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ABBREVIATIONS

The following abbreviations have been assumed throughout 
the thesis :

1) Standard cement nomenclature :

C = CaO, A = A1203, S = SiC>2, S_ = $03, F = Fe2C>3, H = 
H 20, K = K 2 0, N = Na 20, C = CC>2.

Thus,
C 2 S = 2CaO.SiO2 ,  38 = 3CaO.Si0 2/ C^A = 3CaO.Al2O3, 
CH = Ca(OH) 2 , and CS.H 2 = CaS04.2H20.

Also,
C-S-H, C-A-S-H, C-A-S-S.-H ..etc. denote variable 

compositions.

AFt = tri-sulphate aluminate hydrate, 
AFm = mono-sulphate aluminate hydrate.

2) Other abbreviations :

DTG = dirivative thermogravimetry,
DTA = differential thermal analysis,
EDAX =energy dispersive X-ray analysis,
MIP = mercury intrusion porosimetry,
OPC = ordinary Portland cement,
pfa = pulverised fuel ash or fly ash,
r.h.= relative humidity,
SEM = scanning electron microscopy,
SP = superplasticiser,
TEM = transmission electron microscopy,
TG = thermogravimetry,
XRD = X-ray diffraction.

3) Units :

i) Standard SI units have been used throughout.

ii) All XRD d. spacings are in nanometres unless 
indicated, (1 nm = 10~ 9 m = 0.1 A).

iii) All temperatures are in degrees Celsius. 
(1°C = (°F-32)x5/9)).

iv) All strength values are given in N/mm2 . 
(1 N/mm2 = 1 MN/m2 = 1 MPa).

v) Different units have been used for pressure, the 
following conversion formula may be useful, 
1 kg/cm2 = 98.07 kN/m2 .



4) Notes

i) Numbers denoted thus [22] refer to the reference 
number given in pages - of volume I.

ii) Some abbreviations unique to this work have been 
used, these are :

D pfa 

system D pfa

system 1 

system 2

system 3

"desulphurised" pfa,

denotes a mixture of desulphurised 
pfa + 20wt.% lime, cured at 95°C 
and 100% r.h.,

denotes a mixture of pfa + 20wt.% 
lime, cured at 95°C and 100% r.h.,

denotes a mixture of pfa + 20wt.% 
lime + 4wt.% gypsum, cured at 95°C 
and 100% r.h., and,

denotes a mixture of pfa + 20wt.% 
lime + 6wt.% gypsum, cured at 95°C 
and 100% r.h.,

iii) Data in Volume II are presented in the order of 
tables, figures and plates.



ABSTRACT

Pulverised fuel ash (pfa) has been mixed with lime and 
water, pressed into cylinders, and cured in 100% r.h. at 
temperatures of 50°C, 75°C and 95°C for times of between 
30 minutes and 28 days.
The expansion of the cylinders and their unconfined 
compressive strengths have been measured at different 
stages during the curing cycle and the lime consumption 
has been determined at each stage using thermogravimetric 
analysis. The raw materials and the reaction products 
formed during curing have been analysed by X-ray 
diffraction analysis (XRD), thermogravimetric analysis 
(TG and DTG), scanning and transmission electron 
microscopy (SEM and TEM) and energy dispersive X-ray 
analysis (EDAX). The two latter techniques have also been 
employed to follow the development of microstructure 
during curing. In addition mercury intrusion porosimetry 
(MIP) has been used to determine the corresponding 
changes in pore size distribution.

When moistened with water the pfa was found to contain 
1.34% of gypsum. In the dry pfa this gypsum is present on 
the pfa particle surfaces as anhydrous calcium sulphate, 
and it was found possible to remove this surface layer by 
acid treatment. The presence of this gypsum has been 
shown to be a critical factor in controlling the reaction 
rate, influencing the reaction mechanism and hence 
affecting the strength development and expansion 
behaviour of the cured pfa-lime composites.

Removal of the calcium sulphate coating from the original 
pfa by acid treatment, before mixing with lime, 
substantially reduces the expansion during curing. Also 
the strength development begins at earlier curing times, 
although the ultimate strength developed is substantially 
below that for the untreated pfa.

The addition of small amounts of gypsum to the pfa-lime 
mixes show that there is an optimum gypsum level required 
to give maximum strength and maximum expansion during 
curing.

The behaviour is explained in relation to the following 
observed sequence of events :
Surface ettringite formation on the pfa particles; 
initial formation of gel coating; ettringite 
decomposition and release of sulphate; hydrogarnet 
formation and colloidal membrane development; membrane 
bursting and precipitation of C-A-S-,S_-H gel.



Two factors are found to contribute to the expansion. One 
is osmotic swelling of the colloidal membrane and the 
second is the level of sulphate incorporated into the 
precipitating C-A-S-.S.-H gel. Excessive addition of gypsum 
to the system retards the reaction with lime and results 
in the formation of excessive amounts of globular 
colloidal material being formed at the expense of the 
fibrous and foil-like C-A-S-£-H gel which is primarily 
responsible for strength development. Also formation of 
excessive amounts of globular colloidal material leads to 
dimensional instability and a large drying shrinkage. The 
work shows that the production of a strong and 
dimensionally stable product by this process, requires 
very precise control of the initial composition.
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CHAPTER ONE

INTRODUCTION TO PULVERISED FUEL ASH. LIME AND GYPSUM IN
CONSTRUCTION MATERIALS

1.1 Introduction

The main subject of this thesis is concerned with the 

reaction of Pulverised Fuel Ash (pfa) and lime, with the 

object of assessing the potential of producing high- 

strength pfa-based construction materials. The effect of 

gypsum on the reaction is also investigated. The work has 

been carried out in collaboration with the Central 

Electricity Generating Board (CEGB) and Pozzolanic Lytag 

Ltd.

The work also aims (see Section 1.5) to produce these 

materials at minimum cost by avoiding the costly method 

of high-pressure steam curing or autoclaving, therefore 

although elevated curing temperatures will be employed 

pressure will be maintained at 1 atmosphere. 

Initially the work will review and analyse the previous 

work carried out by other investigators in this area 

(Chapters 1 and 2). The experimental techniques used in 

this work will be presented and their advantages and 

limitations discussed (Chapter 3).

Before studying the pfa-lime reaction, a systematic 

characterisation of the raw materials used in this work, 

and in particular the pfa, will be carried out (Chapter 

4). The work will then study the compaction



characteristics and strength development of pfa-lime 

materials with different ratios of lime to pfa, when 

different curing temperatures are employed (Chapter 5). 

After establishing the most effective pfa-lime system, 

systematic property evaluation together with detailed 

analytical work will be carried out in order to determine 

the manner in which both curing temperature and curing 

time influence property development (Chapter 6). The 

effect of calcium sulphate on property development will 

also be studied (Chapter 7) and analytical methods will 

be used to establish the exact role played by gypsum in 

the pfa-lime reaction (Chapter 8). In addition porosity 

and pore size distribution measurements will be used to 

complement the analytical work (Chapter 9) in order to 

establish a comprehensive model of the process of 

property development. An overall model of the mechanism 

involved will then be advanced together with conclusions 

and recommendations for further work (Chapter 10). 

The work will involve following the development in the 

compressive strength and expansion of this material with 

curing time. The rate of lime consumed during reaction 

will be determined using thermogravimetric (TG) analysis. 

X-ray powder diffraction (XRD) will be used to monitor 

the formation of crystalline reaction products and the 

level at which they are present with curing time. The 

microstructural changes occurring in the material during 

curing will be followed using scanning electron



microscopy (SEM). The nature and the chemical composition 

of the reaction products will be studied using 

transmission electron microscopy (TEM). The porosity and 

pore size distribution of this material will be 

investigated using mercury intrusion porosimetry (MIP). 

The uses of pfa, lime and gypsum in construction 

materials are widely reported in the literature [1-6]. 

Therefore this chapter will concentrate on the general 

background of these materials in so far as it is relevant 

to the current work.

1.2 Pulverised fuel ash as a material 

1.2.1 Introduction

Pulverised fuel ash became of potential importance to the 

construction industry when its pozzolanic characteristics 

were discovered. The term "pozzolan" and "pozzolanic 

activity" are still the subject of some debate [3]. 

However, ASTM C 618-85 defines "pozzolan" as a siliceous 

or a siliceous and aluminous material which in itself 

possesses little or no cementitious value but will, in 

finely divided form and in the presence of moisture, 

chemically react with calcium hydroxide at ordinary 

temperatures to form compounds possessing cementitious 

properties. Pozzolanas can occur naturally, thereby 

called natural pozzolanas, or be produced either directly 

or as a by-product, thereby called artificial pozzolanas. 

Pulverised Fuel Ash belongs to the latter category.



Pulverised Fuel Ash (or "pfa" as it will be termed in 

this work) is the residue of the combustion of finely 

ground coal used in the generation of electric power. It 

is also known as fly ash or coal ash.

The production process involves injection of the finely 

ground coal (<75um) with a stream of hot air, into a 

furnace at around 1500°C [4]. The carbonaceous content of 

the coal is ignited instantaneously on entry. The 

remaining matter present in the coal such as shales and 

clays which mainly contain silica, alumina and iron 

oxide, and which become partially liquid, are cooled 

rapidly as they are carried out by the flue gases. This 

results in the formation of fine glassy spherical 

particles.

The method of removing the pfa from flue gases is 

extremely important due to its effect on the particle 

size of the ash and its probable influence on surface 

deposits. Electrostatic precipitators are normally used 

to collect the pfa and it is this form of ash which is 

used in the construction industry, due to its relative 

fineness compared with that from the mechanical 

collectors.

ASTM C 618-85 classifies Pulverised Fuel Ashes into two 

main groups according to their CaO content. Those which 

contain less than 10% CaO are termed ASTM class F, and 

those which have a CaO content greater than 10% are 

termed ASTM class C. The latter is more common in the



U.S.A. and Canada. It also possesses some hydraulic 

properties and thus cannot be strictly classified as a 

pozzolan. Pulverised Fuel Ashes produced in the U.K. 

(such as the pfa used in this work) normally fall into 

ASTM class F, due to the low level of CaO in their parent 

bituminous coals.

Pulverised Fuel Ash has been the source of a number of 

environmental problems for the majority of countries 

which rely on coal to produce their electric power. Most 

of these countries, including the U.K., still resort to 

disposing of almost half of their pfa by dumping it into 

the sea (see Table 1.1). With the increasing awareness of 

environmental problems and with the likely increase in 

the level of dependence on coal to produce power, this 

problem of disposal is likely to become much more serious 

in the future.

The potential use of this material in construction was 

pointed out as early as 1914 [7]. In the 1930's its use 

was well established as a fill material, as lightweight 

aggregate, as a component in blocks and grouts, and also 

as a partial replacement material for cement [4]. 

Currently, almost every pfa-producing country makes use 

of this material in the construction industry in one form 

or another.

Its use as a partial replacement material for Portland 

cement is based on the principle of its reaction with the 

lime liberated from cement hydration, resulting in



further cementation occurring. This leads to higher 

ultimate strength with reduced porosity together with 

improvement in other associated properties. Recently its 

effectiveness in "controlling" alkali-aggregate reaction 

in concrete (still the subject of extensive research) has 

aroused further interest and possible applications [6,8]. 

One of the most important limitations to the use of pfa 

in concrete is its variability. Variability in the pfa 

presents itself in two ways. Firstly there are variations 

in the quality of pfa from different sources, and 

secondly the effectiveness of a particular pfa can vary 

depending on the Portland cement with which it is used 

[9]. Therefore most countries devise their own standards 

in order to reduce the effect of pfa variability. Table 

1.2 presents an example of the various standards for pfa 

used in concrete produced in different countries. 

The planned introduction by the CEGB in 1992 of the 

"desulphurisation" programme in order to remove sulphur 

dioxide from the flue gases, is likely to create a new 

problem. This is the production of large quantities of 

gypsum as a by-product. Although it is early to predict 

the quality of the gypsum which will be produced, it is 

reasonable to assume that the gypsum will be similar in 

character to that already produced in Belgium [10]. 

Although the manner in which the CEGB intends to use this 

gypsum remains unestablished, it can however be predicted 

that its major use will be as gypsum plaster, a well



established traditional material which is used 

extensively in the construction industry in the U.K. 

One object of this work is to examine the feasibility of 

using gypsum together with pfa and lime as the potential 

source of a cementitious binding material. Since the pfa 

used in this work is a Class F pozzolanic material, lime 

needs to be added to react with it in order to produce 

cementation.

1.2.2 General characteristics of U.K. pfa's 

The overall colour of pfa ranges from cream to dark grey 

and is affected by the proportions of carbon, iron and 

moisture which are present. Its specific gravity ranges 

from 1.9 to 2.4 which is about two-thirds that of 

Portland cements [1,5,6,11].

Table 1.3 gives the chemical analyses of a wide range of 

British pfa's [11]. The table expresses the composition 

in terms of oxides although the constituents are not in 

themselves present as oxides. Naturally the variation in 

the chemical compositions between different pfa's is 

mainly due to variation in the quality of the parent coal 

and partly to the production process in different power 

stations. The table clearly shows that the predominant 

elements present in the pfa are silicon, aluminium and 

iron. The residual carbon present in pfa results from 

inefficient combustion and is generally regarded as



detrimental to the pfa's reactivity with lime [6,12]. The 

carbon is lost on ignition (L.O.I.).

Figure 1.1 illustrates the proportion of different phases 

present in U.K. pfa's. It indicates that up to almost 80% 

of the pfa may be amorphous in the form of glass. It is 

this amorphous phase which gives the pfa its pozzolanic 

characteristics, by reacting with lime to produce 

cementitious products. The "glass" is mainly of siliceous 

or alumino-siliceous composition and contains in solid 

solution small amounts of metal cations which include 

potassium, sodium, magnesium and calcium [3]. 

The morphology of the pfa principally consists of glass 

spherical particles some of which are hollow 

(cenospheres). The reactivity of pfa with lime is largely 

determined by the glass content although other factors 

are also important. A recent study by Diamond [13] of pfa 

from one source showed that neighbouring pfa particles of 

the same particle size exhibited differences in their 

glass content, in their compositions, and in the 

crystalline phases which they contained.

The crystalline phases, which are mullite, quartz, 

haematite and magnetite, are much less reactive than the 

glass [1,3,5,6] and play only a minor role in the pfa- 

lime reaction. Other phases (such as gypsum, and 

anhydrite) are not included in Figure 1.1 but have also 

been reported to be present in the pfa particularly on 

particle surfaces [3].

8



The fact that the pfa-lime reaction is a surface reaction 

means that it is not just the quantity in which a minor 

constituent is present in the pfa which determines its 

role in the pfa-lime reaction but also its proximity to 

the surface. Both Campbell et.al [14] and Rothenburg 

et.al [15] have suggested, from X-ray photo-electron 

spectroscopy (XPS) measurements of fly ash samples, that 

calcium sulphate is present on the surfaces of pfa 

particles. Raask [16] and Cabrera and Plowman [17] also 

claimed that in pfa which is relatively high in CaO 

(>2.5%) some of the 863 present is in the form of calcium 

sulphate.

Alien et.al. [18] used X-ray Photoelectron Spectroscopy 

to analyse the surface of a particular U.K. pfa. They 

found that sulphur although present in relatively small 

quantities was greatly concentrated in the surface layers 

of the pfa probably in the form of sulphate ions. In 

contrast the aluminium was depleted in the surface layers 

so that its surface concentration was approximately half 

of that present within the particle. Iron is also present 

at the surface in the form of magnetite which is in a 

more reduced form at the particle surface than in the 

bulk [19].

Tenoutasse and Marion [20] studied the dissolution of 

four Belgian Class F fly ashes (with low calcium and 

sulphate content) with water, hydrochloric acid (HC1) and 

hydrofluoric acid (HF). They confirmed the presence of



calcium sulphate (anhydrite) on the surface of the pfa, 

and this was partly released on water treatment. They 

found that HC1 treatment resulted in the dissolution of 

all the sulphates together with a significant quantity of 

the calcium oxide present in the pfa whilst the 

dissolution of the other alkali oxides remained weak in 

both treatments. They also observed, using SEM, that HCl 

treatment did not result in any structural damage to the 

pfa. HF treatment on the other hand resulted in 

significant change in the pfa particle structure. The 

authors concluded that the presence of the totality of 

the sulphates at the surface of the pfa particles is 

important in determining the behaviour of pfa when added 

to cements.

HF treatment to the pfa has been used by many 

investigators to study the nature of the crystalline 

phases present [13,21]. Figure 1.2 shows micrographs of 

pfa particles after treatment with 1% of HF. The figure 

shows the alumino-silicate glass phase being removed 

leaving only crystalline skeletons of the acicular 

mullite and the chunky forms of quartz.

In an investigation of the reactivity of compacted 

Japanese Class F fly ashes, Kawamura et.al.[22] also 

confirmed the presence of small amounts of anhydrite and 

free lime on the surface of the pfa particles. They found 

that in the presence of moisture and anhydrite, the free 

lime reacted with the pfa to form ettringite which they

10



concluded was responsible for the hardening of the 

moistened, compacted pfa. They also found that the 

deliberate addition of lime and gypsum further promoted 

the formation of ettringite, which further enhanced the 

compressive strength of these materials. The manner in 

which ettringite contributed to the strength was 

attributed by them to the densification of the material.

1.3 Pulverised fuel ash as a pozzolana

The use of lime-pozzolana mortars is well attested in 

history. Roman monuments stand to the present day as 

testimony to the durability of these mortars [1]. However 

their use as a mortar in building may date further back 

to ancient civilisations of Mesopotamia [23]. Ancient 

pozzolanic materials comprised naturally occurring, 

finely divided alumino-silicates such as volcanic ash and 

clays. Today these have been mainly replaced by pfa. 

Amongst pfa-producing countries, China is possibly the 

only country which makes maximum use of its pfa. Pfa-lime 

products are used in China mainly as wall panels and 

building blocks and bricks. In addition, pfa is used as a 

partial replacement material for cement [24]. Huang Shi 

Yuan from Wuhan Institute of Building Materials in China 

[24] made several studies of the pfa-lime reaction under 

different curing conditions. He found that pfa-lime 

materials when cured at 100°C and autoclaved at 174°C

11



produced compressive strengths as high as that of 

ordinary concrete.

Unfortunately the pace of research on pfa-lime materials 

has been much slower in Europe. In response to the recent 

Italian energy policy in finding ways to utilise pfa in 

building materials, Marcialis et.al.[25] examined the 

possibility of obtaining good mechanical properties from 

pfa-lime mixtures cured at various temperatures. They 

found that the compressive strength of these materials 

increased with increasing lime content. However no 

systematic increase in the strength was observed with 

increasing curing temperature e.g. for 72 hours curing 

time, specimens often reached the same strengths when 

cured at 75°C as they did when cured at 90°C (see Figure 

1.3). Also, although strengths of over 40 N/mm2 were 

achieved, these required specimens with a high lime 

content (40 wt.%) and a relatively long curing time. At 

low lime contents and short curing times e.g. 20 wt.% 

lime at 15 hours, the maximum strength achieved even 

after using high compaction pressure was «30 N/mm2 . Much 

higher strengths were however achieved by using 

autoclaving.

1.4 Gypsum in pozzolanic systems

Early work by Parissi [26] and Turriziani and Schippa 

[27] found that the addition of gypsum to pozzolanic 

mortars had a significant effect on their compressive

12



strength. Gypsum additions of between 5-6% by weight of 

the pozzolana produced strength enhancement but additions 

greater than 1Owt.% resulted in weakening and cracking, 

and when cured in water, the mortar began to break up. 

The increase in compressive strength was attributed to 

the formation of ettringite needles in the first few days 

of ageing in agreement with the later work reported by 

Kawamura et.al.[22]. The ettringite was thought to form a 

strong skeleton around which slowly developing calcium 

silicate hydrate formed. In mortars containing over 

1Owt.% of gypsum disruption was thought to be caused by 

continued formation of ettringite at extended curing 

times.

In more recent work by Huang Shi Yuan [24] gypsum 

additions were found to enhance the strength of pfa-lime 

mixtures cured at high temperatures. These also showed 

maximum strength gain at an optimum gypsum content, in 

this case addition of about 4 wt.% gypsum, which was also 

attributed to ettringite formation. However the system 

was not thoroughly investigated in relation to the 

optimum conditions of lime content, curing time, curing 

temperature and gypsum content, which are required to 

give maximum compressive strength. Unfortunately no 

plausible explanation was given for the manner in which 

strength varied with gypsum content.

Only a limited amount of work has been carried out on the 

influence of gypsum on hydrating pfa-lime systems. This
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is in comparison with other more commonly used 

cementitious systems (e.g. ordinary Portland cement) 

where extensive investigations have been carried out on 

the effect and role of gypsum. Its addition in OPC is 

mainly to control the "flash set" effect, by retarding 

the hydration of C^b in the initial period of cement 

hydration. This effect is widely believed to stem from 

the formation of a layer of ettringite needles around the 

surface of CsA particles which retard further hydration, 

thus controlling the "flash set" effect [3,5,6,28]. 

However the role and influence of gypsum on OPC hydration 

is still the subject of some discussion [28]. In view of 

the fact that calcium sulphate has been reported to be 

present on the surface of pfa particles and that 

ettringite has been observed to form during the reaction 

of pfa with lime, it might therefore be expected that the 

presence of gypsum in the pfa will have a similar 

influence on the hydration of pfa-lime, as it does on 

hydrating cement systems.

1.5 The aims of the current work

The aims of the current work may be summarised as

follows,

i) to establish the optimum conditions necessary to 

achieve maximum compressive strength gain in the minimum
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possible curing period, and with the minimum possible 

lime content, for compacted pfa-lime mixtures, 

ii) to determine the effect that gypsum additions have on 

the development of mechanical strength in this system, 

iii) to propose a mechanism for the observed changes in 

the physical properties of this system in relation to the 

pfa-lime reaction and the growth and development of the 

reaction products.

To achieve these aims it will be necessary to carry out a 

comprehensive study of the reaction of a particular pfa 

with lime under different physical conditions in order to 

reach an overall understanding of the manner in which the 

system variables influence the reaction and the 

development of the physical properties of this material. 

The system variables are curing temperature, curing 

period, compaction, lime content and gypsum content.

However before such an undertaking is carried out it is 

necessary to review previously reported work, relating to 

the current proposal.
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CHAPTER TWO 

LITERATURE REVIEW

2.1 Introduction

In the current work on the pfa-lime-water reaction at 

elevated temperatures (and also in the presence of 

gypsum) the main crystalline phases to form are 

ettringite, hydrogarnet, and occasionally very minute 

traces of monosulphate. The principal cementitious phases 

which form are calcium aluminate silicate hydrate gels 

(see Chapters 6 and 8). The formation of the crystalline 

aluminate and sulpho-aluminate phases in the initial 

stages of the reaction have a very marked effect on the 

subsequent progress of the reaction and on the materials 

expansion and strength development (see Chapters 6 and 

7). It is therefore useful to review previously reported 

work on the formation and stability of calcium aluminate 

hydrate and calcium sulphoaluminate hydrate phases under 

different conditions.

2.2 Calcium aluminate hydrates

A large proportion of the published work on calcium 

aluminate hydrates is concerned with the hydration of C3A 

because of the latter's importance in cement hydration. 

Solution equilibria and solubility data have been 

determined in the system (CaO-Al203-H20) at between 1°C 

and 90°C [29] by precipitating the solid phases from
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supersaturated calcium aluminate solutions, or by shaking 

initially unsaturated solutions with individual solid 

phases. At between 1°C and 90°C, which approximately 

encompasses the temperature range over which the current 

work is carried out, the equilibria are characterised by 

the existence of metastable phases which precipitate 

rapidly but transform only slowly into the stable phases. 

The stable phases are Ca(OH)2/ gibbsite (AH3> and cubic 

C3AHg, and the metastable phases include the hexagonal 

hydrates characterised by C2AH3 and C4AHig, the latter 

forming C4AH-J 3 on drying. This is generally supported by 

observation of the reaction products of hydrating C3A. 

Breval [30] observed the hydration of C3A to follow the 

stages given below,

C3A + H20-^ gel-*-irregular f lakes -* hexagonal flakes-* 
C3AH6 (single crystals)-*C3AH6 (aggregates) eq.(Z.i)

The gel, which gives no XRD pattern, is foil-like in 

appearance and grows on the C3A particle surfaces. The 

irregular flakes appear to be a conversion product from 

the gel and give only very weak XRD lines of C2AHs and 

C4AH13/ and subsequently transform to hexagonal flakes 

giving diffuse XRD patterns. Cubic C3AHg crystals occur 

either as single crystals or, particularly at high 

temperatures, as aggregates. At higher temperatures the
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formation of C3AHs is rapid and very fine crystals are 

formed (<0.5um), whereas at lower temperatures the C2AHs 

and C4AH-J9 take much longer to transform to give much 

coarser C3AHg crystals. Direct formation of CsAHg above 

80°C, is also suggested [28].

2.3 Calcium suloho-aluminate hydrates

Interest in calcium sulpho-aluminates mainly results from 

their occurrence in OPC as a consequence of gypsum being 

added to prevent flash set. Much of the early basic work 

on the equilibria in the aqueous CaO-Al2O3~SO3 system was 

carried out by Jones [31], who determined that the only 

stable quaternary compound formed is ettringite 

(C3A.3C£.H32) although metastable compounds arise in the 

form of monosulphate (C3A.C£.H-| 2)-hexagonal aluminate 

solid solutions.

The attainment of the stable equilibrium phases AH3 and 

C3A.3C£.H32 are however inhibited probably by formation 

of an "ettringite" coating on the surface of the AH3 

particles. Similar problems in achieving equilibrium 

occur with C^f^e~c^2 solutions and it is suggested that 

these problems arise as a result of formation of 

"ettringite" coatings around the CsAHg grains. Whilst 

C3AHe is readily converted to ettringite in the presence 

of Na2SO4 solution the introduction of silica confers a 

very high resistance to conversion, also indicating 

formation of a protective coating.
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In the hydrating Portland cement system where gypsum is 

not present in excess, the initial rapid saturation with 

respect to Ca(OH)2 and gypsum will lead to ettringite 

formation. Ettringite will remain stable until all the 

gypsum is consumed, when the decline in sulphate 

concentration will cause the equilibrium to shift towards 

C3AH5. Formation of C3AH5 may however involve initial 

formation of intermediate metastable monosulphate- 

hexagonal hydrate solid solution phases. The action of 

any added pozzolanic materials will remove lime from 

solution and the equilibria will then move towards AH3. 

The equilibria may be represented by the diagram in 

Figure 2.1 .

As the composition of anhydrous ettringite lies outside 

the compositions of components in a saturated solution 

with ettringite, then ettringite hydrolyses in water and 

alumina gel separates, the composition moving along line 

(1) to the line EH where the two phases are in 

equilibrium with the solution. At high lime and low 

sulphate concentrations, ettringite should dissolve 

incongruently [29] to give C3AH5, although this was not 

observed by Jones [31]. At high lime and high sulphate 

concentrations, CH and CfiH2 should be in equilibrium with 

C3A.3C£.H32 and at low lime and low sulphate 

concentrations C3AH6 and C3A.3Cfi.H32 should be in 

equilibrium with AH3 [32]. Thus according to the diagram
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and gypsum which are separated by the ettringite 

stability field should never coexist at equilibrium. 

However in practice, formation of the equilibrium phases 

may be retarded particularly in complex cement systems, 

by for example, problems of nucleation or by formation of 

inhibiting layers around particle surfaces or by 

formation of metastable phases. This is borne out by 

observations and also by the many contradictions reported 

in the literature.

The well established retardation of C3A hydration in 

cement with added gypsum, had previously been attributed 

by Forsen [33] to either repression of solubility of C3A 

in the presence of sulphate or formation of a protective 

layer of ettringite around the C3A grains. Schweite et. 

al.[34] supported the latter view and concluded that the 

fine ettringite crystals («0.05um diameter and 0.25um 

long) form topochemically on the surface of the C3A 

grains in the first 30 seconds of hydration and inhibit 

the hydration reaction. Mehta [34] who investigated the 

hydration of 1:1 molar C3A-C£H2 mixtures in the presence 

of lime reported that lime severely retards the rate of 

C3A hydration. At short curing times hexagonal plate 

crystals (claimed to be Ca(OH)2 crystals) are formed on 

the surface of the C^A grains and no ettringite is 

observed. At longer curing times very fine poorly 

crystalline ettringite is observed together with the 

hexagonal plate crystals. The effect of lime is to
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substantially reduce the size of the ettringite crystals 

and therefore Mehta concluded that initial ettringite 

formation in the presence of lime is colloidal. 

