of the work carried out. Notable points are identified in 

this chapter, whilst they are· expanded in conjunction with the rest of th_e 

experimental observations in the discussion in Chapter 9. 

8.2 Literature overview 

Scanning electron and optical microscopes have long proved to be useful tools 

in the search to understand the microstructure and microstructural behaviour 

of materials containing portland cement.l8·
1 

· 
8

·
61 Microscopy has assisted in 

improving understanding of hydration mechanisms as well as the forms of 

damage incurred in paste and the paste/aggregate interface under load. A 

selection of some of these findings are presented below. 

Hardened cement paste 

. The process of cement hydration has been studied by several people using 

microscopy, including Jennings and Q_iamond.l8·
5

· 
8

·
71 

Some of the notable features indicated by the published l8·
5
· 
8

·
7

· 
8

·
81 micrographs 

include: 

• The initial fibre like form of CSH gel forming radially out of the cement 

grains (type I) l8·
11

• 
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• The longer fibres which have branched and interlocked (type II). 

• The almost featureless mass (type Ill) which is made up of rounded 

nodules fused together [8·
5

· 
8

·81. It is not clear if the different types are 

developments, with time, from one to the other, although this would 

seem to be a reasonable supposition. 

• The so-called Hadley grains with the potential flaw between the 

unhydrated particle (or later the dense (type IV) inner product) and the 

membrane, or simply hollow shells.[8
·
5

· 
8

·
7

• 
8

·
9
1 

• The increasing density of the HCP with time, with the associated 

reduction in the number and size of fJaws.r8
·
5

• 
8

·
61 

• Hexagonal calcium .hydroxide crystals, often interlayered with CSH 

gel. [8.1, 8.5J 

• High concentrations of calcium hydroxide crystals and ettringite at the 

paste-aggregate interface, or debonding at the interface.r8
·
1

· 
8

·
4

· 
8

·
71 

. 
The variation in the number of flaws and their sizes at various stages of 

hydration, as well as the structure of the CSH grains, will affectthe toughness 

and the mechanical. behaviour under load of the product. Some of the 

properties influenced include stiffness, damage accumulation and creep, as 

discussed in Section 9.3. 

Fly ash 

The reaction of fly ash particles within a hydrating cement paste have also been 

studied r8·
3

· 
8

·
6

• 
8

·
9

• 
8

·
101 and the principal observations are summarised below. 

There is little sign of the fly ash taking part in the chemical reactions at early 

ages, but only some light etching [8·
91 or some deposition of duplex CSH gel on 
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the surface of the fly ash particles.l8·
31 This film would have the effect of slowing 

or limiting the reaction of fly ash and appears to form a coating around the 

particles which debonds easily when loaded. l8·
3

• 
8
·
9

• 
8
·
101 Even at reasonably high 

ages, it has been observed that there are some unreacted and only lightly 

etched fly ash particles as well as those that have reacted.l8·
6
• 

8
·
9

· 8·101 

Reacted and unreacted fly ash particles are often su.rrounded by, but not 

always bonded to, dense paste which includes a predominance of calcium 

hydroxide grains.r8
·
6

· 
8

·
9

· 
8
·
11

• 
8

·121 

Ettringite fibres have been noted to develop within hollow fly ash particles,r8
·
121 

which will have little effect on microcracking patterns but can be the subject of 

attractive micrographs (Figure 8.6). 

Microcracking/toughness 

The third part of the microstructural study of cementitious materials is the effect 

of loading on their microstructure. Some of the pertinent observations include: 

• A zone of microcracking around the so-called crack tip can be observed. 

• 

• 

The size and orientation of these microcracks is dependant on the 

imposed stress field.l8·
8

· 
8

·
131 

The fracture plane is not strictly fractal in that it is not repeated at ever 

decreasing magnitudes.r8·21 

The fracture plane of tougher mortars is smoother than that of less tough 

samples. r8.21 

• Cracks commonly branch,r8
.
4

• 
8
·81 sometimes into two or more cracks that 

run parallel to each other, so absorbing energy and increasing 

toughness. 
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• Cracks are often not continuous, but appear to "jump". 18·131 

From optical microscopy it has also been shown that tensile cracks are not 

straight or continuous. Cracks have been reported 18·141 to go around aggregates 

in high strength concrete, but through them when loaded at a high strain rates. 

In similar concretes made with low-density aggregates, the cracks tended to go 

through the aggregate. This is probably a function of the ratio .of aggregate to 

paste strengths. The shape of the aggregate was observed to cause an effect 

on crack patterns in that cracks were seen to go around rounded aggregate 

particles. 18·141 

In terms of the effect of fly ash on crack patterns, the most pertinent 

observation was that of Montgomery 18·111 that cracks tend to go round poorly. 

bonded cenospheres, so causing branching and a probable increase in 

toughness. This is similar to the behaviour observed with rounded aggregate 

particles described above. 

Summary 

All of the above observations assist in building an explanation of the fracture 

behaviour of cementitious materials. The structure of hydrated cement paste, 

flaws within the gel and the apparent poor bond with fly ash particles all 

contribute to the fracture behaviour of a mortar or concrete. The fact that all of 
. I 

these properties change with time, mix proportions, curing and environment 

helps to contribute to the complexity of the issue. The implications of these 

properties are discussed in Chapter 9. 

8.3 Experimental 

In order to confirm the observations described above, some microscopy was 

carried out by the writer in two phases. The first phase was the imaging of a 

fly ash mix at various stages of reaction, and the second phase was double 

torsion testing within the SEM. 
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Fly ash 

In this phase a sample of fly ash was glued to a mounting stub, gold-palladium 

coated and micrographed. Figure 8.1 shows a typical set of the types of 

particles in the sample including a plerosphere, several smooth glassy spheres 

and an amorphous particle. 

Figure 8.1: A typical view of the fly ash used in this study. 

A one litre batch of the mix containing 25% fly ash as binder was then prepared 

and moulded in short lengths of 10-mm diameter plastic tubing. The samples 

were cured in water until tested. At the desired age, the samples were freeze 

dried by immersion in liquid nitrogen and exposure to vacuum. This was in 

order to remove free water and so stop the hydration process whilst minimising 

the amount of damage incurred in removing the water. They were then 

fractured, the fracture surface coated with gold-palladium and photographed in 

a Cambridge S180 scanning electron microscope.rs.s1 
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The micrographs (Figures 8.2 to 8.6) clearly show the development of hydration 

products, the increasing density of HCP and the increasing relative size of flaws 

induced by the fly ash compared with the rest of the paste. 

Figure 8.2: After 2 days of hydration the matrix is somewhat more dense and 
the hydration product on the particles surfaces is thicker 
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Figure 8.3 : After 4 days of hydration long CSH fibres that are beginning to 
mesh together can be seen. The material on the large fly ash 
particle appears to have debonded cleanly, indicating that it was 
probably a deposit rather than a product of fly ash hydration 
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Figure 8.4: After 7 days of hydration the matrix is dense and relatively few 
individual gel fibres can be seen. The fly ash particle remaining 
in the sample appears to have debonded cleanly, although in the 
hollow where a particle has been removed there is evidence that 
some etching had occurred in the particle. The fibres that are 
visible appear to have been developing radially away from the fly 
ash particles 

Figure 8.5: After 8 months the matrix is very dense with the fly ash particles 
firmly embedded within it. Calcium hydroxide crystals are clearly 
visible(b), as are signs of etching on the surfaces of the fly ash. 
The poor crack resistance of the product around the fly ash 
particles is shown by the debonding, which probably occurred 
when the sample was fractured 
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Figure 8.6: This micrograph shows a well bonded fly ash particle that has 
been split in two when the sample was fractured, with ettringite 
fibres that have developed within the hollow sphere 

An overall impression gained from studying all of the micrographs was that the 

larger fly ash particles tended to be less reactive than the smaller. This is 

probably related to the different mineralogical composition of different sized 

particles. 

In summary, with increasing time the HCP increases with density and the flaws 

within the gel reduce in size and number. Initially fly ash particles do not appear 

to react, although some hydration product is deposited on their surfaces. With 

time the smaller fly ash particles appear to be consumed or buried in the gel. 

The larger fly ash particles either do not react, or if they do react the reaction 

product does not bond well onto the original/remaining material. This means 

that the flaws introduced by the having the fly ash particles will probably play 

an increasing role in decreasing the toughness of the paste. 

There are some well bonded larger fly ash particles, but not many. The 

presence of ettringite fibres within the particles similar to that described by 

Marusin l
8

·
121 indicated that reaction of the fly ash had occurred. 
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Microcracking studies 

A sample of the 25% fly ash mix was cast irito a· small block shaped like a 

bread loaf. This was cured for 28 days in water befpre being sliced using a fine 

geologist's diamond blade to form OT samples with dimensions 20x8x1. These 

were notched and polished in carborundum paste before being freeze drie·d as 
J 

, described above. The samples were then coated and kept in vacuum until 

tested. 

The samples were tested in an in-situ DT rig built by Tait,r8
·
151 and loaded under 

increasing displacement control, whilst load versus deflection was plotted and 

the sample kept under observation and photographe~ (Figures 8.7 to 8.10). 

These tests were not yery successful from the point of view of dou,ble torsion 

testing. The cracks in all of the samples grew skew and constant stress 

intensity was not achieved. This also made photography difficult as it was 

impossible to assess which branch of the crack was going to be the 

predominant one. 

The gel was very dense with no individual fibres or fly ash particles visible. One 

picture shows some small spherical particles, which may. have been fly ash, 

adhering to the internal surface of an air bubble. It is possible that the individual 

structures and the fly ash particles were obscured or disguised in the polishing 

process. 

A large amount of microcracking was observed, as well as crack splitting and 

jumping. There was also considerable debonding around the aggregates in the 

interfacial zone although some cracks went through aggregate particles rather 

than around them. The orientation of the individual microcracks had little 

relationship with the direction of the predominant crack - they were .in all 

directions. 
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Figure 8.7: Two micrographs showing the development of a crack with 
increasing load. In the bottom right hand corner of (a) a short 
crack can be seen that is apparently not connected to that going 
around the sand particle. In the second image (b) the crack has o 
grown back (main crack growth direction was from top to bottom) 
to join the other, but on the opposite side of the sand particle 

Figure 8.8: A bubble with small spherical particles inside which are probably 
fly ash. Note the microcracks running in all directions 
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Figure 8.9: A pair of micrographs showing the progression of damage with 
increased load. In the first (a), the crack has gone around the 
interfacial zone of a large sand particle. In the second (b) the 
sand particle has split and the crack on the perimeter has closed 
slightly. Note the amount of debris that has fallen into the crack, 
providing potential material for wedging action on unloading 

Figure 8.10: Two images from different samples showing the random direction 
of microcracking, the large number of discontinuous cracks, 
jumping and the predominance of cracks that have gone around 
the aggregate particles rather than through them. Such behaviour 
is not inconsistent with the concept of a process zone 
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The toughness (K1c) was determined as being 0,7 MPa-Vm which was 

considerably lower than that of the full sized samples. There are two possible 

explanations for this. The aggregate size was large in relation to the thickness 

of t~e samples tested in the microscope. This would have the effect of lowering 

toughness as the interfacial zone around the larger aggregate pieces could be 

the full thickness of the sample, thus providing a short cut for the crack. The 

second cause could be the damage incurred in the sa111ple in the preparation 

process. 

8.4 Summary and discussion 

The experimental observations were consistent with those reported in the 

literature, all of which help to explain the fracture behaviour of cementitious 

materials in that: 

I 

• at early ages the paste contains a large number of voids that decrease . 

in number and size with continued hydration, 

• large fly ash particles do not bond well with the paste, even after some 

reaction, but create round flaws that can effect toughness depending on 

their size in comparison with other flaws in the paste, 

• 

• 

microcracks in the paste are often discontinuous, multiple, within the 

interfacial zone with aggregate and seemingly random in direction, 

large cracks can contain debris which will cause further damage when 

the sample is unloaded. 

The implications of these are discussed, in combination with the other 

experimental results, in the next chapter. 
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CHAPTER NINE - DISCUSSION 

9.1 Introduction 

This chapter discusses the implications and trends arising from the results 

presented in the previous three chapters. The discussion considers the present 

set of results in conjunction with those reported by other authors and leads to 

some conclusions about the fatigue behaviour and fracture mechanisms of 

cement mortar. 

The chapter begins with an evaluation of the influences of fly ash content and 

specimen age on toughness and fatigue resistance, together with an attempt 

at a mechanistic explanation. This is followed by discussion on the effects of 

sample preparation and testing environment, followed by the loading effects. 

The chapter ends with a general discussion on the mechanisms of fatigue 

failure and the properties that affect toughness of cementitious materials .. 

9.2 Interpretation of results 

As noted previously, there is a large amount of scatter inherent in the double 

torsion test method, particularly when used to evaluate non-homogenous 

materials such as cement mortars (see Section 4.4). Suresh has also notedl9-
1
J 

that the amount of scatter in brittle materials subject to cyclic stresses is 

considerable. These two effects together have led to a wide scatter that has 

made interpretation of the results difficult. It should also be noted that this 

technique uses relatively "large" specimens in a macrostructural system, thus 

making interpretation of microstructural effects an exercise to be approac~ed 

with care. 

The policy that has been adopted has been to compare on the various plots the 

positions of the various "clouds of data" with each other. In order to facilitate 

understanding, boundaries have been drawn around the clouds. In some cases 

the differences between these clouds have been of sufficient magnitude that it 

has been possible to infer that one set is distinct from another (bearing in mind 
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the extent of the scatter). In other cases the differences have been small 

enough to leave room for doubt about changes in behaviour due to the 

changing parameters. 

A cloud of data on a V-K plot that is above and to the left of another may be 

considered to exhibit less resistance to fatigue damage in that for a given 

applied stress intensity, a higher crack velocity has been indicated. 

Best fit lines based on least squares calculations for scatter in the Y direction 

have been shown on selected plots (eg Figure 7.15). However the correlation 

coefficients of these lines are poor, hence trend interpretation is generally better 

served using the "cloud of data" approach. 

In following this approach, a different parameter is effectively being evaluated 

from that used by others. If the best fit line is described by the equation: 

V =AK" 

then A and n are the material parameters to be compared. Traditionally it has 

been the slope of the line n (on a log-log scale) that has been the subject of 

discussion. If the position of clouds is the point of departure, then it is the 

parameter A that is being compared. 

The determination of n for the present data can be carried out in different ways. 

If a least squares approach is considered, the line shown in Figure 9.1, for 

example, is obtained with a corresponding n value of 9. For the same data, a 

line drawn by eye through the cloud of data has an n value of 20. 
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Figure 9.1: A V-K plot showing a typical set of results along with the least 
squares best fit line (solid) and the "eyeball"·best fit line (dashed) 

The justification for this latter approach is that there is scatter in both the X and 

Y directions. It is reasonable then that a better estimate of the true position of 

the mean line would be obtained by considering that which passes through the 

"centre of gravity" of the data points with a direction such that the "second 

moment of area" of the cloud is minimised. This approach has been used 

before in double torsion work.[9
-
21 

For the present work the n values obtained using the least squares approach 

were between 5 and 15 with an average of approximately 10. If the "eyeball" 

approach were used the n values would range from 15 - 25 with a mean of 20. 

These latter values are similar to those reported by Tait (26)[9.
31 and Bazant 

(24)[9
-
41 for similar materials. Figure 9.2 showing typical sets of results from the 

different studies illustrates the above. It is also quite possible that the n value 
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varies with material composition and toughness and this aspect should be 

investigated in fujure work. 

Comparative results 
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Figure 9.2: AV-K plot showing typical sets of results as reported by Tait and 
Bazant with those from the present study superimposed 

9.3 Materials and environment 

In this section the implications of the results presented in Chapter 7 are 

discussed with particular reference to the influence on fatigue crack growth of 

materials related effects within and external to, the samples. 

9.3.1 Fly ash content and sample age 

In this section the effects of fly ash content and sample age have been 

summarised from the results in terms of strength, fatigue resistance and 

toughness. The mechanisms for the observed effects are then discussed. 

Strength 

The compressive cube strengths of the three mixes were similar at seven days 

_ (Figure 7.1), whilst the greater the fly ash content the greater the.strength at 
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higher ages. This is in accordance with reported trends as discussed in Section 

2.3.4. 

Fatigue 

For the samples tested at an age of seven days, those containing fly ash 

exhibited a marginally slower crack growth rate than those with no fly ash 

(Figure 7.5). At 28 days there did not appear to be any ~ignificant difference 

between the sets, whilst at 90 and 180 days the fly ash seemed to have a slight 

detrimental effect (Figures 7.6 to 7.8). This is in agreement with work reported 

by Tait. 19·51 

For the O and 15% fly ash contents, there was a distinct improvement between 

7 and 28 days and little or no change between the results for 28, 90 and 180 

days. That is, the 7 day data cloud is distinctly to the left and above the rest of 

the data in Figures 7.2 to 7.4, which represents a reduction of crack velocity for 

a given applied stress intensity. There was little effect of time apparent in the 

fatigue resistance of the 25% mix. 

Toughness 

The trends observed in the V-K plots for fatigue resistance described above 

were largely the same as those in the recorded values of toughness (K1c) as 

shown in Figure 7.17. 

There was a general increase in toughness with increasing fly ash content at 

7 and 28 days but little effect of fly ash content at 90 and 180 days. With 

increasing age the toughness of all of the mixes increased with increasing 

hydration up to 90 days with little change between 90 and 180 days. 

Discussion 

It has been noted that there was a closing up of differenc.es in fatigue results 

when the data was normalised as Krei plots. This, and the similar trends 

observed in fatigue resistance and toughness, indicate that the fatigue 
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characteristics of the family of materials tested in this thesis are broadly related 

to its toughness when considering variations due to age and fly ash content. 

It can also be seen from Figure 9.3 that at young ages cube strengths are 

independent of, but toughness varies with, changing fly ash content. However, 

at greater ages toughness is largely independent of, but strength varies with, 

f~y ash content. This supports the contention that strength and toughness are 

not necessarily related for a given material. 

Kie vs cube strength 
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I 
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I x 0% + 15% • 25% 

Figure 9.3: A plot showing some ·K;c results against .their respective cube 
strengths. 

As noted above, increasing fly ash content is beneficial to fatigue and 

toughness at early ages but slightly detrimental to fatigue resistance at greater 

ages (particularly if normalised against compressive strength). The cause of this 

behaviour is probably associated with the size and shape of the fly ash particles 

in relation to the size and shape of other flaws in the matrix as discussed 

below. 

It has been established that the fly ash particles (particularly the larger ones) 

- do not hydrate appreciably at an early age (Chapter 8), thus resulting in poor 

bond between the larger fly ash particles and the rest of the gel. At early ages, 
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the size of the particles (and their associated flaws) is of the same order of 

magnitude as the other flaws in the paste, therefore they do not further reduce 

toughness to any marked degree. However, the shape of the fly ash flaw is 

such that a crack is impeded because the radius of the crack tip around the fly 

ash particle is large. Cracks have been observed to go around such flaws 

before being forced to split or stop, thus effectively toughening the material as 

shown in Chapter 8. 

The reduction in fatigue resistance with increasing fly ash content at greater 

ages is probably because many of the flaws in the paste reduce in number and 

magnitude with continued hydration, whilst those caused by the presence of 

large fly ash particles remain similar in size. These flaws therefore become 

relatively more significant and effectively reduce fatigue resistance when 

compared with the matrix without fly ash. 

This concept of the relative importance (flaw magnitude and grain orientation) 

of the microstructure at the crack tip in influencing macro behaviour has 

similarly been expressed for metals by Miller l9 .s1. 

There is a reported influence on fracture behaviour of cementitious materials 

due to the interfacial zone between paste and aggregate which may be 

modified by the presence of fly ash.[9·
71 However, any beneficial influence of the 

very small fly ash particles reducing the effects of the interfacial zone appears 

to have been masked, in this case, by the deleterious influence of the larger, 

less reactive, fly ash particles. 

9.3.2 Sample preparation and testing environment 

In this seetion the effects of sample preparation and drying are discussed, 

along with the changes in fatigue behaviour observed when the samples were 

exposed to different environmental conditions. 
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Sample preparation 

As discussed in Section 3.2.4, fatigue crack growth rates normally slow down 

in samples that have been dried compared with those kept wet. Similar 

behaviour is shown in Figures 7 .. 13 and 7.14 in which the fatigue crack growth 

rate was lower in oven dried samples than those dried in air, which in turn was 

slower than that in un-dried (wet) samples. 