In a later paper [36] Mehta claims that the ettringite 

crystals grow through solution and their morphology 

depends on the available void space. He concludes that 

the open network of ettringite crystals cannot adequately 

account for the retardation phenomenon, which he 

explained in terms of reduced solubility of C3A in the 

presence of sulphate. This is in agreement with a 

previous paper by Feldman [31] which suggests that the 

adsorption of sulphate ions on C3A particles, poisons the 

surface. Tinnea and Young [38] report initial formation 

of a foil-like material prior to the appearance of 

clearly identifiable ettringite crystals and this is 

assumed to be poorly crystallised hexagonal calcium 

aluminate hydrates. Gupta et.al.[39] proposed the 

formation of a layer of thin calcium aluminate hydrate 

crystals which subsequently convert to ettringite, 

releasing more lime. The released lime further reacts to 

maintain a near impervious layer of calcium aluminate on 

the surface of the C3A particles.

Of the three general mechanism previously proposed, 

Collepardi et.al.[40] did not support a retardation 

mechanism based on either sulphate ion adsorption or 

formation of calcium aluminate hydrate. They supported 

the proposal that ettringite crystals nucleate

21



preferentially on the surface of C^k grains and retard 

hydration. In the presence of lime, retardation is more 

effective because much smaller ettringite crystals are 

formed. Consumption of gypsum results in conversion of 

ettringite to monosulphate, and C3A hydration is renewed. 

Hampson and Bailey [32] however have presented evidence 

of a non-crystalline gel being formed initially, similar 

to the amorphous calcium sulpho-aluminate hydrate gels 

previously reported by Forsen [33] and Jones [31]. They 

propose, in agreement with previous observations by 

Schwiete [34], that the form of ettringite produced is 

dependent on the pH value of the solution. From 

calculations of solubility products, ettringite is found 

to exhibit a variable solubility product in different 

sulphate and hydroxide concentrations. This is explained 

in terms of structural variations in the ettringite. An 

increase in pH leads to a reduction in the length of the 

calcium aluminate hydrate chains and a loss of the 

fibrous habit, and results in formation of a more 

coherent coating.

The general conclusions are borne out by further 

observations [41]. At low pH (11.5) ettringite fibres 

appear to precipitate from solution, whereas at higher pH 

substantial amounts of C3A remain unhydrated, little 

crystalline ettringite is observed and short fibres grow 

on the surface of the C^A grains. As the pH increases the 

fibres become smaller and at pH 13.2 no fibres are
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observed. The reduction in the rate at which the C3A is 

consumed implies that a layer of fine fibres is a 

significant barrier to access of calcium sulphate 

solution to the C3A surface, thus retarding the reaction. 

At low C£H2tC3A ratios a metastable hexagonal platelet 

phase is observed to form. This is a solid solution 

between C4AH-J3 and C3A.C£.H-|2 and would be expected to 

transform in time to ettringite and C3AHs. Jawed 

et.al.[28] also discuss the formation of hexagonal plate 

phases. They propose that in a hydrating cement, as the 

supply of C£H2 declines, ettringite transforms to 

monosulphate, i.e.

C3A.3CS.H32 + 2C3A + 4H-» 3C3A.CS .HT 2 eg. (2.2)

This disrupts the protective ettringite coating and 

results in renewed C3A hydration.

They report that at very low sulphate ion concentrations 

hexagonal plate calcium aluminates form and that solid 

solutions of the form C4A£xH1-xH12 between monosulphate 

and the aluminate hydrates may also form. The disruption 

of the protective ettringite coating by hexagonal plate 

formation is supported by earlier work by Corstanje 

et.al.[42] who observed retardation of C3A hydration at 

S03/A12O3 molar ratios where ettringite can be detected 

but found that at low sulphate levels gypsum tended to
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promote C3A hydration due to the decreased isolating 

ability of monosulphate aluminate hydrates. 

Most of the reported work carried out in relation to 

ettringite formation has been carried out at room 

temperature, however the current work deals with curing 

temperatures up to 95°C which may affect the stability of 

the ettringite. Lieber [43] found that ettringite 

definitely exists in equilibrium with its aqueous 

solution up to 90°C and Mehta [44] reported that it 

remains unchanged when exposed to 100% r.h. at 93°C for 

one hour, but partly decomposes under drying conditions. 

Satava and Veprek [45] studied the stability of 

ettringite in the pure ettringite-water system in a 

differential hydrothermal analyser. At below 111°C 

ettringite was observed to be stable and no decomposition 

occurred when pure ettringite was heated in saturated 

steam at 100°C for eight hours. This tends to contradict 

the work by Jones [31] which suggests that there should 

be some alumina gel separation before stability is 

achieved.

At temperatures higher than 111°C ettringite was found to 

decompose to give monosulphate and hemihydrate,

C3A.3CS.H32 (s)-*C 3A.CS.H-, 2 (s) + 2CSH«,1 (s) + 19H (1 or g) 
(where s=solid, l=liquid, g=gas) eq.(2.3)
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and at temperatures higher than 190°C and less than 280°C 

the monosulphate further decomposes to give hydrogarnet 

and anhydrite,

C3A.CS.H12 (s)-*C3AH6 + CS (s) + 6H (1 or g) eq.(2.4)

Although in the temperature region 111-190°C hydrogarnet 

is the only stable phase, direct transformation of 

ettringite to hydrogarnet was not observed, as the 

reaction always involved the intermediate stage of 

formation of metastable monosulphate. However work by 

Darr et.al. [46] on the dehydration of ettringite found 

ettringite to be stable up to 130.5°C above which they 

detected hydrogarnet, hemihydrate and gypsum.

The work reported in the literature on the formation of 

calcium aluminates and sulpho-aluminates may be 

summarised by the following major points :

i) In the system CaO-Al203~H20 the stable equilibrium 

phases in the temperature region 0-90°C are CH, AH3 and 

C3AHs, but there also exist unstable phases characterised 

by hexagonal C2AHs and C4AH-] 9 .

ii) In the system CaO-Al203-CaS04~H20 the only stable 

quaternary compound which exists is ettringite

although metastable quaternary compounds
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arise in the form of monosulphate C3A.C£.H-|2 or 

monosulphate-hexagonal aluminate solid solutions, 

iii) As the composition of anhydrous ettringite lies 

outside the composition of components in a saturated 

solution with ettringite, ettringite hydrolyses in water 

and alumina gel then separates.

iv) At high lime and low sulphate concentrations, 

ettringite should dissolve incongruently to give C3AH6 in 

equilibrium with CH, at high lime and high gypsum 

concentrations ettringite should be in equilibrium with 

CH and C£H2, and at low lime and low sulphate 

concentrations ettringite should be in equilibrium with 

C3AHg and AH3. C3AH5 and gypsum should never co-exist at 

equilibrium at normal temperatures. The temperature at 

which ettringite becomes unstable relative to C3AHg and 

gypsum appears to lie in the range 100°C to 130°C. 

v) During C3A hydration in the presence of gypsum, 

formation of the equilibrium phases is retarded by 

development of inhibiting layers around particle surfaces 

and by formation of metastable phases. Retardation of C3A 

hydration is associated with ettringite formation and is 

enhanced by the presence of lime.

vi) There are conflicting views as to the exact nature of 

the retardation mechanism, but the more recent work 

suggests that initially an amorphous calcium sulpho- 

aluminate hydrate gel-like phase forms on the surface of 

the C3A particles and ettringite fibres grow out from the
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gel phase. The size of the ettringite fibres is pH 

dependent, the higher the pH the smaller the fibres. The 

combination of the gel-like layer and fine short 

ettringite fibres on the surface of the C3A particles is 

considered a sufficient barrier to block the access of 

calcium sulphate to the C3A surface, and to severely 

retard the hydration process.

vii) The completion of gypsum consumption and the 

depletion of sulphate within the system leads to 

ettringite decomposition and formation of hexagonal plate 

phases, consisting of monosulphate or monosulphate- 

hexagonal aluminate solid solution. This disrupts the 

protective layer causing the onset of renewed hydration. 

viii) In the system CaO-Al2C>3-CaSO4-H2O ettringite exists 

under hydrothermal conditions as a stable quaternary 

phase up to 111°C, above which it transforms first to 

metastable monosulphate and anhydrite (111-190°C) and 

then to hydrogarnet and anhydrite (190-280°C).

2.4 Aluminate and sulpho-aluminates formed in pozzolanic 

systems

The presence of an additional component, silica, in 

hydrating CaO-Al203-CaSC>4 systems will clearly affect the 

type and manner of formation of the phases produced. 

Turriziani [1] presented evidence to show that ettringite 

is less stable when excess silica is present. Ettringite, 

treated with high silica pozzolanas in water, hydrolysed
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almost completely, and at a pozzolana to ettringite ratio 

of 20:1 decomposition occurred within a few minutes. 

Hydrolysis was reduced by the addition of gypsum and was 

subsequently reduced by the addition of lime. 

Hoiton et.al.[47] found that in the presence of gypsum, 

SiO2 significantly accelerated the rate of C3A hydration 

in the initial stages of hydration and Klavins et.al.[48] 

reported that active silica retarded ettringite formation 

at extended reaction times.

Collepardi et.al.[49] compared the hydration of C3A in 

the presence of quartz to that in the presence of two 

natural pozzolanas. Reactions were carried out both with 

added gypsum and added lime. Without gypsum present one 

of the pozzolanas was found to greatly accelerate the 

transformation of C4AH^3 to C3AH5 whereas in the presence 

of gypsum no C3AHs was formed with either quartz or 

pozzolanas present.

Although these observations are helpful in establishing 

the phases which may form, the current work is concerned 

not with C3A hydration at normal temperatures but with 

the reaction of pfa and lime in the presence of varying 

amounts of gypsum at elevated temperatures. Only limited 

work has previously been reported regarding the nature of 

the reaction products formed, the transformations which 

occur and the mechanism by which these reactions take 

place in this type of system.
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Early work by Turriziani et.al.[27] on the setting and 

hardening at room temperature, of mortar made from a 

natural pozzolana, lime and gypsum, confirmed initial 

rapid formation of ettringite which by seven days showed 

substantial transformation to monosulphate. Also by seven 

days reaction there was clear evidence of formation of 

"tobermorite gel". After two years of reaction the only 

phases evidently apparent were "tobermorite gel" and 

monosulphate.

The reaction of pfa with lime (in the presence of 

moisture) normally shows a shell of reaction products 

which have been identified by Diamond et.al.[50] as a 

duplex film of CH and C-S-H gel. A detailed TEM and 

microanalytical study by Rodger and Groves [51] on the 

reacted zone surrounding pfa particles in a C3S-pfa 

blended cement paste showed the initial reaction product 

to consist of a rim of amorphous C-S-H with a Ca/Si ratio 

of «1.7 and containing minor amounts of Al, Fe, and K. 

After one years reaction, the reacted zone consisted of a 

dense outer rim of C-S-H (Ca/Si«1.46, Al/Si«0.03) 

enveloping an inner shell made up of dense plates of 

hydrogarnet alternating with radially fibrillar C-S-H gel 

(Ca/Si«1.42, Al/Si«0.07). The hydrogarnet composition was 

estimated as Ci2A3FS4H-|6- Some AFt phase was observed at 

early ages, in agreement with Mohan and Taylor [52] who 

also observed AFm phases, but no sulphoaluminate phases 

were detected at later ages. The restricted location of
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the hydrogarnet to the immediate region surrounding the 

pfa particles was explained on the basis that the high 

silica concentrations adjacent to the pfa particles are 

necessary to nucleate hydrogarnet. No evidence whatsoever 

was found for Diamond's duplex film model [50] although 

concentric rings of dense C-S-H were observed around some 

particles.

Takemoto and Uchikawa [53] reacted a wide variety of 

pozzolanas with lime at 20°C, 40°C and 60°C for up to 180 

days. Pozzolanas low in alumina produced no crystalline 

calcium aluminates or calcium silico-aluminates, but only 

C-S-H gel. Pozzolanas high in alumina produced in 

addition, hydrogarnet (C3ASXH5_2X )/ carboaluminate- 

aluminate solid solution (C3A.CaC03.H-] 2~C4AH13) an(^ 

Stratling's compound (C2ASHs). It was generally concluded 

that the lime-pozzolana reaction is diffusion controlled, 

the reaction rate being determined by the diffusion of 

Ca2 + and OH~ ions through the initially formed amorphous 

membrane. Based on their own and on previous observations 

of other workers Takemoto and Uchikawa proposed a similar 

mechanism for reaction of pozzolanic grains in the system 

pozzolana-C3S to that in the system pozzolana-C3A-lime- 

gypsum. This was that reaction results initially in 

adsorption of Ca2+ ions on the surface of pozzolanic 

grains, dissolution of sodium and potassium, and 

formation of an amorphous Si and Al rich film. 

Subsequently dissolution of Si04 4 ~ and A102 2 " species in
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the highly alkaline conditions produces thickening of the 

amorphous Ca-Si-Al-containing layer. The concentration 

gradient across this layer results in a build up of 

osmotic pressure within the layer which eventually 

ruptures releasing solution rich in A102~ and SiO2^~ into 

the surrounding Ca2+ rich solution. For the pozzolana-C3S 

system calcium silicate hydrate gel (C-S-H) and Ca-Al 

hydrates then precipitate on the outside of the amorphous 

layer, whereas for pozzolana-C3A-lime-gypsum, ettringite 

and monosulphate hydrate also precipitate along with the 

C-S-H. The authors [53] also claim that hydrate layers 

produced in alkali (K and Na) rich regions tend to be 

stripped off from the surface of the pfa grains. 

Huang Shi Yuan [24] investigated the effect of added 

gypsum on the reaction of lime with fly ash both steam 

cured at 100°C and autoclaved at 174°C. Without added 

gypsum the reaction products formed at 100°C were 

identified as C-S-H gel and hydrogarnet whereas with 

added gypsum, hydrogarnet (which was not observed) was 

replaced by ettringite and monosulphate. At the higher 

curing temperature (174°C) poorly crystalline 

"tobermorite" and hydrogarnet were formed both with and 

without added gypsum. In the former case crystalline 

gypsum was also present after reaction. Evidence was also 

presented which indicates that gypsum promotes the 

crystallisation of "tobermorite" gels.
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In work on bituminous fly ashes Kawamura et.al.[22] found

that the small amounts of free lime and anhydrite which

were present in the ash reacted with the ash on addition

of water, to form ettringite. Ettringite was also the

principal crystalline reaction product to form when

mixtures of the bituminous fly ash plus 2.5wt.% to 10wt.%

of 1:1 or 3:1 hydrated lime-gypsum mixtures (at the

optimum moisture content) were pressed into cylinders,

and cured for periods of up to 90 days at 20°C. Minor

amounts of carbo-aluminate C4A.-JCO2.1 2H20 and Stratlings

compound C2ASHs were also detected. In similar work by

Daimon et.al.[54] on fly ash-lime-gypsum mixtures with a

water/solid ratio of 0.6, but in this case cured for 7

days at 70°C, the authors claimed that the amount of

ettringite formed (determined using DSC) is greater than

that calculated from the amount of consumed gypsum. They

explained this discrepancy in terms of substitution of Al

and S in the ettringite by Si, with a maximum

substitution level of over 40%.

Clearly the reaction of lime with pozzolanas is highly 

complex and is strongly influenced by the composition of 

the pozzolana and the reaction conditions. It is also 

evident that the presence of gypsum has a major influence 

on the progress of the reaction and on the nature of the 

reaction products formed. The following general points 

may be elucidated from the published data,
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i) in the presence of lime and water, high alumina 

pozzolanas react to form C-S-H gel and hydrogarnet, and 

in some cases particularly at normal temperatures, 

unstable hexagonal plate calcium aluminates are also 

formed,

ii) the initial reaction results in the formation of a 

hydrated amorphous Ca-Si-Al-containing layer around each 

pozzolanic particle. Subsequently, the layer ruptures and 

C-S-H gel and hydrogarnet (or hexagonal plate aluminate 

hydrates) are precipitated. A high silica concentration 

appears to facilitate the nucleation of hydrogarnet, 

iii) when gypsum is present, ettringite forms very 

rapidly and subsequently monosulphate is formed. The 

final reaction products are C-S-H gel and monosulphate 

together with, in some cases, residual ettringite. No 

hydrogarnet is observed.

2.5 Expansion, strength and ettringite formation 

A large proportion of the information relating to the 

effect of sulphates on expansion and strength in 

cementitious systems is related to Portland cement. Lerch 

[55] made an early study on the effect of 803 on the rate 

of hydration of twelve Portland cement clinkers and 

measured the contraction on drying of specimens in air at 

24°C and 50% r.h., and their compressive strength. He 

found that strengths were increased by 20-50% and 

contraction decreased by 30-50% by the addition of
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gypsum. The optimum gypsum content for maximum strength 

(found to be 2-4%) corresponded approximately with that 

for minimum contraction. Gypsum additions above this 

level resulted in strength reduction and increased 

contraction. Work by Jelenic et.al.[56] generally confirm 

these observations showing that a peak occurs in the 

strength of OPC-gypsum paste at a level of 2-4% gypsum 

addition, the peak also occurs at higher sulphate 

contents for longer curing times.

Slump loss and high water demand in fresh concrete, and 

expansion in hardened concrete, are generally accepted as 

being associated with ettringite formation. However Mehta 

[35] points out that the change in volume due to 

ettringite formation, relative to the volume of the 

original reactants, produces a small reduction (-7.5%) in 

total volume and not an increase, e.g.

C3A + 3CSH2 + 26H   C3A.3CS.H32 

molar volume =89 + 223 + 468  »- 725
\

(mol.wt./sp.gr.)

780  >• 725 eq.2.5

Mehta therefore proposes in another report [57] that 

colloidal amorphous ettringite, formed in solutions 

saturated with Ca(OH)2/ is responsible for the expansion 

by absorbing large quantities of water, in a similar
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manner to that observed in certain swelling alkali silica 

gels.

Mehta supports this hypothesis by demonstrating that in a 

humid environment, substantial expansion of cement paste 

continues to take place beyond the time at which 

crystalline ettringite has ceased forming. This view is 

confirmed by Negro and Bachiorrini [58] who studied the 

expansion of hydrated mixtures of C3A, CSH2, CH and S at 

various temperatures (22-60°C). The object was to 

determine whether expansion was caused by formation of 

colloidal ettringite or as a result of the conversion of 

C4AH-J9 to C3A.C£.H-)2 in the presence of lime and gypsum. 

They found that increasing the hydration temperature 

facilitated the formation of colloidal ettringite, 

monosulphate being formed only after the expansion had 

reached its maximum value. This contradicts the view of 

Chatterji and Jeffery [59] who have attributed the major 

expansion as being due to monosulphate formation. 

Although expansion of cement in the presence of sulphate 

is clearly associated with C3A hydration and ettringite 

formation [40,60-63], it may not however be the only 

contributor to expansion. The existence of an optimum 

gypsum content for maximum strength has been suggested by 

Soroka and Abayneh [64] to indicate the occurrence of two 

opposing mechanisms,

35



i) A beneficial mechanism involving acceleration of the 

hydration of the silicate phases in the early stages of 

cement hydration [65-69].

ii) An adverse mechanism involving formation of internal 

cracks due to excessive amounts of ettringite formation 

above a critical sulphate level [65].

However Soroka and Abayneh [59] point out that sulphate 

expansion due to ettringite formation can only partly 

explain the deleterious effect on strength, as similar 

behaviour is observed for  38 and alite pastes [65-67] 

where clearly ettringite cannot form. Kalousek and 

Kopanda [65] attribute the adverse effect on the strength 

to the formation, in the presence of gypsum, of a C-S/£-H 

gel, the greater the £ substitution level the greater the 

expansion of the gel. Bentur [66] observed that for a 

given degree of  38 hydration, increased gypsum content 

leads to an increased Ca/Si ratio (1.88-2.26) and an 

increased S/Si ratio (0-0.13) for the C-S-H gel. He 

interprets the optimum effect of gypsum on the strength 

as being due to a combination of the accelerating effect 

of gypsum on the hydration of the silicate phases, and 

the reduction in intrinsic strength of the gel as its C/S 

ratio and £/S ratio increase at greater ages and 

increasing gypsum contents. This increase in gypsum 

content increases the amount of gel formed at a given 

time but decreases the intrinsic strength of the gel.
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This is however contradicted by Soroko and Relis who in 

an earlier paper [70] claim that the presence of gypsum 

results in the formation of a denser, stronger and better 

quality gel. In another later publication [64] however 

Soroko and Abayneh claim that improved strength with 

increased 803 content can be related neither to the 

quality of the gel as reflected in the density of the 

hydration products, nor to differences in pore size 

distribution. Although the authors demonstrate a close 

relationship between compressive strength and porosity, 

they claim that neither porosity nor gel quantity are 

related to 803 content of the cement. They found that the 

density of the hydrated cement paste and its pore size 

distribution were independent of 803 content. They also 

found that gypsum accelerated the rate of hydration of 

Portland cement when added below the optimum 803 content 

and retarded the hydration rate when added in excess of 

the optimum amount. However this in itself is not 

sufficient to explain the effect of gypsum additive on 

strength, in that gypsum containing pastes of the same 

degree of hydration, or with the same porosity always 

showed higher strength at higher gypsum content. This of 

course would be explicable, in terms of the Griffith's 

theory 15], if the gypsum containing cement paste 

exhibited a systematic refinement in pore size 

distribution with increased gypsum content which Soroka 

et.al. claim it did not. However interpretation of pore
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size distribution data is difficult as it must take into 

account a large number of practical and physical aspects, 

and observations can often be misleading. Soroka et.al. 

conclude that some other unknown factors must be 

operating, to give the results observed.

Very limited work has been carried out on the effect of 

gypsum on strength development and expansion in systems 

involving pozzolanic materials such as pfa, where a 

similar relationship appears to exist between gypsum 

content and strength.

Huang Shi yuan [71] has examined the effect of additions 

of 2-8% of gypsum on the strength development and 

expansion of cement plus 20% pfa mixes cured at room 

temperature. He found that at up to 4% gypsum addition, 

there was initially a retardation in both strength 

development and hydration rate followed subsequently by 

strength enhancement and acceleration in the hydration 

rate.

With excess gypsum (>8%) hydration was retarded at all 

ages and strength was reduced. Also expansion 

measurements of the fly ash-cement-gypsum pastes stored 

in water for up to 360 days showed an increase in 

expansion with time as the gypsum content increased, the 

effect being particularly marked at long curing times for 

the high gypsum additions. He concluded that the addition 

of gypsum inhibits C$A hydration at early ages,
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accelerates the pozzolanic reaction and increases the 

amount of ettringite formed. In an earlier paper [24] 

relating to the effect of gypsum on the strength 

development of lime-fly ash paste cured at elevated 

temperatures, Huang Shi yuan suggested that in this 

particular system formation of the weaker hydrogarnet 

phase is prevented by addition of gypsum and hence 

strength is increased.

Kawamura et.al. [22] claimed that the hardening of a 

moist compacted bituminous ash (which contained free lime 

and anhydrite) principally resulted from ettringite 

formation. For moistened compacted bituminous ash-lime- 

gypsum mixtures cured at 20°C for up to 90 days they 

found a direct relationship between the strength 

developed and the amount of crystalline ettringite 

(determined from X-ray diffraction analysis) which 

formed. They suggested that the needle-like crystals of 

ettringite on the surfaces of the fly ashes particles 

contribute to the strength development of the compacted 

mixtures, by densification of their structures. 

Although a large amount of work has been carried out on 

the effect of gypsum additions on the behaviour and 

properties of hydrating cementitious systems particularly 

for OPC, the situation remains confused and there still 

appears to be no general consensus regarding the 

mechanism by which gypsum additions modify the 

cementation process. This may of course be different in
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different systems (e.g. OPC, OPC-pozzolana, lime- 

pozzolana) and under different conditions of temperature 

and humidity. There does however appear to be one common 

trend, that is in cementitious systems that are either 

silica based or silica and alumina based, additions of 

gypsum produce strength enhancement at low levels (0- 

4wt.%) and a decline in strength at higher levels 

(>4wt.%).

In conclusion, the following points relating to the 

effect of gypsum additions may be deduced,

i) There appears to be a general consensus that formation 

of colloidal amorphous ettringite is responsible for 

expansion in sulphate-containing hydrating cement 

systems, although a number of authors still ascribe to 

the hypothesis that either formation of crystalline 

ettringite or crystalline monosulphate is the main cause 

of expansion.

ii) Sulphate expansion is however not solely due to 

ettringite formation as a similar effect is observed in 

the hydrating calcium silicate-gypsum system where 

ettringite cannot form.

iii) Although gypsum retards hydration of C3A in cement 

it accelerates hydration of the silicate phases. Also the 

presence of gypsum results in the formation of a sulphate 

substituted gel with an increased C/S ratio.
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iv) Two opposing mechanisms appear to contribute to the 

strength development of hydrating cement in the presence 

of gypsum, one beneficial and one adverse. The exact 

nature of these mechanisms is however disputed. Suggested 

beneficial effects of small (2-4%) gypsum additives are,

a) acceleration of the hydration of silicate phases,

b) formation of a better quality of gel,

c) formation of a greater volume of gel giving more 

effective space filling.

Suggested adverse effects of large (>4%) gypsum additions 

are,

a) retardation of the hydration of the silicate phases,

b) formation of an inferior gel,

c) formation of an expanding gel leading to micro- 

cracking.

v) A similar optimum effect of gypsum content on strength 

occurs in lime-pozzolana systems. Whether the mechanism 

is the same is unknown. It has however been suggested 

that the strength increase on addition of gypsum is due 

to it preventing the formation of the weaker hydrogarnet 

phase.
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2.6 Plan of the current work

The general background information on pfa, lime and 

gypsum presented in Chapter 1 together with the 

literature review presented above indicate that in order 

to achieve the aims of the work outlined in Section 1.5, 

an overall understanding is required of the manner in 

which the system variables influence the reaction of pfa- 

lime-water both with and without gypsum.

The work reported by other investigators and outlined 

above also indicates that in order to achieve this 

understanding, detailed studies have to be carried out 

using a wide range of different analytical techniques. 

Since the principal aim of this work is to achieve high- 

strength, durable, low-temperature-cured and short-time- 

cured pfa-lime materials, the development of compressive 

strength will be used as the main criterion for planning 

the progress of the research work. Groups of specimens 

showing pronounced strength development will then be 

selected for detailed analytical study.

The review presented above also indicates that pfa reacts 

with lime to produce cementitious C-S-H and C-A-S-H gels 

which are mainly responsible for the gain in compressive 

strength. Elevated curing temperatures have a marked 

effect on improving the compressive strength either by 

increasing the amount of cementitious gels formed or by 

improving their quality.
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However in the presence of gypsum, crystalline ettringite 

is expected to form. This, as discussed above, appears to 

have a marked effect on the reaction products, reaction 

mechanism and expansion of the hydrating cementitious 

system. The particle surface studies on the pfa carried 

out by other workers and discussed in Section 1.2.2, 

indicate that gypsum or anhydrite may be present at 

various levels on the pfa particle surfaces. This 

undoubtedly will have a great influence on the pfa-lime 

reaction. Hence a detailed study of the behaviour of the 

ettringite and the manner in which it affects the 

reaction mechanism and the expansion is required.

In order to achieve these various objectives the 

following plan of work is proposed,

i) An evaluation of the strength development of samples 

made from pfa plus various amounts of added lime and 

cured at different elevated temperatures. The overall 

costs of making these materials necessitate that the 

levels of added lime are to be kept as low as possible 

(in this work up to 25% of the weight of the pfa) and 

that the elevated curing temperatures be kept below 100°C 

(in this work 50°C, 75°C and 95°C) to avoid the use the 

high pressure steam curing or autoclaving. At this stage 

the optimum amount of added lime for which reasonable 

compressive strengths can be achieved at relatively short
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curing times (for example no more than 24 hours) will be 

determined.

ii) Once the optimum value of lime addition is 

determined, detailed analytical work will be carried out 

using a wide range of analytical techniques (see Chapter 

3) to study the effect of curing temperature on 

microstructural development and on the pfa-lime reaction. 

This will be achieved by following the reaction from 

short curing periods of a few hours to prolonged curing 

periods of up to 28 days. It will involve (in addition to 

strength evaluation and expansion measurements during 

curing) determination of the rate of lime consumption 

during curing, identification of the various crystalline 

and non-crystalline reaction products formed during 

curing, and where possible determination of the amounts 

of these reaction products and their rate of formation or 

in some cases decomposition.

iii) Once the effect of curing temperatures has been 

evaluated an optimum curing temperature will be selected 

and the effect of gypsum content on the strength 

development will be studied in detail. This will involve 

the addition of increasing amounts gypsum in order to 

determine whether there is an optimum gypsum content 

which will give maximum strength gain. The same 

analytical techniques as in stage (ii) above will be used 

to follow the reaction from curing periods of a few hours 

to up to 28 days. As the pfa may itself contain small
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levels of gypsum or anhydrite (see Section 1.2.2) if this 

is detected a method will be devised to remove the 

sulphate without affecting the general morphology or the 

composition of the pfa itself. The effect of such removal 

(if found necessary) will be studied by following the 

reaction of the "treated" pfa with the lime.

The results obtained from the above three stages should 

give a clear indication of the manner in which the 

various parameters involved in the cementation reaction 

influence the development of the compressive strength of 

pfa-lime mixtures. They should confirm or refute the 

various observations made by other workers and also 

contribute to the knowledge and understanding of the pfa- 

lime reaction. A model of the pfa-lime reaction under 

different conditions will be proposed.
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CHAPTER THREE 

EXPERIMENTAL TECHNIQUES AND METHODS

3.1 Compaction tests

The initial part of the experimental work involved an 

investigation of the compaction characteristics of pfa 

and lime mixtures in order to determine the optimum 

moisture content at which maximum dry density can be 

achieved. As one of the major aims of this work is to 

produce a high strength pfa-lime material (see Section 

1.5), the attainment of maximum dry density is an 

important requirement, if minimum porosity is to be 

achieved after reaction. To maintain consistency it is 

therefore necessary to employ a standard compaction 

technique in order to reliably establish the general 

trends and behaviour of these materials when different 

mix proportions and moisture contents are used. 

The compaction test adopted in this work was the standard 

Proctor compaction test (BS 1377: 1975). The test employs 

a 2.5 kg ram and a British standard (105 mm internal 

diameter) mould. The material was placed in three equal 

layers in the mould and each layer was subjected to a 

total of 25 blows by the ram from a height of «300 mm. 

The British standard (BS 1377: 1975) does not specify 

whether the same mixture of lime and pfa can be reused
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for subsequent compaction trials or whether a new mix

must be made up for every test. However the American

standard ASTM C 593-76a does allow the original sample to

be reused. A number of subsidiary experiments were

carried out which indicated that reusing the same mix can

lead to higher values of dry density than those obtained

from a fresh mix. This is because when a mix is compacted

it becomes difficult when breaking it down for reuse to

ensure that the mix is completely broken down before

adding another increment of water. Hence, reusing a

previously compacted mix may lead to some parts of the

sample being overcompacted thus yielding an enhanced dry

density. Therefore every individual point on the

compaction curves obtained in this work was obtained from

new freshly mixed material.

Uncompacted mixtures of pfa and lime which were left in 

sealed containers for the duration of the compaction test 

period («20 minutes) and then compacted, gave exactly the 

same compaction results as those compacted in the normal 

manner. This establishes that any reaction of the pfa 

with lime which may have occurred at room temperature 

during the period of the compaction test has a negligible 

effect on the dry density obtained.

The mixtures tested in this work consisted of pfa plus 

Owt.%, 5wt.%, 10wt.%, 15wt.%, 20wt.%, and 25wt.% of added 

lime. All percentages are expressed in terms of the dry 

weight of the pfa.
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After establishing the compaction curves for the

different mixes and determining in each case the optimum

moisture content to produce maximum dry density,

additional compaction tests were carried out using

superplasticiser additives. This was done with the object

of obtaining improved particle packing and hence further

increase in maximum dry density. The range of

superplasticiser additives investigated were 1wt.%,

3wt.%, 5wt.%, and 8.5wt.% based on the dry weight of the

pfa.

3.2 Specimen preparation and curing

The pfa (as obtained from the supplier) was mixed with 

5wt.%, 10wt.%, 15wt.%, 20wt.%, and 25wt.% of added lime, 

all percentages being based on the dry weight of the pfa. 

The amount of distilled water added was that determined 

from the compaction results and corresponded to the 

moisture content value required for maximum dry density. 

The pfa was weighed into the mixing bowl, agitated to 

break up any agglomerates and then the required quantity 

of lime was weighed out into the bowl. Mixing was 

initially carried out dry by hand using a spatula until 

no visible signs of lime particles remained. This was 

followed by automatic mixing during which the required 

amount of water was gradually added. The mixer used 

throughout the work was a Kenwood Chef and the mixing
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bowl was provided with a protective cover to prevent loss 

of the fine pfa particles during mixing.

Many subsidiary experiments were carried out, to ensure 

that a homogeneous mix was obtained and that the degree 

of water loss during mixing time was negligible. This was 

necessary to ensure that the samples achieved the 

required moisture content to give maximum dry density, 

when moulded after mixing. Hence moisture contents were 

monitored at different intervals during the mixing 

period. It was found that a total of 6 minutes was 

required to obtain a homogeneous mix, this being 

interrupted every 2 minutes by breaking up the mix by 

hand using a spatula. This mixing cycle was found to 

produce negligible moisture loss. It must be noted that 

the water added at this stage was added principally as a 

compacting aid rather than a reactant. The subsequent 

curing environment adopted in this work (discussed below) 

allows the specimens to gain or lose moisture during the 

reaction period.

The mix was compacted into standard cylindrical moulds of 

50.7 mm in diameter and 103 mm long in accordance with BS 

1924: 1975. The weight of the mixtures compacted was in 

each case that required to achieve maximum dry density. 

The moulds were initially lubricated with oil and the 

mixture was added in three layers of approximately equal 

length, each layer being compacted using a perspex 

plunger. The top surface of each layer was roughened
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with a spatula in order to ensure a continuity of bonding 

across the interface.

The compaction process was completed by fitting two 

standard size end caps to the ends of the mould and 

pressing these together in a hydraulic jack until the 

specimen was compacted to its required volume. Samples 

were left under pressure for approximately 2 minutes to 

allow time for particle rearrangement to take place and 

were then extruded using a perspex plunger. The pressure 

under which the samples were compacted was not recorded 

as their maximum dry and bulk densities achieved by 

compaction, were kept constant for each mix. They were 

weighed and their lengths were recorded using a specially 

made jig with a dial gauge capable of measuring the 

length to 0.01 mm. After measurement, the samples were 

placed in their curing environment. Plate 3.1 illustrates 

the equipment employed for mixing, pressing, and length 

measurement.

The specimens were cured at different temperatures and 

for different periods. The curing chambers consisted of 

desiccators in which the desiccant had been replaced with 

de-ionised water, the water level being located slightly 

below the metal mesh support on which the compacted 

specimens were placed. This ensured near 100% relative 

humidity at all curing temperatures. The chambers were 

placed in ovens set at the required curing temperatures 

which were 50°C, 75°C, and 95°C. Soda lime or "Carbosorb"
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was placed in a small container on the metal mesh in 

order to ensure minimum carbonation of lime during 

curing.

The water level in the chambers was checked periodically 

to avoid drying out. When the specimens had completed 

their required period of curing, they were removed from 

the chambers and allowed to cool in air at room 

temperature for 1 hour. They were then weighed and their 

lengths were recorded subsequent to carrying out further 

tests.

3.3 Unconfined comoressive strength

After being cured for the required period of time, the 

specimens were tested for unconfined compressive 

strength. They were first gently abraded at both ends 

using fine abrasive paper to remove any minor surface 

protrusions, and a self-levelling cap (see Figure 3.1) 

was placed on the upper surface in order to ensure a 

uniform distribution of load on the surface and reduce 

the possibility of localised stress.

The machine used for testing the specimens was a 200 KN 

Instron testing machine (model 1251) and the strain rate 

at which the compression was applied was chosen to be 1 

mm/min. This was kept constant for all the specimens 

tested throughout this work. The maximum load at which 

failure occurred was recorded and the compressive 

strength was calculated. At least 3 specimens were tested
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for each condition. If the values obtained differed by 

greater than 10%, further specimens were prepared in 

order to obtain consistent and representative strength 

values. Samples were taken from the debris of the failed 

specimens and tested using the different analytical 

techniques explained later in this chapter. Where 

possible samples were taken from three different levels 

along the specimen's length.

3.4 Analytical techniques 

3.4.1 Introduction

The analytical techniques employed in this work were 

selected in order to provide details of the processes 

taking place during the reaction period, with the object 

of determining the mechanism by which strength develops 

in cured pfa-lime materials. Each technique employed 

provided specific information on a particular aspect of 

the changes which occur during curing, and the 

combination of the techniques employed was aimed at 

building up a complete picture of these changes. 

The analytical techniques were used for the 

identification, characterisation, and in some cases 

quantification of the different phases formed during the 

reaction and to follow the microstructural changes. Some 

of the results obtained were qualitative and some were 

quantitative. Table 3.1 lists the analytical methods used 

and the form of results obtained from them.
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Although it is essential when using such techniques to 

understand the principles, advantages, and limitations of 

each technique used it is outside the scope of the 

present work to discuss these techniques in great depth 

and detail. The following sections therefore cover each 

technique to the level and breadth appropriate to the 

purpose for which it was used in the current work.

3.4.2 X-Rav powder diffraction (XRD)

This is a relatively old and well established technique 

for identifying the crystalline phases present in cement 

materials. It was used in this work mainly for 

identification but also for semi-quantitative 

determination of the relative amounts of crystalline 

phases formed. The principle of this technique is that 

when electromagnetic radiation passes through a periodic 

structure such as a crystalline solid, diffraction occurs 

and the solid can be identified from its characteristic 

diffraction pattern.

Figure 3.2 shows the geometrical representation of such 

diffraction. Radiation of a known wavelength is scattered 

in all directions by the atoms in the structure. 

Interference occurs between the scattered rays from 

adjacent atoms but it is only in particular directions 

that the scattered rays interfere constructively and a 

diffracted wave is produced. This occurs when the path 

difference between scattered waves is exactly an integral
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number of wavelengths, and is given by the equation n\ 

=2dsin9. If the atoms are considered to be lying on an 

infinite number of different sets of atomic planes 

defined by their Miller indices hkl then the equation can 

be written as :

^ = 2 dhkl sin 0hkl eq. 3.1

and is known as Bragg' s law. The d. spacings can be 

calculated from a knowledge of the wavelength of the 

radiation and by determining the Bragg angles ©hkl from 

the diffraction pattern.

In the present work where samples were polycrystalline, 

the powder method was employed. Two instruments were 

used, one at the Department of Earth Sciences in 

University College Swansea. This instrument was a 

Phillips diffractometer PW1050 and generator PW1140 with 

CoKa radiation of 0.179026nm wavelength operating at 35 

kV, 25 mA, with an Fe filter and a PW1965 detector. The 

powdered sample was placed in an aluminium holder and 

scanned at a rate of 1 degree (=20) per minute. The other 

instrument which was more advanced than the former was 

located at the CEGB research laboratories, Bedminister 

Down, Bristol. It was a Phillips diffractometer PW1729 

with a PW1710 generator linked to generator control video 

VT220 and recorder PM8203A. The diffraction peaks were
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recorded on a chart and the 3 spacings were calculated 

according to Bragg's law.

In addition to identifying the different crystalline 

phases formed from the observed <jl spacings, some semi- 

quantitative measurements were made in order to assess 

the relative changes in crystalline phase composition 

with curing time.

In order to perform a full quantitative analysis of the 

crystalline phases present using this technique, the 

accepted procedure would be to use an internal standard 

such as quartz. A fixed amount of the internal standard 

would be added to the mixtures under test and the 

intensities of particular diffraction peaks from 

crystalline components in the mixture would be determined 

relative to a selected diffraction peak from the internal 

standard. To obtain quantitative values of the 

crystalline phases present a calibration curve would 

first have to be produced from mixtures of the internal 

standard with different proportions of the crystalline 

phases which make up the unknown mixture.

However in the current work the pfa used already 

contained what were effectively its own internal 

standards in the form of crystalline quartz, mullite, 

magnetite, and haematite (see Section 4.3.2). Pfa is 

predominantly glassy, the amorphous phase taking up 

approximately 60-70% of the total (see Figure 1.1). The 

crystals of quartz and mullite are usually embedded
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within the glassy matrix and are very much less reactive 

than the glass itself [3]. When lime reacts with the pfa 

it is principally the glassy phase of the pfa which is 

involved in the reaction. This was confirmed by the fact 

that the diffraction peaks from the crystalline phases of 

the pfa, in cured pfa-lime mixtures, did not show any 

significant reduction in intensity with curing time. 

By comparing the relative intensities of selected 

diffraction peaks from the newly formed crystalline 

phases with those of either mullite or quartz in the pfa 

it was possible to monitor in a semi-quantitative manner 

the development of these newly formed phases as the 

reaction progressed. This proved very useful in 

monitoring both the formation and decomposition of 

crystalline phases during the curing process and in 

giving some indication of their relative amounts. It must 

however be noted that relative intensity values will be 

subject to errors due to sample variability, possible 

preferred orientation and instrument sensitivity.

3.4.3 Scanning and transmission electron microscopy and

energy dispersive X-rav analysis

The electron microscope operates using a similar 

principle to that of the light microscope, except instead 

of using visible light and glass lenses, the electron 

microscope employs an electron beam with magnetic and 

electrostatic lenses. Figure 3.3 presents schematic
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diagrams of both the TEM and SEM systems both linked with 

an energy dispersive X-ray analyser. The wave length of 

the electron beam is of the order of O.OOSnm which gives 

an immense resolving power. It can provide high 

resolution images, diffraction patterns and composition 

analyses which enable simultaneous investigations to be 

made of morphology, phase identity and chemical 

composition, within a single sample.

In SEM an electron beam bombards a very small area of 

surface, of the order 1Onm across and the beam scans over 

the surface of the .sample. The emitted electrons on 

reflection are collected and amplified thus enabling the 

display of the topographic image of the sample on a 

fluorescent screen (see Figure 3.3b). The magnification 

of the image is related to the ratio of the scanned line 

on the video display unit (VDU) to that on the sample. 

The ability of the electron beam to be focussed to a 

significant depth of field makes the examination of rough 

surfaces possible using the SEM. However when non- 

conductive materials, such as pfa-lime mixtures are 

tested, the samples must be coated with a conductive 

layer which may be carbon, gold or chromium. This coating 

prevents charge accumulation on the surface of the sample 

thus minimising the thermal damage. The coating is 

deposited on the surface of the samples under vacuum 

before examination.
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The SEM used in this work was a Cambridge Instrument 

stereoscan microscope (model 8150), and was mainly used 

for microstructural examination and qualitative analyses 

of the cured pfa-lime mixtures under investigation. 

Fragments of fractured specimens were fixed with a 

conductive adhesive onto aluminium sample holders. The 

samples were then dried under vacuum and coated with 

approximately 10-20nm of evaporated gold before placing 

them in the microscope for examination. The operating 

voltage used was 30 kV. An EDAX system model 860 linked 

to the SEM was used for the qualitative analyses. 

Fracture surfaces were found to give much greater detail 

of the microstructure compared to polished surfaces. 

However the use of fracture surfaces does produce 

difficulties in obtaining reliable quantitative elemental 

analyses. This is because the back scattered electrons, 

travelling in straight lines in all directions, impinge 

on projections on the rough specimen surface in areas 

remote from the area under investigation and this causes 

secondary X-ray emission at these points. These remote 

sources of X-rays may be from areas of entirely different 

composition from the area being investigated, thus 

producing a false EDAX spectrum. Hence the use of very 

flat polished specimens is recommended when accurate 

composition analysis is required. However highly polished 

specimens give very limited data and if these are etched 

to reveal elements of the microstructure this again
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produces an uneven surface. Therefore in the current work 

the SEM was used mainly to observe the microstructural 

changes which occurred in the cured pfa-lime material and 

the EDAX analyser was used where appropriate as an aid to 

phase identification rather than for accurate elemental 

analysis.

Transmission electron microscopy (TEM) uses the same 

principle as that of SEM except that the electron beam 

passes through the sample. Samples must therefore be 

extremely thin (wO.2 urn). The transmitted electrons are 

collected and amplified to produce an image of individual 

particles on an fluorescent screen (see Figure 3.3a). In 

the diffraction mode diffracted electrons may be 

collected to produce diffraction patterns of crystalline 

particles and an EDAX analyser can be linked to the 

system to produce elemental analysis of the area enclosed 

by the electron beam. Thus morphological, structural and 

chemical data can be obtained.

The TEM has a much higher resolution than that of the SEM 

which has a limit of about 10nm. However the TEM requires 

more elaborate and careful sample preparation in order to 

ensure successful electron transmission.

The electrons in the TEM interact with the solid atoms in 

the thin sample and can be scattered with or without 

energy loss. The former case is associated with the 

generation of (a) characteristic X-rays, (b) secondary
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electrons, (c) Auger electrons, and (d) back scattered 

electrons.

The diffraction pattern of that part of the sample within 

the beam can be obtained in the form of a diffraction 

image or Laue pattern. In this case the electron beam 

acts in a similar manner to X-rays, in that a given 

electron, with velocity v and mass m, possesses an 

equivalent wavelength "X (^=h/mv, where h is Planck's 

constant). Thus diffraction will occur when the electrons 

equivalent wavelength is such that Bragg's law is 

satisfied (see Equation 3.1 above). The diffraction 

pattern of a single crystal consists principally of 

individual diffraction spots, each spot representing 

diffraction from a given crystal plane (hkl), whereas 

very fine crystalline samples which contain a large 

number of randomly orientated crystallites give typical 

diffraction rings around the central spot. A photograph 

of the diffraction pattern can be obtained from which the 

£ spacings (in nm) of each spot or ring can be calculated 

using the following simple relationship :

. 3.2)

Where,

L "\ = camera constant, in this work 2.663,

L = effective distance (mm) between the specimen and the

photographic plate, and,
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R = distance (mm) between a diffraction spot or ring 

(hkl) and the direct beam spot (000).

The TEM used in the current work was a JEOL-JEM-1OOC 

microscope linked to an EDAX 9100/60 system. The 

morphologies of the samples were examined using a bright 

field image, elemental analysis of the reaction products 

was obtained using the EDAX system and electron 

diffraction was also used, where possible/ to 

characterise the crystalline reaction products. The 

intensities of the characteristic X-rays displayed by the 

EDAX system were measured by electronically integrating 

the area under the relevant peaks and subtracting the 

background. These were then corrected automatically using 

the "QUANT" program which corrects iteratively for 

background and overlap and gives the relative molar 

proportions of the different elements present within the 

area of the sample bombarded by the electron beam. 

The samples were prepared by grinding the material first 

to a fine powder and suspending the powder in a methyl 

acetate colloidon solution. A drop of the solution was 

then placed on a carbon-coated copper grid, and when this 

solution evaporated, the particles remained trapped on 

the grid. Some of the particles were sufficiently thin to 

be transparent to the electron beam and could therefore 

be imaged and analysed in the TEM. There is clearly a 

danger that using this method of sample preparation,
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samples may not be truly representative of the whole

specimen, especially when elemental analyses are being

made. Therefore a number of grids were always made up

from samples taken from different parts of a specimen.

Also when elemental analyses were carried out on a

particular phase (e.g. the gel phase) at least 10

analyses were carried out in each sample investigated and

the average was then taken as being representative of

that phase. The EDAX was calibrated to monitor the seven

major elements thought to be playing a potentially

important role in the pfa-lime reaction. These were

calcium, silicon, aluminium, sulphur, iron, potassium,

and sodium. In some cases, minute traces of chlorine,

titanium and magnesium were also detected, but at the low

levels at which they were detected they were not

considered to have any significant role in the pfa-lime

reaction.

3.4.4 Thermal analysis

The thermogravimetric technique is based on the fact that 

certain physical and chemical changes occur, when solids 

or solid reactants are heated (or cooled). These often 

involve weight changes which can be monitored, and which 

provide valuable quantitative information regarding the 

progress of any reaction which may be taking place. 

During the hydration of cement for example a number of

62



chemical changes occur with time, the principal changes 

being,

i) the formation of C-S-H gel,

ii) the formation of calcium hydroxide,

iii) the formation of AFt and AFm phases,

iv) the carbonation of calcium hydroxide to give

Each of these compounds shows a weight loss over a 

specific temperature region due either to partial or 

total decomposition. The weight loss results from loss of 

water (dehydration or dehydroxylation) or carbon dioxide. 

From the thermogravimetric measurements, it is therefore 

possible to estimate, and in some cases accurately 

determine the amount of each phase which is present at 

different stages of the hydration process.

In the thermal analysis tests, the specimens are heated 

at a constant rate and the weight changes can be recorded 

in two ways,

(i) % weight loss against temperature (TG),

(ii) rate of loss in weight against temperature (DTG),

this being the derivative of the above curve in (i).

A weight change at a specific temperature produces a step 

in (i) and a peak (maximum) in (ii). The curves are 

useful in illustrating the manner in which the amount of
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any particular phase present changes with curing time, 

and also in providing reliable quantitative data giving 

the actual amounts of particular phases present. 

This technique requires a previous knowledge of the 

chemical compositions of the individual phases and their 

characteristic TG and DTG curves. In this work the only 

components involved were pfa, lime and gypsum, and the 

pfa contained small amounts of crystalline quartz, 

mullite, haematite and magnetite (see Section 1.2.2 and 

Figure 1.1). The pfa as implied by its name has been 

produced at very high temperatures and is therefore 

expected to lose negligible weight on heating. Lime and 

gypsum on the other hand both contain water, the former 

as hydroxyl and the latter as water of crystallisation 

and both have characteristic TG and DTG curves which have 

been widely reported in the literature [1]. 

Therefore, if no immediate reaction occurs when lime is 

added to pfa in the presence of moisture, the weight 

changes expected to be observed on the DTG curves are,

1) a broad low temperature weight loss band below 100°C 

due to the loss of free water.

2) a weight loss band due to dehydration of gypsum (which 

is either present in the pfa or added deliberately) in 

the temperature region of 120°C-190°C [75].
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3) a weight loss band due to dehydroxylation of the 

hydrated lime in the temperature range of 450°C-550°C 

[11.

4) a weight loss band due to decomposition of the CaC03 

present in the lime in the temperature range 650-800°C 

[11.

5) a very small continuous loss in weight throughout 

heating due to loss on ignition of the pfa.

There are however a number of factors which influence the 

particular values of the peak temperatures observed on 

the DTG plots. These are :

(a) the amount of sample being tested

(b) the heating rate,

(c) the particle size of the sample,

(d) the furnace atmosphere,

(e) the degree of crystallinity of the compound being 

tested.

In order to ensure consistency in the results the above 

factors must, where possible be standardised. 

The thermal analyser used in this work was a Perkin-Elmer 

model TGS-2. The instrument consisted of three principal 

parts, the furnace, the balance, and the recorder. The 

balance was sensitive to 0.0001 milligram and the 

sensitivity of the DTG was kept at the maximum allowable
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setting of 0.1 mg/°C. The samples were heated in a dry, 

C02-free nitrogen atmosphere. The nitrogen gas was passed 

first over silica gel and then over "Carbosorb" before 

entering the furnace. The heating rate was fixed at 

20°C/minute and the nitrogen flow rate at 40 cm3 /min. The 

sample weight was chosen to be around 9-11 milligrams. 

These parameters were kept fixed throughout the work in 

order to eliminate any effects their variability might 

produce as discussed above.

One difficulty encountered was the initial continuous 

loss in weight of powdered specimens because of the loss 

of free water when the specimens were placed in the 

initial environment of the thermal analyser . This made 

it difficult to establish an initial weight for the 

specimen.

To overcome this, the samples were left for at least one 

hour in the initial environment at 30°C until equilibrium 

was reached between the sample and its immediate 

environment and no further weight loss was detected. The 

weight of the sample was then recorded and taken as the 

initial weight. When the samples reached the maximum 

selected operating temperature (830-860°C in this case) 

the weight was again recorded and was taken as the final 

weight, the total weight loss being the difference 

between these two weights.

Taylor [76] argued that with cements it is essential to 

express the TG weight loss results in terms of volatiles
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bound per unit weight of ignited residue, and not in 

terms of the initial weight, because the starting point 

for the latter is arbitrary. He reported typical hydrated 

cement TG data for C-S-H gel, monosulphate, ettringite 

(natural), lime, and CaCC>3 which are given in Figure 3.4. 

A similar approach was followed in the present work. 

The maximum operating temperature of 860°C was chosen 

because at this temperature all the known hydrate phases 

have fully dehydrated and any CaC03 present has 

decomposed. Thus at around 860°C negligible weight loss 

was observed (see for example Figures 6.13-15). At higher 

temperatures (900-1000°C) additional weight losses 

complicate the situation. These additional weight losses 

are probably a result of partial reduction of some of the 

oxides present in the pfa (such as haematite) by the 

residual carbon, which is present in the pfa due to 

incomplete combustion of the coal (see Section 1.2.2). If 

included in the calculations this would introduce an 

additional source of error.

The initial weights of reactants in the cured samples 

were all based on the original weight of the pfa. 

Therefore the amounts of residual reactants present after 

curing and the amounts of the new phases formed 

(determined from TG analysis) must also be based on the 

original weight of the pfa in order to make the values 

directly comparable.
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This was achieved by using in all calculations the final 

dry weight of the specimen after TG analysis, rather than 

the initial moist weight which showed a high degree of 

variability. The method adopted in the current work to 

carry out mass balance calculations is given in Appendix 

1 .

Eguations 7 and 9 of Appendix 1 assume that the 

proportion of lime and gypsum present in the small 

samples selected for TG analysis is exactly the same as 

that in the bulk specimens. However specimen variability 

could clearly produce a considerable source of error. 

Therefore at least two samples were tested for each case 

under investigation. The results of the calculations were 

then averaged. However where discrepancies of more than 

5% arose in the calculated results additional tests were 

performed until the degree of variability in the results 

fell within this level.

An important feature of equations 7 and 9 in Appendix 1 

is that they show that the calculated original weight of 

the pfa is not sensitive to small changes in the level of 

carbonation of the lime. A difference of «5% (of the 

weight of the lime) in the carbonation level produces a 

difference of only «0.17% in the calculated weight of the 

pfa.

Thermal analysis has been used extensively by a number of 

workers to follow the changes occurring, and the phases 

produced, in hydrating cementitious systems. It is
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therefore useful to summarise these data where they 

relate directly to the phases formed in the current work. 

Table 3.2 gives the dehydration and dehydroxylation 

temperatures (observed by other workers) corresponding to 

the maximum decomposition rates for hydrate phases of 

particular relevance to the current work. The thermal 

analysis techniques include differential scanning 

calorimetry (DSC) and differential thermal analysis (DTA) 

in addition to TG and DTG.

The table illustrates the high degree of variability of 

observed decomposition temperatures for specific phases, 

which is almost certainly due to variability in both the 

experimental conditions and the nature of the specimens 

used. However, decomposition temperatures for most phases 

do fall within a reasonably well defined temperature band 

with the exception of ettringite, the reported 

dehydration temperature of which ranges between 70°C and 

160°C. This is probably a result of the variability in 

the form of crystalline ettringite which can occur, i.e. 

from highly crystalline laths or needles, to short 

hexagonal prisms extending to a completely colloidal 

form.

These observations therefore illustrate that the use of 

thermal analysis for identification of phases must be 

used with caution and must always be supported with a 

variety of other analytical methods.
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3.5 Permeability, oorositv and pore size distribution

techniques 

3.5.1 Permeability

The permeability of cured pfa-lime composites, like that 

of concretes, is not a simple function of their porosity 

but depends also upon the size, the distribution, and the 

continuity of the pores [86]. Also the permeability of 

such materials will vary with the progress of the 

reaction and it is expected to decrease as the products 

formed during the reaction fill the spaces initially 

occupied by the water [5],

At advanced curing ages the permeability will depend upon 

the amounts, form, and distribution of the reaction 

products and whether or not pores have become 

discontinuous. Thus permeability measurements will 

provide information relating to the development of the 

reaction products [5].