In terms of toughness, it can be seen from Figure 7.18 that samples that were .. 
not dried were less tough than those that were dried, while air dried samples 

were less tough than those that were oven dried. This toughness behaviour is 

consistent with the fatigue crack growth behaviour described above. 

These trends may be partially accounted for by the relative drying effects of the . 

different methods (in that oven drying removes more water than air drying),· 

coupled with the supposition that the mechanism may be dependent on the 

amount of water present. 

There is also the complicating issue of the damage incurred in the matrix by the 

drying action which would effectively reduce toughness. The author has shown 

in another studyl9·81 that cubes dried at 50°C, and tested in compression after 

resoaking, were less strong than those not dried. However those dried and 

tested only surface wet were considerably stronger than the permanently wet 

samples. The drying appeared to cause irreversible damage, whilst the 

presence of water reintrodu.ced into the sample reduced strength. 

Ballim and Parrot have also shown that the method of drying has a distinct 

effect on concrete samples used for durability index tests.l9·
9

· 
9

·
10

· 
9

·
11

1 The cause 

of this effect is thought to be due to the formation of extensive microcracking 

at gel pore level when water is extracted from the gel, particularly water that 

may have been securely adsorbed onto the gel pore surfaces or loosely 

chemically bound into the CSH gel.l9·
12

· 
9

·
131 
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In summary: despite the damage incurred by drying, the absence of water from 

a matrix causes dry specimens to be tougher and more fatigue resistant than 

wetter samples. This indicates that the mechanism is strongly dependent on the 

presence of water, and may be associated with environmentally assisted 

crackingl9·14l and/or activation energy requirements.19·151 This is discussed further 

in Section 9.5. 

It is not only water from within the sample, but also that in the surrounding 

environment which will influence behaviour. This topic has been addressed in 

the following sections which examine the effects of relative humidity, as well as 

the type of fluids in submerged samples. 

Relative humidity 

Figures 7 .10 to 7.12 show the effects on fatigue resistance of r~lative humidity 

(RH) on samples that were subjected to different preparation methods. 

Together, the figures do not show any clear trend due to changing humidity 

and the results for the oven dried samples (Figure 7.10) show a trend that 

changes direction with increasing RH. 

In terms of toughness (Figure 7.18), the oven dried samples were sensitive to 

RH in that those tested at 0% appeared to be tougher than- those at higher 

humidities. Wet samples did not show any significant effect -of RH on toughness 

at the high RH values tested . 

The sets of samples were prepared over a period of several months, in which 

time the ambient relative humidity changed from approximately 60 - 70% in the 

wet season to 30 - 40% in the dry season. This would have had some masking 

influence on the samples, particularly those that had been air dried. 

Beaudoin has published a figure showing the influence of RH in a plot of stress 

intensity versus porosity (Figure 9.4). This has indicated that varying RH does· 

not result in simple relationships or trends.19·13
• 
9·161 Beaudoin has also notedl9·

17
J 

9.9 

. 1 



that the RH at the crack tip of a "large" mortar specimen is likely to be different 

from that at a point remote from the crack tip. This means that despite 

controlling the RH in a glove box, the environment influencing crack growth 

rates is probably still unknown. 
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Figure 9.4: A plot of stress intensity vs porosity for families of RHl9·
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l 

However, it is reasonable tq state that the amount of moisture external to the 

material at the crack tip, as well as the degree of wetness of the material (ie 

water adsorbed on the surface of the gel as well as contained in the-capillaries) 

and the pore structure of the material at the crack tip are all critical in governing 

crack growth behaviour. These properties will vary with the different material· 

phases at a microstructural level as well as with time, thus making 

measurement of the behaviour difficult to assess using specimens that are 

orders of magnitude larger that the zone of interest. This concept is discussed 

further in Section 9.5. 

Fluids and temperature 

From Figure 7.15, it can be seen that for the samples that were not dried 

· before being tested in water, increasing water temperature resulted in increased 

fatigue crack velocity. This would be expected of an environmentally assisted 
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cracking (EAC) mechanism in which increasing temperature would promote 

chemical attack of stressed elements by providing some of the activation 

energy required. The activation energy for EAC cracking of the mortar was 

calculated as approximately 31 ± 5 kJ/mol using the equation given below and 

the results from Figure 7 .15. This figure is of the same order of magnitude as 

that reported by Tait. 19.
31 

· flH n 
V = A

0 
exp(--) K1 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • (9.1) 

RT 

where v = crack velocity 

Ao = a material constant 

~H = Activation energy 

R = Gas constant 

T = temperature {°K) 

K1 = stress intensity 

n = slope of the V-K plot 

Turning to those samples that were tested in alcohol, it should be noted that 

these had been dried whilst those tested in water had not. Therefore, to 

facilitate comparison between the alcohol and water tests, the results of a set 

of wet samples tested at high RH have been included in the water plot, and air 

dried samples tested at high RH included in the alcohol plot (Figure 7.16) to act 

as a basis of comparison. 

In the case of the water plot (Figure 7.15), the immersed samples at 20°c 

exhibited fatigue crack velocities less than one order of magnitude higher than 

those in high RH air. The air dried samples tested in alcohol (Figure 7.16) had 

velocities somewhat more than one order of magnitude higher than the air dried 

high RH samples. It is reported that alcohol has little if any effect on the bulk 

properties of cementitious materials.19
·
10

·
9

·
191 However the above results indicate 

that the alcohol probably promoted cracking slightly more readily than water, 

even though the effect is small. 
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In terms of toughness (Figure 7.18), the wet samples were sensitive to 

temperature, with toughness decreasing with increasing temperature. Samples 

tested in alcohol were less tough than in those tested in high RH for both oven 

and air dried cases. Undried samples tested in water were also less tough than 

similar samples tested at high RH, by a similar amount. This indicates that the 

small effect of the alcohol may possibly be related to the cyclic loading rather 

than a chemical effect. 

The influence of alcohol on the fatigue results may be connected to the relative 

moisture content of the dried samples. Air dried samples probably still 

contained some water, and so alcohol was prevented from entering the smaller 

capillaries. However the oven dried (and so dryer) samples would have allowed 

the alcohol, with its lower surface tension, to get into pores inaccessible to 

water. This means that the damage accumulation in fatigue due to wedging 

actionl9·
3l may have been greater in the oven dried, alcohol immersed samples 

than in others. 

Comparative tests need to be carried out with the samples subjected to the 

same preparation methods and then immersed in alcohol, water and other fluids 

with strong hydroxyl ion concentrations or high dielectric constants. 

9.3.3 Summary 

As noted in most of the above discussion, there is an apparent relationship 

between fatigue resistance and toughness for the materials tested. 

The effects of fly ash and age point to the increasing toughness of mortar with 

increasing age and the toughening effect of fly ash particles at young ages 

when they are the same size as the rest of the flaws in the matrix, probably 

due to their shape. In addition, they appear to result in a detrimental effect 

when they are relatively large with respect to the other matrix flaws at greater 

ages. 
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The effects of preparation, RH, temperature and fluid type point to fluid 

dependant mechanisms such as EAC and wedging, amongst others, in the 

fatigue of mortars. These mechanisms are studied more closely in the next 

section by looking at the results of loading parameter tests and discussing them 

in relation to V-K (EAC) or Paris (plasticity) models. 

9.4 Loading parameters 

9.4.1 · Introduction 

As discussed in Chapter 3, two models are presently used to describe fatigue 

behaviour of materials using fracture mechanics parameters. One is the 

empirically derived Paris equation which is used to describe the behaviour of 

. metals subject to plasticity controlled mechanisms.19·20· 9·211 The other model is 

the V-K plot for brittle materials including ceramics and to a lesser extent 

cementitious materials which are subject to environmentally assisted cracking 

(EAC).!9.3, 9.221 

There is some question as to which of these relationships is more applicable 

to cementitious materials. The following sections address this topic with 

particular reference to the experimental results reported in Chapters 6 and 7. 

The next two sections look at the measured effects of cyclic. frequency and 

amplitude and compare the observed trends with those that would be expected 

from the two models as discussed in Chapter 3. Figures of the trends to be 

expected under each model are presented in order to facilitate comparison with 

the experimental results. 

9.4.2 Cyclic frequency 

Part of the discussion about whether mortars and other cementitious materials 

behave in a manner consistent with the Paris or the V-K approaches hinges on 

the effect of cyclic frequency. This section compares the type of behaviour to 

be expected of materials perfectly complying with these two mechanisms, with 

the observed behaviour. 
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Paris model 

For the Paris relationship, the rate of crack growth (per unit cycle) is described 

as being independent of cyclic frequency for stage B (Figure 3 .. 16). If a 

mechanism was purely controlled by a plasticity mechanism, a plot of the 

relevant portion of da/dn vs LlK for families of different frequencies would 

appear as shown in Figure 9.5 with little separation apparent between the data 

'sets. 
Frequency 

Ideal Parts 

1E+01 ~. -------~ 

1E+OO c 

1E-03 . 

1E-04 '------"--'----'--'---'---' 
0.6 0.7 0.8 0.9 1.0 1.1 1.2 

Delta K 

Figure 9.5: da/dn vs LlK for ideal plasticity (Paris) behaviour. The lines at 
different frequencies effectively occur on the same line, with 
minimal separation 

If the same data were to be presented on a V-K plot (where V = da/dt), then 

it would be expected that a sensitivity to frequency would appear as shown in 

Figure 9.6, ie a marked separation would appear between the data sets. Where 

growth per cycle is constant and cycles per second (frequency) is increased, 

then growth per second would be expected to increase. 
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Figure 9.6: . V vs K for ideal plasticity (Paris) behaviour. 

V-K relationship 

In the case of the V-K model the rate of crack growth (per uniJ time) is said to 

be independent of cyclic frequency (see Section 3.3.3). If it is assumed that 

there is sufficient time for transportation of reagents and corrosion products to 

and from the crack tip, plots of V vs K and da/dn vs LiK for families of different 

frequencies would appear as shown in Figure 9.7, with the data appearing to 

be bunched in the V-K plot and separated in the da/dn-LiK plot. 

Frequency 
Ideal VK 

1E+01 r-;::============::-1 
I-:~ .. . ~. -~ . -~. _o:. .. \ 

iE+OO 

1E-03 

iE-04 '----'----'----'---'----'--" 
0.6 o.7 o.e o.9 i.o 1.1 i.2 

K 

Frequency 
Ideal VK 

1E+01 ~--------~ 

1E+OO 

- 1E-01 c 
~ 
:£. 

Q) 

iii 
a: 1E-02 

1E-03 

I--~--.~ . ..:;. ··-~. _o:. .. \ 

,,,.. ...... -__ ... -
,.. .,.. ........ -·-

..ff 

.. .t;;······ 

,k..1- .. ······· .O" 
.t::.········ 

-:.~ .• .G··· 

.... -···· 
•• El'. 

1 E·04 1___...c.__L--L--'-----'---' 
0.6 0.7 0.8 0.9 1.0 1.1 1.2 

Delta K 

Figure 9.7: V vs Kand da/dn vs LiK ·plots of the same data for ideal EAC (V
K) behaviour 
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Results 

The plots given in Chapter six (Figures 6.4 and 6.5) showing the results of the 

tests carried out in this study are presented again in summarised form in Figure 

9.8 (a and b), represented here as lines for clarity. 

Frequency 
1E+oo~----~--~ 

SE-03 - _..·· 

1 E-03 '-------'----'------''-----'---' 
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K (MPav'm) 

Frequency (rate) 
1E+oo ~--------

SE-01 

2E-01 

1E-01 

u-E SE-02 

-.S 
z 
-0 <" 2E-02 
-0 
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2E-03 

0.1 Hz_..-
~· 

I 
I 

. 

1 E-03 '"'---'-----'----'----'-"---'-__, 
0.60 0.10 o.ao· o.9o i.oo 1.10 1.20 

K (MPav'm) 

Figure 9.8: Experimental results presented as V-K and da/dn-K plots 

In comparing Figures 9.5 to 9.7 with 9.8 It can be seen that the mortar tested 

in this study did not behave in conformance with either the pure Paris, or pure 

V-K models. 

In the V-K plot (Figure 9.8a), frequencies between 1 and 20 Hz are effectively 

bunched into a single zone as expected in a V-K model (Figure 9.7a). While 

there are small separations between them, there is no general trend, and this 

is not likely to be significant bearing in mind the range of scatter. The 0, 1 Hz 

line, on the other hand, is distinctly separate with a slower crack velocity for a 

given applied stress intensity; as would be expected in a Paris model (Figure 

9.5). 

If the Paris model were to be completely applicable, then there should be more 

separation of the lines for frequencies 1, 5, 10 and 20 Hz than was the case. 
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It still appears that the dominant mechanism is V-K controlled because of the 
I 

bunching of the frequencies, with the exception· of 0.1 Hi. 

It is also possible that there may be some form of transport limitation in the V-K 

type EAC mechanism to explain the separation of the 0, 1 Hz line. Normally, 

discussions about transport limitations refer to insufficient aggressive species 

being able to reach the stressed crack tip (and thi~ may be related to 

inadequate time at high frequencies). The effect is that increased stress (and 

stress intensity) does not lead to increased crack growth rate at this plateau 

condition. However, this does not appear to have occurred in the range of 

frequencies tested in this study. At very low frequencies it may also be possible 

that reagents within the fluid pumped into the crack tip by the fatigue action are 

fully consumed or neutralised some time before the cycle is completed. This 
I 

would mean that there is a period of time before they are repl_aced in the next 

cycle in which little or no EAC can occur. This would effectively slow crack 

growth dominated by EAC mechanisms at low frequencies, and could possibly 

explain the position of the 0, 1 Hz data set i.n Figure 9.8a. 

On the other hand, if hydrowedging were to be considered as a contributing 

mechanism, then the stresses at the crack tip due to this mechanism would 

also be dependant on frequency.[9
·
31 At low frequency, fluid flow u~der a slowly 

closing crack would be unimpeded and crack tip stresses low, but at higher 

frequencies stresses due to hydrowedging would be greater. It may well be that 

at 0.1 Hz in the present tests, any hydrowedging contribution was very much 

less than that at high frequencies. 

It was not possible to carry out tests at frequencies lower than 0, 1 Hz to see 

if the trend continued due to the limitations of the signal generator available, but 

it would be worth pursuing this concept in f_uture work. 

In summary, it appears that the fatigue behaviour is dominated by the V-K 

model, but with a possible element of Paris type behaviour occurring. The 
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comparison between the two models will be discussed further in the next 

section which looks at the amplitude results. 

9.4.3 Load amplitude 

The other aspect to the discussion regarding V-K or Paris is the effect of load 

amplitude on crack velocity; that is to look at the X axis parameters, as 

opposed to the Y-axis parameters discussed so far. 

It can be observed from the normalised Krei plots of Chapter 6 that the Krei 

values were all above 60%. This could be interpreted as an apparent fatigue 

limit~ That is, below a given applied peak stress intensity of Kmax ~ 60% K,c, 

there was no observable crack growth. It is possible that this is due to the 

relatively limited size and form of the stress field in the double torsion test, and 

that tests did not go beyond a few thousand cycles. The small st~ess field, 

combined with crack shielding of the multiple crack tips in the process zone 

would result in the stress intensity at all of the crack tips being less than critical 

and crack growth would effectively stop. This is in contrast to the stress 

distribution in other test configurations which is generally over a greater area, 

and so across more flaws that have the potential to be critical, so leading to the 

reported absence of fatigue limit in cementitious materials. 

Paris relationship 

For materials that behave according to the Paris model in fatigue loading, the 

cyclic stress intensity amplitude is reported to be the dominant factor rather 

than the magnitude of Kmax (see Chapter 3). To illustrate this effect, the test 

programme of the relative amplitude effect as described in Section 6.4 has 

been described in terms of a bar chart showing Kmax and Kmin in Figure 9.9. If 

the fatigue crack results were consistent with pure Paris behaviour, then the 

theoretical da/dn vs ~K plot for families of constant Kmax would be as shown in 

Figure 9.1 Oa. This theoretical position can also be processed as a V-K plot (but 

still showing pure Paris mechanistic behaviour) and presented as families of 

constant amplitude, normalised with respect to· Kmax in Figure 9.1 Ob. 
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Figure 9.9: Bar chart describing the cyclic load ranges in terms of Kmax• Kmin• 
amplitude and flK 
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Figure 9.1 O: da/dn vs flK and V vs K plots for· ideal Paris behaviour 

V-K relationship 

Conversely, for materials that are consistent with the V-K model, it is Kmax that 

is critical as shown in Figure 9.11 a and b. 
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Figure 9.11: da/dn vs ~K and V vs K plots for ideal V-K behaviour for 
different load amplitudes · 

Results 

again the results previously presented in Figures 6.6 and 6. 7 are repeated in 

Figures 9.12a and b in the form of least squares lines. All of these results are 

from tests carried out at 1 Hz in order to avoid variations as a result of 

frequency effects. 
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From Figure 9.12 it appears that the mechanism is dominated by the V-K 

model, but there is an element of "plasticity'; control, as discussed together with 

frequency effects in the next section. There is a small but distinct spread in the 

V-K plot, whilst the spread is somewhat larger in the da/dn-tiK plot. 

9.4.4 Summary 

This section has considered in some detail the relative contributions of the Paris 

plasticity dominated mechanism and the EAC (VK) mechanism. It would appear 

from the interpretation of both the frequency and amplitude results that the 

fatigue cracking in the mortars tested is consistent with a mechanism 

dominated by the VK model. There appears, however, to be a contribution, 

albeit less significant, from the Paris model as well. 

This is also consistent with the observation in Section 9.3 that the fatigue 

behaviour is toughness dominated, ie when the fatigue data is normalised with 

respect to material toughness, as shown in the Krei plots, many of the trends 

seem to be nullified. Dauskardt et al (as described by Sureshl9·
11

) ~lso report an 

increased crack growth rate with decreased toughness from Mg-PSZ ceramics. 

The implication of this is that the crack mechanism in the material is dominated 

by EAC behaviour rather than the Paris model. In metals, in contrast, high 

fatigue resistance is often associated with hard, brittle (low toughness) 

characteristics, and more ductile, tougher alloys show poorer fatigue resistance. 

It is also notable that, as shown in Figure 6.8, the measured data is consistent 

with the Modified Goodman Diagram approach. This approach considers both 

peak load and load amplitude as variables in its formulation, once again 

pointing to a mixture of mechanisms. 

The next section presents a mechanistic model to explain the observed 

behaviour that has been discussed above. 
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9.5 Crack growth mechanisms 

The development of an understanding of the mechanisms of fatigue in brittle 

materials such as cement mortars is presently limited. Indeed, Suresh has 

recently reported "the cyclic fracture mechanisms in ceramics are by no means 

completely understood".19
:
11 However efforts are presently being focused on 

solving this problem. 

In order to explain the mix of V-K and Paris type behaviours that are apparent 

from the above discussion, this section presents a model that approaches the 

question at two distinct levels. The crack growth mechanisms at an extreme 

localised microscopic level will not necessarily be the same as the apparent 

macro mechanisms suggested by experimental work due to the heterogenous 

nature of mortar and due to the number of different mechanisms occurring. For 

this reason the discussion is presented at different lev~ls of magnitude, the first 

at the (microscopic) localised level where crack growth is occurring, and the 

other at the mesoscopic (or process zone) level where it is being observed. 

9.5.1 Localised crack growth mechanisms 

There are six different failure mechanisms that are defined and discussed in 

this section, none of which are new, but the manner in which they presumed 

to interact is. The mechanism's under consideration in this section are at a 

micro-localised level (see Section 2.2.2), ie individual fibres, plates or crystals 

in the gel, fly ash particles or sand grains, hereafter referred to as elements (in 

the sense of discrete elements, not chemical elements). The mechanisms 

discussed are: 

• plasticity, 

• environmentally assisted cracking (EAC), 

• brittle shear failure, 

• creep, 

• slippage, 

• wedging. 
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Plasticity 

Plasticity is the failure mechanism, commonly occurring in metals, where high 

stresses at individual grains cause them to be stressed beyond their elastic limit 

and to deform plastically. This mechanism can be characterised l9·
23

1 by 

dislocation dynamics, ie dislocation development and movement in 

polycrystalline materials. In cyclic fatigue this mechanism results in incremental 

growth of a crack with each cycle by local shear failure occurring in the 

plastically deformed zones. Fatigue fracture surfaces of ductile polycrystalline 

materials (eg aluminium alloys) are characterised by ductile fatigue striations 

visible in electron microscopy. This mechanism is modelled by the so called 

Paris equation as discussed above. 

Cementitious materials, particularly at localised individual element level are 

generally considered to be non polycrystalline and amorphous, yet brittle,l9·
3
l 

with minimal micro-plastic deformation occurring, thus effectively precluding this 

mechanism from being likely. 

Environmentally assisted cracking {EAC) 

EAC is the mechanism in which individual stressed elements are attacked and 

broken by external aggressive agents from the local environment. Stress 

corrosion cracking (SCC) in glass is a special case of this in which hydroxyl 

ions in waterl9·
24l attack stressed silica bonds resulting in crack propagation. 

For this mechanism to occur, all three of the following are required: the material 

must be susceptible to EAC, there must be a sufficiently high local stress and 

a suitable aggressive species must be present. 

The mechanism is modelled by the so called V-K relationship in which crack 

growth velocity is a function of stress intensity and time, and independent of 

cyclic frequency. 
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Brittle shear failure 

Brittle shear failure is the fast fracture of elements, normally in shear, due to 

overload. If this was the dominant mode at macro level, the material could be 

modelled by linear elastic fracture mechanics (LEFM). It is likely that this 

mechanism is significant for cementitious materials at element or micro

localised level, but is masked at process zone level (thus making LEFM invalid, 

see Section 3.3.2) as discussed in the Section 9.5.2. 

Creep 

Creep is a term that is often loosely used in connection with cementitious 

materials. In this context, the term will be taken to refer to "the effect of water 

movement at gel pore level as a result of applied load, thus causing 

deformation of the material" (see Section 3.2.5). In this case creep can only 

occur in samples in which water is present and will not occur in samples that 

have been completely dried. 

It is virtually impossible (with present technology) to separate this mechanism 
' 

from EAC in any experimental test programme, because both mechanisms, by 

definition, invo.lve the action of water on gel. For this reason, this mechanism 

will not be separated from EAC in further discussion. It must be borne in mind 

that such a mechanism may well be playing a significant role. Assessment of 

the degree of such significance would have to be the topic of further work. 

The more general use of the word "creep" as applied to the macro deflection 

of concrete under sustained loading is poten_tially misleading as the mechanism 

of such macro deflection is probably a combination of several of the above. 

Slippage 

By slippage, is meant the separation or debonding of CSH fibres that have 

grown from different cement grains and meshed together, not unlike fibre 

pullout in composites, except that in this case the fibres also form the matrix. 

No direct evidence is available for this occurring, or not occurring, but it has 
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been suggested as a mechanism of macro-creep.19
·
251 This should be kept in 

mind as a potential complicating factor, and as an interesting point for further 

work. 

It is more likely to occur in poorly hydrated matrices in which the gel is 

predominantly Type I or II as opposed to the dense matrix of Type Ill or IV (see 

Table 2.2). 

Wedging 

Wedging is a mechanism that can only occur in cyclic fatigue, as a result of 

fluid molecules or grains of solid material acting as wedges during the 

unloading cycle. These would have the effect of increasing stresses at the 

crack tip and thus promoting all of the other element level mechanisms. Tait 

has suggested that hydrowedging is a possibility,19
·
31 and micrographs such as 

those in Figure 8.10 have also shown that broken materials acting as wedges 

is a reality. 

The effects of immersion in alcohol (Section 9.3.2) also indicate that this 

mechanism may be significant. This is indicated by the tests carried out in 

alcohol where fatigue cracks appeared to be growing faster than those tested 

in water, despite the reported lack of chemical aggressiveness of the alcohol. 

It is suggested that the alcohol with its iower viscosity was able to penetrate 

further into cracks, and so promote the wedging mechanism. 

The mechanism could occur at all levels from the element level up to a certain 

macro structural level, and would also be one of the contributing factors to the 

observed accumulation of damage during the unloading phase of a loading 

· cycle.19·31 

This mechanism also needs to be borne in mind as a complicating factor in the 

following discussion. 
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General 

It should be noted that many or all of the above micro-mechanisms could occur 

in most situations; and it is the relative dominance of each that will govern the 

macro (and measurable) behaviour of the sample in question.[9·
1
· 

9
-
51 There is 

also likely to be some overlap in the mechanisms; for instance it has already 

been stated that it is unlikely that EAC and creep will act independently. The 

combinations of these mechanisms at a larger dimensional level are discussed 

in the next section. 

9.5.2 Process zone level crack growth mechanisms 

The process zone has been described as a zone of microcracking in front of 

a crack tip in which the mechanical properties of the material have been 

changed due to damage (see Section 3.2.5). The physical size of such a zone 

is debated and is thought to be related to sample size, but is in the order of 

mm rather than µm in these specimens and thus becomes a useful reference 

of magnitude for discussion of mechanisms which are discernible in 

experimental tests. 

Mechanisms which are discernible at process zone level would occur as a 

result of the combination of the above element level mechanisms. It is proposed 

that environmentally assisted cracking (EAC) would be the dominant 

mechanism at this level. However it would not be the only mechanism acting, 

with others (referred to by Suresh as cyclic fracture mechanisms[9·
11

) also 

contributing to damage accumulation. It is therefore proposed that another 

mechanism, called for convenience pseudo plasticity (PP), acts as the sum of 

the other micro level cracking mechanisms in cyclic loading, alb~it to a lesser 

extent than the EAC. 

En_vironmentally assisted cracking (EAC) 

As discussed in Section 3.2.4, Evans and Fuller[9
·
221 have reported a theoretical 

correlation between static and cyclic fatigue crack growth behaviour that is 

applicable, but only if the mechanism of crack advance is the same in both 

9.26 



static and cyclic cases. They provide a method where a fatigue data line (in a 

V-K plot) can be derived from the static data if it is assumed that the 

mechanism is EAC. If the Evans & Fuller prediction is not accurate, the 

implication is that the mechanisms for the two cases are different. 

Crack growth rate would be expected to be related to the length of time for 

which fibre elements are stressed, and the value of the maximum stress 

intensity (rather than cyclic amplitude). The relationship has been derived as 

an integration of the amount of time during which the material is at a particular 

stress or stress intensity. 

Both the results of this work (Figure 9.13) and othersl9·
31 have indicated that 

cement mortars do exhibit broad compliance with this relationship indicating that 

EAC is a dominant mechanism of crack propagation in cementitious materials. 

This relatively close correlation with the Evans and Fuller prediction is regarded 

as of particular significance and strong support for the argument that the EAC 

mechanism is dominant. 
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Pseudo-plasticity (PP) 

Pseudo-plasticity is suggested as a model in which considerable microcracking 

at a localised level (the process zone) may cause a brittle material to behave 

in a manner that resembles plastic behaviour. That is, there is some 

deformation without catastrophic failure, but with decreasing load carrying 

capacity, as described by the non-linear portion of the stress strain curve. It has 

been suggestedl9·
4l that the larger the process zone, so the material will appear 

to be less brittle and more plastic, thus moving away from linear- elastic 

fracture mechanics validity towards a more elastic plastic fracture mechanics 

approach. 

It is proposed that fatigue or fracture behaviour where this mode is predominant 

will be better described by the Paris model than the V-K model in that the 

cracking is occurring within the pseudo-plastic process zone, albeit due to a 

number of different micro-mechanisms within the process zone. A (tenuous) 

parallel may be drawn between the dislocations of true plasticity, and the 

microcracks of pseudo plasticity. Note that the Paris model, as a fit to fatigue 

crack growth data, is empirical, rather than rigorously mechanistically based, 

and therefore could well be valid for another mechanism which results in similar 

behaviour on a similar scale. 

The cause of the microcracking may be any of the element level mechanisms 

described above, but it is proposed that brittle fracture is the most likely, 

particularly at the tips of the multitude of flaws in a normal concrete or mortar. 

Brittle cracking would be independent of time or rate effects (at the levels 

pertaining to this study), and the damage incurred would be irreversible and 

permanent. Creep (due to water movement) would also contribute to this 

mechanism by redistributing the stresses in a rate dependent way, and with a 

degree of reversibility. Slippage could also contribute as fibres are pulled apart 

with some presumed slight rate dependence. 
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Pseudo-plasticity is an effect not a cause, and as a model helps to explain the 

observed partial Paris type behaviour. The multitude of small discontinuous 

cracks and flaws will reduce the notch sensitivity of a mortar (making LEFM 

less valid) as well as acting as an energy absorber and permitting relatively 

large deformations whilst retaining some load carrying capacity across the crack 

bridges. Crack shielding and redistribution of stresses could also occur within 

the process zone, thus contributing to the apparent "plasticity" (or non-linear) 

behaviour. 

9.5.3 Discussion 

This section compares the behaviour that would be expected in terms of some 

of the variables used in this study (ie preparation, relative humidity, cyclic load 

amplitude, cyclic frequency, and material toughness) on the basis of the 

mechanisms at the process zone level described above. 

A paper by Bazant & Gettul9·
4l, has discussed several of these aspects based 

on experimental static testing, including reference to the apparent differences 

in brittleness of cementitious materials due to changing loading rates. The 

difference in brittleness is described as being related to the process zone size: 

the smaller the process zone, the more brittle the material and the closer to 

LEFM behaviour. 

Reference is made in the Bazant & Gettu paper to creep, but the term has not 

been defined and has been interpreted here as referring to macro deformation. 

This deformation could be due to any of the element level mechanisms 

described above. It is proposed that the macro-properties of cementitious 

materials known as creep, fatigue and static fatigue are all due to varying 

combinations of the same micro-mechanisms. These mechanisms will result in 

the formation and accumulation of damage, which is exhibited as the different 

macro-properties due to the loading conditions prevailing. 
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Sample preparation and relative humidity 

Differences in sample moisture content due to different drying methods and 

environmental conditions would be expected to result in the following changes 

in fatigue behaviour on the basis of the mechanisms proposed above. 

The act of drying would tend to cause damage and so promote pseudo 

plasticity, and may result in a larger process zone. Creep and EAC would be 

precluded as micro-mechanisms unless sufficient external water were permitted 

to re-enter the matrix. Carbonation and consequent densification of the surface 

after drying would make it harder for external water to get back into the crack 

tip. Fatigue tests carried out in low relative humidity environments would be 

expected to reduce the effect of environmentally assisted cracking due to the 

absence of water to take part in the reaction. All of these would result in slower 

crack growth. 

As discussed in Section 9.3.2, the obseNed trends were that, in general, 

decreased moisture resulted in decreased crack velocity/increased toughness 

which is consistent with that described above. 

Temperature 

Bazant has indicated that a higher temperature leads to a smaller process 

zone[9
-
4l due to a lower activation energy requirementJ9

·
25

J This is consistent with 

the EAC mechanism in which case the activation energy referred to is the 

energy required to break bonds chemically. This mechanism would also lead 

to faster crack growth with increasing temperature. An increase in temperature 

would also promote micro-localised brittle failure and pseudo-plasticity 

behaviour. This point could be clarified by tests carried out on dry samples over 

a range of temperatures. 

The obseNed behaviour shows increased temperature of samples tested in 

water leading to higher velocities, again as consistent with the models. 
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Cyclic load amplitude 

Evans and Fuller's model for pure environmentally assisted cracking (Appendix 

8) predicts a very slight increase in crack velocity at a given applied stress 

intensity peak with decreasing cyclic load amplitude. Pseudo plasticity, if 

modelled by the Paris relationship, would be expected to lead to a large 

reduction in velocity with reducing amplitude. 

The observed behaviour agrees with the EAC model in that there was ·a shift 

from static loading to cyclic loading in the right direction and of approximately 

the right magnitude (Figure 9.12). However, with decreasing amplitude, the 

velocity was slightly reduced, opposite to that expected from the EAC model but 

in agreement with the direction (but not necessarily the magnitude) predicted 

by the Paris model. This backs up the argument that both mechanisms were 

occurring, the difference between static and cyclic being well modelled by EAC, 

but with a small influence of pseudo plasticity in addition. 

Frequency 

Frequency effects are complex due to transportation limitations (at both 

extremes of high and low frequencies) and the effects of the different 

mechanisms. 

Bazant19·41 has stated that slower monotonic load application leads to a smaller 

process zone and less crack shielding and so a higher crack velocity. In the 

present study this may be compared with lower frequency tests. In this study, 

ramp tests at higher rates resulted in higher measured K1c values and higher 

velocities which is in agreement with Bazant (see Figure 6.10). In fatigue tests, 

there was a noticeable difference between 0, 1 and 1 Hz, probably due to 

transport effects, but little further change with increasing frequency, as would 

be expected from the EAC model. 
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Material toughness 

Bazant has reported that younger (and presumably less tough) cementitious 

materials have a smaller process zone.l9·
41 It is possible that a higher K1e may 

lead to a larger process zone because the same amount of energy is absorbed 

in creating the same number of new surfaces (micro-cracks) that are further 

apart and over a larger area. This would be due to both pseudo plasticity and 

environmentally assisted cracking mechanisms. 

Whilst all the mortars tested in this present work were of similar toughness, the 

results can be compared with Tait who used a mortar with lower Kie· What is 

notable is that despite the large difference in Kie• the velocities are of the same 

order, indicating a limiting maximum velocity, as would be expected of an EAC 

mechanism. 

9.5.4 Summary 

A model describing the mechanisms of crack growth of cementitious materials 

on the basis of different dimensional levels has been considered. The observed 

experimental behaviour of this and other studies have been shown to be 

consistent with the models. 

It is proposed that several mechanisms occur at individual element level, which 

combine at process zone level into two basic mechanisms, environmentally 

assisted cracking and pseudo plasticity. The relative dominance and effects of 

these mechanisms is largely dependent on the reagents available 

(environment), as well as loading configuration, strength, materials in the 

concrete or mortar, stress field, time, temperature, amplitude, and loading rates. 

The key points discussed in this Chapter are summarised in the following 

conclusion chapter, along with some thoughts on the implications of these 

findings on the design of structural concrete, and recommendations for future 

work. 
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CHAPTER TEN • CONCLUSION 

10.1 Introduction 

The chapter summarises the conclusions reached in the foregoing discussion. 

The first two sections address the effects of fly ash at various ages, and the 

effects of environment and loading variables in the fatigue performance and 

· fracture toughness of cementitious mortars. This is followed by a description of 

the mechanisms thought to be responsible for these and other trends. 

The final two sections in the chapter contain some recommendations for future 

work to address some of the outstanding and new questions raised by this 

study, and a comment on the implications of these findings on engineering 

design as stated as one of the thesis objectives. 

10.2 Fly ash 

Fly ash, when used as a partial cement replacement in mortar, has been 

recorded as improving fracture toughness at early ages, but reducing toughness 

at greater ages. This appears to be due to the poor bond between larger fly 

ash particles and hydrated cement gel. At early ages the particles tend to blunt 

microcracks and so marginally improve toughness. At greater ages the size of 

the poorly bonded particles, with respect to the other flaws in the matrix, 

become critical, and so toughness is reduced when compared with similar OPC 

mortars. This reduction in toughness is despite any improvements in properties 

in the interfacial zone due to the presence of fly ash. 

There appears to be a close correlation between the fatigue resistance 

characteristics of mortars .and their toughness. This is useful because it could 

be implied that when designing for fatigue, a change of mix proportions or 

binder type would require the determination of toughness characteristics only. 

The fatigue characteristics would only need to be measured once; rather than 

for every mix. 
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The next section summarises the findings regarding the influences of 

environment and loading on fatigue behaviour of the mortars tested. 

10.3 Environment and load variables 

Observations of the changes in measured crack growth rates in mortars due to 

variations in the environment, point to crack growth mechanisms that are 

dominated by fluid dependency such as EAC and, possibly, hydro wedging. 

Interpretation of the frequency and amplitude results has also indicated that the 

crack growth mechanisms are dominated by EAC, but with a certain small 

amount of a plasticity type of mechanism. 

The correlation between fatigue resistance and toughness for mortars was also 

apparent in this set of tests. This correlation is also consistent with a V-K 

dominant model. 

Some of the mechanisms behind the fatigue and fracture of cerr'ientitious 

materials are described in more detail in the next section. 

10.4 Mechanisms 

The mechanisms of crack growth in mortars need to be considered at different 

levels. At the localised microstructural level, there is evidence of a number of 

different mechanisms acting. These include brittle (LEFM) fracture, 

environmentally assisted cracking (EAC), creep, slippage and wedging. All of 

these will occur at any given location, but it is the prevailing loading and 

environmental conditions that will determine their relative importance. 

At the process zone level, it has been suggested that the above mechanisms 

will superimpose to result in two principal mechanisms governing the observed 

behaviour. Environmentally assisted cracking appears to be the dominant 

mechanism when there is sufficient moisture available. The presence of water 

results in the acceleration of crack growth rates, probably due to the lowering 
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of the activation energy requirement to cause failure of individual chemical 

bonds. This mechanism appears to be well modelled by the V-K relationship. 

Pseudo plasticity is, in effect, a result of all of the microstructural mechanisms 

taking place causing a sample to behave with some plasticity (Paris) 

characteristics. 

The variables that influence the relative effect of the mechanisms include: 

• the presence of water; the more water there is the faster the fatigue crack 

growth, 

• the presence of other fluids; ethyl alcohol has the effect of accelerating crack 

growth rates, 

• temperature; crack growth rates were accelerated with increasing 

temperature, 

• sample preparation; those samples that had been dried showed increased 

fatigue resistance and toughness compared to those that had not been dried, 

despite the damage incurred in the drying process, 

• strain rate or cyclic frequency; increasing crack velocities were observed with 

an increased loading rate between 0, 1 and 1 Hz, above which there was little 

effect, 

• cyclic amplitude; greater cyclic amplitude lead to marginally faster crack 

growth, 

• peak load; increased peak stress or stress intensity lead to accelerated crack 

velocity, 

" ' 
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• the shape or pattern of the stress field due to the configuration of the 

member and the applied loads, 

• the toughness of the material. 

The V-K model was found to be the dominant model and there was good 

correlation between the measured relationship between static and cyclic fatigue 

and the theoretical position derived using an Evans and Fuller analysis. 

However, there was consistently discernible plasticity behaviour as well. 

The mechanisms as proposed provide a means of describing and 

understanding fatigue behaviour of mortars. They are not mutually exclusive, 

but indeed have a large element of overlap and commonality and in some 

cases may not be easily separable. Considerable work is still required in order 

to be able to quantify the effects of the individual mechanisms for all materials, 

loads and environments. 

10.5 Future Work 

The following suggestions are made for future work to address some of the new 

· questions raised, and old questions not resolved in this work. 

It would be of use for a wider range of double torsion fatigue tests to be carried 

out in a variety of environments using samples which have been prepared in 

different ways. One of the suggested environments includes the immersion in 

fluids, particularly those with varying dielectric constants, hydroxyl ion • 

concentrations and viscosities. This information would assist in defining which 

fluid properties are critical in governing environmentally assisted cracking. 

Further use of the in situ double torsion testing facility inside a scanning 

electron microscope, particularly a wet cell microscope in which moisture 

content can be controlled, would help in observing the different mechanisms 

under different environmental conditions. 
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An investigation into the effects of silica fume on the fly ash - CSH gel 

interfacial bond in such a facility would be very interesting to carry out. 

Full sized tests on dried samples in a low humidity environment over a range 

of temperatures would help to quantify the extent of the brittle fracture 

mechanism occurring at a microstructural level. 

A test programme designed to investigate the amount of creep, slippage and 

wedging occurring would also be of great use in separating out the individual 

mechanisms at microstructural level. Design of such a programme would have 

to try to exclude (or at least quantify) EAC effects. 

10.6 Implications 

As detailed above, the variables influencing fatigue behaviour of cementitious 

materials are numerous. So numerous that to try and model or include 

corrections for all of them from a fundamental mechanistic poirit of view in 

structural design would be risky with present knowledge, particularly as their 

relative effects are as yet not fully quantified. 

Therefore, until they are well quantified, structural design will have to continue 

to rely on previously acceptable empirically based systems. A re-assuring factor 

has been that this study has demonstrated the validity of the Goodman 

Diagram approach from the point of view of taking cognizance of amplitude and 

peak stress effects. It should also be accepted that empirical methods are not 

all bad; for example, the slump test. It is often said that if someone was 

seeking to invent a test to determine consistence of concrete, the last test that 

would be accepted would be the slump test. However, in the words of 

Popovics[10
·
11 misquoting Churchill "The slump test is the worst possible test 

method for fresh concrete except for any other invented". 
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A point that is not covered by the Goodman model is the time for crack 

initiation. It is probable that for cementitious materials with their inherently 

flawed microstructure, the initiation time for microcracking to develop is 

relatively small, although the time for macrocracks to become significant may 

be appreciable. From the design point of view, to ignore initiation time would be 

conservative. 