The flow of water through cementitious materials is 

fundamentally similar to its flow through most porous 

media. The flow rate is governed by the permeability of 

the material, the hydraulic gradient across the specimen 

and area of cross section of the specimen [5]. The 

relationship between these parameters is given by Darcy's 

law :
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q = K x i x A (m3 s_i) eq. 3.3 

Where

q = flow rate (m^s"^)

K = coefficient of permeability (ms~ 1 ) 

i = hydraulic gradient ; head loss dH over specimen

length L (m) 

A = cross sectional area of the specimen (m2 ).

The apparatus used for the measurement of the 

permeabilities of the cured cylindrical pfa-lime 

specimens in this work is shown in Figure 3.5. The system 

was originally designed by Arabi [72] for measurement of 

the permeabilities of cured soil-lime composites. It 

consists of a triaxial cell containing the specimen, to 

which a constant head is applied. Two layers of rubber 

membrane were used to cover and seal the cylindrical 

surface of the specimen, and two perspex caps were placed 

on the top and the bottom of the specimen to allow inflow 

and outflow of water. Specimens were fully saturated by 

immersing in distilled water for at least 2 days before 

testing.

Rubber "O" rings were used as shown to prevent the 

occurrence of any leakage along the interface between the 

rubber membrane and the specimen surface. The apparatus 

was checked before the start of every test by temporarily 

replacing the upper perforated cap by a blind cap.
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Pressure was then applied for a period of 1 hour and if 

observable movement of water in the burette occurred over 

this period, the test was discontinued and checks were 

made on the specimen, the rubber membrane, and the "0" 

ring seals.

The specimens were weighed and their lengths were 

recorded before and after the test. The pressure used 

throughout the tests was 200 KN/m2 (2 bars) and the flow 

through the specimen was allowed to reach a steady state 

before the flow rate was recorded. The time to reach 

steady state conditions was found to depend largely on 

the curing time of the specimens, for examples it took 3 

hours to reach the steady state with specimens cured for 

24 hours at 95°C but more than 16 hours for samples cured 

for 28 days at 95°C.

On reaching steady state conditions readings were taken 

of the movement of water at convenient intervals of time 

from which the flow rate (in m3 /s) was determined. The 

permeability was then calculated using the following 

equation :

q x L 

K = ——————————— (ms~ 1 ) eq. 3.4

A x dH

Where,

K = coefficient of permeability (m/s),

q * flow rate (m3 /s),
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L = length of the sample (m),

A = cross sectional area of the sample (m2 ),

dH = head loss (m), in this case equal to 20 m water head

(=2 bars).

The equation assumes a constant viscosity for water of 

10~ 3 N.s/m2 at 20°C. Any substantial change in 

temperature will affect the viscosity of the water and 

modify the flow rate thus leading to errors in the 

permeability values. Care was therefore taken to make 

measurements at approximately the same temperature for 

each specimen and the ambient temperature was recorded 

throughout the tests.

3.5.2 Porosity and pore size distribution

Although permeability measurements can give some 

indication of the nature of the microstructural changes, 

which are occurring in a solid, changes in microstructure 

cannot be fully understood solely by monitoring 

permeability. Permeability is influenced not only by the 

total volume of open or capillary porosity within a solid 

but also by the relative pore size and pore size 

distribution [86].

It has been established that permeability is influenced 

by a number of different factors which include pore size, 

pore volume, pore anisotropy and pore tortuousity 

[86,87]. In cementitious systems the reduction in
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permeability during hydration results from the formation 

of cementitious gel which produces a change in pore size 

distribution towards much finer pore sizes as gel 

formation increases [53,88-91]. There is also normally a 

reduction in total porosity, although in some cases (e.g. 

cured clay-lime systems) porosity has been found to 

increase slightly as curing time and hence gel content 

increase [92,25]. In systems where there is a wide 

distribution of pore sizes, permeability is determined 

principally by the volume of the large pores, as very 

fine pores make a negligible contribution to flow. 

As gel pores are very fine (typically 1-50nm) 

cementitious gel can be considered as extremely 

impermeable. Thus, as increasing amounts of gel are 

formed in cementitious systems, the gel blocks off the 

larger pores, the pore size distribution shifts to an 

increased population of finer pores [92] and the 

permeability decreases. Therefore the proportion of fine 

porosity provides an approximate measure of the amount of 

gel which is formed. Thus porosity and pore size 

distribution measurements can give a better understanding 

and a clearer picture of the overall microstructural 

changes which are taking place within hydrating 

cementitious systems.

In the current work, Mercury Intrusion Porosimetry (MIP) 

was used to determine the porosities and the pore size 

distributions of selected pfa-lime specimens which had
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been cured under different conditions. The principle of 

the technique is based on the fact that a liquid with a 

contact angle of more than 90° is able to enter into 

small pores, when the surface tension of the liquid is 

overcome by the application of external pressure [87]. 

The relationship between the absolute pressure applied 

and the radius of pores intruded was established by 

Washburn [93] and is given by the following equation,

P = (-2 V cos 0) / r eq. 3.5

where P is the applied pressure required for intrusion, y 

the surface tension of mercury, 0 the solid-liquid 

contact angle, and r the radius of the pore that is 

intruded at pressure P.

Given that the surface tension of the mercury at 25°C is 

equal to 0.48 N m~^ and the contact angle of the mercury 

is about 140° [87], the above equation approximates to

7500 

r = —_—— eq. 3.6

where r is in (nm) and P in (kg/cm2 ).

The values of the surface tension and the contact angle 

for mercury are not known to a high degree of precision. 

Reported values of the surface tension of mercury vary
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from 0.432-0.515 Mirr [86,87], and the value of the 

contact angle between mercury and solid varies with the 

type of solid. However the degree of error introduced by 

these uncertainties would not be expected to be large, 

and in the current work which examines changes in pore 

size distribution within one specific type of material 

they would not have a significant effect on the relative 

values obtained.

There are however additional limitations to this 

technique which must be noted. These are:

i) Equation 3.5 is derived on the assumption of a 

cylindrical pore model, whereas in practice pores are 

seldom cylindrically shaped [87].

ii) pore damage may occur during the intrusion which will 

result in the observed porosity being overestimated [86]. 

iii) if "ink bottle" like pores are present, the intruded 

volume of mercury might be attributed to an incorrect 

pore size [87].

iv) the drying technique used may modify the pore 

characteristics of the sample. Because pores are often 

occupied by water the pore water must first be removed 

from the specimen by drying [87].

If the drying is not carried out carefully, it may result 

in rapid loss of interlayer and chemically bound water
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from the solid phases present, which may produce 

significant modification of the pore structure. 

The mercury porosimeter used in this work was a Carlo 

Erba model 70 instrument with a pressure range of 0-196 

MPa and pore radius range from 7500 to 3.75nm. Sample 

weights were recorded both before and after the test. The 

dilatometers used had a capillary diameter of 3 mm, the 

sample holder 10 mm. The samples were chosen to be around 

1.0 g in weight after drying.

During filling the dilatometers with mercury a separate 

test was carried out to measure the pore volume of pores 

larger than 7500nm diameter. This was achieved by 

evacuating the sample in the dilatometer down to 0.002 

mmHg (0.267 kN/m2 ) and then slowly filling it with 

mercury. The procedure involved increasing the pressure 

after evacuating by convenient increments up to 

atmospheric pressure and recording changes in surface 

level of the mercury in the neck of the dilatometer using 

a travelling microscope. After this initial test the 

pressure was increased from atmospheric up to the maximum 

operating pressure.

The mercury pressure (Rp ) and the mercury displacement 

(dHg) were automatically plotted on a circular chart as 

polar coordinates (r,0). A typical chart is presented in 

Figure 3.6. The corresponding mercury volumes were then 

calculated taking into account the compressibility of the 

mercury itself. The pore radii corresponding to the
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mercury pressures were calculated using the Washburn 

equation and the results are presented as plots of 

cumulative percentage pore volume against pore radius. 

As outlined above the drying technique used is critical 

and must be carefully chosen, as violent removal of water 

can result in significant changes in the pore structure. 

Two methods were selected, and these were compared for 

consistency and reproducibility. The methods were :

i) vacuum drying at reduced vapour pressure (denoted in 

this work as "v-drying"), 

ii) oven drying.

In the former method a chamber containing the specimen 

was continuously evacuated using a rotary pump and the 

water vapour pressure above the specimen was maintained 

at a very low level by incorporating a liquid nitrogen 

trap within the system. The specimens were dried to a 

constant weight. This method is denoted in this work as 

"vacuum drying".

In the oven drying method the specimen was dried to 

constant weight directly in an oven set at the 

temperature at which the specimen had previously been 

cured. In both methods "Carbosorb" was present in the 

immediate specimen environment to prevent any carbonation 

of the specimen during the drying process.
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CHAPTER FOUR 

ANALYSIS OF RAW MATERIALS

4.1 Characteristics of the lime

The lime Ca(OH)2 was obtained from ICI (U.K.) and is 

commercially termed "Limbux". It is a hydrated lime in 

the form of a fine powder prepared by carefully 

controlled hydration of quicklime CaO [94].

Typical chemical and grading analyses were provided by 

the supplier and are presented in Table 4.1. The 

carbonate present in the lime is due to the reaction of 

the lime with carbon dioxide in the atmosphere and is 

regarded as harmful to the characteristics of the lime. 

However it is practically very difficult to completely 

eliminate this reaction.

In the present work the lime was stored in sealed plastic 

bags enclosed in an outer bag containing "Carbosorb" to 

reduce the level of carbon dioxide in the immediate 

environment of the lime. The carbonation level was 

checked periodically by using TG and DTG analysis. Two 

distinctive weight loss peaks were observed, the first in 

the temperature range 450-550°C due to the 

dehydroxylation of the lime and the second weight loss 

peak at around 650°C which represents the decomposition 

of the carbonate (see Figure 4.1 for a typical DTG trace 

of the lime used).

79



The level of the carbonation in the lime used throughout 

this work was found to vary from 2.2wt.% to 5.6wt.% of 

its weight. The carbonation was taken into account in all 

mass balance calculations.

4.2 Characteristics of the crvpsum

The gypsum was supplied by Aldrich Chemicals Ltd as 

CaSO4.2H2O (98% purity). It was used in the form of a 

fine powder.

Figure 4.1 shows the DTG thermogram which exhibits a 

single and large weight loss peak at a temperature of 

approximately 182°C. The weight loss at this temperature 

is known (see Table 3.2) to be due to the dehydration of 

the gypsum which loses its two water molecules to become 

anhydrite CaS04. The purity of the gypsum was found, 

using DTG analysis, to be 99% which is in reasonable 

agreement with that specified by the supplier. 

Appendix 2 presents some standard data on the solubility 

of gypsum in water and in aqueous solutions of HC1. Also 

the dehydration behaviour under isothermal conditions is 

given. The data are useful in understanding the behaviour 

of the gypsum in relation to the current work.

4.3 Characteristics of the pfa

4.3.1 Basic properties

The pfa was supplied by Pozzolanic Lytag Ltd.(U.K.). The

source of the pfa was Fiddlers Ferry power station and it
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was collected during May 1985. According to the supplier 

the pfa complied with BS 3892:part 1:1972. A chemical 

analysis was provided by the supplier and is presented in 

Table 4.2. When compared with the reported range of pfa 

compositions given in Table 1.3 and discussed in Chapter 

1, it can be seen that the chemical composition of the 

pfa falls within the expected range, for most of the 

components present.

The density values of the pfa when in loose and compacted 

states (determined by weighing measured volumes of loose 

and compacted pfa) were found to be respectively 930 

Kg/m3 and 1172 Kg/m3. The specific gravity, determined 

using British standard method BS 1377: 1975, was found to 

be equal to Gs=2.38 i 0.04. These values are in agreement 

with the expected range reported in the literature and 

discussed in Chapter 1.

Two methods were used to determine the particle size 

distribution of the pfa. Sieve analysis (BS 1377:1975) 

was used to determine the size distribution down to 63 

urn, and a Coulter counter (model TA II) was employed to 

determine the distribution for particle sizes below 63 

urn. Using the two sets of data the particle size 

distribution was plotted as a grading curve of percentage 

undersize against particle size (see Figure 4.2). This 

shows that more than 89% of the pfa had a particle size 

of less than 63 urn. Approximately 35% of the pfa had a 

particle size within the range 10-20 urn and the
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uniformity coefficient Deo/D10 was of the order of 2.5, 

which suggests that the pfa had a similar particle size 

distribution to that of uniformly graded silt [96].

4.3.2 Mineraloqical composition and morphology 

It has been established by a number of workers [3,4,9] 

that pfa consists of approximately 60-80% of amorphous 

glassy material and 20-40% of crystalline material. The 

crystalline components which have been identified in U.K. 

pfa's by previous workers are (in decreasing order of the 

occurrence) mullite, haematite and magnetite, quartz and 

traces of carbon (see Figure 1.1). In the present work no 

attempt was made to quantitatively determine either the 

glass content or the amounts of crystalline components 

present. The crystalline phases were identified by X-ray 

powder diffraction analysis (Table 4.4a) as quartz, 

mullite, haematite and magnetite, in agreement with 

previous workers [3,4,9].

A weak diffraction peak at a d spacing 0.76nm was 

occasionally detected and was attributed to the presence 

of small traces of gypsum.

SEM work (see Plate 4.1) indicated that the pfa consisted 

mostly of glassy and spherical particles some of which 

were hollow and are termed "cenospheres".
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4.3.3 Surface deposits

The pfa used was found to be alkaline. Its pH when 20 g 

of it were suspended in 100 ml of distilled water and 

agitated for 24 hours at room temperature, was 10.45. The 

alkalinity is due to the release into solution of alkalis 

which are present on the surface of the pfa particles. 

This effect has been reported by a number of workers 

[12,16].

Addition to the pfa of 1wt.% of lime was also found 

sufficient to increase the pH value of the suspension to 

12.36 (20 g pfa + 0.2 g lime after 24 hours of constant 

agitation at room temperature) which is slightly below 

that of a saturated Ca(OH)2 solution. Figure 4.3 shows 

the relationship between the pH and the percentage of 

lime added for pfa-lime solutions.

The pH of pfa suspensions was also sensitive to both 

temperature and time. An increase in temperature produced 

a slight increase in the pH value from 10.45 after 24 

hours of constant agitation at room temperature, to 10.67 

after 1 hour of intermittent agitation at 95°C. The pH 

value was also found to increase with time. The pH 

readings of 20 g of pfa suspended in 100 ml of distilled 

water were found to increase from 10.00 to 10.51 after 

respectively 3 hours and 3 days of constant agitation at 

room temperature. These readings indicate that alkalis 

present on the surface of the pfa particles were rapidly
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released when water was added to the pfa and subsequently 

small amounts continued to be released with time. 

Flame photometry was used to determine the levels of the 

metal cations Na, K and Ca going into solution when water 

was added to the pfa. The solution was obtained by 

boiling a suspension of 600 g of pfa in 2400 ml of 

distilled water for 30 minutes. The solution was left to 

cool to room temperature and the pfa particles were 

allowed to settle out. The solution was then separated 

from the solid residue by carefully decanting it off. To 

determine the concentration of each particular cation in 

solution, an average was taken of three absorption 

readings, each reading taken from a separately made up 

solution. The concentration was then determined from 

standard calibration data, prepared using solutions of 

known concentrations. The results are presented in Table 

4.3. They show that, although there was known to be 

significant amounts of sodium and potassium present in 

the pfa (see Table 4.2), the amounts of sodium and 

potassium actually going into solution were extremely 

small. This confirms that these elements are mainly 

present in the pfa in an insoluble form and are probably 

incorporated within the glass network of the pfa 

particles. The amount of calcium going into solution was 

however much greater representing around 5wt.% (as CaO) 

of that which was present in the pfa (see Table 4.2).
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It has been reported [3,16,20,22] that a significant 

amount of the calcium present in "low-calcium" pfa is 

present as sulphate (either anhydrite or gypsum). However 

the pH of a saturated calcium sulphate solution is acid 

(pH 5) whereas the pH of the pfa suspension (see Figure 

4.3) was alkaline (pH 10.45), suggesting that some 

calcium may also be present in the pfa as free lime 

Ca(OH)2-

The amount of Ca(OH)2 required to raise the pH of a 

saturated solution (2 g/1) of calcium sulphate (as 

gypsum) to above pH 10 (see Figure 4.4) is very small 

indeed. A concentration of 0.034 g/1 of Ca(OH)2 (18.4 ppm 

of calcium) in a saturated solution of gypsum raises the 

pH from 4.9 to 10.3. Thus on this basis the proportion of 

calcium present in the moist pfa as free lime is likely 

to be very small. Clearly the determination of cation 

concentrations in the pfa suspension is not on its own 

sufficient to establish the presence or the amount of 

calcium sulphate in the pfa.

Positive evidence for the presence of calcium sulphate in 

the pfa was obtained from XRD analysis. Diffraction 

traces occasionally showed a very weak diffraction peak 

at 0.76nm (see Tables 4.4) which is the strongest 

diffraction line from gypsum. After moistening the pfa by 

mixing with approximately 11wt.% of distilled water, the 

peak intensity at 0.76nm increased slightly and 

additional lines corresponding to those of gypsum
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appeared at 0.378nm, and 0.306nm confirming the presence 

of calcium sulphate in the pfa. The absence of any 

diffraction lines from anhydrite in the dry pfa suggests 

that the calcium sulphate was present in an amorphous 

form. Also on moistening the pfa there was some 

indication of an extremely weak low angle ettringite 

diffraction peak at 0.973nm although the limited data 

available could not be taken as conclusive evidence of 

ettringite formation. Although X-ray diffraction 

positively confirmed the presence of calcium sulphate in 

the pfa it is an inappropriate technique for the 

quantitative determination of small amounts of trace 

compounds. Therefore thermogravimetric analysis (TG) was 

used to quantitatively determine the amount of gypsum 

present in the moistened pfa.

Figure 4.5a and Figure 4.5b show respectively the 

derivative thermogravimetric traces of the pfa as 

supplied and of the pfa moistened with approximately 

11wt.% of distilled water. For the pfa in its as- 

supplied-condition, the figure clearly shows that the pfa 

loses weight gradually as the temperature is increased. 

There is also a small broad unidentified weight loss band 

in the temperature region of 500°C-650°C which may be due 

to oxidation of residual carbon present in the pfa or to 

decomposition of traces of calcium carbonate, although no 

diffraction lines from calcium carbonate were observed in 

the XRD pattern of the pfa. The average total weight loss
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on ignition at 860°C was found to be 2.11wt.% of the 

initial weight of the sample. In the moistened condition 

a sharp peak appeared on DTG outputs at 142°C. From the 

XRD results and the DTG work on pure gypsum (see Figure 

4.1) this was identified as dehydration of gypsum. The 

much lower dehydration temperature (137°C-142°C) relative 

to that observed for pure gypsum (182°C (see Figure 4.1)) 

is attributed to its low concentration in the former 

case.

In order to determine the amount of gypsum present in the 

pfa, ten different samples were taken at random from 

different parts of the pfa consignment, moistened with 

11wt.% of distilled water, and analysed using DTG 

analysis. The average gypsum content was found to be 1.34 

+, 0.04 wt.% based on the weight of the pfa. This value 

is equivalent to an 803 content of 0.623wt.% (expressed 

as a percentage of the pfa) and accounts for 71% of the 

total 803 content of the pfa (see Table 4.2). The amount 

of gypsum detected was found to be sensitive to the 

particle size distribution of the pfa. The pfa was 

separated into 2 size fractions (larger than and smaller 

than 63 urn) and the amount of gypsum in each size 

fraction was determined. The smaller particle size 

material gave a gypsum content of 1.41wt.% and the 

larger particle size material 1.01wt.%. This indicates 

that the gypsum was mainly present on the surface of the 

pfa particles and was formed (on the addition of water)
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from a surface coating of anhydrous calcium sulphate. It 

confirms the suggestions of a number of previous workers 

[3,16,20,22] that calcium sulphate can be present on the 

surface of pfa particles.

There is no doubt therefore in the current work that the 

soluble calcium which is present at the surface of the 

pfa particles is present principally as calcium sulphate. 

In addition there are probably small levels of calcium 

present in the pfa as calcium carbonate and as calcium 

oxide. The latter could explain the XRD observations 

which suggest that very small traces of ettringite were 

formed on addition of water to the pfa at room 

temperature (see Table 4.4).

In the current work, the presence of a layer of calcium 

sulphate around the pfa particles might be expected to 

influence the reaction of the pfa with lime. Thus in 

order to determine in what manner if any this surface 

coating affects the lime-pfa reaction it was necessary to 

develop a method of removing it.

It has been shown (see Appendix 2) that hot solutions of 

hydrochloric acid markedly increase the solubility of 

calcium sulphate. Thus suspensions were made up of 600 g 

of pfa in 2400 ml of distilled water to which were added 

increasing amounts of concentrated hydrochloric acid. The 

suspensions were maintained at near boiling point for 

approximately 25 minutes, after which they were left to 

cool and the pfa particles were allowed to settle out.
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The solution was decanted off and distilled water was 

again added to the residue which was agitated and then 

allowed to settle. The solution was again decanted off 

leaving the moist residue. This was repeated at least 

five times to insure that all possible soluble sulphate 

had been removed. The moist residue was then dried in an 

oven set at 50°C for at least 18 hours. This process in 

all subsequent text is termed the "desulphurisation" 

process and the pfa treated in this way is termed 

"desulphurised pfa" or "D pfa". The level of any residual 

calcium sulphate (as gypsum) in the pfa was determined by 

TG analysis.

The DTG results using different concentrations of 

acidified solvent are given in Figures 4.5c, 4.5d and 

4.5e The thermograms show that above a critical 

concentration of 35 ml of concentrated HC1 in 2400 ml of 

distilled water, all the gypsum which was formed when the 

pfa was moistened, was removed by the "desulphurisation" 

process. On removal of the gypsum a broad weight loss 

band appeared at 81°C It is not possible by sole use of 

DTG analysis, to identify the component responsible for 

this weight loss. It may be due to the loss of surface 

water either adsorbed onto the freshly exposed surfaces 

of the pfa particles or present as newly formed colloidal 

alumino-silicate product on the highly activated pfa 

particle surfaces.
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Table 4.5 shows the concentrations of Na, K and Ca in the

initial decanted solution at this critical concentration

of HC1. Although the concentrations of Na and K in

solution increased significantly by acid treatment they

were still very small compared with the calcium

concentration which showed a substantial increase. This

supports the DTG observation that the acid washing

technique substantially increased the amount of CaS04

going into solution. Assuming that calcium sulphate was

the major source of soluble calcium in the pfa then the

calcium going into solution by the initial acid treatment

accounts for 77% of the 1.34wt.% of gypsum detected by

DTG analysis. The remaining 23% was subsequently removed

by the continued washing and decanting procedure.

Plates 4.1 and 4.2 compare SEM micrographs of the

original pfa and the "desulphurised" pfa. Although the

acid treated pfa particles tended to show a rather

sharper surface appearance, there was no obvious sign

that the "desulphurisation" process had resulted in

removal or partial removal of surface deposits from the

particles. This is in agreement with the results found by

other workers who used HC1 solution to "wash" the pfa

[3,20].

4.4 SEM and DTG studies of natural ettringite

Although this section is not directly concerned with the

characteristics of the raw materials, it is included here
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in order to clarify certain assumptions made in later 

chapters.

Crystalline ettringite C3A.3CSL.H32 according to Moore and

Taylor [97] has a hexagonal unit cell with cell contents

of 2[Ca6{Al(OH) 6 }2 (804)3 26 H2°]- The structure consists

of columns of composition [Cag{Al(OH)5)2 24 H2O] 6+ which

run parallel with the c. axes and between which run

channels containing [(804)3 2H2O] 6 ". Some of the channel

anion sites may be occupied by (C0j)^~ which can

partially replace (S04) 2 ~. Also the occupancy of the

sites in the water groups may well be variable. Most of

the molecular water (26H2O) is lost by heating below

110°C and the water bound to the aluminium as hydroxyl

(6H2O) is lost at higher temperatures.

Due to the significant role played by ettringite in the 

pfa-lime reaction (see Section 8.5), initial DTG analysis 

was carried out on natural ettringite in order to 

ascertain its decomposition behaviour when tested under 

conditions similar to those of the samples prepared in 

this work. The natural ettringite was obtained from 

Bellerberg, Eifel in West Germany and was supplied by 

Richard Taylor Minerals, Cobham. The ettringite occurred 

in the form of transparent elongated hexagonal prisms 

with lengths of up to about 1.5 mm, embedded in a white 

matrix which had a honeycomb-like appearance. Plates 4.3 

and 4.4 show typical SEM micrographs of the hexagonal 

ettringite crystals and their surrounding matrix. Figure
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4.6 shows a typical EDAX spectrum of one of the hexagonal 

rods confirming the presence of Ca, S, and Al with no 

significant contamination from other elements. Individual 

hexagonal crystals were carefully separated from their 

surrounding matrix and were tested by DTG analysis under 

exactly similar conditions to those described in Section 

3.4.4.

Figure 4.7 shows a typical DTG thermogram obtained from 

the separated ettringite single crystals. The thermogram 

exhibits three distinct weight loss bands. These are a 

large and sharp weight loss band at 92°C, followed by a 

small and broad weight loss band at «280°C, overlapping a 

smaller and broader weight loss band at «355°C. When 

compared with the results reported by other workers (see 

Table 3.2), Figure 4.7 agrees with these results in 

respect of the large and distinctive weight loss band at 

lower temperatures (i.e. 70-160°C) which might be 

expected to be due to dehydration involving the loss of 

the loosely bound 26H20 molecules. However the presence 

of two additional and previously unreported weight loss 

bands at higher temperatures (i.e. 250-400°C) indicates a 

more complex mode of ettringite decomposition than the 

simple release of the remaining 6H20 molecules bound to 

the aluminium as hydroxyl ions.

Table 4.6 compares the percentage weight losses for each 

of the three observed weight loss peaks with the 

theoretical weight losses assuming that the first peak
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represents the loss of 26H20 (dehydration) and the second 

and third peaks represent the loss of the remaining 6H20 

(dehydroxylation) from the ettringite. The equivalent 

number of water molecules are given in brackets. 

The table shows reasonable agreement between the observed

(31H2O) and theoretical (32H20) total weight loss values. 

The small deficiency in the observed value may be

explained in terms of Moore and Taylor's statement that

the occupancy of the sites in the water groups may well

be variable.

On the basis of the current DTG results, heating up to

92°C removed 19 of the weakly bonded water molecules

which produces the composition,

[Ca 6 {Al(OH) 6 } 2 (S04 ) 3 6H 20]. 

This may be written in the alternative form,

[Ca 4 {Al(OH) 6 } 2 (S04 ) 6H 20] + 2CaS04 ,

which is a mixture of monosulphate and anhydrite.

Heating at 280°C produced an additional loss of 9H20

giving the composition,

[Ca3 {Al(OH) 3 }2 (CaO) 3 (S04 ) 3 ]. 

This may be written in the alternative form,
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(CaO) 3 {A1(OH) 3 } 2

which is a mixture of part dehydrated hydrogarnet and 

anhydrite.

Further heating at 355°C resulted in the loss of the 

remaining three water molecules to give the composition,

A detailed analysis of the decomposition products of 

ettringite at the different heating stages is required in 

order to establish and fully characterise the exact 

dehydration sequence, and this is outside the scope of 

the present work. However the DTG results do establish 

that the decomposition occurs in three separate stages, 

and the weight loss data suggest that these three stages 

are,

i) formation of monosulphate and anhydrite at around

100°C,

ii) formation of a low hydroxyl hydrogarnet and

additional anhydrite at 280°C, and

iii) loss of all remaining water leaving oxide residue at

355°C.

This suggested first stage is certainly supported by the 

work of Satava and Veprek [45] and Darr et.al. [46] both

94



of whom studied the thermal decomposition of ettringite, 

and noted the appearance of monosulphate at around 100°C.

4.5 Initial pfa-lime reaction at room temperature 

This section is included here in order to assist in the 

interpretation of observations made in later chapters. 