It is felt that this study has met the overall aim in establishing that the present 

qesign methods are based on sound technology. At the same time, some new 

models or new ways of looking at fracture processes have been proposed that 

appear to assist in understanding, and possibly modelling in the future, fatigue 

and fracture behaviour of cementitious materials, including those containing fly 

ash. 
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APPENDIX A - DATA FOR V-K PLOTS 

DATA POINTS FOR FIGURE 6.1 

Scatter 

v K Krel Age 
(mm/s) (MPaJm) (%) (days) 

2.24e-02 0.653 62.6 28 
6.24e-03 0.653 62.6 28 
6.65e-03 0.771 73.9 28 
4.88e-02 0.831 79.6 28 
2.12e-02 0.771 73.9 28 
2.91e-03 0.771 73.9 28 
1.57e-02 0.831 79.6 28 
1.24e-02 0.711 70.8 28 
1.14e-03 0.653 65.0 28 
3.26e-03 0.711 70.8 28 
3.35e-02 0.771 76.8 28 
2.17e-02 0.771 76.8 28 
3.40e-02 0.801 79.8 28 
6.24e-02 0.801 79.8 28 
3.72e-02 0.801 79.8 28 
5.09e-03 0.711 70.8 28 
4.03e-02 0.831 82.7 28 
5.66e-02 0.745 75.4 28 
1.42e-02 0.745 75.4 28 
1.19e-02 0.745 75.4 28 
6.51e-03 0.745 75.4 28 
2.44e-03 0.745 75.4 28 
2.74e-02 0.772 87.2 28 
1.64e-01 0.780 83.3 28 
2.24e-01 0.780 83.3 28 

• 2.34e-01 0.780 83.3 28 
4.87e-02 0.666 74.4 28 
9.24e-02 0.699 70.6 28 
6.48e-02 0.699 70.6 28 
5.57e-03 0.636 64.3 28 
1.06e-03 0.636 64.3 28 
1.91e-03 0.636 64.3 28 
7.98e-02 0.763 77.1 28 
4.09e-01 0.826 83.5 28 
1.61e-02 0.780 76.4 28 
2.64e-02 0.780 76.4 28 
1.36e-01 0.845 82.7 28 
1.64e-01 0.878 85.9 28 
1.57e-02 0.780 76.4 28 

App A.1 



1.99e-02 0.711 70.5 28 
v K Krel Age 
(mm/s) (MPav'm) (%) (days) 

1.11 e-02 0.711 70.5 28 
6.00e-02 0.800 79.4 28 
2.92e-02 0.800 79.4 28 
5.34e-02 0.829 82.3 28 
3.71e-02 0.829 82.3 28 
2.32e-02 0.829 82.3 28 
1.50e-02 0.829 82.3 28 

• 
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DATA POINTS FOR FIGURE 6.2 

Orientation 

v K Krel Orientation 

I 
I 

(mm/s) (MPaJ.m) (%) 

4.20e-02 0.698 73.4 Normal 
1.41 e-02 0.698 73.4 Normal 
1.75e-02 0.577 60.7 Normal 
1.75e-02 0.577 60.7 , Normal 

5.73e-02 0.759 79.8 Normal 
1.78e-01 0.819 86.1 Normal 
1.52e-01 0.819 86.1 Normal 
7.43e-02 0.759 79.8 Normal 
8.64e-02 0.759 79.8 Normal 
1.37e-02 0.551 60.7 Normal 
1.56e-02 0.771 81.8 Normal 
7.65e-02 0.771 81.8 Normal 
3.71e-02 0.712 75.6 Normal 
5.05e-02 0.712 75.6 Normal 
9.24e-02 0.771 81.8 Normal 
4.60e-02 0.551 60.7 Normal 
2.67e-02 0.551 60.7 Normal 
4.44e-02 0.604 78.2 Normal 
4.67e-02 0.604 78.2 Normal 
1.40e-02 0.699 75.2 Normal 
2.98e-02 0.597 77.7 Normal 
2~73e-02 0.638 68.7 Normal 
8.09e-03 0.638 68.7 Normal 
1.64e-02 0.597 77.7 Normal 
6.36e-03 0.654 85.2 Normal 
1.21 e-01 0.710 92.4 Normal 
1.85e-02 0.597 77.7 Normal 
4.93e-02 0.654 85.2 Normal 
7.14e-03 0.578 62.2 Normal 
2.59e-02 0.581 76.0 Normal 
1.11 e-01 0.639 83.6 Normal 
2.36e-01 0.819 86.1 Normal 
8.44e-02 0.581 76.0 Normal 
7.22e-02 0.639 83.6 Normal 
7.96e-02 0.639 83.6 Normal 
8.18e-02 0.578 62.2 Normal 

. 7.41e-02 0.639 83.6 Normal 
6.84e-02 0.639 83.6 Normal 
5.54e-02 0.595 66.1 Normal 
2.88e-02 0.595 66.1 Normal 
1.80e-01 0.872 87.6 Normal 
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2.00e-02 0.539 59.9 Normal 

v, K Krel Orientation 
(mm/s) (MPavm) (%) 

\, 
2.94e-02 0.595 66.1 Normal 
1.39e-02 0.539 61.3 Normal 
3.66e-02 0.596 67.7 Normal 
3.16e-02 0.595 66.1 Normal 
1.68e-02 0.539 61.3 Normal 
1.58e-01 0.872 87.6 Normal 
6.33e-02 0.756 76.0 Normal 
1.93e-02 0.756 76.0 Normal 
3.11e-02 0.698 70.2 Normal 
1.51e-02 0.698 70.2 Normal 
7.31e-02 0.814 81.8 Normal 
1.60e-01 0.872 87.6 Normal 
1.11 e-01 0.872 87.6 Normal 
5.03e-02 0.814 81.8 Normal 
5.85e-02 0.814 81.8 Normal 
1.45e-02 0.668 73.4 Normal 
5.52e-02 0.593 63.0 Normal 
8.16e-02 0.726 79.8 Normal 
2.64e-02 0.668 73.4 Normal 
2.69e-02 0.593 63.0 Normal 
3.22e-02 0.712 75.6 Normal 
5.10e-02 0.653 69.3 Normal 

· 3.61e-02 0.653 69.3 Normal 
9.00e-02 0.653 69.3 Normal 
5.25e-02 0.726 79.8 Normal 
9.43e-02 0.709 80.6 Normal 
1.78e-02 0.709 80.6 Normal 
2.23e-02 0.596 67.7 Normal 
5.38e-02 0.653 74.2 Normal 
6.22e-02 0.709 80.6 Normal 
1.00e-02 0.610 67.0 Normal 
8.66e-02 0.726 79.8 Normal 
2.44e-02 0.552 60.7 Normal 
3.76e-02 0.610 67.0 Normal 
2.93e-02 0.464 69.9 Sideways 
4.23e-02 0.464 69.9 Sideways 
4.69e-02 0.464 69.9 Sideways 
3.82e-02 0.464 69.9 Sideways 
1.94e-02 0.501 63.5 Sideways 
1.54e-02 0.596 67.3 Sideways 
1.32e-02 0.656 74.0 Sideways 
1.52e-02 0.536 60.5 Sideways 
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' . ,' 

1.15e-02 0.536 60.5 Sideways 
1.11 e-01 0.575 ""'' 73.2 Sideways 

.•f,' 

3.30e-01 0.575 73.2 Sideways 

v K Krel Orientation 
(mm/s) (MPaJm) (%) 

1.24e-01 0.596 75.8 Sideways 
3.23e-02 0.575 73.2 Sideways 
8.76e-02 0.594 82.8 Sideways 
8.30e-02 0.607 75.6 Sideways 
2.98e-01 0.639 81.3 Sideways 
1.00e-01 0.658 84.5 Sideways 
1.28e-01 0.775 87.5 Sideways 
2.58e-02 0.715 80.7 Sideways 
2.79e-02 0.715 80.7 Sideways 
2.85e-02 0.544 70.4 Sideways 
3.25e-01 0.653 84.5 Sideways 
8.78e-02 0.599 77.5 Sideways 
1.30e-02 0.544 70.4 Sideways 
4.07e-02 0.667 73.4 Up side down 
1.01 e-01 0.725 79.8 Up side down 
6.46e-02 0.725 79.8 Up side down 
1.26e-02 0.540 56.3 Up side down 
6.23e-03 0.483 50.4 Up side down 
1.16e-02 0.516 62.0 Up side down 
1.17e-02 0.653 68.1 Up side down 
6.73e-02 0.653 68.1 Up side down 
2.25e-03 0.596 62.1 Up side down 
4.32e-02 0.516 62.0 Up side down 
2.42e-02 0.527 63.8 Up side down 
5.45e-02 0.472 57.1 Up side down 
1.34e-02 0.472 57.1 Up side down 
1.95e-02 0.583 70.6 Up side down 

-- 4.06e-02 0.583 70.6 Up side down 
7.68e-02 0.527 63.8 Up side down 
3.09e-02 0.710 74.0 Up side down 
4.16e-02 0.609 73.2 Up side down 
4.52e-02 0.609 73.2 Up side down 
4.90e-02 0.609 73.2 Up side down 
3.15e-02 0.667 73.4 Up side down 
2.01e-02 0.609 67.0 Up side down 
7.18e-02 0.609 67.0 Up side down 
3.85e-01 0.699 83.1 Up side down 
3.06e-02 0.577 68.6 Up side down 
2.07e-01 0.609 79.5 Up side down 
1.06e-01 0.767 80.0 Up side down 
2.67e-02 0.638 75.9 Up side down 
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6.32e-02 
1.41 e-02 

0.638 
0.577 

75.9 
68.6 
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Up side down 
Up side down 



DATA POINTS FOR FIGURE 6.4 

Frequency 

v K Krel f 
(mm/s} (MPavm) (%) (Hz) 

1.56e-02 0.774 84.7 0.1 
1.45e-02 0.816 83.9 0.1 
4.05e-03 0.763 72.7 0.1 
2.44e-02 0.913 84.9 0.1 
2.17e-02 0.845 78.3 0.1 
5.98e-03 0.763 72.7 0.1 
2.28e-01 . 1.035 93.8 0.1 
6.44e-03 0.763 72.7 0.1 
1.88e-02 0.974 84.1 0.1 
1.58e-02 0.894 82.4 0.1 
1.43e-02 0.805 72.7 0.1 
1.19e-02 0.670 70.2 0.1 
4.75e-02 0.922 0.1 
5.38e-02 0.892 85.7 0.1 
9.19e-03 0.842 77.5 0.1 
1.55e-02 0.774 0.1 
1.52e-02 0.833 76.6 0.1 
2.73e-02 0.716 74.4 0.1 
1.16e-01 0.956 85.8 0.5 
3.64e-02 0.774 84.7 1 
5.01e-02 0.894 82.4 1 
1.77e-02 0.763 72.7 1 
3.60e-02 0.746 74.4 1 
1.91e-02 0.974 84.1 1 
1.12e-01 0.922 1 

.6.06e-02 0.830 80.2 1 
2.90e-02 0.763 72.7 1 

e 1.19e-01 0.830 86.0 1 
3.70e-02 0;570 70.2 1 . 
1.21 e-01 0.832 85.0 1 
3.20e-01 0.915 87.2 1 
6.11e-02 0.894 82.4 1 
6.26e-02 0.805 72.7 1 

· 5.54e-02 0.893 75.8 1 
4.10e-01 0.915 87.2 1 
3.08e-02 0.833 76.6 1 
6.21e-02 0.816 83.9 1 
3.52e-02 0.974 84.1 1 
1.90e-02 0.774 65.0 1 
1.36e-01 0.893 75.8 1 
4.17e-01 0.945 93.9 1 
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7.96e-01 1.035 93.8 1 

v K Krel f 
(mm/s) (MPav'm) (%) (Hz) 

8.47e-01 0.951 93.6 1 
4.75e-02 0.892 85.7 1 
8.17e-02 0.956 85.8 1 
1.74e-02 0.716 74.4 1 
3.04e-02 0.956 85.8 1 
8.02e-02 0.845 78.3 1 
6.69e-02 0.774 1 
6.52e-02 0.845 78.3 1 
1.50e-01 0.913 84.9 1 
4.75e-01 0.915 87.2 1 
3.91 e-01 0.935 86.1 1 
5.55e-02 0.842 77.5 1 
3.93e-02 0.842 77.5 5 
3.07e-01 0.816 83.9 5 
1.12e+OO 0.945 93.9 5 
2.28e-01 0.834 79.5 5 
1.37e-01 0.922 5 
2.24e-01 0.892 85.7 5 
3.67e-02 0.729 69.6. 5 
2.56e-01 0.805 72.7 5 
5.53e-02 0.833 76.6 5. 
7.70e-01 0.915 87.2 5 
2.30e-02 0.729 69.6 5 
2.29e-01 0.805 72.7 5 
6.61e-02 0.893 75.8 5 
5.08e-02 0.893 75.8 5 
3.13e-01 0.834 79.5 5 
1.67e-01 0.816 83.9 5 
4.56e-02 0.763 72.7 5 
2.41e-01 0.845 78.3 5 
2.53e-01 0.894 82.4 5 
1.SOe-01 0.842 77.5 10 
3.77e-02 0.833 76.6 10 
1.06e-01 0.833 76.6 10 
6.71e-01 0.774 84.7 10 
1.41 e-02 0.774 65.0 10 
1.97e-01 0.832 85.0 10 
4.53e-02 0.729 69.6 10 
1.22e-01 0.816 83.9 10 
1.66e-02 0.729 69.6 10 
7.75e-02 0.893 75.8 10 
6.78e-02 0.893 75.8 10 
6.84e-02 0.833 76.6 10 
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1.16e-01 0.833 76.6 10 
2.63e-01 0.834 79.5 · 10 

8.82e-02 0.956 85.8 10 

v K Krel f 
{mm/s) (MPav'm) (%) (Hz) 

2.54e-01 0.922 10 
2.02e-02 0.729 69.6 10 
5.96e-02 0.845 78.3 10 
1.91 e-01 0.974 84.1 10 
1.49e-01 0.894 82.4 10 
9.05e-02 0.763 72.7 10 
6.02e-02 0.805 72.7 10 
1.99e-01 0.892 85.7 10 
5.03e-02 0.746 74.4 10 
1.38e-01 0.805 72.7 10 
2.27e-01 0.834 79.5 10 

e 2.91e+OO 1.035 93.8 10 
4.82e-02 0.845 78.3 10 
7.18e-02 0.763 72.7 20 
2.90e-01 0.892 85.7 20 
4.28e-01 0.892 85.7 20 
3.80e-01 0.956 85.8 20 
1.73e-01 0.892 85.7 20 
9.87e-02 0.763 72.7 20 
3.48e-01 0.974 84.1 20 
8.45e-02 0.763 72.7 20 
8.99e-02 0.842 77.5 20 
2.03e-01 0.893 75.8 20 
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DATA POINTS FOR FIGURE 6.5 

(Frequency (Rate) 

dA/dN K Krel f 
(mm/c) (MPavm) (%) (Hz) 

0.156 0.774 84.7 0.1 
0.145 0.816 83.9 0.1 
0.041 0.763 72.7 0.1 
0.244 0.913 84.9 0.1 
0.217 0.845 78.3 0.1 
0.060 0.763 72.7 0.1 
2.280 1.035 93.8 0.1 
0.064 0.763 72.7 0.1 
0.188 0.974 84.1 0.1 
0.054 0.956 85.8 0.1 
0.158 0.894 82.4 0.1 
0.143 0.805 72.7 0.1 
0.119 0.670 70.2 0.1 
0.475 0.922 0.1 
0.538 0.892 85.7 0.1 
0.092 0.842 77.5 0.1 
0.155 0.774 0.1 
0.152 0.833 76.6 0.1 
0.273 0.716 74.4 0.1 
0.232 0.956 85.8 0.5 
0.036 0.774 84.7 1 
0.050 0.894 82.4 1 
0.018 0.763 72.7 1 
0.036 0.746 74.4 1 
0.004 0.774 65.0 1 
0.019 0.974 84.1 1 
0.112 0.922 1 
0.061 0.830 80.2 1 e 0.029 0.763 72.7 1 
0.119 0.830. 86.0 1 
0.037 0.670 70.2 . . 1 

0.121 0.832 85.0 1 
0.320 0.915 87.2 1 
0.061 0.894 82.4 1 
0.063 0.805 72.7 1 
0.055 0.893 75.8 1 
0.410 0.915 87.2 1 
0.031 0.833 76.6 1 
0.062 0.816 83.9 1 
0.035 0.974 84.1 1 
0.019 0.774 65.0 1 
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0.136 0.893 75.8 1 
Vf!1.." 

dA/dN K Krel f 
{mm/c) {MPavm) {%) {Hz) 

0.417 0.945 93.9 1 
0.796 1.035 93.8 1 
0.847 0.951 93.6 1 
0.048 0.892 85.7 1 
0.082 0.956 85.8 1 
0.017 0.716 74.4 1 
0.030 0.956 85.8 1 
0.080 0.845 78.3 1 
0.067 0.774 1 
0.065 0.845 78.3 1 
0.150 0.913 84.9 1 
0.475 0.915 87.2 1 
0.391 0.935 86.1 1 
0.056 0.842 77.5 1 
0.008 0.842 77.5 5 
0.061 0.816 83.9 5 
0.224 0.945 93.9 5 
0.001 0.774 65.0 5 
0.046 0.834 79.5 5 
0.027 0.922 5 
0.011 0.655 66.7 5 
0.045 0.892 85.7 5 
0.007 0.729 69.6 5 
0.051 0.805 72.7 5 
0.011 0.833 76.6 5 
0.154 0.915 87.2 5 
0.005 0.729 69.6 5 
0.046 0.805 72.7 5 
0.013 0.893 75.8 5 
0.010 0.893 75.8 5 
0.063 0.834 79.5 5 
0.006 0.595 60.6 5 
0.006 0.974 84.1 ... 5 

0.033 0.816 83.9 5 
0.055 0.655 66.7 5 
0.009 0.763 72.7 5 
0.048 0.845 78.3 5 
0.051 0.894 82.4 5 
0.015 0.842 77.5 10 
0.004 0.833 76.6 10 
0.011 0.833 76.6 10 
0.067 0.774 84.7 10 
0.001 0.774 65.0 10 
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0.020 0.832 85.0 10 
0.005 0.729 69.6 10 
0.012 0.816 83.9 10 

dA/dN K Krel f 
(mm/c) (MPav'm) (%) (Hz) 

0.002 0.729 69.6 10 
0.008 0.893 75.8 10 
0.007 0.893 75.8 10 
0.007 0.833 76.6 10 
0.012 0.833 76.6 10 
0.026 0.834 79.5 10 
0.009 0.956 85.8 10 
0.025 0.922 10 
0.002 0.729 69.6 10 
0.006 0.845 78.3 10 
0.019 0.974 84.1 10 
0.015 0.894 82.4 10 
0.009 0.763 72.7 10 
0.006 0.805 72.7 10 
0.001 0.862 10 
0.020 0.892 85.7 10 
0.005 0.746 74.4 10 
0.014 0.805 72.7 10 
0.023 0.834 79.5 10 
0.291 1.035 93.8 10 
0.005 0.845 78.3 10 
0.004 0.763 72.7 20 
0.015 0.892 85.7 20 
0.021 0.892 85.7 20 
0.019 0.956 85.8 20 
0.009 0.892 85.7 20 
0.005 0.763 72.7 20 
0.017 0.974 84.1 20 
0.004 0.763 72.7 20 
0.004 0.842 77.5 20 
0.010 0.893 75.8 20 
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DATA POINTS FOR FIGURE 6.6 

' 
Amplitude 

v K Krel Amplitude 
(mm/s) (MPav'm) (%) (%) 

8.93e-03 0.773 68.6 90 
1.92e-02 0.756 71.6 90 
2.05e-02 0.842 80.6 90 
2.48e-02 0.756 71.6 90 
3.93e-02 0.761 77.8 90 
4.11 e-02 0.756 73.9 90 
4.67e-02 0.773 68.6 90 
4.87e-02 0.792 80.2 90 
6.18e-02 0.792 80.2 90 
6.74e-02 0.873 79.3 90 
7.43e-02 0.864 78.8 90 
9.64e-02 0.814 81.9 90 
1.32e-01 0.861 92.6 90 
1.62e-01 0.756 84.1 90 
1.85e-01 0.893 84.4 90 
2.09e-01 0.893 83.1 90 
2.58e-01 0.756 84.1 90 
2.82e-01 0.841 85.8 90 
9.35e-01 0.952 91.8 90 
2.34e-02 0.773 68.6 80 
3.02e-02 0.761 77.8 80 
3.03e-02 0.756 71.6 80 
3.10e-02 0.792 80.2 80 
1.01 e-01 0.873 79.3 80 
1.34e-01 0.814 81.9 80 
2.07e-01 0.893 84.4 80 
3.64e-01 0.861 92.6 80 
5.98e-03 0.773 68.6 60 
1.05e-02 0.823 77.5 63, 
1.06e-02 0.712 65.6 63 
1.33e-02 0.702 76.2 60 
1.50e-02 0.744 80.1 65 
1.56e-02 0.800 73.7 72 
1.67e-02 0.779 77.3 69 
1.73e-02 0.792 80.2 60 
1.89e-02 0.800 73.7 63 
1.95e-02 0.823 77.5 73 
1.97e-02 0.756 71.6 60 
2.09e-02 0.724 75.8 60 
2.21e-02 0.853 72.5 60 
3.11e-02 0.833 89.7 65 
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3.72e-02 0.873 79.3 60 

v K Krel Amplitude 
{mm/s) {MPav'm) {%) {%) 

4.51e-02 0.833 89.7 74 

7.61 e-02 0.798 87.9 60 

1.14e-01 0.893 60 

1.28e-01 0.814 81.9 60 

1.64e-01 0.893 84.4 60 
4.03e-01 0.861 92.6 60 
2.01e-03 0.712 65.6 48 

2.82e-03 0.655 70.4 57 
4.81e-03 0.744 80.1 57 
6.18e-03 0.744 80.1 57 
7.63e-03 0.744 80.1 57 
8.32e-03 0.792 80.2 40 
9.21e-03 0.756 71.6 40 . 

1.13e-02 0.800 73.7 54 
1.48e-02 0.779 77.3 59 
3.46e-02 0.833 89.7 57 
3.65e-02 0.833 89.7 57 

6.34e-02 0.814 81.9 40 
2.10e-02 0.893 83.1 20 
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DATA POINTS FOR FIGURE 6.7 

Amplitude (Delta K) 

v Delta K Delta Krel K 
(mm/s) (Mpavm) (%) (MPavm) 

2.82e-03 0.262 28.2 0.655 
1.33e-02 0.421 45.7 0.702 
2.01e-03 0.285 26.2 0.712 
1.06e-02 0.427 39.4 0.712 
2.09e-02 0.434 45.5 0.724 
1.50e-02 0.446 48.1 0.744 
7.63e-03 0.298 32.0 0.744 
6.18e-03 0.298 32.0 0.744 
4.81e-03 0.298 32.0 0.744 
1.97e-02 0.454 43.0 0.756 
3.03e-02 0.605 57.3 0.756 
4.11e-02 0.680 66.5 0.756 
2.58e-01 0.680 75.7 0.756 
1.62e-01 0.680 75.7 0.756 
9.21e-03 0.302 28.6 0.756 
1.92e-02 0.680 64.4 0.756 
2.48e-02 0.680 64.4 0.756 
3.02e-02 0.609 62.2 0.761 
3.93e-02 0.685 70.0 0.761 
5.98e-03 0.464 41.2 0.773 
8.93e-03 0.696 61.7 0.773 
4.67e-02 0.696 61.7 0.773 
2.34e-02 0.618 54.9 0.773 
1.48e-02 0.312 30.9 0.779 
1.67e-02 0.467 46.4 0.779 
1.73e-02 0.475 48.1 0.792 
6.18e-02 0.713 72.2 0.792 
4.87e-02 0.713 72.2 . 0.792 
8.32e-03 0.317 32.1 0.792 
3.10e-02 0.634 64.2 0.792 
7.61e-02 0.479 52.7 0.798 
1.89e-02 0.480 44.2 0.800 
1.56e-02 0.480 44.2 0.800 
1.13e-02 0.320 29.5 0.800 
6.34e-02 0.326 32.8 0.814 
1.28e-01 0.488 49.1 0.814 
1.34e-01 0.651 65.5 0.814 
9.64e-02 0.733 73.7 0.814 
1.95e-02 0.494 46.5 0.823 
1.05e-02 0.494 46.5 0.823 
4.51e-02 0.500 53.8 0.833 
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3.65e-02 0.333 35.9 0.833 

v Delta K Delta Krel K 
(mm/s) (MpaJm) (%) (MPaJm) 

3.46e-02 0.333 35.9 0.833 
3.11e-02 0.500 53.8 0.833 

2.82e-01 0.757 77.2 0.841 
2.05e-02 0.758 72.5 0.842 

2.21e-02 0.512 43.5 0.853 
1.32e-01 0.775 83.3 0.861 
3.64e-01 0.689 74.1 0.861 
4.03e-01 0.517 55.6 0.861 
7.43e-02 0.778 70.9 0.864 
1.01 e-01 0.698 63.4 0.873 
3.72e-02 0.524 47.6 0.873 
6.74e-02 0.786 71.4 0.873 
2.10e-02 0.179 16.6 0.893 
1.14e-01 0.536 0.893 
2.07e-01 0.714 67.5 0.893 
1.64e-01 0.536 50.6 0.893 
1.85e-01 0.804 76.0 0.893 
2.09e-01 0.804 74.8 0.893 
9.35e-01 0.857 82.6 0.952 
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DATA POINTS FOR FIGURE 6.8 

Loading history ·! .· .. ~ 

v K Krel Loading case 
{mm/s) (MPaJm) {%) 

1.67e-01 1.050 86.3 Base 
1.55e-01 0.855 81.1 Base 
1.11 e-01 0.920 78.7 Base 
5.70e-02 0.814 83.4 Base 
5.42e-02 0.910 78.5 Base 
4.95e-02 1.010 81.5 Base 
4.42e-02 0.940 79.2 Base 
3.96e-02 0.930 79.0 Base 
3.32e-02 0.840 75.6 Base 
2.69e-02 0.930 73.9 Base 
2.19e-02 0.863 73.7 Base 
1.95e-02 0.930 78.1 Base 
1.10e-02 1.000 80.1 Base 
2.18e-03 0.870 71.6 Base 
1.80e-01 0.960 83.0 Above 
1.60e-01 0.855 81.1 Above 
7.50e-02 1.070 85.0 Above 
6.52e-02 0.980 83.4 Above 
6.26e-02 0.980 82.5 Above 
4.54e-02 0.900 80.8 Above 
2.80e-02 0.980 80.7 Above 
2.56e-02 0.940 79.2 Above 
1.62e-02 1.010 81.5 Above 
8.64e-02 0.990 81.5 Below 
3.29e-02 0.75!3 72.1 Below 
2.62e-02 0.870 74.3 Below 
2.17e-02 0.960 81.5 Below 
4.03e-03 0.830 70.1 Below 
1.47e-03 0.631 64.6 Below 
1.47e-03 0.672 57.2 Below 
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DATA POINTS FOR FIGURE 6.9 

Ramp tests 

v K Ramp rate 
(mm/s) (MPaJm) (mm/s) 

8.57e-01 1.001 0.0005 
2.22e-01 1.103 0.0005 
5.45e-01 1.134 0.0005 
1.38e+OO 1.187 0.002 
1.41 e+OO 1.196 0.002 
7.00e+OO 1.109 0.007 
4.67e+oo 1.186 0.007 
5.60e+OO 1.185 0.007 
4.94e+OO 1.009 0.007 
5.60e+OO 1.043 0.007 
5.25e+OO 1.016 0.007 
7.00e+OO 1.046 0.007 
3.82e+oo 1.025 0.007 
3.28e+OO 1.112 0.007 
3.76e+OO 1.112 0.007 
4.55e+OO 1.107 0.007 
1.80e+01 1.336 0.03 
2.40e+01 1.304 0.03 
1.90e+01 1.272 0.03 
8.47e+01 1.281 0.12 
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DATA POINTS FOR FIGURE 7.2 

0% fly ash 

v K Krel Age 
{mm/s) {MPavm) {%) {days) 

2.82e-02 0.753 66.9 180 
2.82e-03 0:753 66.9 180 
1.25e-03 0.753 66.9 180 
3.27e-02 0.811 72.0 180 
5.42e-03 0.811 72.0 180 
7.71e-03 0.811 72.0 180 
1.60e-02 0.811 72.0 180 
5.06e-02 0.869 77.2 180 
7.36e-02 0.869 77.2 180 
1.39e-02 0.927 82.3 180 
2.63e-02 0.927 82.3 180 
1.92e-02 0.927 82.3 180 
1.81e-02 0.927 82.3 180 
2.33e-02 0.985 87.5 180 
5.43e-02 0.985 87.5 180 
1.83e-02 0.985 87.5 180 
3.52e-02 0.985 87.5 180 
4.04e-02 0.705 61.8 180 
1.18e-02 0.705 61.8 180 
8.26e-03 0.759 66.6 180 
8.93e-03 0.759 66.6 180 
1.23e-02 0.759 66.6 180 
2.23e-02 0.813 71.3 180 
2.34e-02 0.813 71.3 180 
2.73e-02 0.813 71.3 180 
9.95e-03 0.813 71.3 180 
2.26e-02 0.868 76.1 180 
8.42e-02 0.972 85.3 180 
1.05e-01 0.754 67.0 180 
1.18e-02 0.754 67.0 180 
3.91e-02 0.754 67.0 180 
1.44e-01 0.889 82.7 180 
5.72e-02 0.889 82.7 180 
1.48e-02 0.737 62.1 180 
5.40e-03 0.737 62.1 180 
8.34e-02 0.754 59.6 180 
9.83e-03 0.754 59.6 180 
1.87e-02 0.812 64.1 180 
7.36e-03 0.812 64.1 180 
1.93e-02 0.812 64.1 180 
6..47e-03 0.812 64.1 180 
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1.07e-02 0.812 64.1 180 

v K Krel Age 
(mm/s) (MPaJm) (%) (days) 

1.62e-02 0.870 68.7 180 
7.75e-02 0.920 72.7 180 
5.53e-02 0.986 77.9 180 
1.76e-01 1.044 82.5 180 
3.05e-02 0.775 76.1 180 
3.23e-02 0.775 76.1 180 
2.86e-02 0.775 76.1 180 
3.90e-02 0.837 82.1 180 
9.46e-02 0.837 82.1 180 
6.72e-02 0.837 82.1 180 
3.51e-02 0.782 65.6 180 
1.35e-02 0.782 65.6 180 
2.20e-02 0.840 70.5 180 
1.55e-02 0.840 70.5 180 
1.88e-02 0.840 70.5 180 
2.65e-03 0.840 70.5 180 
2.35e-02 0.897 75.3 180 
2.32e-02 0.897 75.3 180 
2.33e-02 0.897 75.3 180 
3.73e-02 0.765 67.9 180 
2.89e-03 0.694 62.6 90 
7.45e-03 0.694 62.6 90 
9.97e-04 0.694 62.6 90 
5.28e-03 0.749 67.5 90 
6.37e-03 0.749 67.5 90 
7.98e-03 0.805 72.6 90 

3.:14e-03 0.805 72.6 90 
8.11e-02 0.794 62.4 90 
5.97e:.03 0.794 62.4 90 
2.59e-02 0.851 66.8 90 
8.19e-03 0.851 66.8 90 
2.88e-02 0.907 71.2 90 
1.61e-02 0.964 75.7 90 
8.00e-03 0.964 75.7 90 
3.06e-03 0.964 75.7 90 
4.30e-03 0.992 77.9 90 
3.45e-02 1.021 80.2 90 
3.51e-01 0.831 70.0 90 
2.05e-01 0.831 70.0 90 
1.20e-01 0.831 70.0 90 
2.08e-01 0.891 75.1 90 
8.06e-02 0.891 75.1 90 
1.40e-01 0.950 80.0 90 
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5.64e-02 0.950 80.0 90 
1.30e-01 0.950 80.0 90 
3.75e-01 1.009 85.0 90 

v K Krel Age 
(mm/s) (MPaJm) (%) (days) 

1.50e-01 1.009 85.0 90 
3.54e-02 0.742 62.4 90 
5.46e-02 0.860 72.3 90 
2.75e;.02 0.860 72.3 90 
1.13e-01 0.920 77.3 90 
7.68e-02 0.920 77.3 90 
6.53e-02 0.920 77.3 90 
4.44e-02 0.920 77.3 90 
2.19e-01 0.860 78.5 90 
2.12e-02 0.816 76.7 90 
2.03e-02 0.816 76.7 90 
1.94e-02 0.816 76.7 90 
2.18e-02 0.816 76.7 90 
2.80e-02 0.796 71.0 90 
8.29e-02 0.796 71.0 90 
4.75e-02 0.796 7·1.0 90 
1.61 e-01 0.859 76.6 90 
4.35e-02 0.859 76.6 90 
2.37e-02 0.891 79.5 90 
2.63e-02 0.891 79.5 90 
1.35e-02 0.891 79.5 90 
2.14e-02 0.891 79.5 90 
3.65e-02 0.709 69.3 90 
2.16e-02 0.709 69.3 90 
3.75e-02 0.708 65.1 90 
6.30e-03 0.708 65.1 90 
1.74e-02 0.764 70.3 90 

e 1.75e-02 0.821 75.5 90 
1.58e-02 0.821 75.5 90 
1.40e-02 0.821 75.5 90 
1.58e-02 0.821 75.5 90 
1.71e-02 0.878· 80.8 90 
2.90e-02 0.878 80.8 90 
2.05e-02 0.823 73.9 90 
2.18e-02 0.823 73.9 90 
2.54e-02 0.823 .73.9 90 
6.48e-03 0.823 73.9 90 
3.14e-02 0.880 79.1 90 
6.11 e-02 0.880 79.1 90 
2.92e-02 0.880 79.1 90 
4.11 e-02 0.880· 79.1 90 
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6.22e-02 0.936 84.1 90 
3.77e-02 0.936 84.1 90 
4.37e-02 0.936 84.1 90 
2.24e-02 0.653 62.6 28 
6.24e-03 0.653 62.6 28 

v K Krel Age 
(mm/s) (MPav'm) (%) (days) 

6.65e-03 0.771 73.9 28 
4.88e-02 0.831 79.6 28 

· 2.12e-02 0.771 73.9 28 
2.91e-03 0.771 73.9 28 
1.57e-o2 0.831 79.6 28 
1.24e-02 0.711 70.8 28 
1.14e-03 0.653 65.0 28 
3.26e-03 0.711 70.8 28 
3.35e-02 0.771 76.8 28 
2.17e-02 0.771 76.8 28 
3.40e-02 0.801 79.8 28 
6.24e-02 0.801 79.8 28 
3.72e-02 0.801 79.8 28 
5.09e-03 0.711 70.8 28 
4.03e-02 0.831 82.7 28 
5.66e-02 0.745 75.4 28 
1.42e-02 0.745 75.4 28 
1.19e-02 0.745 75.4 28 
6.51e-03 0.745 75.4 28 
2.44e-03 0.745 75.4 28 
2.74e-02 0.772 87.2 28 
1.64e-01 0.780 83.3 28 
2.24e-01 0.780 83.3 28 
2.34e-01 0.780 83.3 28 
4.87e-02 0.666 74.4 28 
9.24e-02 0.699 70.6 28 
6.48e-02 0.699 70.6 28 
5.57e-03 0.636 64.3 28 
1.06e-03 0.636 64.3 28 
1.91e-03 0.636 64.3 28 
7.98e-02 0.763 77.1 28 
4.09e-01 0.826 83.5 28 
1.61e-02 0.780 76.4 28 
2.64e-02 0.780 76.4 28 
1.36e-01 0.845 82.7 28 
1.64e-01 0.878 85.9 28 
1.57e-02 0.780 76.4 28 
1.99e-02 0.711 70.5 28 
1.11 e-02 0.711 70.5 28 
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6.00e-02 0.800 79.4 28 
2.92e-02 0.800 79.4 28 
5.34e-02 0.829 82.3 28 
3.71e-02 0.829 82.3 28 
2.32e-02 0.829 82.3 28 
1.50e-02 0.829 82.3 28 
2.19e-02 0.394 66.6 . 7 

v K Krel Age 
(mm/s) (MPaJm) (%) (days) 

1.28e-02 0.394 66.6 7 
1.53e-02 0.394 66.6 7 
7.74e-02 0.393 59.3 7 
3.58e-02 0.426 53.1 7 
1.73e-02 0.426 53.1 7 
4.17e-02 0.482 60.2 7 
2.17e-02 0.482 60.2 7 
1.30e-02 0.539 67.2 7 
5.19e-02 0.539 67.2 '7 
2.37e-02 0.596 74.4 7 
8.74e-02 0.653 81.5 7 
8.19e-02 0.522 79.2 7 
3.42e-02 0.522 79.2 7 
9.38e-03 0.522 79.2 7 
3.27e-02 0.522 79.2 7 
6.76e-02 0.497 84.7 7 
1.79e-01 0.497 84.7 7 
1.06e-01 0.497 84.7 7 
4.72e-02 0.485 71.4 7 
2.30e-02 0.485 71.4 7 
2.11e-02 0.485 71.4 7 
2.49e-02 0.485 71.4 7 
2.29e-02 0.444 59.9 7 
1.79e-02 0.499 67.4 7 
1.73e-02 0.610 82.3 7 
1.04e-01 0.653 83.5 7 
3.67e-02 0.653 83.5 7 
2.99e-02 0.653 83.5 7 
3.49e-02 0.653 83.5 7 
4.86e-02 0.653 83.5 7 
1.58e-02 0.566 7 
2.48e-02 0.566 7 
1.63e-02 0.565 7 
7.25e-02 0.595 7 
8.84e-02 0.552 7 
1.66e-02 0.523 7 
3.37e-02 0.523 7 
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1.63e-03 0.495 7 
1.36e-04 0.465 7 
4.50e-03 0.495 7 
3.79e-02 0.523 7 
3.79e-02 0.523 7 
2.89e-02 0.609 7 
4.31e-02 0.639 7 
5.12e-02 0.669 7 
4.28e-02 0.700 7 

v K Krel Age 
(mm/s} (MPavm} (%} (days} 

2.23e-02 0.731 7 
1.01 e-01 0.754 7 
7.11e-03 0.524 7 
1.33e-02 0.551 7 
2.77e-02 0.581 7 
4.47e-02 0.610 7 
5.23e-02 0.610 7 
5.56e-02 0.610 7 
8.46e-03 0.592 7 
7.33e-03 0.592 7 
4.92e-03 0.592 7 
1.98e-02 0.654 7 
1.54e-02 0.654 7 
1.26e-02 0.654 7 
8.38e-02 0.717 7 
2.42e-01 0.699 7 
3.60e-03 0.577 7 
3.85e-02 0.638 7 
1.25e-03 0.654 7 
4.55e-03 0.713 7 
3.45e-02 0.713 7 
3.36e-02 0.713 7 
6.37e-04 0.653 7 
6.08e-03 0.711 7 
5.91e-02 0.771 7 
3.97e-02 0.712 7 
2.74e-02 0.712 7 
1.68e-02 0.712 7 
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DATA POINTS FOR FIGURE 7.3 

15% fly ash 

v K Krel Age 
(mm/s) (MPav'm) (%) (days) 

2.42e-03 0.681 60.6 180 
1.66e-03 0.681 60.6 180 
1.20e-02 0.741 65.9 180 
7.25e-03 0.770 68.5 180 
1.64e-02 0.829 73.8 180 
1.46e-02 0.888 79.0 180 
2.72e-02 0.653 72.3 180 
8.76e-03 0.653 72.3 180 
1.19e-02 0.712 78.9 180 
2.32e-02 0.772 85.5 180 
5.61e-02 0.772 85.5 180 
1.93e-02 0.772 85.5 180 
8.24e-02 0.801 88.8 180 
2.94e-02 0.710 73.5 180 
1.74e-02 0.741 76.6 180 
7.02e-02 0.770 79.7 180 
6.82e-02 0.770 79.7 180 
6.88e-02 '0.770 79.7 180 
7.88e-02 0.799 82.7 180 

· 2.36e-02 0.667 76.8 180 
1.41e-02 . 0~638 73.4 180 
4.41e-02 0.711 71.3 180 
3.09e-02 0.711 71.3 180 
3.13e-02 0.711 71.3 180 
3.84e-02 0.711 71.3 180 
2.57e-02 0.711 71.3 180 
4.86e-02 0.681 64.0 180 
1.20e-02 0.652 61.3 180 
4.28e-02 0.681 64.0 180 
2.18e-02 0.652 61.3 180 
2.99e-02 0.681 64.0 180 
5.78e-02 0.681 64.0 180 
4.84e-02 0.710 66.8 180 
2.83e-02 0.710 66.8 180 
6.05e-02 0.712 76.9 180 
3.88e-02 0.712 76.9 . 180 
7.14e-02 0.712 76.9 180 
1.41 e-01 0.743 80.2 180 
1.27e-01 0.743 80.2 180 
2.17e-01 0.743 80.2 180 
1.45e-02 0.730 66.6 180 