The XRD and DTG results presented in Section 4.3.3 

clearly established that when water was added to the pfa 

at room temperature, an almost immediate reaction took 

place which involved the hydration of the anhydrite 

present on the pfa particle surfaces to form gypsum. 

There was also a suggestion that even without adding lime 

small traces of ettringite may be formed at this stage. 

Thus in order to understand the nature of the pfa-lime 

reaction at elevated temperatures, it was essential to 

investigate any initial reaction which might occur during 

the period of sample preparation and which may 

subsequently influence the progress of the reaction at 

elevated temperatures.

Tables 4.7a-b compare the XRD results of samples made up 

at room temperature from respectively pfa + 20wt.% added 

lime in the as-supplied "dry" condition, and pfa + 20wt.% 

added lime + 30wt.% moisture (based on the weight of the 

dry pfa). The XRD analysis was carried out immediately 

after mixing had taken place. The proportion of lime used 

was that used in subsequent investigations in this work.
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The tables show the observed d. spacings and visually

estimated intensities for the crystalline compounds

present in the pfa plus those of the lime and its

carbonate. In addition to quartz, mullite, haematite and

magnetite, there were present as expected strong

reflections from calcium hydroxide and also weak

reflections from calcite, the latter being due to a small

amount of carbonation of the added lime. In particular

the diffraction pattern of the moistened mix also showed

(Table 4.7b) weak diffraction peaks at d. spacings of

0.565, 0.469 and 0.389nm which are definitely

attributable to crystalline ettringite.

In this case, unlike the moistened pfa without added 

lime, the fact that no definite traces of gypsum were 

observed confirms that in the presence of moisture and 

lime, the calcium sulphate present in the pfa reacted 

immediately to form ettringite.

The above observations show that contrary to the 

generally held view [5,6] that the reaction between moist 

pfa and lime at room temperature is extremely slow, in 

the presence of even small amounts of gypsum (around 

1.34wt.% in this case) reaction involving the formation 

of ettringite begins, immediately the constituents are 

mixed together at room temperature.

These observations are positively confirmed by the DTG 

analysis. Figure 4.8a and Figure 4.8b show respectively 

the DTG results of the "dry" and moist pfa + 20wt.%
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added lime samples directly after mixing at room

temperature.

As expected, weight loss peaks are present due to lime

decomposition between 400°C and 500°C and carbonate

decomposition between 600°C and 700°C.

The introduction of moisture produced a shift of the lime

decomposition peak to higher temperatures (from 435°C to 

455°C) and resulted in increased carbonation of the lime. 

In addition, a new weight loss peak at about 73°C which

was observed as a very weak peak for the mix in the "dry" 

state (Figure 4.8a) became very pronounced when moisture 

was added (Figure 4.8b). This peak was also associated 

with the appearance of a much weaker and broader weight 

loss band at about 350°C. It is significant that the 

addition of moisture to the pfa in the presence of lime 

did not produce the gypsum weight loss peak at 142°C 

which was observed when no lime was added (Figure 4.5b). 

Taking into account the results of the XRD studies of the 

dry and moist pfa, and the dry and moist pfa-lime mixes, 

the weight loss peak at about 73°C and possibly also that 

at 350°C were attributed to the dehydration of ettringite 

as explained in the previous section. However no weight 

loss peak was observed at 280°C suggesting that the mode 

of ettringite decomposition in the thermal analyser was 

different from that previously observed for the 

ettringite single crystals. This is however not 

unexpected, as the ettringite is in a totally different

97



chemical environment from that of the isolated single 

crystals.

Table 4.8 compares the total observed percentage weight 

loss determined from the DTG weight loss peaks at 73°C 

and 350°C with the theoretical weight loss, assuming that 

all of the 1.34wt.% of gypsum in the pfa formed 

ettringite in the presence of lime and moisture. The 

table shows that the total weight loss observed (2.81%) 

was much higher than that calculated (1.50%). Although 

there are insufficient data at this stage to provide an 

unequivocal explanation for this observation, one 

possible reason for the discrepancy is that formation of 

crystalline ettringite is also associated with formation 

of colloidal material. Reaction of the pfa with lime may 

also release additional sulphate trapped in the surface 

layers of the glassy pfa particles, and therefore not 

accessible to water when the pfa was moistened. This 

would however still not be sufficient to account for the 

observed weight loss.

4.6 Summary

In summary the following points can be concluded from the

observations made on the raw materials :

i) The lime and the gypsum used were found to comply with

the standard characteristics reported in the literature

[1]. The lime showed two distinctive weight loss bands on

DTG analysis, one over the temperature range 450-550°C
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due to dehydroxylation and a second over the temperature

range 600-700°C due to decomposition of the carbonate

present (see Figure 4.1).

The gypsum showed a single weight loss band at 182°C due

to dehydration (see Figure 4.1).

ii) Soluble calcium was found to be present in the pfa in

the form of anhydrous calcium sulphate and this appeared

to be present on the pfa particle surfaces.

iii) In the presence of moisture, the anhydrous calcium

sulphate hydrated to form gypsum (see Figure 4.5b). The

amount of gypsum formed (determined by DTG analysis) was

1.34 ± 0.04wt.% . This accounts for 71% of the total

sulphate (803) content of the pfa (see Table 4.2).

iv) The remaining 29% of the sulphate cannot be accounted

for in terms of sodium and potassium salts as the levels

of sodium and potassium going into solution were

extremely small. It could of course be present as

magnesium sulphate although this is unlikely as previous

workers (ref.) have reported that most of the magnesium

present in pfa is in solid solution in the glass. A more

likely explanation is that the remaining sulphate is

trapped within the glassy phase of the pfa particles

either in solid solution or as calcium sulphate particle

inclusions in the surface layers of the glass.

v) Washing with dilute acid above a particular

concentration (35 ml of HCl in 2400 ml of distilled

water) followed by a series of washings with distilled

99



water was sufficient to remove all the detectable (using

DTG techniques) gypsum formed on moistening.

vi) The addition of lime to the pfa in the presence of

moisture resulted in immediate reaction, and formation of

crystalline ettringite.

vii) The amount of water lost at low temperatures,

determined by DTG analysis, could not be accounted for

solely by decomposition of crystalline ettringite which

suggests that formation of the crystalline ettringite is

also associated with formation of some non-crystalline

colloidal product.
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CHAPTER FIVE

COMPACTION STUDIES AND PRELIMINARY COMPRESSIVE STRENGTH 
EVALUATION OF PFA-LIME MIXTURES

The results of the compaction tests which were carried 

out on the pfa-lime mixes are presented in Figures 5.1- 

5.6. Six mixes were tested consisting of pfa plus Owt.%, 

5wt.%, 1Owt.%, 15wt.%, 20wt.% and 25wt.% of added lime. 

The compaction data are presented in the form of graphs 

of total dry density versus percentage moisture content 

(expressed as a percentage of the weight of the dry pfa). 

It was found impossible to satisfactorily compact 

mixtures with small lime additions at high moisture 

content levels, because the high water content 

transformed the mixtures into a fluid viscous paste. Thus 

the optimum moisture content value taken for these mixes 

(see Figures 5.2 and 5.3) had to be estimated by 

extrapolation of the dry density moisture content curves. 

The figures show that there is a single optimum value of 

moisture content at which maximum packing density of the 

dry materials is attained. Both the moisture content and 

the lime content are expressed as a percentage of the 

weight of the dry pfa. This procedure was adopted because 

both the lime and the water are reactants which on 

reaction with the pfa will ultimately be consumed forming 

reaction products which will occupy the spaces between 

the pfa particles. Table 5.1 presents the data in terms 

of the weight of total solids.
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Figures 5.7 and 5.8 respectively plot the changes in the 

maximum total solids dry density and the optimum moisture 

content (% water/solid) versus percentage of added lime. 

The figures and the table clearly show that once lime is 

added to the pfa, there is a substantial decrease in the 

total solids dry density of the compacted pfa-lime-water 

mixtures, coupled with a corresponding increase in the 

water requirement necessary to attain maximum packing 

density. On addition of a small amount of lime (e.g. 

5wt.%) there is a marked increase in the moisture 

requirement of the pfa (from 18% water/solid at Owt.% 

added lime to 23.8% at 5wt.% of added lime) and an 

associated decrease in the total solids dry density (from 

1.58 at Owt.% of added lime to 1.44 at 5wt.% of added 

lime). Subsequent increases in lime content however have 

little effect on these parameters which reach 

approximately constant values for lime additions greater 

than 1Owt.%. The difference in density between the lime 

(2.24 g/cm3 ) and the pfa (2.38 g/cm3 ) is small and 

therefore the effect of partial weight replacement of pfa 

by lime will not have a great effect on the total volume 

of solids in the mixture as the proportion of lime 

increases. Thus the very sharp initial decrease in dry 

density must be due to factors other than the small 

density difference between the two solids.

A similar type of effect is observed in clay-lime systems 

[72,98] and is attributed to the flocculation of the clay

102



particles. However the substantial increase in water 

requirement for very small lime additions observed in the 

present work, suggests some initial interaction of the 

lime with the pfa in addition to flocculation. This was 

in fact established in Section 4.5 where it was reported 

that ettringite was formed immediately water was added to 

the pfa-lime mixtures and is in agreement with 

observations reported by other workers [16,22]. 

Table 5.1 compares the values of the maximum total solids 

dry density at different lime contents obtained from 

experiment, with that calculated assuming no air voids 

are present (see Appendix 3). The difference between the 

experimental values and those calculated are due to the 

presence of air voids which represent an average of 5.5% 

of the total volume. In an attempt to reduce the air 

voids and further improve the particle packing within the 

system, experiments were carried out with different 

additions of the superplasticiser (SP) complast M1 

produced by Fosroc Ltd. (U.K.). It was found that small 

additions of SP to the mix produced an increase in the 

maximum solids dry density and values approaching more 

closely the calculated maximum values (see Table 5.1) 

were achieved, whilst the optimum liquid/solid ratio 

remained relatively the same. Different percentage 

additions of SP (based on the weight of the pfa) were 

tried, and the percentage chosen in this work was 5wt.%. 

This resulted in an approximate increase of 11% in the
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total dry densities of the mixtures. For example with pfa 

+ 5wt.% added lime, the experimental value for maximum 

dry density was 1.44 g/cm3 whereas the calculated value 

assuming no air voids are present was 1.51 g/cm3 . This 

corresponds to 4.94% air voids (see Table 5.1 and 

Appendix 3). After adding SP at the 5wt.% level the 

observed maximum dry density was increased to 1.49 g/cm3 

which corresponds to 1.6% air voids. In all subsequent 

work, the mix proportions chosen at each lime content 

were those required to give maximum dry density of total 

solids and the liquid content always included 5wt.% of 

SP.

In addition subsidiary experiments were carried out in 

order to determine whether the order in which the 

components of the mix were added had any effect upon the 

compaction characteristics of the mixtures. The normal 

mixing procedure was to mix the lime and the pfa dry for 

1.5 minutes, and then add water together with SP and 

continue mixing for another 6 minutes (see Section 3.2). 

It was found that adding the water and SP to the pfa 

first, mixing and then adding the lime and continuing to 

mix for another 25 minutes (interrupted by manual mixing) 

did improve the compaction properties of the mix by 

further increasing the total dry density by approximately 

2.5%. However it was then found difficult to produce a 

fully homogeneous mix unless prolonged mixing times were 

employed. Therefore the normal mixing procedure,
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described in Section 3.2 was employed in all future work. 

The observed effect does however illustrate the influence 

which the order in which components are added to a mix, 

can have on the compaction characteristics of a mix. This 

is not surprising in that in the present work it has 

already been established that in the presence of both 

lime and water the pfa immediately reacts to form 

ettringite, and the formation of reaction products is 

certain to affect the compaction characteristics. 

Mixes of pfa with various additions of lime (5wt.%, 

10wt.%, 15wt.%, 20wt.% and 25wt.%) and at the optimum 

moisture content were pressed into 50 mm diameter by 100 

mm long cylinders as described in Section 3.2. The 

cylinders were pressed to give the maximum solids dry 

density for each mix. They were then cured at 50°C, 75°C, 

and 95°C in 100% relative humidity for periods of 1 , 5, 

7, 14 and 28 days. The cured cylinders were tested in 

compression and the results are given in Figures 5.9- 

5.13. The curves show three general features which can be 

summarised as follows,

i) in the initial stages of curing (0 to 7 days), the 

rate of strength increase was higher at the higher curing

temperatures.

ii) for lime additions of up to 20wt.% there was very 

little strength gain beyond 7 days particularly for 

specimens cured at the higher curing temperatures. This

105



suggests that the major part of the reaction which is 

producing the cementation has been completed within 7 

days, even at 50°C curing. Also, with the exception of 

the 5wt.% lime addition specimens, the long term strength 

developed was substantially greater for the higher curing 

temperatures.

iii) increasing the lime content resulted in increased 

strength at all levels of curing temperature. However at 

95°C curing, as the lime content was increased a 

pronounced step clearly developed in the compressive 

strength versus curing time curve. For lime additions 

greater than 20wt.% there was a second period of strength 

development from 7 days to at least 28 days curing which 

was not observed either in specimens cured at 50°C or 

75°C or in specimens cured at 95°C where the lime content 

was less than 20wt.%.

The above results suggest that at curing temperatures of 

50°C and 75°C the reaction between pfa, lime and water 

has either been halted or is almost complete after 

respectively 7 days and 14 days of curing. If the form 

and the type of final reaction products are assumed to be 

independent of curing temperature, then for a particular 

lime content on complete reaction the ultimate strength 

would be expected to be the same at all curing 

temperatures. Thus strengths of specimens cured at lower 

curing temperatures would be expected to gradually
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approach those of specimens cured at the higher curing 

temperatures as curing time was increased. The fact that 

this does not happen suggests that after a relatively 

short period of curing, reaction at all curing 

temperatures virtually stops. It is not possible at this 

stage to determine whether this is due in the different 

cases to complete consumption of one of the reactants or 

to factors developing which inhibit the cementation 

reaction.

The observation of a second period of strength 

development at 95°C curing, establishes that for lime 

contents of 20wt.% and above, there is a further stage 

occurring in the cementation process. For lime additions 

of up to 20wt.% there is a systematic and substantial 

increase in the 1 day-compressive strength with increase 

in lime content (see Figure 5.14) but above 20wt.% of 

added lime there is no further increase in 1 day- 

strength. The formation of a step in the compressive 

strength versus curing time curves for specimens cured at 

95°C (see Figures 5.12 and 5.13) confirm that between 1 

day and 5 days curing there is a quiescent period when no 

cementation is taking place. This suggests that reaction 

is halted after 1 day when the lime content exceeds a 

critical level and that any lime in excess of the 

critical level (of about 20wt.%) does not contribute to 

the cementation at this stage. After 5 days of curing the 

cementation process re-commences and any additional free

107



lime is then available for further reaction. This 

suggests formation and subsequent rupture of layers of 

reaction products around the pfa particles similar to the 

process known to occur in the hydration of OPC. However 

at this stage there is insufficient evidence to confirm 

such a process.

One major objective of the present work is to produce a 

high-strength material from pfa and lime using curing 

temperatures below 100°C, at relatively short curing 

times, and without excessive lime additions. 

From the results obtained at this stage the most 

favourable conditions (see Figure 7.14 and 7.15) are pfa 

plus 20wt.% of added lime cured for 1 day at 95°C. Lime 

contents greater than 20wt.% would require unacceptably 

long curing times to take advantage of the additional 

strength gains.

Having chosen 20wt.% lime addition as the most promising 

composition for more detailed investigation, 

modifications were made to the general compaction 

procedures which had been adopted, in order to obtain 

further improvement in the compaction of the pfa-lime 

cylinders. As a result of this study, compaction of all 

future specimens was standardised to give cylinders, made 

of pfa plus 20wt.% added lime, which had a liquid to 

solids ratio of 0.19, and a bulk density of 1.81 g/cm3 . 

Also in order to gain some understanding of the mechanism 

by which cementation processes occurred during the curing
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stage and how strength developed, a detailed 

investigation was carried out of the cured pfa+20wt.% 

lime composition, which included not only strength 

measurements but also expansion-during-curing 

measurements and permeability measurements. 

In addition, X-ray powder diffraction analysis (XRD), 

thermogravimetric analysis (TG), scanning and 

transmission electron microscopy (SEM & TEM) with energy 

dispersive X-ray analysis (EDAX) were carried out on the 

cured materials to follow the progress of the reaction, 

the formation of reaction products, and the development 

of microstructure as the curing process proceeded.
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CHAPTER SIX 

THE EFFECT OF CURING TEMPERATURE ON THE PFA-LIME REACTION

6.1 Introduction

This chapter describes the results of a detailed 

investigation of the effect of curing temperature on the 

strength development of cured "pfa+20wt.% lime" mixtures 

and the associated physical and chemical changes which 

occur during the curing process.

The chapter is split into two major sections. The first 

deals with the changes in the physical properties of the 

material when it is cured for different periods at 

different temperatures. The second presents the 

analytical results obtained from these specimens using 

the techniques discussed in Chapter 3. It is intended 

that the latter section will provide an explanation for 

the various changes observed in the former section. At 

this stage, the chapter attempts to describe, rather than 

discuss in detail, the results in order to build a 

foundation for the discussion presented later and the 

theory advocated by this work.

6.2 The physical properties of "pfa + 20wt.% lime"

mixtures cured at different temperatures 

6.2.1 Presentation of results

Figures 6.1 and 6.2 show the development in the 

compressive strength of the improved mix (see Chapter 5)
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when it was cured at temperatures of 50°C, 75°C and 95°C 

for up to 3 days and up to 28 days respectively. It can 

clearly be seen that, when compared with the strength- 

curing time results in Figure 5.12, the strength has been 

increased substantially at all curing temperatures. This 

has been achieved both by improved compaction and also by 

controlling the quality of the lime used. This indicates 

the importance of careful control of these parameters in 

order to ensure reproducible and consistent results. 

As might be expected, Figures 6.1 and 6.2 show similar 

trends to those discussed in the previous chapter. 

However observations made at much shorter curing times 

give a more detailed picture of strength development in 

the initial stages of curing. At all curing temperatures 

strength development was negligible up to 12 hours of 

curing. Beyond 12 hours the rate of strength gain was 

small at 50°C but increased rapidly with increase in 

temperature, and at 95°C the gain in strength between 12 

and 18 hours curing was over half of the 28-day strength. 

Beyond 24 hours the rate of increase in strength declined 

rapidly with increase in curing time at the high curing 

temperatures, and less rapidly at the low curing 

temperatures. Thus the maximum rate of increase in 

strength occurred at later ages as the curing temperature 

decreased. Taking the 1-day strength as a standard 

reference then at 50°C the 1-day strength was 33% of the 

28-day strength, at 75°C it was 50% of the 28-day
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strength, and at 95°C it was 67% of the 28-day strength.

This clearly illustrates the advantages of curing at the

higher temperatures.

Also at 50°C the strength reached its maximum level («21

N/mm2 ) within 7 days whereas at 75°C the maximum level 

(«27 N/mm2 ) was reached at 3 days beyond which in both

cases the strength remained constant. However at 95°C 

curing, strength continued to increase for up to at least 

28 days («43 N/mm2 ).

Clearly the mechanism by which cementation proceeds does 

not obey a simple rate law. The fact that at lower curing 

temperatures, the strength values remained low, even 

after curing for long periods of time, suggests that 

either,

i) only a proportion of the available lime has reacted 

with the pfa and the reaction has then terminated, or, 

ii) the cementitious materials formed at lower 

temperatures have poorer cementing properties.

Monitoring the rate of lime consumption will clearly 

provide evidence to support one or other of these two 

alternatives.

Figures 6.3 and 6.4 show the percentage linear expansion 

of the cylinders during curing for curing times of up to 

respectively 3 days and 28 days. The changes in expansion 

with curing time showed close similarities with the
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observed changes in strength, in that the expansion rate 

increased sharply with increased curing temperature 

during the initial stages of curing. Also the maximum 

expansion attained was greater at higher curing 

temperatures, although the differences between the 

maximum values were relatively small, ranging from 1.1% 

at 50°C curing to 1.3% at 95°C curing. However the 

expansive phase at all curing temperatures commenced 

before the onset of any strength increase and continued 

for a period during the initial stages of strength 

development. This is illustrated quite clearly by 

comparison of the curves in Figure 6.3 with those in 

Figure 6.1. For example at 12 hours curing at 95°C over 

50% of the final expansion had already occurred, whereas 

the strength gain at 12 hours was negligible. In addition 

the percentage expansion had reached a maximum constant 

level (within 7 days at 50°C and within 3 days at 75°C 

and 95°C) at all curing temperatures, whereas at 95°C the 

strength continued to increase for up to at least 28 days 

curing. Therefore although expansion was observed to be a 

precursor to strength development it is not clear at this 

stage whether it is a necessary precursor, directly 

related to the cementation process or whether it is a 

totally independent process.

The cementation process involves the reaction of lime 

with the pfa to produce the cementitious reaction 

products. Figures 6.5 and 6.6 show the percentage by
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weight of reacted lime (expressed as a percentage of the 

total added lime) versus curing time, for curing times of 

up to respectively 72 hours and 28 days.

The reacted or consumed lime was calculated from the 

difference between the initial added lime and the 

residual unreacted lime. The residual lime was determined 

from thermogravimetric analysis (see Section 6.3.3 

below). Because there was always around 2-5% by weight of 

calcium carbonate present in the initial lime added (see 

Section 4.1), the percentage lime consumed was never 

equal to 100%, therefore complete reaction is represented 

by between 95-98% of consumed lime.

A cursory examination of Figures 6.5 and 6.6 shows 

distinct similarities in form with Figures 6.1 and 6.2 

for the strength development and Figures 6.3 and 6.4 for 

the expansion during curing. For example, as might be 

expected, higher curing temperatures resulted in higher 

lime consumption, at a particular curing time. Also very 

rapid initial lime consumption within the first 24 hours 

was followed by very little change in lime consumption 

beyond 7 days of curing. However there are some important 

features of these figures which should be emphasised. 

Firstly even at very early curing periods e.g. 6 hours at 

95°C curing, the amount of lime consumed was substantial 

(53% of that which was available). At this curing time no 

strength had been developed (see Figure 6.1) and 

expansion was negligible (see Figure 6.3). This
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phenomenon of substantial lime consumption, prior to

expansion and subsequent strength development taking

place, is a general feature which was observed at all

curing temperatures. However at lower curing temperatures

the process was delayed and the level of initial lime

consumption was lower. This suggests that in the initial

stages of curing, for a fixed curing time, greater

amounts of reaction product were formed as the curing

temperature was increased. The formation and subsequent

behaviour of these reaction products must in some way be

responsible for the commencement and progress of the

expansive period but at this stage it is not possible to

identify the exact mechanism by which the expansion and

subsequent strength development occurred.

Secondly when curing at 50°C and despite the rapid lime 

consumption at early curing ages (e.g. «45% at 12 hours 

curing) substantial amounts of free lime remained present 

in the system even after curing for 28 days. This clearly 

shows that the reaction had been severely retarded and 

that beyond 7 days curing reaction had almost stopped. 

The lower maximum strength attained at 50°C curing 

compared with that obtained at 75°C curing and that at 

95°C curing is therefore explicable in terms of 

incomplete reaction at the lower curing temperature. 

However the implied formation of a smaller quantity of 

reaction product at the lower curing temperature did not 

lead to a large reduction in expansion, as the maximum
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expansion at 50°C curing was only slightly below that for 

75°C and 95°C curing. Also at 75°C curing although all 

the lime available for reaction had been consumed within 

14 days (as it had at 95°C curing), the strength for the 

75°C cured material was substantially below that achieved 

when curing at 95°C (see Figure 6.2). In this case the 

effect was clearly not due to incomplete reaction of the 

lime at 75°C and must therefore be due to differences in 

either the nature, composition or form of the reaction 

products.

Thirdly, although when curing at 50°C and 75°C there was 

no strength increase beyond respectively 3 days and 7 

days, lime still continued to be consumed for up to at 

least 14 days at 75°C and 28 days at 50°C. Thus reaction 

during this later period made no contribution to the 

cementation process.

Because of the apparent complex relationship between 

strength, expansion and lime consumption, with curing 

time, an alternative method of representing the changes 

in these parameters was effected. This was done by 

plotting both compressive strength and expansion during 

curing against the percentage of lime consumed. This 

gives additional and complementary information regarding 

the mechanism of both expansion and strength development 

in these specimens. Figures 6.7 and 6.8 give respectively 

plots of compressive strength and percentage expansion 

against lime consumption.
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Expansion began to show a significant increase (Figure 

6.8) at approximately the same level of lime consumption 

(«45%) for all three curing temperatures, and the maximum 

expansion attained although slightly greater at higher 

curing temperatures (1.1% at 50°C and 1.3% at 95°C) was 

of the same order at all curing temperatures. However the 

amount of lime consumed by reaction during the major 

expansive period varied enormously with curing 

temperature, being about 9% at 50°C curing, about 20% at 

75°C, and about 35% at 95°C. Lime consumption also 

continued beyond the level at which maximum expansion was 

achieved. This established that during the expansive 

phase the degree of expansion and the final expansion was 

not directly dependent on the amount of lime consumed and 

by implication not directly dependent on the quantity of 

reaction product formed.

The development of compressive strength in relation to 

lime consumption at different curing temperatures, 

followed a somewhat different pattern of behaviour. In 

this case (see Figure 6.7) the level of lime consumption 

at which compressive strength began to show a significant 

increase was greater at higher curing temperatures. 

Strength then increased sharply with lime consumption and 

reached a constant level or plateau where further 

consumption of lime had no effect on strength. The level 

of this plateau was higher at higher temperatures. In the 

case of the 95°C cured specimens there was a second phase
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of strength development which occurred at a stage when 

all the available lime had been consumed and therefore 

was not directly associated with lime consumption. 

Figure 6.9 shows the changes in permeability with curing 

time at different curing temperatures. Permeabilities 

were measured within the range 10~ 9 to 10~ 12 m/s which is 

the range over which major changes were found to occur in 

the cured samples. Specimens with permeability values 

greater than 10~ 9 m/s were found to have developed so 

little strength (usually curing times of less than 1 day) 

that it was not possible to make reliable permeability 

measurements on them. In addition the sensitivity of the 

method employed was not sufficient to detect changes of 

less than a10~ 12 m/s. Also in the case of the 95°C cured 

samples it was found impossible to obtain reproducible 

values of permeabilities at the curing time of 18 hours. 

Comparison of the permeability versus curing time plots 

(Figure 6.9) with the equivalent strength versus curing 

time graphs (Figures 6.1 and 6.2) suggests an inverse 

relationship between permeability and strength. That is 

large decreases in permeability are associated with large 

increases in strength. This lends support to the 

hypothesis that strength development resulted primarily 

from the formation of cementitious reaction product 

within the solution filled spaces between the solid pfa 

particles.
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6.2.2 Summary

The points of major significance which can be drawn from 

the observations of the changes in compressive strength 

and expansion which occurred during curing, and the 

manner in which these parameters varied with lime 

consumption may be summarised as follows,

i) The onset of rapid strength increase was always

preceded by a period of expansion which continued into

the initial stages of strength development.

ii) Marked increase in expansion commenced at

approximately the same level of lime consumption («45%)

at all curing temperatures.

iii) Expansion reached a maximum constant value during

the initial curing period, at all curing temperatures.

The maximum value was slightly greater and was reached

after slightly shorter curing periods, as the curing

temperature increased.

iv) The amount of lime consumed by reaction during the

period over which expansion took place varied enormously

with curing temperature. It was about 9% for 50°C curing,

20% for 75°C curing and 35% for 95°C curing, although the

final percentage expansion attained was similar in all

cases.

v) An increase in the curing temperature resulted in an

increased rate of strength development. The 1-day

strength was one third of the 28-day strength for a 50°C
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cured sample, half of the 28-day strength for a 75°C

cured sample, and two third of the 28-day strength for a

95°C cured sample.

vi) At all curing temperatures a substantial proportion

of the available lime was consumed subsequent to any

significant strength increase taking place.

vii) The onset of rapid strength development occurred at

different levels of lime consumption for different curing

temperatures i.e. «45% lime consumption at 50°C, «60%

lime consumption at 75°C, and «75% lime consumption at

95°C.

viii) When curing at 50°C, although lime was rapidly

consumed in the early stages of curing (45% at 12 hours),

a substantial amount of lime («30%) remained unreacted

even at 28 days curing. This was not so at 75°C and 95°C

curing where (allowing for carbonation) the lime

available for reaction was completely consumed by 28

days.

ix) Within the curing period investigated (0-28 days)

strength reached a maximum constant value within a few

days when curing at 50°C (21 N/mm2 ) and at 75°C (27

N/mm2 ) but continued to increase for curing periods of up

to at least 28 days (42 N/mm2 ) when curing at 95°C.

x) The change in compressive strength with lime

consumption showed a three (or more) stage process. The

first stage is characterised by lime consumption without

any significant strength increase. The second stage
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involves substantial strength gain with only limited lime 

consumption («10%), the third stage shows continued lime 

consumption without any further increase in strength. The 

strength developed at the third stage was higher at 

higher curing temperatures (21 N/mm2 at 50°C; 27 N/mm2 at 

75°C; 30 N/mm2 at 95°C). At 95°C curing there was also a 

fourth stage where compressive strength again increased 

but with no further additional lime consumption.

The above observations, particularly those related to 

strength development and lime consumption, are typical of 

a multistage reaction where initial reaction results in 

the formation of a layer of reaction product around the 

solid reactant, separating it from the reactive solute. 

The thickness of the inhibiting layer of reaction product 

which is able to build up is greater at higher 

temperatures where diffusion rates are higher. During 

layer formation only limited cohesion develops between 

particles and thus there is negligible strength gain. 

The layer of reaction product which separates solutions 

of different concentrations of solute species, acts as a 

semi-permeable membrane. Diffusion across the membrane 

then generates an osmotic pressure which results in 

rupture of the membrane and rapid precipitation of solid 

product within the solution filled spaces between the 

solid particles.
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It is during this stage that an interconnected network of 

reaction product develops leading to substantial strength 

development and a marked fall in permeability. Further 

reaction of the solute with freshly exposed solid 

reactant results in the formation of a secondary 

inhibiting layer of reaction product around the solid 

reactant. Depending on the osmotic pressure generated and 

the strength which has developed, this secondary layer 

may completely stop any further reaction or may again 

rupture to produce precipitation of additional reaction 

product and a further gain in strength.

If this is the basic mechanism which is occurring in the 

present work then the expansive period began during and 

extended over, the period of primary membrane formation. 

The fact that, at all curing temperatures, significant 

expansion began at approximately the same level of lime 

consumption («45%) suggests that expansion began when the 

membrane reached a particular stage in its formation and 

development.

However, the amount of expansion which occurred does not 

appear to be directly related to the amount of lime 

consumed and by implication, to the amount of membrane 

reaction product which formed. For example at a fixed 

expansion level of 0.7% the lime consumed at 50°C curing 

was «50%, at 75°C curing it was «60% and at 95°C curing 

it was «72%. Thus the major cause of the expansion 

process is not simply a function of membrane thickening
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due to formation of increasing amounts of reaction 

product. It must therefore be due to swelling of the 

membrane as a result of additional changes taking place 

within or across the membrane. The swelling could be due 

to osmotic swelling resulting from the osmotic pressure 

generated by diffusion of water through the membrane, or 

to changes occurring within the membrane material itself 

causing it to imbibe water and swell.

At this stage there is insufficient data either to 

positively confirm the suggested mechanism or to identify 

the actual process which is occurring.

In order to obtain a better understanding of the observed 

changes in mechanical behaviour, a detailed analytical 

programme was carried out employing thermogravimetric 

analysis (TG), X-ray powder diffraction (XRD), and 

scanning and transmission electron microscopy (SEM and 

TEM) with energy dispersive X-ray analysis (EDAX). This 

programme was aimed at identifying the reaction products 

formed during both the expansion and strength development 

stages and at following the microstructural changes which 

occurred during this period. The results of this 

investigation are described in the following section of 

this chapter.
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6.3 The analytical results for "pfa + 20wt.% lime"

mixtures cured at different temperatures 

6.3.1 Introduction

The analytical results, which were obtained from the 

cured pfa-lime specimens, are presented in this section. 

In the previous section, the development of the physical 

properties of these specimens was discussed and a broad 

hypothesis was proposed to account for this development. 

The analytical results should either confirm or discount 

this hypothesis.

The techniques used were X-ray powder diffraction (XRD), 

differential thermogravimetry (DTG), transmission 

electron microscopy (TEM) and scanning electron 

microscopy (SEM). The latter two techniques were only 

employed in the cases where 75°C and 95°C curing 

temperatures had been used. When curing at 50°C because 

strength values attained were relatively low (see Figure 

6.1), and permeabilities were much higher (see Figure 

6.9), and residual lime was still present at 28 days (see 

Figure 6.6), it was considered unnecessary from the point 

of view of the aims of this work (see Section 1.5) to 

carry out a fully detailed analysis. Thus only a limited 

amount of analytical work was carried on these specimens 

as this was sufficient to adequately account for the poor 

development of physical properties.
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following the development of different phases with curing 

time.

It has been established (see Section 4.3.3) that the pfa 

in its moist state contained approximately 1.34wt.% of 

gypsum and that when water was added to the pfa in the 

presence of lime at room temperature an immediate 

reaction occurred resulting in the formation of 

ettringite. Therefore at short curing times ettringite 

was observed in the cured pfa-lime mixes, at all three 

curing temperatures. At longer curing times however the 

ettringite disappeared. The period over which diffraction 

lines from crystalline ettringite were observed in the 

diffraction pattern decreased with increase in curing 

temperature. For example, when curing at 50°C crystalline 

ettringite was detected (see Appendix 4) for curing times 

of up to 14 days, at 75°C it was detected (see Appendix

5) for curing times of up to 24 hours and at 95°C it was 

detected for curing times of up to 6 hours (see Appendix

6). Beyond these curing times no diffraction lines were 

observed from crystalline ettringite.

When curing at either 75°C and 95°C, the loss of 

ettringite from the observed powder diffraction pattern 

was accompanied by the appearance of hydrogarnet (see 

Appendices 5-6). The full diffraction pattern of the 

hydrogarnet together with the edge length a, o f the cubic 

unit cell is given in Appendix 7. When curing at 50°C no 

hydrogarnet formation was observed for curing times of up
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to 28 days and in this case the disappearance of

ettringite from the diffraction pattern beyond 14 days

was associated with the positive appearance of

monosulphate, although possible traces of monosulphate

were also observed at 3 days and 7 days curing. An

indication of the relative amounts of ettringite and

hydrogarnet present at different curing times (0-72

hours) and at the three curing temperatures (50°C, 75°C

and 95°C respectively) is given in Figure 6.11a-c. The

figure plots the ratios of the peak heights of specific

ettringite and hydrogarnet diffraction peaks to the peak

heights of adjacent mullite or quartz peaks (see Section

3.4.2). Although these ratios give no information on the

absolute amounts of ettringite and hydrogarnet which are

present, they do give a valuable indication of the way in

which these amounts changed with curing time.

Although as might be expected, there is considerable

scatter of the points, the results do confirm the

following trends,

i) the appearance of crystalline hydrogarnet in the XRD 

pattern coincided with the loss of crystalline 

ettringite.

ii) the time taken for crystalline ettringite to 

disappear, and for crystalline hydrogarnet to appear, 

decreased as the curing temperature increased.
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iii) after its initial formation the amount of 

hydrogarnet present remained approximately constant with 

curing time. There is also an indication that the amount 

of hydrogarnet formed was greater at higher temperatures, 

iv) at 50°C curing formation of crystalline hydrogarnet 

did not occur, and the loss of crystalline ettringite 

between 14 and 28 days of curing was associated with the 

formation of monosulphate.

In addition to the phases already discussed the only 

other phase detected, apart from lime and in some cases 

carbonated lime, was a phase which showed a 

characteristic broad diffuse band at a & spacing between 

0.30 to 0.32nm which was assigned, on the basis of 

previous reports by other workers [1,99,103], to the 

cementitious gel phase. Unfortunately, due to the 

diffuseness of the band and the close proximity of strong 

diffraction bands from other phases present (i.e. lime 

0.311nm, calcite 0.304nm, hydrogarnet 0.308nm) it was 

found impossible to use this band as an indicator of the 

time at which the cementitious gel phase formed, and the 

relative amount formed with curing time. Thus a detailed 

study of the nature of the gel phase was carried out 

using the methods presented below.

6.3.3 The results of the thermal analyses

Although the principal application of the DTG technique

in this work was in determining the amount of residual
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lime present at different curing stages, and hence the 

amount of lime which had reacted, the technique also 

proved useful in both complementing and in some cases 

confirming the results of the XRD study.

However characterisation of specific phases using this 

technique is often equivocal because (as described in 

Chapter 2) the temperature at which a particular phase 

shows a maximum in its rate of decomposition or 

dehydration is not well defined (see for example Table 

3.2), and is dependent on a number of different factors. 

Figures 6.12-14 show the DTG thermograms of the pfa-lime 

mixtures which have been cured for the indicated periods, 

at temperatures of respectively 50°C, 75°C and 95°C. 

Tables 6.1-3 give the mass balance calculations for lime 

consumption based on these figures. These calculations 

were carried out according to the procedures described in 

Section 3.4.4 and Appendix 1.

The weight loss peak which occurred between 430°C and 

520°C is due to dehydroxylation of lime [1]. It is 

evident from Figure 6.12 that at 50°C curing a 

substantial amount of unreacted lime still remained even 

after 28 days curing. At 75°C curing there was no 

evidence of any residual lime beyond 7 days (Figure 6.13) 

and at 95°C curing the bulk of the lime had been consumed 

after 18 hours curing (Figure 6.14). The weight loss peak 

in the temperature range 680°C to 800°C is attributed to 

decomposition of calcium carbonate [1]. Although
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precautions were taken to exclude carbon dioxide both 

from the lime during storage and from the curing 

environment during curing, a small and variable amount of 

carbonation resulting from both these sources was found 

to be unavoidable. This was however taken into account in 

the mass balance calculations when calculating the amount 

of reacted lime (see Tables 6.1-3).

A detailed account of the relationship between lime 

consumption, curing time, expansion and strength 

development has already been presented in the first 

section of this chapter, and therefore does not require 

further discussion here.

A third major weight loss peak occurred in the region 

70°C-110°C (see Figures 6.12-14) at all three curing 

temperatures. Initial work on the pfa-lime system at room 

temperature (see Section 4.5) has established that 

crystalline ettringite was formed immediately water was 

added to the pfa in the presence of lime, and that a 

weight loss peak associated with the ettringite formation 

was observed in this temperature region (see Section 

4.4). It is therefore reasonable to attribute this peak 

to dehydration of ettringite. However the mass balance 

calculations indicated that the weight loss was not 

solely due to dehydration of crystalline ettringite but 

was also probably associated with formation of colloidal 

material.
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At 50°C curing the peak remained strong, narrow and well 

defined right up to the 28th day. At 95°C curing the peak 

rapidly broadened from 6 hours to 18 hours curing and 

continued to be present as a broad band up to 28 days 

curing when an additional low temperature weight loss 

peak occurred at 60°C. At 75°C curing the behaviour was 

similar to that at 95°C but the broadening occurred over 

a longer period and is more complex involving multiple 

bands. In contrast the XRD analyses showed that 

crystalline ettringite was only observed to be present up 

to particular curing periods, the period being longer as 

the curing temperature decreased. Comparison of the XRD 

and DTG data (Appendices 4-6, Figure 6.11 and Figures 

6.12-14) shows that the presence of crystalline 

ettringite tended to be associated with the narrow well 

defined weight loss band between 80°C-110°C and the 

disappearance of the crystalline ettringite was 

associated with a general broadening of this band. This 

suggests that at a particular stage during the curing 

process the crystalline ettringite transformed or broke 

down, to give a product which released its bound water 

over the same temperature range as that of the original 

ettringite. There were also observed two much weaker 

weight loss bands, one a very broad band which fell in 

the temperature region 300°C-400°C and the other, which 

tended to be rather sharper, occurred in the region 

150°C-190°C. The former is normally attributed to
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dehydroxylation of hydrogarnet (see Table 3.2), however 

it has been established (see Section 4.4) that ettringite 

also shows weight loss due to "dehydroxylation" in this 

temperature region. It would therefore appear that in the 

present system, although weight loss in this temperature 

region establishes the presence of compounds with Al-OH 

bonds, it cannot be used to uniquely identify a 

particular compound.

The latter weight loss peak at between 150°C-190°C is in 

the reported temperature range for dehydration of 

monosulphate (see Table 3.2). At 50°C curing (see Figure 

6.12) the peak was present at 7 days and 28 days when 

monosulphate was positively identified by XRD analysis. 

At 75°C curing a peak in this temperature region was 

observed at most curing periods and at 95°C curing the 

peak was only observed between 18 hours and 24 hours 

curing. In these two latter cases XRD analysis did not 

detect any crystalline monosulphate although it could of 

course still be present in an amorphous or poorly 

crystalline form. Sulphate-containing C-S-H gel has also 

been reported (see Table 3.2) to exhibit a weight loss 

band in this temperature region. At this stage it is not 

possible to assign this weight loss peak (or peaks) to 

decomposition of any particular phase.

In addition to the weight losses observed within 

particular ranges of temperature there was superimposed 

on these a continuous weight loss recorded over the broad
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temperature range 80°C-600°C. The rate of loss in weight 

was greatest at the lower temperatures and decreased as 

the temperature increased. It was also more pronounced 

for specimens cured at increased curing temperatures and 

for increased curing times. This continuous weight loss 

is attributed to the loss of water from the cementitious 

gel phases formed during the lime-pfa reaction. Its 

presence made it very difficult, other than at short 

curing periods, to accurately resolve and quantify the 

narrowly defined low-temperature weight loss bands which 

were present.

6.3.4 The results of transmission electron microscopy 

The TEM work in this study was employed mainly as an aid 

to characterising the products of reaction and in 

particular those products which were amorphous or poorly 

crystalline and were therefore not detected by XRD 

analysis. The TEM analyses concentrated on samples cured 

at 75°C and 95°C rather than specimens cured at 50°C 

where only limited strength was developed and where 

reaction was incomplete even at 28 days curing (see 

Figure 6.12). Examination of specimens cured at 75°C 

proved to be especially helpful in that the slower 

reaction rate compared with 95°C curing enabled the 

changes which were occurring with increased curing time 

to be more easily detected and hence investigated. This
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was particularly the case with regard to the 

decomposition of ettringite.

Other than the pfa particles themselves there were three 

principal morphologies observed in the TEM micrographs,

i) a fibrous and sometimes foil-like material.

ii) a colloidal-like material consisting of extremely

fine particles dispersed within a gel-like continuum, and

having a globular appearance.

iii) long lath-like or needle-like crystals which were

identified as ettringite crystals, and also less defined

rods of what appeared to be partially degraded ettringite

crystals.

The fibrous and foil-like material was not clearly 

evident in the TEM micrographs until at least 12 hours 

when curing at 95°C and at least 18 hours when curing at 

75°C, after which it became increasingly abundant. The 

morphology is typical of that of calcium silicate hydrate 

gel reported by a large number of other workers 

[1,5,75,28,6,100]. However in this case the gel was found 

to contain substantial amounts of aluminium. 

Fibrous gel which formed in the early stages of curing at 

both 75°C and 95°C tended to show very high calcium 

levels (see Plates 6.1 and 6.2). The fibrous gel was 

none-crystalline and normally exhibited a broad diffuse 

diffraction ring with a & spacing in the range 0.29-
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0.31nm (for a typical case see Plate 6.3). Particularly 

in the early stages of curing the fibrous material was 

often observed in the form of dense fibrous clumps which 

showed general alignment of the fibres within the clumps 

(see Plates 6.2 and 6.4). Electron diffraction of these 

clumps occasionally showed (as in Plate 6.4) a series of 

spotty powder diffraction rings with d, spacings common to 

those from calcite. The very high calcium levels found in 

the newly formed fibrous gel, and the tendency for the 

fibres to show alignment within individual particles 

suggests that the gel was nucleating on and forming from 

calcium hydroxide particles.

The fact that calcite crystallites were occasionally 

present within these fibrous particles is not surprising 

as it has been established that the added lime was 

partially carbonated and also that limited carbonation 

did occur during the curing process.

Close examination of the more open and less dense fibres 

(see Plates 6.5 and 6.6) suggests that they are actually 

made up of crumpled foils. The more open and less dense 

areas of fibrous gel also tended to show lower levels of 

calcium suggesting that they have separated from their 

original nucleation sites. As the curing time increased 

the calcium level in the fibrous gel which was initially 

very high tended to approach an approximately constant 

level relative to the silicon content (see Plates 6.7, 

6.8 and 6.9). The fact that the fibrous gel was not very
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evident in TEM micrographs until 18 hours curing at 75°C 

and 12 hours at 95°C, beyond which times it was present 

in increasingly greater amounts is significant in that 

these are the curing times at which compressive strength 

started to show a rapid increase, and where appreciable 

cementation was found to occur (see Section 6.2). This 

suggests that the fibrous gel comprises the major part of 

the cementitious reaction product. Detailed analysis of 

this product showed systematic changes in its average 

composition as curing time increased. Because the fibrous 

gel showed considerable variability in its composition 

within each specimen a number of analyses of fibrous gel 

were taken from different areas of each specimen and the 

average taken, in order to establish any trend in gel 

composition with curing time. The numerical data are 

presented in Tables 6.4-5. The relative amounts of the 

different elements present in the gel are expressed in 

terms of their atomic ratios relative to that of silicon, 

which is the normal practice with calcium silicate 

hydrate gels.

Figure 6.15 shows the change in Ca/Si ratio with curing 

time for both the 75°C cured and 95°C cured material. 

Both show very similar behaviour with the initially 

formed gel giving much higher Ca/Si ratios (1.4-1.8) 

compared with the gel present beyond 7 days curing where 

the Ca/Si ratio had reached an approximately constant 

value of slightly greater than unity in both cases.
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This is somewhat smaller than the Ca/Si ratios of C-S-H

gels found in well cured OPC («1.7) but is typical of the

Ca/Si ratios of C-S-H gels found in similar systems with

much higher silica levels (e.g. in lime-silica systems)

[6,52,99]. The major difference between the composition

of the fibrous gel observed in this work and the

compositions of similar gels reported by previous

workers, are the very high aluminium levels. According to

previous reports [101,103] the solubility range of

aluminium in C-S-H gel is equivalent to Al/Si ratios from

0 to 0.2 whereas in the present work the average observed

Al/Si ratios for the fibrous gel varied between 0.22 to

0.44. This was in fact the major distinguishing feature

(see Figure 6.16) between the fibrous gel formed in the

75°C cured samples and that found in the 95°C cured

samples. The fibrous gel formed at 75°C showed

consistently lower average values of Al/Si ratio compared

with those for the gel formed at 95°C, and there was also

a general tendency for the difference between them to

increase with increased curing time.

In addition to the major elements Ca, Si and Al contained 

in the fibrous gel, there were also minor amounts of 

other elements principally Na, K, Fe and S. These 

elements originated mainly from the pfa (see Table 4.2) 

and their levels in the pfa relative to silicon are 

compared with the average levels found in the fibrous gel 

in Tables 6.4 and 6.5. Both the Fe/Si ratios and S/Si
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ratios in the gel are substantially greater than those in 

the original pfa. However the iron and the sulphur were 

present in the pfa mainly as particular compounds (i.e. 

as respectively haematite and gypsum (see Chapter 4) and 

were immediately available to go into solution and react, 

whereas the potassium and sodium were mainly in solid 

solution in the glassy pfa spheres and therefore only 

became available in fixed small amounts as the glass 

spheres very slowly dissolved.

A second major feature of the TEM micrographs were the 

clearly visible needle-like and lath-like ettringite 

crystals which were present during the early stages of 

curing. These frequently exhibited a bubble-like 

appearance. This effect has been established [41] as 

being due to the partial decomposition of the ettringite 

crystals because of their instability in the electron 

beam which results in a loss of sulphur and aluminium 

relative to calcium. Analyses therefore tended to show 

much lower sulphur levels than that required by the 

standard ettringite composition. Plate 6.10 shows a high 

magnification micrograph which clearly illustrates the 

effect of the electron beam damage. Although, from the 

results of XRD analysis, crystalline ettringite was not 

observed beyond 24 hours curing at 75°C, and not observed 

beyond 6 hours when curing at 95°C (see Appendix 5-6) 

ettringite rods were still observed in TEM micrographs at 

substantially longer curing times, particularly for the
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75°C cured materials. However it was also apparent that 

as the curing time increased the morphology of the 

ettringite needles changed and the needles were observed 

to break down in a manner different from that associated 

with electron beam damage. This is illustrated in Plate 

6.11 which shows a large ettringite crystal which 

exhibits a "globular" morphology, the globules tending to 

run in lines, parallel with the major axis of the 

crystal.

Analysis of the "crystal" again shows a deficiency in 

sulphur and aluminium relative to the ideal ettringite 

composition but there is also in this case a significant 

amount of silicon present. A high magnification 

micrograph of the ettringite "crystal" (see Plate 6.12) 

shows that the globules from which it is made up range in 

size from about 25-1OOnm. They are heterogeneous and 

appear to consist of very fine particles with diameters 

around 3nm dispersed within what is presumably a viscous 

matrix. The degraded ettringite "crystals" were 

frequently observed to be enveloped (see Plate 6.13) or 

partially enveloped (see Plate 6.14) within the fibrous 

gel, and analyses in close proximity to these degraded 

crystals tended to show enhanced sulphur levels relative 

to those for isolated fibrous gel. Although large 

ettringite crystals often occurred as isolated needles 

which had presumably crystallised from the pore solution 

(see Plate 6.15) there was a general tendency for the
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surface of pfa particles to be associated with clusters 

of small ettringite crystals and as these crystals 

degraded, some pfa particles often became enveloped 

within a globular coating (see Plate 6.16). Again the 

globules tended to show a high sulphur content and 

contain a significant amount of silicon.

Globules at later curing periods often become separated 

from pfa particles and appeared as approximately 

spherical globular particles often enveloped in fibrous 

gel. These globular particles, as shown in Plate 6.17 

could quite easily be mistaken for pfa particles apart 

from their much smaller size and also their heterogeneous 

appearance which is more clearly apparent in Plate 6.18 

where some of the globules are isolated. The globular 

particles in Plate 6.17 range from about 40-240nm in 

diameter and in Plate 6,18 from 70-230nm. They appear 

colloidal in nature containing a dispersion of very fine 

particles a few nanometres across.

Similar particles observed by Rodgers and Groves [51] in 

both OPC and OPC/pfa blended pastes have been identified, 

mainly from their composition, as hydrogarnet crystals. 

The crystals were very poorly crystalline and gave no 

electron diffraction spot pattern. It was not found 

possible in the current work to obtain a reliable 

composition for these particles as they tended always to 

be associated with the fibrous gel. Hydrogarnet was 

however positively identified by XRD for specimens cured
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for greater than 18 hours at 75°C, and greater than 12 

hours at 95°C and was associated with the loss of 

crystalline ettringite. No other particles or 

crystallites were observed in the TEM work which could in 

any way be associated with or identified as hydrogarnet.

6.3.5 The results of scanning electron microscopy 

Unlike the TEM work which was employed for detailed 

characterisation of the reaction products, the SEM was 

used simply to follow the changes in microstructure which 

occurred during curing. Observations were mainly carried 

out on 95°C cured material although 75°C cured material 

was also examined and was found to show a similar pattern 

of behaviour. The current report of microstructural 

development is therefore restricted to 95°C cured 

material.

Although an EDAX facility was available, because of the 

semi-quantitative nature of the analyses of fracture 

surfaces, it was only used in a very limited manner to 

aid identification of certain phases. For example any 

area analysed as containing principally calcium with only 

minor traces of other elements could be confidently 

identified as being either calcium hydroxide or calcite. 

The major developments in microstructure were observed to 

take place at very early curing periods of between 3 

hours and 24 hours. Beyond this there was very little 

apparent change in microstructure, other than a gradual
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densification of the material within the spaces between 

the pfa particles. This is illustrated in Plates 6.19- 

6.27 which show the representative microstructures of 

fracture surfaces at a fixed magnification, for specimens 

cured at 95°C for between 3 hours and 28 days. 

Up to 12 hours curing micrographs showed a very open 

microstructure and the pfa particles were encased in a 

heterogeneous layer of particulate material consisting of 

an aggregation of short rods and plates (see Plate 6.19). 

These casings were partly or wholly enveloped in layers 

of a gelatinous and amorphous looking substance. Where 

the pfa particles had separated from their coating during 

fracture, the casings were left behind as approximately 

hemispherical shells of material. This is illustrated in 

Plates 6.28-29. Plate 6.28 shows the remnants of a more 

fully complete shell with the pfa particle missing, 

suggesting that the surfaces of the pfa particles may 

have separated from their enveloping coating during the 

reaction process, leaving a void between the inner wall 

of the coating and the surface of the pfa particles. 

Ettringite needles were also clearly visible protruding 

through the walls of many of the particle coatings. 

Occasionally pieces of shell were observed lying in their 

original hollow imprint within the lime matrix (see Plate 

30). At 12 hours curing (see Plate 6.21) the "shells" 

often appeared to have a rather open and porous 

structure. Also there were evident, areas which contained
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networks of amorphous foils or platelets (see Plates 6.31 

and 6.32). Close inspection of these foils (see Plate 

6.32) suggests that the foils had nucleated on and grown 

from much thicker plates of calcium hydroxide. 

This provides confirmatory evidence of the initial 

formation of cementitious gel between the pfa particles. 

By 24 hours of curing a much denser and more coherent 

interparticle network had built up (see Plate 6.23) and 

there was little evidence of the hemispherical shells 

which were present at the early stages of curing. 

Continued curing simply produced a gradual infilling of 

spaces between the pfa particles.

6.3.6 Summary

In summary the major aspects which may be deduced from 

the analytical work on the pfa+20wt.% added lime mixes 

cured at different temperatures are,

1) Crystalline ettringite was immediately formed when 

water was added to the pfa-lime mix and the crystalline 

ettringite was always present in the initial stages of 

curing for all curing temperatures employed. This is 

confirmed by X-ray powder diffraction analysis and 

supported by DTG analysis.

2) In the early stages of curing ettringite crystals 

occurred in the form of needles and laths and also as 

short rods. They were subject to electron beam damage
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which caused loss of sulphur and also aluminium. The 

ettringite crystals occurred as large needles in spaces 

between pfa particles and as short rods clustered around 

pfa particle surfaces.

3) As the curing period was extended, crystalline 

ettringite disappeared from the cured material. The 

crystalline ettringite disappeared at earlier ages as the 

curing temperature was increased (95°C and 75°C). The 

ettringite needles appeared to break down into a network 

of globules of between 25nm and 100nm in diameter. The 

globules contained in addition to the elements Ca, Al and 

S, significant levels of Si. The globules were 

heterogeneous and appeared to contain a dispersion of 

particles of about 3nm diameter.

4) At approximately the same stage when the diffraction 

peaks from crystalline ettringite disappeared from XRD 

traces, and TEM micrographs showed break down of 

ettringite needles into globular networks, the sharp 

weight loss band in DTG traces in the temperature region 

70-120°C broadened.

5) When curing at both 75°C and 95°C the loss of 

crystalline ettringite coincided exactly with the 

formation of hydrogarnet. At 50°C, where no hydrogarnet 

was formed, the loss of crystalline ettringite coincided 

with the formation of monosulphate. No particles which 

could in any way be associated with, or identified as 

hydrogarnet were observed in TEM micrographs other than
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the heterogeneous globular particles of degraded 

ettringite which appeared to contain finely dispersed 

particles of about 3nm diameter.

6) Although crystalline hydrogarnet was clearly 

identified by XRD analyses at a particular stage in each 

curing cycle it was not possible to confirm this by DTG 

analysis, because thermal analysis of ettringite produces 

a weight loss band in the same temperature region.

7) In the very early stages of curing SEM micrographs of 

fracture surfaces showed an abundance of hemispherical or 

part hemispherical shells of material which were clearly 

the relics of coatings of reaction products from the 

surfaces of pfa particles. Ettringite needles were 

contained within and protruded through these coatings. 

Also at this stage in the curing cycle, nucleation and 

initial growth of amorphous foils of reaction product 

took place on the calcium hydroxide plates.