App A.25 



4.08e-02 . 0.730 66.6 180 

v K Krel Age 
(mm/s) (MPav'm) (%) (days) 

1.82e-02 0.761 69.5 180 
1.61e-02 0.794 72.4 180 
2.74e-02 0.794 72.4 180 
2.65e-02 0.825 75.3 ' 180 
3.94e-02 0.857 78.1 180 
4.37e-02 0.857 78.1 180 
4.77e-02 0.857 78.1 180 
6.08e-02 0.857 78.1 180 
4.89e-02 0.857 78.1 180 
6.12e-03 0.745 59.1 90 
4.24e-02 0.745 59.1 90 
2.83e-03 0.713 56.6 90 
1.91e-02 0.713 56.6 90 
4.89e-02 0.751 67.1 90 e 
6.86e-02 0.751 67.1 90 
5.02e-02 0.717 64.0 90 
1.21e-02 0.683 61.0 90 
1.62e-02 0.683 61.0 90 
1.32e-02 0.683 61.0 90 
1.10e-02 0.649 57.9 90 
1.36e-01 0.751 67.1. 90 
2.20e-02 0.751 67.1 90 
2.31 e-01 0.819 73.2 90 
8.45e-02 0.854 76.3 90 
2.71e-02 0.808 66.8 90 
1.67e-02 0.838 69.3 90 
3.07e-02 0.869 71.9 90 
2.43e-02 0.901 74.5 90 
1.92e-02 0.932 77.1 90 
7.14e-03 0.932 77.1 90 e 7.82e-02 0.932 77.1 90 

. 6.35e-03 0.932 77.1 90 
1.76e-02 0.932 77.1 90 
9.73e-02 0.994 82.2 90 
2.44e-02 0.686 71.1 28 
7.22e-03 0.686 71.1 28 
9.99e-03 0.686 71.1 28 
1.10e-02 0.686 71.1 28 
3.32e-02 0.748 77.5 28 
3.72e-03 0.748 77.5 28 
3.81e-03 0.748 77.5 28 
1.39e-01 0.777 76.1 28 
2.22e-01 0.777 76.1 28 
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2.18e-01 0.777 76.1 28 
1.19e-02 0.715 70.1 28 
1.18e-02 0.715 70.1 28 

v K Krel Age 
(mm/s) (MPavm) (%) (days) 

1.14e-02 0.715 70.1 28 
6.70e-04 0.653 63.9 28 
6.98e-04 0.653 63.9 28 
9.68e-04 0.653 63.9 28 
3.33e-02 0.654 69.5 28 
4.13e-02 0.654 69.5 28 
4.79e-02 0.684 72.7 28 
1.00e-02 0.684 72.7 28 
2.16e-01 0.713 75.9 28 
3.00e-01 0.713 75.9 28 
8.52e-02 0.727 78.1 28 
3.56e-01 0.786 84.4 28 
3.26e-01 0.786 84.4 28 
7.79e-01 0.815 87.5 28 
1.84e-02 0.652 60.5 28 
5.47e-02 0.652 60.5 28 
5.00e-03 0.621 57.7 28 
1.57e-03 0.621 57.7 28 
6.30e-03 0.621 57.7 28 
1.50e-02 0.681 63.2 28 
2.08e-03 0.681 63.2 28 
8.19e-03 0.710 65.9 28 
1.61e-02 0.741 68.7 28 
1.45e-02 0.770 71.5 28 
8.14e-03 0.799 74.2 28 
4.42e-02 0.799 74.2 28 
8.00e-03 0.681 63.2 28 
3.54e-02 0.667 68.1 28 
3.04e-02 0.636 64.9 28 
3.15e-'02 0.636 64.9 28 
6.76e-03 0.604 61.6 28 
1.38e-02 0.640 58.0 28 
2.35e-02 0.640 58.0 28 
1.56e-02 0.640 58.0 28 
5.68e-02 0.653 72.3 28 
1.44e-02 0.668 68.6 28 
5.89e-02 0.730 74.9 28 
3.SOe-02 0.668 68.6 28 
1.09e-02 0.668 68.6 28 
3.40e-02 0.791 81.1 28 
5.10e-02 0.821 84.2 28 
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3.39e-02 0.821 84.2 28 
1.03e-01 0.821 84.2 28 
5.88e-03 0.668 68.6 28 
1.98e-02 0.546 7 
1.83e-02 0.546 7 

v K Krel Age 
(mm/s) (MPav'm) (%) (days) 

8.19e-03 0.546 7 

5.82e-02 0.637 7 
5.00e-02 0.637 7 
2.46e-02 0.637 7 

1.00e-02 0.546 7 
2.40e-02 0.607 7 

1.32e-02 0.575 7 

3.28e-02 0.637 7 

4.37e-02 0.637 7 

2.50e-02 0.548 7 

1.04e-01 0.591 7 

1.48e-02 0.548 7 

9.46e-03 0.548 7 

1.98e-02 0.578 7 

5.71e-02 0.609 7 

3.77e-02 0.639 7 

5.66e-02 0.639 7 

1.70e-02 0.639 7 

2.27e-02 0.669 7 

2.55e-02 0.700 7 

3.08e-02 0.524 63.5 7 

4.79e-02 0.524 63.5 7 

2.50e-02 0.583 70.6 7 

2.14e-01 0.700 84.8 7 

3.90e-03 0.548 69.6 7 

8.79e-03 0.610 77.4 7 

9.94e-03 0.610 77.4 7 

3.07e-03 0.610 77.4 7 

1.04e-02 0.610 77.4 7 

6.56e-02 0.670 85.1 7 

5.08e-02 0.670 85.1 7 

5.33e-02 0.670 85.1 7 

2.91e-01 0.731 92.8 7 

5.77e-02 0.559 78.2 7 

1.13e-01 0.621 87.0 7 
1.95e-01 0.621 87.0 7 

2.24e-01 0.621 87.0 7 
5.53e-02 0.546 65.3 7 

1.04e-02 0.653 7 
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1.14e-02 0.653 7 

7.14e-03 0.653 7 

1.01 e-02 0.653 7 

1.12e-02 0.653 7 

1.38e-02 0.653 7 

2.48e-03 0.621 7 

6.98e-03 0.684 7 

v K Krel Age 
{mm/s) (MPa m) (%) {days) 

4.88e-02 0.746 7 

6,94e-03 0.729 7 

7.69e-03 0.729 7 

1.86e-02 0.729 7 

3.12e-02 0.712 7 

1.15e-02 0.712 7 

2.78e-02 0.712 7 
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DATA POINTS FOR FIGURE 7.4 

25% fly ash 

v K Krel Age 
{mm/s) {MPa m) {%) {days) 

7.22e-02 0.834 71.7 180 
2.99e-02 0.834 71.7 180 
5.67e-02 0.834 71.7 180 
4.80e-02 0.834 71.7 180 
2.19e-01 0.852 67.5 180 
8.37e-02 0.852 67.5 180 
1.91 e-02 0.852 67.5 180 
1.14e-01 0.814 76.7 180 
7.50e-02 0.814 76.7 180 
2.26e-02 0.756 71.3 180 
4.53e-02 0.756 71.3 180 
7.14e-02 0.756 71.3 180 
4.21e-02 0.756 71.3 180 
7.28e-03 0.698 65.8 180 
3.82e-02 0.698 65.8 180 
1.89e-02 0.698 65.8 180 
1.36e-01 0.829 71.3 180 
7.41e-03 0.829 71.3 180 
6.67e-03 0.829 71.3 180 
1.16e-01 0.765 67.6 180 
6.62e-02 0.765 67.6 180 
5.43e-:02 0.715 63.2 180 
1.70e-02 0.715 63.2 180 
4.31e-03 0.715 63.2 180 
5.59e-02 0.774 68.4 180 
1.64e-02 0.774 68.4 180 
1.00e-02 0.834 73.7 180 
3.67e-02 0.834 73.7 180 
6.30e-02 · 0.830 75.1 180 
3.16e-02 0.830 75.1 180 
1.20e-01 0.894 80.9 180 
1.53e-01 0.853 73.0 180 
8.59e-02 0.815 70.6 180 
1.63e-02 0.815 70.6 180 
5.04e-02 0.873 75.6 180 
7.20e-02 0.931 80.7 180 \ 
9.10e-02 0.990 85.8 180 
1.24e-01 1.048 90.8 180 
2.85e-01 1.056 91.5 180 
2.05e-01 0.873 75.6 90 
5.00e-02 0.873 75.6 90 
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1.36e-01 0.873 75.6 90 
,. 

v K Krel Age 
(mm/s) (MPa m) (%) (days) 

5.25e-01 0.873 71.2 90 
1.09e-01 0.873 71.2 90 
4.47e-02 0.873 71.2 90 
1.59e-01 0.834 62.8 90 
2.04e-02 0.834 62.8 90 
3.12e-02 0.893 67.2 90 
3.40e-02 0.893 67.2 90 
9.02e-02 0.953 71.8 90 
1.00e-01 0.953 71.8 90 
8.39e-02 0.953 71.8 90 
1.00e-01 0.953 71.8 90 
1.90e-01 1.012 76.2 90 
3.12e-01 1.012 76.2 90 

i9 2.30e-01 1.012 76.2 90 
4.63e-01 1.072 80.7 90 

' 

4.84e-02 0.814 77.0 90 
9.85e-02 0.814 77.0 90 
1.58e-01 0.814 77.0 90 
2.50e-02 0.834 72.2 90 
3.28e-02 0.893 77.3 90 
3.54e-02 0.893 77.3 90 
7.38e-01 0.953 82.5 90 
1.29e-01 0.814 80.6 90 
5.00e-02 0.814 80.6 90 
4.72e-02 0.814 80.6 90 
5.54e-02 0.814 80.6 90 
2.89e-01 0.873 86.4 90 
2.09e-01 0.873 86.4 90 
1.21 e-01 0.873 86.4 90 

e 1.71 e-01 0.914 84.2 90 
3.43e-01 0.914 84.2 90 
2.27e-01 0.914 84.2 90 
1.36e-01 0.893 72.1 90 
3.03e-02 0.953 76.9 90 
5.13e-02 1.012 81.7 90 
6.14e-02 1.012 81.7 90 
3.93e-02 0.637 79.5 28 
7.50e-02 0.637 79.5 28 
4.12e-02 0.637 79.5 28 
5.36e-02 0.637 79.5 28 
4.82e-02 0.626 65.1 28 
4.51e-02 0.626 65.1 28 
7.86e-03 0.596 62.0 28 
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6.82e-03 0.596 62.0 28 
5.48e-03 0.596 62.0 28 
4.77e-03 0.596 62.0 28 

v K Krel Age 
(mm/s) (MPa m) (%) (days) 

2.71e-02 0.685 71.3 28 
4.22e-02 0.715 74.4 28 
2.21e-02 0.715 74.4 28 
2.18e-02 0.628 67.5 28 
2.13e-02 0.628 67.5 28 
3.00e-02 0.628 67.5 28 
4.83e-02 0.628 67.5 28 
2.39e-02 0.746 82.9 28 
3.50e-02 0.746 82.9 28 
2.59e-02 0.746 82.9 28 
6.37e-03 o.757 70.8 28 
1.49e-02 0.757 70.8 28 e 1.79e-02 0.816 76.3 28 
3.98e-02 0.816 76.3 28 
3.01e-02 0.816 76.3 28 
4.99e-02 0.845 79.1 28 
9.08e-02 0.845 79.1 28 
1.00e-02 0.655 68.9- 28 
1.90e-02 0.655 68.9 28 
1.89e-02 0.655 68.9 28 
1.51 e-02 0.655 68.9 28 
1.04e-01 0.779 82.0 28 
1.23e-02 0.779 82.0 28 
3.00e-02 0.842 88.6 28 
5.79e-03 0.686 72.2 28 
6.84e-03 0.748 78.7 28 
3.45e-02 0.748 78.7 28 
6.63e-03 0.748 78.7 28 
1.39e-02 0.748 78.7 28 
1.84e-02 0.811 85.3 28 
8.67e-02 0.811 85.3 28 
1.48e-02 0.811 85.3 28 
3.39e-02 0.811 85.3 28 
6.31e-02 0.872 91.7 28 
6.21e-02 0.872 91.7 28 
7.36e-02 0.872 91.7 28 
4.12e-01 0.935 98.3 28 
2.69e-01 0.935 98.3 28 
3.03e-01 0.935 98.3 28 
3.11 e-02 0.698 70.2 7 
1.51e-02 0.698 70.2 7 
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3.92e-03 0.698 70.2 7 
6.33e-02 0.756 76.0 7 
1.93e-02 0.756 76.0 7 
3.57e-03 0.756 76.0 7 
7.31 e-02 0.814 81.8 7 

v K Krel Age 
(mm/s) (MPa m) (%) (days) 

5.03e-02 0.814 81.8 7 
5.85e-02 0.814 81.8 7 
1.60e-01 0.872 87.6 7 
1.11e-01 0.872 87.6 7 
1.58e-01 0.872 87.6 7 
1.80e-01 0.872 . 87.6 7 
2.00e-02 0.539 59.9 7 
5.54e-02 0.595 66.1 7 
2.88e-02 0.595 66.1 7 
2.94e-02 0.595 66.1 7 
3.16e-02 0.595 66.1 7 
1.68e-02 0.539 61.3 7 
1.39e-02 0.539 61.3 7 
3.66e-02 0.596 67.7 7 
2;23e-02 0.596 67.7 7 
5.38e-02 0.653 74.2 7 
9.43e-02 0.709 80.6 7 
1.78e-02 0.709 80.6 7 
6.22e-02 0.709 80.6 7 
2.44e-02 0.552 60.7 7 
3.76e-02 0.610 67.0 7 
1.00e-02 0.610 67.0 7 
1.45e-02 · 0.668 73.4 7 
2.64e-02 0.668 73.4 7 
8.16e-02 0.726 79.8 7 
5.25e-02 0.726 79.8 7 
8.66e-02 0.726 79.8 7 
5.52e.;02 0.593 63.0 7 
2.69e-02 0.593 63.0 7 
3.61e-02 0.653 69.3 7 
9.00e-02 0.653 69.3 7 
5.10e-02 0.653 69.3 7 
3.22e-02 0.712 75.6 7 
3.71e-02 0.712 75.6 7 
5.05e-02 0.712 75.6 7 
1.56e-02 0.771 81.8 7 
7.65e-02 0.771 81.8 7 
9.24e-02 0.771 81.8 7 
4.44e-02 0.604 78.2 7 
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4.67e-02 0.604 78.2 7 
4.60e-02 0.551 60.7 7 
2.67e-02 0.551 60.7 ·7 
1.37e-02 0.551 60.7 7 
1.75e-02 0.577 60.7 7 
1.75e-02 0.577 60.7 7 
4.20e-02 0.698 73.4 7 

v K Krel Age 
(mm/s) (MPa m) (%) (days) 

1.41e-02 0.698 73.4 7 
5.73e-02 0.759 79.8 7 
7.43e-02 0.759 79.8 7 
8.64e-02 0.759 79.8 7 
1.78e-01 0.819 86.1 7 
1.52e-01 0.819 86.1 7 
2.36e-01 0.819 86.1 7 
8.44e-02 0.581 76.0 7 
2.59e-02 0.581 76.0 7 
1.11e-01 0.639 83.6 7 
7.22e-02 0.639 83.6 7 
7.41 e-02 0.639 83.6 7 
6.84e-02 0.639 83.6 7 
7.96e-02 0.639 83.6 7 
3.53e-03 0.607 7 
7.79e-02 0.667 '7 
6.49e-02 0.638 7 
1.29e-01 0.638 7 
8.23e-02 0.638 7 
1.65e-03 0.593· 7 
4.47e-02 0.682 7 
4.92e-02 0.682 7 
3.87e-02 0.682 7 
1.34e-02 0.623 7 
1.54e-02 0.623 7 
2.14e-02 0.610 7 
1.88e-01 0.697 7 
3.33e-02 0.638 7 
4.19e-02 0.638 7 
3.46e-03 0.608 7 
1.68e-03 0.608 7 
2.11e-01 0.547 7 
5.22e-01 0.699 7 
2.49e-02 0.596 7 
4.62e-03 0.596 7 
5.58e-03 0.596 7 
3.44e-02 0.653 7 
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6.27e-02 0.653 7 
1.14e-01 0.653 7 
7.24e-03 0.568 7 
3.25e-02 0.596 7 
6.79e-02 0.653 7 
4.18e-02 0.653 7 
5.22e-02 0.653 7 
2.11 e-02 0.710 7 
8.?0e-02 0.738 7 

v K Krel Age 
(mm/s) (MPa m) (%) (days) 

4.62e-02 0.738 7 
6.61e-02 0.738 7 
6.77e-02 0.767 7 
6.01e-02 0.767 7 
2.03e-01 0.795 7 
1.67e-02 0.568 7 
4.28e-02 0.543 7 
3.71e-03 0.543 7 
3.30e-03 0.543 7 
1.36e-02 0.652 7 
1.95e-03 0.598 7 
4.53e-02 0.639 7 
9.SOe-04 0.639 7 
1.81 e-02 0.726 7 
3.44e-02 0.726 7 
7.50e-01 0.709 7 
9.37e-02 0.624 7 
5.52e-02 0.624 7 
2.25e-02 0.624 7 
5.43e-02 0.624 7 
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DATA POINTS FOR FIGURE 7.5 

Fly ash content (7 days) 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

1.06e-01 0.497 84.7 0 
6.76e-02 0.497 84.7 0 
1.79e-01 0.497 84.7 0 
3.49e-02 0.653 83.5 0 
2.99e-02 0.653 83.5 0 
1.04e-01 0.653 83.5 0 
3.67e-02 0.653 83.5 0 
4.86e-02 0.653 83.5 0 
1.73e-02 0.610 82.3 0 
8.74e-02 0.653 81.5 0 
3.27e-02 0.522 79.2 0 
9.38e-03 0.522 79.2 0 
3.42e-02 0.522 79.2 0 
8.19e-02 0.522 79.2 0 
2.37e-02 0.596 74.4 0 
2.49e-02 0.485 71.4 0 
2.11 e-02 0.485 71.4 0 
4.72e-02 0.485 71.4 0 
2.30e-02 0.485 71.4 0 
1.79e-02 0.499 67.4 0 
1.30e-02 0.539 67.2 0 
5.19e-02 0.539 67.2 0 
2.19e-02 0.394 66.6 0 
1.53e-02 0.394 66.6 0 
1.28e-02 0.394 66.6 0 
2.17e-02 0.482 60.2 0 
4.17e-02 0.482 60.2 0 
2.29e-02 0.444 59.9 0 
7.74e-02 0.393 59.3 0 
1.73e-02 0.426 53.1 0 
3.58e-02 0.426 53.1 0 
4.47e-02 0.610 0 
8.38e-02 0.717 0 
6.37e-04 0.653 0 
2.77e-02 0.581 0 
1.26e-02 0.654 0 
8.46e-03 0.592 0 
5.23e-02 0.610 0 
7.33e-03 0.592 0 
5.56e-02 0.610 0 
1.98e-02 0.654 0 
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3.97e-02 0.712 0 

' ',' Ir ~ 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

1.54e-02 0.654 0 
4.92e-03 0.592 0 
6.08e-03 0.711 0 
3.60e-03 0.577 0 
3.45e-02 0.713 0 
3.36e-02 0.713 0 
5.91e-02 0.771 0 
1.63e-03 0.495 0 
2.23e-02 0.731 0 
1.01 e-01 0.754 0 
4~55e-03 0.713 0 
3.85e-02 0.638 0 
2.42e-01 0.699 0 

e 4.28e-02 0.700 0 
1.68e-02 0.712 0 
2.74e-02 0.712 0 
1.58e-02 0.566 0 
1.63e-02 0.565 0 
2.48e-02 0.566 0 
7.25e-02 0.595 0 
2.89e-02 0.609 0 
4.31e-02 0.639 0 
5.12e-02 0.669 0 
4.50e-03 0.495 0 
3.79e-02 0.523 0 
3.79e-02 0.523 0 
7.11 e-03 0.524 0 
8.84e-02 0.552 0 
1.36e-04 0.465 0 
3.37e-02 0.523 0 
1.33e-02 0.551 0 
1.66e-02 0.523 0 
1.25e-03 0.654 ... 0 

1.60e-01 0.872 87.6 25 
1.58e-01 0.872 87.6 25 
1.80e-01 0.872 87.6 25 
1.11 e-01 0.872 87.6 25 
1.52e-01 0.819 86.1 25 
2.36e-01 0.819 86.1 25 
1.78e-01 0.819 86.1 25 
1.11e-01 0.639 83.6 25 
7.22e-02 0.639 83.6 25 
6.84e-02 0.639 83.6 25 
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7.96e-02 0.639 83.6 25 
7.41 e-02 0.639 83.6 25 
7.65e-02 0.771 81.8 25 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

9.24e-02 0.771 81.8 25 
1.56e-02 0.771 81.8 25 
5.03e-02 0.814 81.8 25 
5.85e-02 0.814 81.8 25 
7.31e-02 0.814 81.8 25 
9.43e-02 0.709 80.6 25 
1.78e-02 0.709 80.6 25 
6.22e-02 0.709 80.6 25 
7.43e-02 0.759 79.8 25 
5.73e-02 0.759 79.8 25 
8.64e-02 0.759 79.8 25 
8.66e-02 0.726 79.8 25 
8.16e-02 0.726 79.8 25 
5.25e-02 0.726 79.8 25 
4.44e-02 0.604 78.2 25 
4.67e-02 0.604 78.2 25 
8.44e-02 0.581 76.0 25 
2.59e-02 0.581 76.0 25 
6.33e-02 0.756 76.0 25 
1.93e-02 0.756 76.0 25 
3.57e-03 0.756 76.0 25 
3.71e-02 0.712 75.6 25 
5.05e-02 0.712 75.6 25 
3.22e-02 0.712 75.6 25 
5.38e-02 0.653 74.2 25 
2.64e-02 0.668 73.4 25 
1.45e-02 0.668 73.4 25 
4.20e-02 0.698 73.4 25 
1.41e-02 0.698 73.4 25 
3.11 e-02 0.698 70.2 25 
1.51e-02 0.698 70.2 25 
3.92e-03 0.698 70.2 25 
5.10e-02 0.653 69.3 25 
3.61e-02 0.653 69.3 25 
9.00e-02 0.653 69.3 25 
3.66e-02 0.596 67.7 25 
2.23e-02 0.596 67.7 25 
3.76e-02 0.61 67.0 25 
1.00e-02 0.61 67.0 25 
3.16e-02 0.595 66.1 25 
5.54e-02 0.595 66.1 25 
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2.88e-02 0.595 66.1 25 
2.94e-02 0.595 66.1 25 

1' ,, I~ 
,, 

2.69e-02 0.593 63.0 25. 
5.52e-02 0.593 63.0 25 
1.39e-02 0.539 61.3 25 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

1.68e-02 0.539 61.3 25 
4.60e-02 0.551 60.7 25 
2.67e-02 0.551 60.7 25 
1.37e-02 0.551 60.7 25 
1.75e-02 0.577 60.7 25 
1.75e-02 0.577 60.7 25 
2.44e-02 0.552 60.7 25 
2.00e-02 0.539 59.9 25 
6.01e-02 0.767 25 
3.44e-02 0.653 25 
9.80e-04 0.639 25 
2.11e-02 0.710 25 
4.53e-02 0.639 25 
2.03e-01 0.795 25 
1.81 e-02 0.726 25 
f.65e-03 0.593 25 
4.47e-02 0.682 25 
5.43e-02 0.624 25 
9.37e-02 0.624 25 
3.71e-03 0.543 25 
5.58e-03 0.596 25 
1.29e-01 0.638 25 
6.79e-02 0.653 25 
3.25e-02 0.596 25 
3.30e-03 0.543 25 
1.67e-02 0.568 25 
6.27e-02 0.653 25 
6.49e-02 0.638 25 
1.95e-03 0.598 . 25 

7.79e-02 0.667 25 
1.36e-02 0.652 25 
1.14e-01 0.653 25 
6.61e-02 0.738 25 
7.50e-01 0.709 25 
8.70e-02 0.738 25 
4.28e-02 0.543 25 
2.14e-02 0.610 25 
7.24e-03 0.568 25 
5.22e-02 0.653 25 
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4.92e-02 0.682 25 
1.88e-01 0.697 25 
4.19e-02 0.638 25 
3.33e-02 0.638 25 
1.68e-03 0.608 25 
3.53e-03 0.607 25 
5.22e-01 0.699 25 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

2.11e-01 0.547 25 
1.54e-02 0.623 25 
2.25e-02 0.624 25 
3.44e-02 0.726 25 
5.52e-02 0.624 25 
3.87e-02 0.682 25 
1.34e-02 0.623 25 
3.46e-03 0.608 25 e 
8.23e-02 0.638 25 
4.62e-02 0.738 25 
6.77e-02 0.767 25 
2.49e-02 0.596 25 
4.62e-03 0.596 25 
4.18e-02 0.653 25 
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DATA POINTS FOR FIGURE 7.6 

Fly ash content (28 day) 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

5.09e-03 0.711 70.8 0 
4.03e-02 0.831 82.7 0 
3.72e-02 0.801 '79.8 0 
3.40e-02 0.801 79.8 0 
6.24e-02 0.801 79.8 0 
5.66e-02 0.745 75.4 0 
2.44e-03 0.745 75.4 0 
2.74e-02 0.772 87.2 0 
6.51e-03 0.745 75.4 0 
1.42e-02 0.745 75.4 0 
1.19e-02 0.745 75.4 0 
2.17e-02 0.771 76.8 0 
4.88e-02 0.831 79.6 0 
2.12e-02 0.771 73.9 0 
6.65e-03 0.771 73.9 0 
2.24e-02 0.653 62.6 0 
6.24e-03 0.653 62.6 0 
2.91e-03 0.771 73.9 0 
3.26e-03 0.711 70.8 0 
3.35e-02 0.771 76.8 0 
1.14e-03 0.653 65.0 0 
1.57e-02 0.831 79.6 0 
1.24e-02 0.711 70.8 0 
1.64e-01 0.780 83.3 0 
1.99e-02 0.711 70.5 0 
1.11 e-02 0.711 70.5 0 
1.57e-02 ·o.780 76.4 0 
1.36e-01 0.845 82.7 0 
1.64e-01 0.878 85.9 0 
6.00e-02 0.800 79.4 0 
2.32e-02 0.829 82.3 0 
1.50e-02 0.829 82.3 0 
3.71e-02 0.829 82.3 0 
2.92e-02 0.800 79.4 0 
5.34e-02 0.829 82.3 0 
2.64e-02 0.780 76.4 0 
9.24e-02 0.699 70.6 0 
6.48e-02 0.699 70.6 0 
4.87e-02 0.666 74.4 0 
2.24e-01 0.780 83.3 0 
2.34e-01 0.780 83.3 0 
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5.57e-03 0.636 64.3 0 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

4.09e-01 0.826 83.5 0 
1.61e-02 0.780 76.4 0 
7.98e-02 0.763 77.1 0 
1.06e-03 0.636 64.3 0 
1.91 e-03 0.636 64.3 0 
1.23e-02 0.779 82.0 25 
1.04e-01 0.779 82.0 25 
1.51e-02 0.655 68.9 25 
6.84e-03 0.748 78.7 25 
5.79e-03 0.686 72.2 25 
3.00e-02 0.842 88.6 25 
1.89e-02 0.655 68.9 .25 

4.99e-02 0.845 79.1 25 
3.01e-02 0.816 76.3 25 
3.98e-02 0.816 76.3 25 
1.90e-02 0.655 68.9 25 
1.00e-02 0.655 68.9 25 
9.08e-02 0.845 79.1 25 
7.36e-02 0.872 91.7 25 
6.21e-02 0.872 91.7 25 
6.31e-02 0.872 91.7 25 
3.03e-01 0.935 98.3 25 
2.69e-01 0.935 98.3 25 
4.12e-01 0.935 98.3 25 
3.39e-02 0.811 85.3 25 
1.39e-02 0.748 78.7 25 
6.63e-03 0.748 78.7 25 
3.45e-02 0.748 78.7 25 
1.48e-02 0.811 85.3 25 
8.67e-02 0.811 85.3 25 e 
1.84e-02 0.811 85.3 25 
4.77e-03 0.596 62.0 25 
5.48e-03 0.596 62.0 25 
6.82e-03 0.596 62.0 25 
2.21e-02 0.715 74.4 25 
4.22e-02 0.715 74.4 25 
2.71e-02 0.685 71.3 25 
7.86e-03 0.596 62.0 25 
4.12e-02 0.637 79.5 25 
7.50e-02 0.637 79.5 25 
3.93e-02 0.637 79.5 25 
4.51e-02 0.626 65.1 25 
4.82e-02 0.626 65.1 25 
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5.36e-02 0.637 79.5 , . 25 ' -

6.37e-03 0.757 70.8 25 
1.79e-02 0.816 76.3 25 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

1.49e-02 0.757 70.8 25 
2.59e-02 0.746 82.9 25 
3.00e-02 0.628 67.5 25 
2.13e-02 0.628 67.5 25 
2.18e-02 0.628 67.5 25 
3.50e-02 0.746 82.9 25 
2.39e-02 0.746 82.9 25 
4.83e-02 0.628 67.5 25 

App A.43 



DATA POINTS FOR FIGURE 7.7 

Fly ash content (90 days) 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

6.22e-02 0.936 84.1 0 
3.77e-02 0.936 84.1 0 
4.11e-02 0.880 79.1 0 
6.11 e-02 0.880 79.1 0 
2.92e-02 0.880 79.1 0 
3.75e-02 0.708 65.1 0 
2.16e-02 0.709 69.3 0 
6.30e-03 0.708 65.1 0 
4.37e-02 0.936 84.1 0 
1.74e-02 0.764 70.3 0 
3.14e-02 0.880 79.1 0 
1.58e-02 0.821 75.5 0 
1.75e-02 0.821 75.5 0 
1.40e-02 0.821 75.5 0 
1.71 e-02 0.878 80.8 0 
1.58e-02 0.821 75.5 0 
2.54e-02 0.823 73.9 0 
6.48e-03 0.823 73.9 0 
2.18e-02 0.823 73.9 0 
2.90e-02 0.878 80.8 0 
2.05e-02 0.823 73.9 0 
3.65e-02 0.709 69.3 0 
4.30e-03 0.992 77.9 0 
3.45e-02 1.021 80.2 0 
3.51e-01 0.831 70.0 0 
1.61e-02 0.964 75.7 0 
8.00e-03 0.964 75.7 0 
3.06e-03 0.964 75.7 0 • 8.06e-02 0.891 75.1 0 
1.40e-01 0.950 80.0 0 
5.64e-02 0.950 80.0 .. 0 

2.05e-01 0.831 70.0 0 
1.20e-01 0.831 70.0 0 
2.08e-01 0.891 75.1 0 
5.28e-03 0.749 67.5 0 
6.37e-03 0.749 67.5 0 
7.98e-03 0.805 72.6 0 
2.89e-03 0.694 62.6 0 
7.45e-03 0.694 62.6 0 
9.97e-04 0.694 62.6 0 
2.59e-02 0.851 66.8 0 
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8.19e-03 0.851 66.8 0 
~ . ,; ~;i 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

2.88e-02 0.907 71.2 0 
3.14e-03 0.805 72.6 0 
8.11e-02 0.794 62.4 0 
5.97e-03 0.794 62.4 0 
2.80e-02 0.796 71.0 0 
8.29e-02 0.796 71.0 0 
4.75e-02 0.796 71.0 0 
2.03e-02 0.816 76.7 0 
1.94e-02 0.816 76.7 0 
2.18e-02 0.81'6 76.7 0 
2.63e-02 0.891 79.5 0 
1.35e-02 0.891 79.5 0 
2.14e-02 0.891 79.5 0 
1.61 e-01 0.859 76.6 0 
4.35e-02 0.859 76.6 ·o 
2.37e-02 0.891 79.5 0 
3.54e-02 0.742 62.4 0 
5.46e-02 0.860 72.3 0 
2.75e-02 0.860 . 72.3 0 
1.30e-01 0.950 80.0 0 
3.75e-01 1.009 85.0 0 
1.50e-01 1.009 85.0 0 
4.44e-02 0.920 77.3 0 
2.19e-01 0.860 78.5 0 
2.12e-02 0.816 76.7 0 
1.13e-01 0.920 77.3 0 
7.68e-02 0.920 77.3 0 
6.53e-02 0.920 77.3 0 
1.71 e-01 0.914 84.2 25 
3.43e-01 0.914 84.2 25 
1.21 e-01 0.873 86.4 25 
2.89e-01 0.873 86.4 25 
2.09e-01 0.873 86.4 . 25 
5.13e-02 1.012 81.7 25 
6.14e-02 1.012 81.7 25 
3.03e-02 0.953 76.9 25 
2.27e-01 0.914 84.2 25 
1.36e-01 0.893 72.1 25 
5.54e-02 0.814 80.6 25 
3.40e-02 0.893 67.2 25 
3.12e-02 0.893 67.2 25 
2.04e-02 0.834 62.8 25 
9.02e-02 0.953 71.8 25 
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1.00e-01 0.953 71.8 25 
8.39e-02 0.953 71.8 25 
1.00e-01 0.953 71.8 25 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

1.36e-01 0.873 75.6 25 
5.00e-02 0.873 75.6 25· 
2.05e-01 0.873 75.6 25 
5.25e-01 0.873 71.2 25 
1.59e-01 0.834 62.8 25 
4.47e-02 0.873 71.2 25 
1.09e-01 0.873 71.2 25 
3.54e-02 0.893 77.3 25 
3.28e-02 0.893 77.3 25 
2.50e-02 0.834 72.2 25 
7.38e-01 0.953 82.5 25 
4.72e-02 0.814 80.6 25 e 
5.00e-02 0.814 80.6 25 
1.29e-01 0.814 80.6 25 
2.30e-01 1.012 76.2 25 
3.12e-01 1.012 76.2 25 
1.90e-01 1.012 76.2 25 
4.63e-01 1.072 80.7 25 
1.58e-01 0.814 77.0 25 
9.85e-02 0.814 77.0 25 
4.84e-02 0.814 77.0 25 

e 

App A.46 



DATA POINTS FOR FIGURE 7.8 " . 

Fly ash content (180 days) 

v K Krel Fly ash content 
{mm/s) (MPa m) (%) (%) 

1.07e-02 0.812 64.1 0 
6.47e-03 0.812 64.1 0 
1.93e-02 0.812 64.1 0 
1.62e-02 0.870 68.7 0 
1.76e-01 1.044 82.5 0 
5.53e-02 0.986 77.9 0 
7.75e-02 0.920 72.7 0 
7.36e-03 0.812 64.1 0 
1.48e-02 0.737 62.1 0 
5.72e-02 0.889 82.7 0 
1.44e-01 0.889 82.7 0 
5.40e-03 0.737 62.1 0 
1.87e-02 0.812 64.1 0 
9.83e-03 0.754 59.6 0 
8.34e-02 0.754 59.6 0 
3.05e-02 0.775 76.1 0 
2.65e-03 0.840 70.5 0 
1.88e-02 0.840 70.5 0 
1.55e-02 0.840 70.5 0 
2.35e-02 0.897 75.3 0 
3.73e-02 0.765 67.9 0 
2.33e-02 0.897 75.3 0 
2.32e-02 0.897 75.3 0 
2.20e-02 0.840 70.5 0 
3.90e-02 0.837 82.1 0 
2.86e-02 0.775 76.1 0 
3.23e-02 0.775 76.1 0 

• 9.46e-02 0.837 82.1 0 
1.35e-02 0.782 65.6 0 
3.51e-02 0.782 65.6 0 
6.72e-02 0.837 82.1 0 
2.63e-02 0.927 82.3 0 
1.39e-02 0.927 82.3 0 
7.36e-02 0.869 77.2 0 
1.92e-02 0.927 82.3 0 
5.43e-02 0.985 87.5 0 
2.33e-02 0.985 87.5 0 
1.81e-02 0.927 82.3 0 
5.06e-02 0.869 77.2 0 
1.25e-03 0.753 66.9 0 
2.82e-03 0.753 66.9 0 
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2.82e-02 0.753 66.9 0 

.v K Krel Fly ash content 
(mm/s) (MPa m) (%) (%) 

3.27e-02 0.811 72.0 0 
1.60e-02 0.811 72.0 0 
7.71e-03 0.811 72.0 0 
5.42e-03 0.811 72.0 0 
1.83e-02 0.985 87.5 0 
2.26e-02 0.868 76.1 0 
9.95e-03 0.813 71.3 0 
2.73e-02 0.813 71.3 0 
8.42e-02 0.972 85.3 0 
3.91e-02 0.754 67.0 0 
1.18e-02 0.754 67.0 0 
1.05e-01 0.754 67.0 0 
2.34e-02 0.813 71.3 0 
1.18e-02 0.705 61.8 0 
4.04e-02 0.705 61.8 0 
3.52e-02 0.985 87.5 0 
8.26e-03 0.759 66.6 0 
2.23e-02 0.813 71.3 0 
1.23e-02 0.759 66.6 0 
8.93e-03 0.759 66.6 0 
1.00e-02 0.834 73.7 25 
1.64e-02 0.774 68.4 25 
6.30e-02 0.830 75.1 25 
3.67e-02 0.834 73.7 25 
5.59e-02 0.774 68.4 25 
5.43e-02 0.715 63.2 25 
6.62e-02 0.765 67.6 25 
4.31e-03 0.715 63.2 25 
1.70e-02 0.715 63.2 25 
3.16e-02 0.830 75.1 25 
9.10e-02 0.990 85.8 25 
7.20e-02 0.931 80.7 25 
2.85e-01 1.056 91.5 25 
1.24e-01 1.048 90.8 25 
5.04e-02 0.873 75.6 25 
1.53e-01 0.853 73.0 25 
1.20e-01 0.894 80.9 25 
1.63e-02 0.815 70.6 25 
8.59e-02 0.815 70.6 25 
1.16e-01 0.765 67.6 25 
1.91 e-02 0.852 67.5 25 
8.37e-02 0.852 67.5 25 
7.50e-02 0.814 76.7 25 
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1.14e-01 0.814 76.7 t:'.< 25 
2.19e-01 0.852 67.5 25 
2.99e-02 0.834 71.7 25 

v K Krel Fly ash content 
(mm/s) (MPa m) (%) {%) 

7.22e-02 0.834 71.7 25 
4.80e-02 0.834 71.7 25 
5.67e-02 0.834 71.7 25 
2.26e-02 0.756 71.3 25 
1.36e-01 0.829 71.3 25 
1.89e-02 0.698 65.8 25 
6.67e-03 0.829 71.3 25 
7.41 e-03 0.829 71.3 25 
3.82e-02 0.698 65.8 25 
7.14e-02 0.756 71.3 25 
4.53e-02 0.756 71.3 25 
7.28e-03 0.698 65.8 25 
4.21e-02 0.756 71.3 25 
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DATA POINTS FOR FIGURE 7.9 

Sand type 

v K Krel Fly ash Sand 
(mm/s) {MPa m) (%) {%) 

2.90e-02 0.836 75.8 0 Blend 

3.97e-02 0.896 81.3 0 Blend 

7.04e-02 0.956 86.7 0 Blend 

1.51 e-01 1.016 92.1 0 Blend 

6.17e-03 0.836 75.8 0 Blend 

4.09e-03 0.776 70.4 0 Blend 

2.98e-02 0.896 81.3 0 Blend 

6.87e-03 0.836 75.8 0 Blend 

2.41 e-01 0.836 86.1 0 Blend 

5.78e-02 0.776 80.0 0 Blend 

9.71e-02 0.794 85.0 0 Blend 

7.64e-02 0.776 80.0 0 Blend 

7.28e-03 0.716 73.8 0 Blend 

2.89e-02 0.776 80.0 0 Blend 

2.55e-01 0.744 92.0 25 - Blend 

1.45e-01 0.919 89.2 25 Blend 

2.98e-02 0.833 94.0 25 Blend 

1.39e-01 0.893 100.0 25 Blend 

4.53e-02 0.883 86.2 25 Blend 

2.09e-02 0.852 83.3 25 Blend 

1.91 e-02 0.974 84.1 0 Old 

5.54e-02 0.893 75.8 0 Old 

7.96e+01 1.035 93.8 0 Old 

3.52e-02 0.974 84.1 0 Old 

8.17e-02 0.956 85.8 0 Old 

1.21 e-01 0.832 85.0 0 Old 

3.04e-02 0.956 85.8 0 Old 

3.91 e-01 0.935 86.1 0 Old e 
1.12e-01 0.922 0 Old 

1.50e-01 0.913 84.9 0 Old 

1.36e-01 0.893 75.8 0 Old 

8.47e-01 0.951 93.6 0 Old 
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DATA POINTS FOR FIGURE 7.10 