8) The amorphous fibrous and foil-like gel (which was 

first apparent at 12 hours curing at 95°C and 18 hours 

curing at 75°C) showed very high initial Ca/Si ratios. 

Electron diffraction of the fibrous and foil-like gel 

showed only a broad diffuse powder diffraction ring with 

a d. spacing of between 0.29nm-0.32nm. This corresponds 

with the observation of a similarly broad weak XRD peak 

at around 0.304nm, although there are problems associated 

with resolving the X-ray peak due to overlap with 

diffraction peaks from other compounds. These results
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however confirm the poorly crystalline nature of the gel.

The gel does not give a well defined weight loss band in

DTG analysis, but is associated with a continuous loss of

water in the temperature range 80°C-600°C, with more

water being lost at lower temperatures. There is however

a broad weak weight loss band in the temperature region

150°C-190°C which may be associated with gel formation.

9) Analysis of the fibrous gel in the TEM shows it to

initially exhibit relatively high average values of Ca/Si

ratio (1.4-1.8) but to rapidly reach a constant level of

about 1.1 for fibrous gel from both 75°C and 95°C cured

material. The fibrous gel was a calcium silicate

aluminate hydrate gel with average Al/Si ratios between

0.22 and 0.44. This is significantly greater than that

reported for the maximum solubility limit of Al in C-S-H

gel, which is equivalent to an Al/Si ratio of 0.2

[101,103].

It is of course possible that the observed fibrous gel is 

an intimate mixture on a very fine scale of a C-S-H gel 

and an alumina or calcium aluminate gel, although the 

scale required would virtually be on an atomic scale. The 

major distinguishing feature between the fibrous gel 

formed at 75°C and that formed at 95°C is that the latter 

contained significantly higher aluminium levels 

particularly at longer curing times.

In addition to Al the fibrous gels also contained minor 

amounts of Fe, Na, K, and S, although at this stage there
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are no obvious trends to suggest that these have any 

particular effect on the material properties.
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CHAPTER SEVEN

THE EFFECT OF GYPSUM ADDITIONS ON THE PHYSICAL PROPERTIES
OF CURED PFA-LIME MATERIAL

7.1 Introduction

The results presented in this chapter are concerned with 

investigating the effect of gypsum additions on the 

physical properties of pfa-lime material when cured at 

95°C and 100% r.h. As discussed in the final conclusions 

of the previous chapter, the surface deposits of calcium 

sulphate have a significant influence on the mechanism of 

the reaction between pfa and lime and on the manner in 

which the physical properties develop during curing. Thus 

to determine in more detail the way in which calcium 

sulphate affects both the development of the physical 

properties and the nature of the pfa-lime reaction in 

cured "pfa+20wt.% lime" material, the following mixes 

were made up,

i) "Desulphurised" pfa + 20wt.% added lime (note that the 

pfa still contained a small amount of residual sulphate 

which was not removed by the "desulphurisation" process). 

This material is subsequently termed "system D pfa". The 

"desulphurisation" treatment is fully explained in 

Section 4.3.3.
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ii) Original pfa as supplied + 20wt.% added lime (note 

that the pfa contained surface calcium sulphate 

equivalent to 1.3wt.% of gypsum). This system is 

subsequently termed "system 1". The results for this 

system were presented in Chapter 6.

iii) Original pfa as supplied + 20wt.% added lime + 4wt.% 

added gypsum (the total equivalent amount of gypsum in 

this system was 5.3wt.%). This system is subsequently 

termed "system 2".

iv) Original pfa as supplied + 20wt.% added lime + 6wt.% 

added gypsum (the total equivalent amount of gypsum in 

this system was 7.3wt.%). This system is subsequently 

termed "system 3".

In all cases the percentage gypsum additions were based 

on the dry weight of the pfa. The mixtures were mixed, 

pressed into cylinders and cured at 95°C and 100% r.h., 

in exactly the same manner as described in section 3.2. 

The cured cylinders were subjected to the same physical 

properties measurements and analyses as described for 

previous specimens in Chapter 6.

As the density of gypsum (2.23 g/cm3 ) is not 

significantly different from that of lime (2.24 g/cm3 ) 

and of the pfa (2.37 g/cm3 ), it was possible during 

pressing to keep the dry density of the pressed cylinders
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constant at (1.52 g/cm3 ). Any variation in the voids 

ratio resulting from differences in composition will 

therefore be very small and should have a negligible 

influence on strength.

7.2 The physical properties of "pfa + lime + gypsum "

cylinders cured at 95°C and 100% r.h.

Figure 7.1 shows the effect of gypsum additions on pfa + 

20wt.% lime material when cured at 95°C for 1 and 7 days. 

The figure shows clearly the marked effect that gypsum 

additions had on the compressive strength of these 

materials. It establishes that, at the two curing periods 

studied, strength increased with increasing gypsum 

content up to a maximum strength value at approximately 

4wt.% of added gypsum. Further increase in added gypsum 

above the optimum level of 4wt.% resulted in a marked 

decline in strength to values below that for Owt.% added 

gypsum.

Figures 7.2 & 7.3 show the development of compressive 

strength with time for cured pfa + 20wt.% added lime 

specimens with different gypsum contents. The specimens 

(system D pfa, system 1, system 2, and system 3) were 

cured at 95°C for up to respectively 3 and 28 days. 

At early curing periods, i.e. from 0 to 12 hours, the 

presence of calcium sulphate as a contaminant on the pfa 

particle surface and as added gypsum had a clearly 

observed retarding effect on the strength development. In
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contrast to the gypsum-containing systems, the 

"desulphurised" pfa began to gain strength at much 

earlier ages (e.g. 3 hours). After curing for 12 hours 

the "desulphurised" pfa had achieved over half of its 

ultimate strength whereas none of the gypsum-containing 

systems had shown any significant strength development at 

all by 12 hours curing. However between 12 hours and 24 

hours curing, the three gypsum-containing systems (i.e. 

system 1, system 2 and system 3) showed very rapid 

strength gains and by 24 hours curing their strengths had 

exceeded the strength level attained by the D pfa system. 

Also the strength developed did not show a simple 

progressive increase with increasing gypsum content. For 

gypsum additions of up to 4wt.% and at one day curing, 

compressive strength increased with increased gypsum 

content (i.e.system D pfa -23 N/mm2 < system 1 «28 N/mm2 < 

system 2 «35 N/mm2 ). Above 4wt.% added gypsum compressive 

strength declined, i.e. when 6wt.% gypsum was added 

(system 3) the compressive strength at 1 day («25 N/mm2 ) 

was only slightly above that for system D pfa. In 

particular system 2 (4wt.% added gypsum) exhibited an 

exceptionally large gain in strength and at 3 days curing 

had reached a strength of «45 N/mm2 . Beyond 7 days curing 

the strength of the "desulphurised" pfa showed a maximum 

constant level of «29 N/mm2 whereas the strength of all 

three calcium sulphate-containing systems continued to 

increase up to at least 28 days curing.
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Figures 7.4 and 7.5 show the relationship between 

expansion during curing and curing time for system D pfa, 

system 1, system 2 and system 3, for respectively 3 and 

28 days curing at 95°C.

Inspection of the two figures clearly shows the dramatic 

effect that gypsum additions had on the expansion of 

these materials. In fact comparison of the expansion of 

system D pfa and system 1 shows that removal of the 

surface calcium sulphate from the original pfa reduced 

the final expansion by 80%.

The "desulphurised" pfa showed very little expansion, 

most of which occurred within the first few hours (3 to 6 

hours) of curing (see Figure 7.4) i.e. just prior to the 

period (6 to 12 hours) where the rate of strength 

development was highest (see Figure 7.2). This 

observation of expansion preceding strength gain 

corresponds with the observations for system 1 outlined 

in section 6.2.1. As discussed previously system 1 showed 

significant expansion within the first 12 hours of 

curing. In contrast system 2 and system 3 to which gypsum 

had been added showed a marked retardation in expansion 

at the early curing periods. The period of delay 

increased with gypsum content to 18 hours for specimens 

with 4wt.% added gypsum and then decreased to 12 hours 

for specimens with 6wt.% added gypsum. After the delay 

period there was a very rapid increase in the level of 

expansion in all cases.
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After this rapid increase the rate of expansion decreased 

until no further expansion occurred. The observed period 

of expansion (see Figure 7.5) was completed within 3 days 

for system 1 (Owt.% added gypsum), 7 days for system 3 

(6wt.% added gypsum) and 14 days for system 2 (4wt.% 

added gypsum). In particular the final expansion for 

system 2 («1.9%) was substantially greater than that for 

system 1 («1.2%) and system 3 («1.35%). These changes in 

expansion with curing time at different gypsum contents 

followed a similar pattern to those of strength in that a 

maximum occurred in the final expansion at 4wt.% of added 

gypsum. Thus 4wt.% gypsum addition was the optimum amount 

of added gypsum required to produce both maximum strength 

and maximum expansion.

Figures 7.6 and 7.7 show the percentage lime consumption 

versus curing time for system D pfa, system 1, system 2 

and system 3 cured at 95°C for up to respectively 3 and 

28 days. The lime consumption data were determined from 

mass balance calculations derived from the TG results 

which are presented in Tables 8.1, 6.3, 8.4, and 8.7. 

The figures illustrate that in all cases the greatest 

proportion of the lime was consumed during the early part 

of the curing cycle i.e. within the first 3 days. After 

28 days curing the available lime was, to within a few 

percent, fully consumed in all cases (see Figure 7.7). 

This is in contrast to the 28 days compressive strength 

developed (see Figure 7.3) which showed a wide variation
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between the different systems (i.e.*28 N/mm2 for system D 

pfa to «50 N/mm2 for system 2). The most significant 

difference in the rate of lime consumption for the 

different systems occurred in the very early stages of 

curing, i.e. within the first 24 hours.

Comparison of the lime consumption versus curing time 

plots for system D pfa and system 1 (see Figure 7.6) 

shows that although the presence of calcium sulphate on 

the pfa particle surfaces had a profound effect both on 

expansion (see Figure 7.4) and on strength (see Figure 

7.2), it had a very limited effect on the rate of lime 

consumption producing a slight acceleration. However the 

addition of 4wt.% gypsum (system 2) and 6wt.% gypsum 

(system 3) produced a substantial initial retardation in 

lime consumption. For system 2 a dormant period was 

induced between 6 and 12 hours during which no lime 

consumption occurred, and a second less well defined 

dormant period was observed between 18 and 24 hours. For 

system 3, the rate of lime consumption showed a very slow 

continuous increase with curing time, and in the initial 

stages of curing, lime consumption was extremely small. 

For example after 18 hours curing the lime consumption 

for system 1 was «82%, for system D pfa «79%, for system 

2 «67% and for system 3 «28%. Therefore the retarding 

effect of gypsum on both strength (see Figure 7.2) and 

expansion (see Figure 7.4) observed in the early stages 

of curing for systems 2 and 3, was also apparent in the

154



lime consumption data although the pattern of behaviour 

was not identical.

The manner in which expansion and strength are related to 

lime consumption at different gypsum contents is 

illustrated in Figures 7.8a-d and 7.9a-d. In order to 

assist the interpretation of the results the curing times 

are indicated on the graphs.

An initial examination of the two sets of figures shows 

the complexity of these relationships in comparison with 

those studied in the previous chapter.

Figures 7.8a-d show the relationship between expansion 

and the percentage of lime consumption for the four 

systems considered. For system D pfa (Figure 7.8a) the 

small amount of expansion which did occur («0.25%) did so 

during the first 6 hours, during which time 40% of the 

lime had been consumed. For system 1 (see Figure 7.8b) 

expansion increased gradually with lime consumption for 

12 hours during which period 75% of the lime was 

consumed. The highest rate of expansion occurred between 

12 and 18 hours during which only a small amount of lime 

(*7%) was consumed. Further lime consumption above 80% 

produced no further expansion.

The most complex expansion characteristics were exhibited 

by system 2 (see Figure 7.8c). In this case, other than a 

small amount of expansion (aO.15%) at about 30% lime 

consumption negligible expansion occurred until «68% of 

the lime had been consumed, subsequent to which there was
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a very substantial increase in expansion during which 

virtually no lime was consumed. Further lime consumption 

subsequently occurred but with very little expansion and 

this was again followed by a further period of expansion 

during which no more lime was consumed. Hence a clearly 

defined step pattern was generated in the relationship 

between expansion and lime consumption for system 2. 

A similar broader and less pronounced step function was 

generated by system 3. In this case the first large 

increase in expansion occurred at very low lime 

consumption levels (17-28%), after which there was 

substantial lime consumption (28-94%) with very little 

expansion. A small amount of expansion then occurred 

without any further lime consumption.

Similar step functions (see Figure 7.9a-d) were also 

observed for the relationships between compressive 

strength versus lime consumption in the four systems 

studied.

For system D pfa (Figure 7.9a) compressive strength 

increased continuously with lime consumption at an 

increasing rate reaching a constant maximum level («25 

N/mm2 ) after «80% of the lime had been consumed. For 

system 1 (Figure 7.9b) there was very little gain in 

compressive strength until nearly 80% of the lime had 

been consumed subsequent to which there was a substantial 

gain in compressive strength during which negligible lime 

was consumed. This cycle of lime consumption with little
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strength gain followed by strength gain with little lime 

consumption was then repeated for a second time producing 

a well defined step function. The most complex behaviour 

was again exhibited by system 2 (Figure 7.9c) where no 

strength gain was observed up to «30% lime consumption at 

which there was a small increase in strength. Lime 

consumption then continued until at about 67% lime 

consumption there was a very sharp rise in strength 

during which very little lime was consumed. This step 

process was then repeated for a second time in a similar 

manner to that for system 1. For system 3 (Figure 7.9d) 

the initial strength gain occurred at an even lower lime 

consumption level (20-30%) and there was then a 

substantial amount of lime consumed (40% to 93%) with 

very little strength gain, subseguent to a second sharp 

rise in strength during which no further lime was 

consumed.

7.3 Summary

A comparison of the expansion behaviour and strength 

development in relation to curing time and lime 

consumption reveals a number of significant features. 

These can be summarised as follows,

i) A 4wt.% gypsum addition was found to be the optimum 

amount of added gypsum reguired to produce both maximum 

expansion and maximum strength when cylinders of "pfa +
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20wt.% lime" were cured at 95°C and 100% r.h. for 

extended periods.

ii) The expansion during curing of the cured pfa-lime 

cylinders without added gypsum (system 1) was associated 

with the presence of a layer of calcium sulphate on the 

surface of the pfa particles. When this layer was removed 

(system D pfa) the final expansion (taken after 28 days 

curing) was reduced by «80%. The addition of gypsum to 

the pfa-lime material resulted in a delay in the time 

required for the onset of rapid expansion, the maximum 

delay period occurred at 4wt.% of added gypsum (system 

2).

iii) The presence of calcium sulphate, both on the pfa 

particle surfaces and as added gypsum was found to have a 

clear retarding effect on the time period required for 

the onset of rapid strength gain of the cured pfa-lime 

cylinders, although the final strengths attained when 

calcium sulphate was present were considerably enhanced, 

iv) The final compressive strengths achieved after 28 

days of curing, although dependent on lime consumption, 

were not directly related to the amount of lime which had 

been consumed by reaction. Strengths were however 

strongly influenced by the different levels of calcium 

sulphate present in the different systems.

v) The rate of lime consumption in the initial stages of 

curing was not significantly influenced by the calcium 

sulphate contamination on the surface of the pfa
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particles. The rate of lime consumption was however 

strongly influenced by the addition of calcium sulphate 

(as gypsum) to this system (system 1) which was found to 

have a profound retarding effect.

vi) Plots of expansion versus lime consumption showed a 

series of different stages. For both the "desulphurised" 

pfa (system D pfa) and the as-supplied pfa (system 1) 

expansion increased continuously with increased lime 

consumption up to a maximum level beyond which no further 

expansion occurred. In the case of the "desulphurised" 

pfa this maximum level was very small. For the systems in 

which gypsum had been added (system 2 and system 3) 

expansion occurred in a series of well defined steps, 

such that lime consumption occurred with very little 

expansion and expansion occurred with very little lime 

consumption. System 2 (4wt.% gypsum addition) exhibited 

the most complex series of steps.

vii) The relationships between compressive strength and 

lime consumption exhibited a number of notable features. 

System D pfa showed a continuous and increasing rate of 

strength gain with lime consumption up to a maximum value 

of strength which then remained constant. The other three 

systems all showed an initial period of lime consumption 

with negligible strength gain followed by a period of 

strength gain involving very little lime consumption. The 

lime consumption at which the initial strength gain 

occurred decreased as the calcium sulphate content in the
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system increased. In addition, comparison of the strength

behaviour with the expansion behaviour showed that the

initial strength gain was normally preceded by, and

overlapped with, the initial period of expansion. The

exception to this was system 2 (see Figures 7.8c and

7.9c) which showed an initial small gain in strength

coupled with only minor expansion prior to the rapid

increase in both strength and expansion, which occurred

more or less simultaneously. There then followed a

succession of periods of lime consumption with limited

strength gain and strength gain with negligible lime

consumption. In the case of the gypsum addition systems

(system 2 and system 3) these subsequent strength gain

steps (see Figures 7.9c and 7.9d) always coincided with

an increase in expansion (see Figures 7.8c and 7.8d),

whereas for system 1 the final strength increase step

(see Figure 7.9b) was not associated with any measurable

expansion (see Figure 7.8b).

As discussed in the previous chapter the step functions 

observed in the relationship between compressive strength 

and lime consumption are generated by a succession of 

membrane formations and membrane ruptures and the 

expansion is thought to result from osmotic swelling 

induced in part by the complete or partial breakdown of 

ettringite within the gel membrane coating.
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It would appear from the current observations that the 

almost complete removal of calcium sulphate from the pfa 

particle surfaces has eliminated most of the membrane 

swelling and expansion and has produced continuous and 

progressive strength gain which may in fact not be 

associated with membrane formation and rupture. It is 

also apparent from the present observation that the 

deliberate addition of gypsum to the pfa-lime system 

strongly influences the process of membrane formation and 

development and the osmotic mechanism and membrane 

rupture.

It is not possible from the physical property 

measurements alone, to establish what exactly are the 

detailed changes induced by the gypsum additions which 

produce this observed behaviour. It is however 

undoubtedly associated with the character of the reaction 

products, the nature of the membrane itself, and the 

concentration differences in solution, particularly of 

sulphate, on either side of the membrane. It is 

anticipated that the analytical work presented in the 

following chapter will contribute to an understanding of 

these processes.

The analytical work will place greater emphasis on system 

2 which produced the most favourable strength values, 

although analytical studies will also be reported for the 

other three systems in order to provide a more thorough 

understanding of the manner in which gypsum additions
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influence the mechanism of the lime-pfa reaction, the 

nature of the reaction products and the development of 

microstructure.
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CHAPTER EIGHT

THE ANALYTICAL RESULTS FROM CURED "PFA + 20wt.% LIME" 
MATERIAL CONTAINING VARIOUS AMOUNTS OF GYPSUM

8.1 Introduction

This chapter presents the experimental results which were 

obtained from the various analytical techniques employed 

to study the effect of gypsum addition on the pfa-lime 

reaction, for specimens cured at 95°C and 100% r.h. for 

periods of up to 28 days. Due to the complex manner (see 

Chapter 7) in which gypsum influences the reaction 

mechanism each system (i.e.system D pfa, system 1, system 

2 and system 3) will initially be treated separately, and 

the combined observations will be discussed at the end of 

the chapter. It should also be noted that although all 

the results relating to system 1 have been presented and 

discussed in Chapter 6, some of these results are 

reproduced where appropriate, for the purposes of 

comparison and completeness. Also particular emphasis is 

placed on system 2 as this is the system with the optimum 

gypsum content (see Figure 7.1).

8.2 Analytical results for system D pfa

Appendix 8 gives the observed £ spacings and visual 

intensities of the phases present at the different stages 

of curing for system D pfa. No diffraction lines from 

crystalline ettringite were observed in the X-ray powder
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diffraction patterns for this system. Taking into account 

the crystalline phases quartz, mullite, haematite, 

magnetite and added lime which were immediately present 

within the system, the first crystalline phase which was 

observed to form within the first three hours of curing 

gave & spacings of 0.302nm, 0.292nm, 0.288nm, 0.229nm and 

0.183nm and was identified as poorly crystalline gel 

similar to "tobermorite" gel or C-S-H gel reported by 

Crennan et.al. [102] and Mitsuda and Taylor [103]. 

Unfortunately at least one of the two strongest 

diffraction lines from calcite (0.303nm, 0228nm) 

overlapped with the diffraction lines from the gel and it 

was therefore impossible from the X-ray data to assess 

the degree to which the gel was present during the curing 

cycle. Hydrogarnet was first observed to form after 12 

hours of curing and remained present at an approximately 

constant level for up to 28 days. This is better 

illustrated in Figure 8.1a-d which shows graphs of the 

fractional peak height ratios of selected diffraction 

peaks from ettringite and hydrogarnet relative to 

adjacent diffraction peaks from mullite and quartz, 

plotted against curing time (up to 3 days), for all four 

systems. Diffraction lines from calcium hydroxide were 

observed to be present for up to three days curing and 

their intensities fell sharply with increased curing 

time. Figure 8.2a shows a graph of the average peak 

height ratios of selected lime diffraction peaks relative
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to adjacent quartz and mullite diffraction peaks, plotted 

against curing time. Comparison of this curve with that 

for the percentage of residual lime (determined from TG 

analyses) plotted against curing time (Figure 8.2b) shows 

almost exact correspondence. There was a small percentage 

of residual lime detected by TG beyond 7 days curing 

which was not detected by XRD. This confirms that the XRD 

technique was not sufficiently sensitive to detect 

crystalline calcium hydroxide if it was present in 

amounts below «3% by weight of the pfa.

Figures 8.3 and 8.4 show the DTG thermograms for this 

system. Table 8.1 presents the mass balance calculations 

for the percentage of free lime which remained at each 

stage of the curing cycle, from which the data for the 

curves in Figures 7.6-7 were derived. The DTG thermograms 

show a number of important features in comparison with 

those for system 1 (see Figure 6.14). The narrow sharp 

weight loss band at slightly below 100°C which is 

attributed to ettringite was still present (3 and 6 hours 

curing) although its intensity was very much reduced. 

This suggests that even in the "desulphurised" system 

there was sufficient sulphate still remaining for a small 

amount of ettringite to form at the pfa particle surfaces 

in the initial stages of the reaction. Also in the 

initial stages of the reaction when large amounts of free 

lime were present substantial carbonation was often
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observed, apparent by the large weight loss band between 

700°C-800°C (e.g. at 3 hours curing).

As the curing process was carried out in closed vessels 

(see Section 3.2) containing "Carbosorb" the calcium 

carbonate must have been formed either during the mixing 

process before curing or after curing when samples were 

crushed into fine powder for thermal analysis. The 

observations suggest that the latter was in fact the 

case. As the carbonated lime was taken into account in 

the mass balance calculations this did not affect the 

data for the amount of lime consumed in the reaction. A 

third feature of the DTG data was the appearance between 

12 and 24 hours curing of a very weak weight loss band in 

the temperature range 170°C-220°C immediately after the 

disappearance of the narrow weak ettringite band, and 

coincident with the period (see Figure 8.1 a) at which 

hydrogarnet was observed in the X-ray diffraction 

pattern. It must be noted that a similar but stronger 

band appeared at the equivalent stage in system 1 (see 

Figure 6.14 in Chapter 6) where the sulphate (which had 

not been removed) was at a higher level.

SEM micrographs showed a very different picture of the 

early stages of microstructural development in comparison 

with system 1. At 3 hours curing (Plate 8.1) there was 

evident formation and growth of material at localised 

areas over the pfa particle surface and by 6 hours of 

curing these growth areas had developed into well defined
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individual nodules (Plate 8.2) protruding from and 

completely covering the surfaces of the pfa particles. 

There was no evidence on SEM micrographs of ettringite 

rods or needles in this surface layer. By 12 hours of 

curing the nodular structure was no longer visible and 

pfa particles were coated with typical colloidal 

membrane-like and foil-like material which also occupied 

the inter-particle spaces (Plate 8.3). Continued curing 

for 18 hours and beyond (Plates 8.4-8.6) produced a 

general densification of the microstructure with little 

further morphological changes.

At the very early stages of curing (e.g. 3 hours) TEM 

micrographs showed (Plate 8.7) rods of typical globular 

ettringite morphology growing on and protruding from the 

surfaces of some pfa particles. In addition, and in 

contrast to system 1, considerable amounts of fibrous and 

foil-like gel was observed (Plate 8.8) even at these very 

short curing periods. At 6 hours curing crumpled foils of 

gel together with globular "ettringite"-like material 

were apparent (Plate 8.9) at the surfaces of the pfa 

particles and isolated regions of foil-like fibrous gel 

were also observed (Plate 8.10). At 12 hours curing some 

particles showed formation of very fine foils or 

platelets which were associated with globular material 

which was heterogeneous and showed a clearly particulate 

morphology (Plate 8.11). This was the stage at which the 

DTG analysis showed loss of the sharp ettringite weight
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loss peak and the XRD results confirmed the formation of 

hydrogarnet. Continued curing produced no further 

additional microstructural features other than evidence 

of formation of extensive amounts of fibrous and foil- 

like gel examples of which are illustrated in Plates 

8.12-8.16.

Table 8.2 gives the results of EDAX analyses of the 

fibrous and foil-like gel present at the different curing 

times. Comparison with the equivalent results for system 

1 (see Table 6.5) shows marked similarities in that there 

was a continuous reduction in Ca/Si ratio with increased 

curing time and a random fluctuation in Al/Si ratio which 

varied between 0.31 and 0.43. However the Ca/Si ratios 

for the fibrous gel in the D pfa system were consistently 

below those in system 1. One unexpected feature was that 

although the pre-treatment of the pfa with hydrochloric 

acid to remove surface calcium sulphate resulted in an 

overall reduction in levels of iron, sodium and potassium 

cations in the gel relative to silicon, the sulphur to 

silicon ratio showed only a minor reduction from an 

average value of 0.036 to 0.029. The fact that there was 

little difference in the S/Si ratio of the fibrous gel 

formed in this system and in system 1 suggests that 

either the amount of gel formed in system D pfa is very 

much less than that of system 1 resulting in the sulphate 

level being more or less maintained, or alternatively it 

could mean that part of the sulphate available in system
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1 was incorporated in another sulphate-containing 

reaction product other than the fibrous gel (i.e. the 

colloidal globular product).

8.3 Analytical results for system 2

The results presented in Section 4.4 confirmed that for 

system 1 there was an almost immediate reaction between 

the pfa, lime and water when they were mixed at room 

temperature. According to the XRD analysis this reaction 

resulted in the formation of ettringite, and this was 

supported by the DTG results. In system 2 the sulphate 

level was much higher due to the deliberate addition of 

4wt.% gypsum.

8.3.1 Initial reaction at room temperature

Table 8.3 compares the observed d spacings from X-ray 

powder diffraction analysis of this system in the dry 

state, with those observed for the system in the moist 

state (with 18% water/solid). Diffraction patterns were 

obtained immediately after mixing at room temperature. 

The table (in agreement with the results for system 1) 

again gives positive confirmation that when water was 

added to the mix at room temperature crystalline 

ettringite immediately began to form.

Thus ettringite was definitely the first crystalline 

reaction product of the pfa-lime reaction, and even 

whilst mixing the materials and pressing the cylinders at
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room temperature, part of the reaction was already 

underway.

Figure 8.5 presents the DTG thermograms of the same 

materials in the dry and moist state at room temperature. 

The mass balance calculations derived from these 

thermograms for the free lime, the gypsum present and the 

ettringite formed are presented in Table 8.4a-c. 

When the mixed materials were in the dry state the 

thermogram showed a distinct weight loss band at around 

139°C which is attributed to the dehydration of the added 

gypsum. The other two weight loss bands at 479°C and 

726°C are due respectively to the dehydroxylation of the 

added lime and the decomposition of calcium carbonate. 

Immediately after the mixture was moistened a sharp 

weight loss band appeared at 92°C attributable to 

dehydration of ettringite, again confirming the initial 

formation of ettringite and (due to the moist 

environment) the gypsum band shifted to 152°C. A new 

broad and weak weight loss band also appeared at around 

350°C. As discussed previously this band is attributable 

(see Section 4.4) to dehydroxylation due to breaking of 

Al-OH links.