RH (oven dried) 

v K Krel RH 
(mm/s) (MPa m) (%) (%) 

1.40e-02 1.341 80.7 0 
8.90e-03 1.341 81.7 0 
3.89e-02 1.341 80.7 0 
7.49e-02 1.437 87.6 0 
1.80e-02 1.437 80.9 0 
2.04e-02 1.277 71.9 0 
1.14e-01 1.430 86.1 0 
2.89e-02 1.184 83.4 1.2 
6.66e-02 1.489 95.7 1.9 
9.15e-03 1.191 75.7 4.6 
2.93e-02 1.306 82.6 10.4 
3.41e-02 1.162 93.7 11.4 
1.09e-02 1.093 88.1 11.4 
7.34e-04 1.173 91.1 14.4 
2.34e-02 1.246 96.7 14.4 
1.06e-01 1.178 91.9 14.7. 
1.22e-01 1.152 93.1 16.8 
1.25e-02 1.088 80.3 16.1 
2.78e-01 1.210 16.6 
2.08e-03 1.096 72.4 24.3 
1.20e-02 1.314 86.8 24.3 
4.92e-03 1.464 84.4 51.9 
3.92e-02 1.556 89.7 51.9 
3.17e-02 1.509 88.8 57.8 
3.60e-02 1.509 89.7 57.9 
2.26e-02 1.373 83.1 58.5 
5.13e-02 1.373 83.1 58.5 

• 2.25e-03 1.282 77.6 58.5 
4.36e-02 1.509 90.5 60.2 
7.57e-02 1.556 93.3 60.2 
1.90e-01 1.310 81.1 89.3 
5.59e-02 1.310 85.0 99 
4.73e-02 1.370 88.8 99 
6.65e-03 1.250 81.1 99 
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DATA POINTS FOR FIGURE 7.11 

RH (air dried) 

v K Krel RH 
{mm/s) (MPa m) (%) (%) 

1.99e-02 1.112 75.7 18.5 
6.07e-02 1.171 79.8 18.5 
9.75e-03 1.051 74.5 18.5 
8.74e-02 0.964 77.8 19.6 
2.47e-02 0.913 79.7 20.7 
2.74e-02 0.967 84.5 20.7 
2.05e-02 1.101 80.1 23.3 
5.26e-03 1.041 75.8 23.3 
2.46e-02 1.106 75.4 . 26.9 
8.98e-03 0.951 64.8 26.9 
4.86e-03 0.951 64.8 26.9 
4.72e-02 1.061 72.3 26.9 
6.47e-02 1.122 83.9 27.6 
3.11e-02 1.099 82.2 27.6 
4.32e-02 0.982 82.5 27.9 
1.13e-02 0.893 75.0 27.9 
6.29e-03 0.836 69.9 28.3 
8.26e-04 0.773 69.8 30.6 
7.07e-03 0.86'4 78.0 30.6 
2.56e-03 0.914 82.5 30.6 
3.06e-03 0.819 73.9 30.6 
4.55e-03 0.934 69.8 31.7 
9.99e-03 0.893 68.6 33.9 
2.84e-02 0.952 73.1 33.9 
5.03e-02 0.990 79.5 72.7 
9.14e-03 0.990 79.5 72.7 
8.86e-03 0.960 76.2 74.7 
9.99e-02 1.020 80.9 74.7 • 1.44e-02 1.050 83.2. 74.7 
1.98e-01 1.080 89.9 75.9 
6.06e-02 0.980 94.6 78.6 
1.24e-02 1.070 81.9 78.8 
4.62e-03 1.010 74.4 78.8 
4.75e-02 1.130 86.5 78.8 
2.11 e-02 1.000 77.5 80.1 
1.35e-03 0.960 73.9 80.1 
2.91 e-02 1.08 88.3 99 
4.53e-02 1.13 84.6 99 
3.31 e-03 1.08 79.5 99 
1.53e-02 1.13 83.9 99 
1.07e-02 1.06 82.5 99 
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. ·~: 

4.60e-03 1.12 85.5 99 
'~ 

v K Krel RH 
{mm/s) {MPa m) {%) {%) 

1.19e-01 1.22 92.4 99 
1.05e-01 1.25 93.0 99 
8.26e-03 1.02 83.5 99 
1.29e-01 1.25 92.5 99 
3.27e-02 1.19 88.2 99 
3.94e-03 1.07 80.0 99 

e 

e 

App A.53 



DATA POINTS FOR FIGURE 7.12 

RH (gel) 

v K Krel RH Prep · 

(mm/s) (MPa m) (%) (%) 

1.33e-02 1.246 89.0 7.1 Gel 
2.65e-03 1.184 84.6 7.1 Gel 
1.44e-01 1.309 93.5 7.1 Gel 
5.06e-02 1.137 94.1 11.5 Gel 
8.78e-02 1.219 87.9 12.5 Gel 
1.72e-02 1.159 83.6 12.5 Gel 
2.18e-01 1.308 95.1 13.2 Gel 
6.04e-02 1.221 97.2 17.4 Gel 
6.75e-03 1.163 92.6 17.4 Gel 
6.93e-02 1.000 81.4 99 Wet 
8.23e-02 0.919 84.6 99 Wet 
4.67e-02 0.919 84.6 99 Wet 
3.65e-02 0.905 80.0 99 Wet 
1.13e-02 0.893 75.9 99 Wet 
1.15e-02 0.842 75.9 99 Wet 
4.91e-03 0.803 73.9 99 Wet 
1.69e-02 0.774 69.7 99 Wet 

App A.54 



I 

DATA POINTS FOR FIGURE 7.13 

Preparation (Low RH) 

v K Krel RH Prep 
(mm/s) (MPa m) (%) (%) 

6.07e-02 1.171 79.8 18.5 Air 
1.99e-02 1.112 75.7 18.5 Air 
9.75e-03 1.051 74.5 18.5 Air 
8.74e-02 0.964 77.8 19.6 Air 
2.74e-02 0.967 84.5 20.7 Air 
2.47e-02 0.913 79.7 20.7 Air 
1.19e-02 0.720 21.8 Air 
5.26e-03 1.041 75.8. 23.3 Air 
2.0Se-02 1.101 80.1 23.3 Air 
8.98e-03 0.951 64.8 26.9 Air 
4.86e-03 0.951 64.8 26.9 Air 
4.72e-02 1.061 72.3 26.9 Air 
2.46e-02 1.106 75.4 26.9 Air 
3.11 e-02 1.099 82.2 27.6 Air 
6.47e-02 1.122 83.9 27.6 Air 
4.32e-02 0.982 82.5 27.9 Air 
1.13e-02 0.893 75.0 27.9 Air 
6.29e-03 0.836 69.9 28.3 Air 
5.12e-03 0.720 68.3 28.5 Air 
8.26e-04 0.773 69.8 30.6 Air 
7.07e-03 0.864 78.0 30.6 Air 
2.56e-03 0.914 82.5 30.6 Air 
3.06e-03 0.819 73.9 30.6 Air 
4.55e-03 0.934 69.8 31.7 Air 
2.84e-02 0.952 73.1 33.9 Air 
9.99e-03 0.893 68.6 33.9 Air 
2.65e-03 1.184 84.6 7.1 Gel 

e 1.44e-01 1.309 93.5 7.1 Gel 
1.33e-02 1.246 89.0 7.1 Gel 
5.06e-02 1.137 94.1 11.5 Gel 
8.78e-02 1.219 87.9 12.5 Gel 
1.72e-02 1.159 83.6 12.5 Gel 
2.18e-01 1.308 95.1 13.2 Gel 
6.75e-03 1.163 92.6 17.4 Gel 
6.04e-02 1.221 97.2 17.4 Gel 
1.80e-02 1.437 80.9 0 Oven 
1.14e-01 1.430 86.1 0 Oven 
1.40e-02 1.341 80.7 0 Oven 
8.90e-03 1.341 81.7 0 Oven 
3.89e-02 1.341 80.7 0 Oven 
2.04e-02 1.277 71.9 0 Oven 
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7.49e-02 1.437 87.6 0 Oven 

v K Krel RH Prep 
(mm/s} (MPa m} (%} (%} 

2.89e-02 1.184 83.4 1.2 Oven 

6.66e-02 1.489 95.7 1.9 Oven 

9.15e-03 1.191 75.7 4.6 Oven 

3.42e+OO 1.190 74.5 4.7 Oven 

2.93e-02 1.306 82.6 10.4 Oven 

2.60e-01 1.227 98.9 11.4 Oven 
1.09e-02 1.093 88.1 11.4 Oven 
3.41e-02 1.162 93.7 11.4 Oven 

7.34e-04 1.173 91.1 14.4 Oven 
2.34e-02 1.246 96.7 14.4 Oven 
1.06e-01 1.178 91.9 14.7 Oven 
1.22e-01 1.152 93.1 14.8 Oven 
1.25e-02 1.088 80.3 16.1 Oven 
2.78e-01 1.210 16.6 Oven 
1.20e'."02 1.314 86.8 24.3 Oven 
2.08e-03 1.096 72.4 24.3 Oven 
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DATA POINTS FOR FIGURE 7.14 

Preparation (High RH} 

v K Krel RH Prep 
(mm/s) (MPa m) (%) (%) 

8.86e-03 0.960 76.2 74.7 Air 
1.44e-02 1.050 83.2 74.7 Air 
1.98e-01 1.080 89.9 75.9 Air 
6.06e-02 0.980 94.6 78.6 Air 
1.24e-02 1.070 81.9 78.8 Air 
4.75e-02 1.130 86.5 78.8 Air 
4.62e-03 1.010 74.4 78.8 Air 
1.35e-03 0.960 73.9 80.1 Air 
3.31e-03 1.080 . 79.5 99 Air 
1.53e-02 1.130 83.9 99 Air 
3.27e-02 1.190 88.2 99 Air 
4.60e-03 1.120 85.5 99 Air 
1.19e-01 1.220 92.4 99 Air 
1.0?e-02 1.060 82.5 99 Air 
3.94e-03 1.070 80.0 99 Air 
2.91e-02 1.080 88.3 99 Air 
4.53e-02 1.130 84.6 99 Air 
8.26e-03 1.020 83.5 99 Air 
1.29e-01 1.250 92.5 99 Air 
1.05e-01 1.250 93.0 99 Air 
1.69e-02 0.774 69.7 99 Wet 
4.91e-03 0.803 73.9 99 Wet 
1.15e-02 0.842 75.9 99 Wet 
1.13e-02 0.893 75.9 99 Wet 
8.23e-02 0.919 84.6 99 Wet 
4.67e-02 0.919 84.6 99 Wet 
3.65e-02 0.905 80.0 99 Wet 
6.93e-02 1.000 81.4 99 Wet 
1.90e-01 1.310 81.1 89.3 Oven 
5.59e-02 1.310 85.0 99 Oven 
6.65e-03 1.250 81.1 99 Oven 
4.73e-02 1.370 88.8 99 Oven 
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DATA POINTS FOR FIGURE 7.15 

Water 

v K Krel Temp RH Prep 
(mm/s) (MPa m) (%) (oC) (%) 

5.35e-02 0.89 83.2 4 Wet 
1.89e-01 0.95 88.7 4 Wet 
3.74e-01 0.90 89.7 4 Wet 
1.87e-01 0.97 81.9 4 Wet 
4.62e-02 0.94 83.6 4 Wet 
4.94e-02 0.95 89.8 4 Wet 
6.07e-02 0.90 76.6 4 Wet 
5.00e-03 0.82 72.8 4 Wet 
3.49e-02 0.88 78.2 4 Wet 
1.67e-01 0.90 84.2 20 Wet 
2.43e-01 0.90 88.0 20 Wet 
8.40e-02 0.85 80.8 20 Wet 
6.51e-02 0.81 78.5 20 Wet 
4.57e-02 0.84 82.3 20 Wet 
2.17e-02 0.76 72.1 20 .wet 
8.13e-02 0.84 78.4 20 Wet 
7.77e-02 0.82 81.9 40 Wet 
1.51e-02 0.81 79.0 40 Wet 
4.78e-02 0.78 77.3 40 Wet 
4.78e-02 0.85 88.4 40 Wet 
1.09e-01 0.88 83.4 40 Wet 
3.46e-02 0.84 82.1 40 Wet 
4.52e-02 0.84 82.1 40 Wet 
4.28e-02 0.83 81.3 60 Wet 
1.17e-01 0.82 81.7 60 Wet 
4.17e-01 0.95 92.9 60 Wet 
1.51 e-01 0.84 84.6 60 Wet 
2.09e-01 0.88 87.8 60 Wet 
9.90e-02 0.89 87.1 60 Wet 
1.46e-01 0.81 83.2 60 Wet 
6.89e-02 0.84 86.4 60 Wet 
3.83e-02 0.80 79.3 60 Wet 
2.86e-01 0.85 86.3 60 Wet 
9.96e-02 0.79 80.2 60 Wet 
2.63e-03 0.73 74.0 60 Wet 
6.93e-02 1.000 81.4 99% Wet 
8.23e-02 0.919 84.6 99% Wet 
4.67e-02 0.919 84.6 99% Wet 
3.65e-02 0.905 80.0 99% Wet 
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v K Krel Temp RH Prep 
(mm/s) (MPa m) (%) (°C) . (%) 

1.13e-02 0.893 75.9 99% Wet 
1.15e-02 0.842 75.9 99% Wet 
4.91e-03 0.803 73.9 99% Wet 
1.69e-02 0.774 69.7 99% Wet 
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DATA POINTS FOR FIGURE 7.16 

Alcohol 

v K Krel Fluid Prep 
(mm/s) (MPa m) (%) (%) 

1.14e-01 1.111 88.9 Alcohol Air 
3.40e-01 0.951 87.3 Alcohol Air 
1.04e-02 0.811 65.1 Alcohol Air 
1.49e-02 0.871 69.8 Alcohol Air 
6.60e-02 1.001 83.5 Alcohol Air 
7.05e-02 0.981 72.8 Alcohol Air 
1.94e+OO 0.981 89.3 Alcohol Air 
1.23e-01 1.051 83.2 Alcohol Air 
3.84e-01 0.941 78.4 Alcohol Air 
1.92e-02 0.931 74.7 Alcohol Air 
1.91e+OO 0.891 Alcohol Air 
6.29e-02 0.991 79.1 Alcohol Air 
3.57e-02 0.891 66.2 Alcohol Air 
1.49e-02 0.880 70.2 Alcohol Air 
5.68e-02 0.967 76.9 Alcohol Air 
6.72e-02 0.924 73.5 Alcohol Air 
9.13e-01 1.154 100.0 Alcohol Air 
4.06e-01 1.247 88.2 Alcohol Oven 
3.78e-02 1.097 81.1 Alcohol Oven 
4.18e-02 1.337 98.1 Alcohol Oven 
1.38e-02 1.157 73.1 Alcohol Oven 
7.91 e-02 1.237 91.6 Alcohol Oven 
1.75e-01 1.157 85.5 Alcohol Oven 
4.78e-02 1.298 91.8 Alcohol Oven 
3.96e-02 ' 1.270 89.8 Alcohol Oven 
1.37e-01 1.241 96.7 Alcohol Oven 
6.16e-01 1.355 95.8 Alcohol Oven 
1.25e-01 1.155 87.9 Alcohol Oven 

·9.85e-02 1.298 91.8 Alcohol Oven 
2.37e-02 1.270 92.7 Alcohol Oven 
1.99e-02 1.112 75.7 99% RH Air 
6.07e-02 1.171 79.8 99% RH Air 
9.75e-03 1.051 74.5 99% RH Air 
8.74e-02 0.964 77.8 99% RH Air 
2.47e-02 0.913 79.7 99% RH Air 
2.74e-02 0.967 84.5 99% RH Air 
2.05e-02 1.101 80.1 99% RH Air 
5.26e-03 1.041 75.8 99% RH Air 
2.46e-02 1.106 75.4 99% RH Air 
8.98e-03 0.951 64.8 99% RH Air 
4.86e-03 0.951 64.8 99% RH Air 
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4.72e-02 1.061 .• 72.3 99% RH Air 

v K Krel Fluid Prep 
(mm/s) (MPa m) (%) (%) 

6.47e-02 1.122 83.9 99% RH Air 
3.11 e-02 1.099 82.2 99% RH Air 
4.32e-02 0.982 82.5 99% RH Air 
1.13e-02 0.893 75.0 99% RH Air 
6.29e-03 0.836 69.9 99% RH Air 
8.26e-04 0.773 69.8 99% RH Air 
7.07e-03 0.864 78.0 99% RH Air 
2.56e-03 0.914 82.5 99% RH Air 
3.06e-03 0.819 73.9 99% RH Air 
4.55e-03 0.934 69.8 99% RH Air 
9.99e-03 0.893 68.6 99% RH Air 
2.84e-02 0.952 73.1 99% RH Air 
5.03e-02 0.990 79.5 99% RH Air 
9.14e-03 0.990 79.5 99% RH Air 
8.86e-03 0.960 76.2 99% RH Air 
9.99e-02 1.020 80.9 99% RH Air 
1.44e-02 1.050 83.2 99% RH Air 
1.98e-01 1.080 89.9 99% RH Air 
6.06e-02 0.980 94.6 99% RH Air 
1.24e-02 1.070 81.9 99% RH Air 
4.62e-03 1.010 74.4 99% RH Air 
4.75e-02 1.130 86,5 99% RH Air 
2.11 e-02 1.000 77.5 99% RH Air 
1.35e-03 0.960 73.9 99% RH Air 
2.91e-02 1.080 88.3 99% RH Air 
4.53e-02 1.130 84.6 99% RH Air 
3.31e-03 1.080 79.5 99% RH Air 
1.53e-02 1.130 83.9 99% RH Air 
1.07e-02 1.060 82.5 99% RH Air 
4.60e-03 1.120 85.5 99% RH Air 
1.19e-01 1.220 92.4 99% RH Air 
1.05e-.01 1.250 93.0 99% RH. Air 
8.26e-03 1.020 83.5 99% RH Air 
1.29e-01 1.250 92.5 99% RH Air 
3.27e-02 1.190 88.2 99% RH Air 
3.94e-03 1.070 80.0 99% RH Air 
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APPENDIX 8 • STATIC AND CYCLIC FATIGUE 

Evans and Fullerr9
·221 (E&F) have published an equation that can be used to predict 

cyclic fatigue behaviour from known static fatigue crack growth rates. Their Equation 
30 for cyclic fatigue is: 

dA n 
Ve = - = A g A Kave 

dN 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1) 

and Equation 1 for static fatigue is: 

dA Kn Vs= - =A peak .............................. ·, . . . . . . . . . . (2) 
dt 

where 
V c = Cyclic crack velocity 
Vs = Static crack velocity 
A. = cycle period 
g = a factor calculated from E&F Eqn 16 
Kave = mean of applied. stress intensity cycle 
Kamp = amplitude of applied stress intensity cycle 
~eak = peak of applied stress intensity cycle 
n = slope of the line through a set of data on a log log V-K plot 

By definition 

1 dN 
Frequency = ~ = -

A. dt 

therefore 

da 1 da ----
dN A. dt 

which can be substituted into Eqn. 1 

V dA n 
c = - = g A Kave 

dt 

By definition (ex E&F) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (3) 
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therefore 

Combine Eqns 2 and 4: 

Vs = A Ka~e (1 + ()n 

Combine Eqns 3 and 5: 

v 

. . . . . . . . . . . . . . . . . . (4) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (5) 

V =_E (1 + ()n 
s. g .......................................... ; (6) 

If ~eak = 1, ~in = 0.1 and n= 18 then the following can be calculated: 

A = 0,1 
Kamp = 0,45 
Kave = 0,55 
zeta = 0,82 
g = 6689 

Therefore 

Vs = 7, 18 Ve (when expressed in terms of ~eak) • • • • • • • • • • • • • • • • • • • • • • (A) 

and 

Vs = 1/g Ve = 1,5E-4 Ve (when expres~ed in terms of Kave) . . . . . . . . . . . . . . (B) 

To examine the predicted effect of changing amplitude consider two cases: 

~ax = 90 ~ax = 90 
~in = 10 ~in = 22,5 
Kave = 50 Kave = 56,3 
Kamp = 40 Kamp = 33,3 

' = 0,8 ' = 0,6 
g = 5521 g = 723 

vs 
1 818 

vs 
1 618 . 

=-'-V = -'-V 
5205 c 714 c 

= 7,1 Ve = .6,5 V0 

or Ve = 0,14 vs Ve = 0,15 vs 

Therefore decreasing amplitude implies a slightly increased cyclic crack growth 
velocity. 
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