In addition, moistening of the mix produced a greatly 

enhanced level of carbonation. As discussed in the 

previous section most of this carbonation occurred when 

small samples were prepared and taken for DTG analysis, 

the rate of carbonation being much greater when moisture
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was present.

The mass balance calculations (Table 8.4a) show that in 

the dry state «0.3% by weight of the original lime was 

unaccounted for after mixing. In view of the errors 

involved in the technique (see Appendix 1) this value, 

which ideally should be zero, was considered to be wholly 

acceptable. The addition of water resulted in «1.5% of 

the original added lime (0.3% expressed as a percentage 

of the pfa) being consumed in reactions other than 

carbonation. A surprising feature (see Table 8.4b) is 

that the amount of gypsum in the system appeared to 

increase from the calculated value of w4% in the dry 

state to «6.8% in the moist state (column 9 in Table 

8.4).

In addition the calculated amount of ettringite formed, 

assuming that the weight loss band at 93°C is due solely 

to loss of 26 H20 from the ettringite, was «5.9% (by 

weight of pfa) which is equivalent to consumption of 

«2.4wt.% of gypsum and «5% by weight of the original 

lime. Clearly as was the case for system 1, the mass 

balance calculations with respect to the gypsum and the 

ettringite are anomalous as they give greatly enhanced 

amounts of these compounds. The reason for this is that 

initial reaction with water not only produced crystalline 

ettringite but also colloidal material which showed a 

pronounced weight loss over this temperature range. Thus 

the loss of water from this product is superimposed on
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the weight losses due to dehydration of ettringite and 

gypsum giving anomalously high amounts of water in these 

compounds. Quantitative calculations of gypsum 

consumption based upon these data were therefore not 

possible, although the DTG thermograms were very useful 

in following qualitatively the consumption of gypsum 

during curing.

8.3.2 Analytical results for specimens cured at 95°C 

The X-ray powder diffraction data giving the observed d. 

spacings and the visually observed intensities for the 

crystalline phases observed in cured specimens from 

system 2 are given in Appendix 9.

Figure 8.1c shows the change in relative intensities of 

selected ettringite and hydrogarnet diffraction peaks 

relative to adjacent quartz and mullite diffraction peaks 

up to 3 days curing. Ettringite, which was the first 

crystalline phase to form, showed a maximum in the 

intensities of its diffraction peaks after about 12 hours 

curing and then subsequently declined until beyond 14 

days curing no diffraction lines from crystalline 

ettringite were observed. The initial decline in the 

amount of crystalline ettringite present between 12 and 

18 hours was associated, as in the previous work on 

system D pfa and system 1 (see Sections 6.3.2 and 8.2), 

with the formation of crystalline hydrogarnet which 

reached a maximum level at 24 hours curing after which,
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within the limits of error involved in these 

observations, it remained approximately constant. 

Diffraction lines from calcium hydroxide were observed up 

to 18 hours of curing beyond which no further diffraction 

peaks were detected. Although for system 2 crystalline 

gypsum was detected by XRD analysis in the moistened mix 

(see Table 8.3), by 3 hours curing crystalline gypsum 

could no longer be detected. However at 7 days curing and 

beyond, diffraction peaks from crystalline gypsum and 

also in some cases bassanite (CaSC>4 .£H20) were observed. 

Figures 8.5, 8.6 and 8.7 show the DTG thermograms, from 

the initial mixing up to curing times of 28 days. The 

mass balance calculations derived from these thermograms 

are given in Table 8.5.

The amount of gypsum present (represented by the weight 

loss peak at between 130°C and 155°C) remained 

approximately constant for up to 6 hours of curing, 

showed a reduction at 1 2 hours curing and by 18 hours 

gypsum was fully consumed. The consumption of lime 

denoted by the weight loss band between 400°C and 500°C 

showed a very similar pattern of behaviour. This is best 

illustrated in Figure 8.8 which compares the change in 

lime consumption versus curing time with that of gypsum 

consumption versus curing time. It must be noted here 

that due to the effect of gel water loss in the 

temperature region over which gypsum dehydrates the 

absolute values of gypsum consumption plotted may be
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subject to considerable error although the pattern of 

behaviour is accurate.

After 12 hours of curing there was a very marked change 

in the DTG thermogram. The sharp weight loss band at 

*89°C, in part attributable to ettringite dehydration 

became broader signifying ettringite decomposition and 

the disappearance of the gypsum band was accompanied by 

the appearance of a new higher temperature weight loss 

band at «170°C which remained well defined until 24 hours 

curing, and at later curing ages became broader and more 

diffuse. It is not possible to positively attribute this 

weight loss band to any specific crystalline phase or 

phases as the X-ray powder diffraction data did not 

detect the formation of any new crystalline phase during 

this curing period other than hydrogarnet which has a 

well established weight loss band in the temperature 

region 300°C-400°C (see Table 3.2). Similar weight loss 

maxima were also observed for the D pfa system (see 

Figures 8.3 and 8.4) and system 1 (see Figure 6.14). The 

effect became more pronounced as the calcium sulphate in 

the system increased, and weight loss in this temperature 

region always appeared after the period when crystalline 

ettringite had begun to break down, and coincided with 

the time at which crystalline hydrogarnet was first 

observed. The occurrence of this weight loss band also 

coincided with the period of rapid precipitation of 

cementitious gel. It initially appeared sharp and well
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defined and then subsequently broadened. The phase or 

phases to which this weight loss is attributable are 

clearly either amorphous or very finely divided phases 

which are formed during the reaction sequence, which 

involves the breakdown of crystalline ettringite, rupture 

of the membranes and precipitation of cementitious gel. 

The observations suggest that it results from dehydration 

of the sulphate-containing cementitious gel [78], 

although a contribution from monosulphate dehydration, 

which also gives a weight loss band in this temperature 

region (see Table 3.2) cannot be discounted. 

In the early stages of curing SEM micrographs showed 

formation of a dense mat of short ettringite rods around 

the pfa particles (see Plates 8.17-21). However by 12 

hours of curing the ettringite rods encasing the pfa 

particles were no longer clearly visible and the pfa 

particles were surrounded (see Plate 8.22) by a 

continuous gelatinous coating. Up to 18 hours of curing 

there was little further change in the microstructure, 

however at 24 hours curing substantial densification and 

infilling of the inter-particle spaces had occurred (see 

Plate 8.23) and also very thin plate-like crystals were 

occasionally visible in some areas, embedded in the 

matrix material between the pfa particles. At 3 days 

there was evidence of further membrane development 

enclosing the pfa particles (see Plate 8.24) and by 7 

days and beyond there were regions exhibiting substantial
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disruption (see Plate 8.25-26) and what appeared to be 

fragments of ruptured membrane material. Also, quite 

large faceted gypsum crystals were visible (see Plate 

8.27) sometimes partly encased by ruptured membrane 

material. In addition reacted hemispherical shells of 

material which had clearly previously encased pfa 

particles showed (see Plate 8.28-29) dense laminated 

regions.

The TEM observations generally supported and complemented 

the SEM studies. At 3 and 6 hours curing no typical 

fibrous and foil-like gel could be detected in the TEM 

observations. The first positive signs of fibrous gel 

formation were evident (see Plate 8.30) at 12 hours 

curing. Within the gel were enclosed clearly degraded 

"ettringite" rods. Plate 8.31 shows a pfa particle 

completely surrounded by degraded "ettringite" rods many 

of them having the globular structure previously 

commented upon in Section 6.3.4 and illustrated in Plates 

(6.11-6.15) .

At 18 hours curing (Plates 8.32-35) "ettringite" rods 

were still clearly identifiable. The rods gave a 

composition which was rich in aluminium. In addition some 

of the rods consisted of fine hollow tubes (see Plate 

8.33) similar to those reported by Coatman et.al.[104] 

and Bailey & Chescoe [105] who concluded that such tubes 

were formed by an osmotic pumping mechanism. The rods
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also often showed a bubbled appearance (see Plate 8.32)

which, as previously discussed in Section 6.3.4, is

characteristic of electron beam damage, and it was not

always easy to distinguish this effect from the globular

material which was formed by the breakdown of the

ettringite crystals. The nature of the gel which

developed at this stage was very different from the

characteristic fibrous and foil-like gel. Plate 8.34

shows that it consisted of a very fine colloidal material

and although analyses showed it to have a composition

similar to the fibrous and foil-like gel it did tend on

average to show enhanced sulphur levels (see analysis in

Plate 8.34). Some fibrous material was also present (see

Plate 8.35) but it tended to be intimately associated

with the colloidal material.

At 1 day curing (plates 8.36-38) extensive amounts of 

fibrous gel were apparent although regions within this 

fibrous material did appear more colloidal in form and 

sulphur levels were significantly greater than for the 

fibrous gel formed in system 1 (see Plates 8.36-37). Also 

at 1 day curing degraded globular "ettringite" rods were 

still visible interspersed within the fibrous gel (see 

Plate 8.38).

At 3 days curing and beyond, the fibrous gel (see Plate 

8.39 and 8.40) had a morphology more typical of that in 

system 1 (see Plates 6.5-9) although the sulphur content 

was in general still substantially greater. At these
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longer curing periods regions of material more colloidal 

in appearance were still apparent (see Plate 8.41). Also 

fragments of what were clearly relics of membrane 

material often showing surface protuberances were 

sometimes observed (see Plate 8.42). It is significant 

that the analysis of the fibrous gel associated with the 

membrane showed particularly low values of Ca/Si ratio 

(«0.75 and 0.6) and these were associated with 

particularly low S/Si ratio values.

Table 8.6 gives the results of elemental analyses of the 

fibrous gel at different curing times obtained using 

EDAX. Unlike the equivalent results for the D pfa system 

and system 1 (see Table 6.5 and 8.2) the Ca/Si ratio did 

not show a high initial value which then declined with 

curing time to a constant value. In fact the fibrous gel 

showed low initial values of Ca/Si ratio which then 

tended to increase to a constant value. This final value 

was approximately the same as that for the fibrous gel in 

system 1 and was significantly greater than that for the 

fibrous gel in the system D pfa. In addition the average 

S/Si ratio values of the gel were as expected 

significantly greater than those for the fibrous gels in 

the other two systems.

8.4 Analytical results for system 3

The X-ray powder diffraction data giving the observed d.

spacings and visually observed intensities for the
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crystalline phases identified in cured specimens from 

system 3 are given in Appendix 10. Crystalline 

ettringite, which formed during mixing and in the 

earliest stages of curing maintained an approximately 

constant level up to 18 hours curing and then 

subsequently declined. However crystalline ettringite 

persisted for a much longer period than for systems 1 and 

2 (see Appendices 8 and 9). Ettringite was clearly 

identifiable up to 3 days curing, and traces of it were 

still observable at 14 days curing.

The initial decline in crystalline ettringite 

corresponded with the appearance of crystalline 

hydrogarnet at 24 hours curing, and crystalline 

hydrogarnet continued to be present at an approximately 

constant level for up to at least 28 days curing. Figure 

8.1d illustrates the relative rate at which crystalline 

ettringite and hydrogarnet formed. Comparison of these 

XRD results with those from the other three systems 

(Figure 8.1) confirms that increasing the level of 

sulphate, prolonged the period over which crystalline 

ettringite remained stable, and delayed hydrogarnet 

formation. Comparison of these curves with those showing 

strength development in Figure 7.2 also confirms that 

formation of crystalline hydrogarnet occurred just prior 

to or during the period of rapid strength gain. 

The diffraction pattern from the lime confirmed that by 

24 hours of curing the bulk of the lime had been
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consumed. In comparison with system 2, crystalline gypsum 

remained present for a much longer period (i.e up to 3 

days curing). However a marked decline in the level of 

crystalline gypsum was clearly detected between 18 and 24 

hours curing during the period of rapid strength 

development. The only other crystalline phase identified 

was calcite, the diffraction lines from which were often 

observed to be present particularly in the early stages 

of curing, although overlap with diffraction lines from 

hydrogarnet and gypsum made positive identification 

difficult. In addition there were a small number of very 

weak diffraction lines observed which it was not possible 

to characterise.

Figures 8.9 and 8.10 present the DTG thermograms of 

system 3 samples cured respectively for up to 18 hours 

and 28 days. The mass balance calculations for 

determination of lime consumption, based on these 

thermograms, are given in Table 8.7.

The results in part confirm and also complement the XRD 

observations. The weight loss band attributed to 

ettringite at about 100°C remained strong and well 

defined up to 3 days and between 3 to 14 days it became 

weaker and was no longer visible as a separate weight 

loss band at 28 days curing.

Both the weight loss bands at about 158°C attributable to 

gypsum and at 503°C attributable to lime, shared a 

corresponding gradual decline up to 18 hours curing after
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which they both showed a sharp decline coupled with the 

appearance of a new weight loss band at about 195°C. This 

new band persisted together with the residual gypsum band 

up to 3 days curing when it disappeared, and the gypsum 

band then appeared to increase in intensity. At 28 days 

curing no sharp clearly defined weight loss bands were 

observable. The appearance of the new weight loss band at 

196°C after 24 hours curing was again associated with the 

appearance of crystalline hydrogarnet. As discussed in 

the previous section a similar effect was also observed 

in the other three systems at equivalent stages in the 

curing cycle, and was attributed to the formation of 

amorphous sulphate-containing gel. This indicates that 

the overall reaction sequence involved in the four 

different systems is fundamentally the same. 

A broad weight loss band due to decomposition of calcium 

carbonate between 700°C and 800°C was clearly present in 

the early stages of curing but tended to decline at 

longer curing times. There was also a weak weight loss 

band present at between 300°C and 400°C at all curing 

periods which as previously stated is attributed to 

dehydration of reaction products containing Al-OH bonds, 

which include ettringite, hydrogarnet and calcium 

silicate aluminate hydrate gels.

In addition, Figure 8.9 shows that there was a low- 

temperature weight loss band observed at about 50°C at 

early curing periods i.e. up to 18 hours, which is
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attributed to very weakly held colloidal water.

The SEM technique used to study the microstructural

changes in this system showed a number of features which

were not observed in the other three systems. Plate 8.43

shows that the pfa particles were already totally

enveloped in a gelatinous coating with ettringite rods

protruding through the coating, at even earlier curing

times (i.e.3 hours curing) than for systems 1 and 2. Very

little change had occurred in microstructure after 6

hours curing (see Plate 8.44) or after 12 hours curing

(see Plate 8.45). The distinctive unreacted plates of

calcium hydroxide can clearly be seen in Plate 8.44 and

also the characteristically toothed edged gypsum crystals

in Plate 8.46.

After 18 hours curing there was a marked change in the 

microstructure of the samples in this system (see Plates 

8.47-48) with a visible abundance of reacted shells of 

open porous pumice-like material and also a network of 

needles occupying the void space between the pfa 

particles. The highly porous nature of these reacted 

shells is thought to be due to dehydration of colloidal 

material in the ultra-high vacuum environment of the 

microscope. There was also clearly evident (see Plate 

8.47) regions of unreacted lime observed as aggregates of 

platey material. Similar features were also observed 

after 24 hours curing (see Plate 8.49) and at 3 days 

curing (see Plate 8.50). In particular many regions
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showed an abundance of ettringite needles or laths (see 

Plate 8.51) growing through the reacted shells and into 

the void spaces.

At 7 days curing characteristic gypsum crystals were 

again visible (see Plate 8.52) within the network of the 

ettringite needles and, what were probably secondary 

coatings of reacted material were visible (see Plate 

8.53) on pfa particle surfaces. Also at these advanced 

stages of curing the pfa particles developed a surface 

growth of irregular foils and plates (see Plate 8.54) 

which appeared to grow out from beneath the original 

reacted coating (see Plate 8.55).

The TEM investigations of this system showed that in the 

early stages of curing, there was a total absence of the 

foil-like fibrous gel apparent in the other three 

systems. Plate 8.56 shows a typical example of the 

product formed at pfa particle surfaces after 6 hours 

curing. The product was distinctly colloidal in 

appearance and was made up of tiny globular particles of 

the order of a few nanometres in diameter. It also showed 

much higher levels of sulphur and aluminium, compared to 

the fibrous and foil-like gel.

After 24 hours curing there was still an abundance of 

this colloidal material (see Plate 8.57), and the EDAX 

results again showed enhanced levels of sulphur and 

aluminium. In addition, gypsum crystals were detected at 

24 hours curing. These also exhibited a colloidal
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appearance (see Plate 8.58) particularly at their edges 

and EDAX analysis showed that they contained significant 

amounts of both aluminium and silicon. Regions of fibrous 

and foil-like gel were also visible at 24 hours curing 

(see Plate 8.59) although these seldom occurred in 

isolation from the globular colloidal material. 

Plate 8.60 shows a feature which was almost certainly 

present in the other three systems but was only 

coincidentally observed in samples of this particular 

system after 24 hours curing. The plate shows extremely 

fine prismatic rods («0.05 urn in diameter) protruding 

from what appears to be a reacted area. The EDAX results 

give a cation composition almost exactly that of mullite 

(3A1203.2SiO2)/ suggesting that these are residual 

mullite crystals remaining after dissolution of the 

surrounding glassy matrix of a pfa particle. This 

supports the claims in the literature [1,3,5,6] that the 

crystalline mullite in the pfa particles remains 

predominantly unreacted in the presence of lime. 

More foil-like material continued to form at later curing 

times (see Plate 8.61) up to 28 days. Unfortunately 

problems with the microscope prevented micrographs being 

obtained of the microstructure of samples cured at longer 

periods, and it has not been possible to repeat this 

particular part of the work. However elemental analyses 

of the fibrous gel were obtained at all curing times and 

these are presented in Table 8.8.
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A particular feature of the composition of the fibrous 

gel is that similar to the fibrous gel in system 2 the 

Ca/Si ratio of gel formed at early ages (see Figure 8.11) 

was much lower than that for system D pfa and system 1. 

However unlike the fibrous gel in system 2 the Ca/Si 

ratio continued to decrease with curing time as it did 

for fibrous gel in system D pfa and system 1. Thus after 

28 days curing the Ca/Si ratio was exceptionally low 

(»0.55). The S/Si ratio for the fibrous gel in system 3 

also followed the same pattern of change with curing time 

as that in systems D pfa and system 1 showing (see Figure 

8.12) a sharp initial decline and reaching a constant 

value after 7 days curing. The gel for system 2 again 

however showed anomalous behaviour in that the S/Si ratio 

of the gel increased with curing time reaching an 

approximately constant value, which was substantially 

greater than the values for the fibrous gel from the 

other three systems. Comparison of Figure 8.12 with 

Figure 7.5 (which shows expansion against curing time for 

the four systems) suggests that there is a significant 

correlation between the expansion developed during curing 

and the S/Si ratio of the fibrous gel. This however 

cannot be the only factor influencing expansion as the 

S/Si ratios for fibrous gel in system D pfa and system 1 

are not significantly different from each other whereas 

the difference in expansion between the two systems is 

substantial. There is also significant correlation
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between the S/Si and Ca/Si ratios of the fibrous gel. 

Figure 8.13 shows a plot of S/Si ratio against Ca/Si 

ratio from individual analyses of all the analysed 

fibrous gel material for both system 2 and system 3 

samples. A small number of analyses which gave Al/Si 

ratios higher than 0.5 have been omitted from the plot to 

eliminate any possible contamination from ettringite. The 

figure shows a clear trend of decreasing S/Si ratio with 

decreasing Ca/Si ratio which suggests that sulphate 

solubility in the fibrous gel decreases to negligible 

levels at low values of Ca/Si ratio. It is significant to 

note that the points from system 3 material which had a 

higher gypsum content than system 2, consistently lie on 

the lower part of the curve. Figure 8.14 shows the change 

in Al/Si ratio versus curing time for the fibrous gel 

formed in the four different systems. The Al/Si ratios 

did not show very much variation with curing time and for 

systems 1, 2 and 3 values tended to be within a narrow 

band between 0.38 to 0.45. The fibrous gel in system D 

pfa generally exhibited Al/Si ratios somewhat lower than 

in the other three systems and reached a constant value 

of «0.31 at 7 days curing.

8.5 Summary

i) The "desulphurisation" process failed to fully remove 

the "active sulphate" in the pfa. This residual sulphate 

resulted in the formation of a small amount of ettringite 

which was detected using DTG and TEM, but was below the
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detection level of the X-ray diffraction technique 

employed.

ii) The reduction due to "desulphurisation", in the level 

of ettringite formed resulted in the contraction, or 

possibly elimination, of the dormant period which was 

observed in the other three systems studied (see Chapter 

6). This reduction in the dormant period was confirmed by 

TEM and SEM observations of fibrous gel formation from as 

early as 3 hours curing.

iii) The TEM analysis showed that for system D pfa, the 

Ca/Si ratio of the fibrous gel decreased with increase in 

curing time. The Al/Si ratio on the other hand showed a 

random fluctuation between 0.31 and 0.43. More 

importantly, the S/Si ratio of the gel showed only 

slightly reduced levels to those observed in system 1, 

thus suggesting that in this case less gel was formed, 

iv) XRD and DTG work confirmed that ettringite was the 

first crystalline product to form when water was added to 

system 2 at room temperature. The DTG results suggested 

that some colloidal material was also formed together 

with the ettringite.

v) The DTG and XRD results confirmed that the gypsum 

present in system 2 was consumed rapidly in the initial 

stages of the reaction and then after a temporary period 

of retardation was fully consumed by 18 hours of curing. 

Crystalline ettringite on the other hand remained stable
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up to 12 hours after which it decomposed slowly yielding

crystalline hydrogarnet.

vi) The DTG results established the existence of a weight

loss band in the temperature region of 170-200°C. The

size of weight loss peak was related to the sulphate

level in the system and the effect was therefore less

marked in system 1 and hardly observable in system D pfa.

This weight loss was attributed to the formation of

sulphate-containing cementitious gel, although a possible

contribution from monosulphate dehydration could not be

discounted.

vii) The Ca/Si ratio of the fibrous gel formed in system

2 showed anomalous behaviour in that very low initial

values were recorded which increased with increasing

curing time. Also the S/Si ratio of the fibrous gel

showed a similar trend. In addition the S/Si ratio

reached a much higher level in comparison with the other

three systems.

viii) The XRD results showed that as the gypsum content

in the system increased, ettringite remained stable for

longer curing periods. This consequently resulted in an

increase in the period required to form hydrogarnet.

Also, as demonstrated by system 3, gypsum was found to be

detectable by DTG and XRD results at very late curing

times.

ix) The TEM results showed that globular colloidal

material was much more abundant in system 3 which had the
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highest gypsum level compared to the other systems. Also 

the presence of open porous pumice-like material was more 

evident in SEM micrographs than in any of the other 

systems.

x) The Ca/Si ratios of the fibrous gel formed in system 3 

showed very low initial values which continued to 

decrease with increasing curing time. Also the S/Si 

ratios determined for the fibrous gel in system 3 were 

smaller than those in system 2, although the former 

system contained a higher initial sulphate level.
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CHAPTER NINE

POROSITY AND PORE SIZE DISTRIBUTION OF CURED PFA LIME
MATERIAL

9.1 Introduction

The durability of cementitious materials such as hardened 

cement paste is determined in part by their permeability/ 

which in turn is determined by the open porosity and pore 

size distribution [86]. It was pointed out in Section 

3.5.2 that in cementitious systems the reduction in 

permeability as the reaction proceeds results from the 

formation of cementitious gel. This produces a change in 

pore size distribution towards much finer pore sizes as 

gel formation increases, and also results in a general 

reduction in total porosity. In such systems, where there 

is a wide distribution of pore sizes, permeability is 

determined principally by the volume of larger pores, the 

fine pores making a negligible contribution to the flow 

[86]. The permeability of C-S-H gel is extremely small 

(10-15 _ io~ 16 m.s~ 1 [106]) because the gel pores are 

very fine, typically 1-100nm and peaking between 10-50nm 

[79]. As gel forms it tends to block the large pores and 

prevent flow, thereby lowering the permeability. 

In Chapter 6 the relationship between the permeability of 

cured pfa-lime cylinders (system 1) and curing time was 

determined (see Figure 6.9). As the reaction proceeded 

and increased amounts of microporous gel were formed the
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permeability decreased. The rate of decrease was much 

greater at the higher curing temperatures where gel was 

formed more rapidly, and also the final permeability was 

much smaller at higher curing temperatures where much 

greater amounts of gel were formed.

However the technique used to determine the permeability 

proved not to be sufficiently sensitive to detect changes 

in permeability below 10"^ m/sec. Hence it was not a 

sufficiently sensitive indicator of the change in pore 

size distribution for pfa-lime material cured at 95°C.

Permeability measurement were therefore not attempted 

for the systems D pfa, system 2 and system 3 which were 

cured at 95°C, but porosity and pore size distribution 

measurements were made on these specimens.

9.2 Porosity and pore size distribution measurements 

In Section 3.5.2 it was indicated that two drying 

techniques were investigated prior to testing for Mercury 

Intrusion Porosimetry (MIP). These were :

i) vacuum drying under reduced pressure, which is denoted 

in this work as "v-drying" and,

ii) direct oven drying at the same temperature at which 

the samples were initially cured i.e. 95°C in this case.

Appendix 13a-g shows that the two techniques yielded 

almost identical pore size distribution curves at all
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curing times with the exception of 13d, which suggests 

that the latter was due to specimen variability. 

The normally accepted aim of the drying technique is to 

remove the free water from the pore structure without 

removing the gel water as loss of the latter will result 

in modification of the pore structure [87], In practice 

this is impossible because changes in moisture content 

will inevitably cause movement of water either into or 

out of the gel and lead to some change in pore structure, 

however minor. It is important therefore to attempt to 

keep this effect to a minimum, but it is even more 

important to ensure total consistency of technique for 

all specimens so that the results from different samples 

are directly comparable. The good agreement between the 

two drying techniques employed suggested either 

negligible or similar changes in pore structure for the 

materials under investigation. Direct oven drying was 

therefore chosen as the most convenient method of rapidly 

bringing all specimens to the same equilibrium moisture 

content. It is appreciated from inspection of the XRD and 

DTG results of these systems (see Chapter 6 and 8) that 

by employing this drying method some dehydration of 

crystalline ettringite would occur, and also substantial 

amounts of moisture could be lost from colloidal material 

which would probably lead to some shrinkage and to the 

introduction of additional coarse porosity. However it 

was considered that this might in fact be advantageous in
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possibly distinguishing the gel porosity from the 

porosity of the colloidal material which in the moist 

state might be expected to exhibit a similar pore size 

distribution to that of the fibrous gel.

In order to determine the amount of shrinkage during the 

drying process, cured cylinders which had first been 

saturated with water were subjected to the same drying 

conditions as the mercury porosimetry specimens, and the 

dimensional changes and weight changes which occurred 

during drying were recorded. Cylinders cured at 28 days 

for all the four systems were dried to constant weight at 

95°C.

The full results of the MIP measurements are presented 

in Appendices 11-14 in the form of a series of cumulative 

pore-volume versus pore radius plots. Appendices 11a-i, 

12a-g, 13a-g and 14a-g give the pore size distribution 

data for respectively systems D pfa, 1, 2 and 3 when 

cured for the periods indicated. The graphs show the 

percentage of the total pore volume resulting from pores 

below a particular pore size, plotted against the 

logarithm of that pore size. With the exception of the D 

pfa system, samples which were cured for less than 12 

hours were found to give erratic and inconsistent 

results. This was almost certainly due to the effect of 

pore damage as a result of the low resistance of the 

samples to high pressure at a stage when negligible 

cementation had occurred and strength levels were
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extremely low (see Figures 7.2). Therefore no data were 

obtained for these specimens at curing times below 12 

hours.

The series of pore size distribution curves for each of 

the four cured pfa-lime systems show a number of common 

features. There was a rapid refinement of pore structure 

with increased curing time in the early stages of curing, 

after which the general shape of the curves showed little 

systematic change. In particular the initial rapid 

refinement in pore structure occurred at much earlier 

curing times for the D pfa system.

The S-shape of the cumulative curves suggests that the 

porosity of the mixtures may be divided into three well 

defined pore size categories,

a) coarse porosity consisting of pore sizes greater than 

SOOnm,

b) fine porosity consisting of pore sizes between 50 - 

SOOnm and,

c) ultra-fine or microporosity consisting of pore sizes 

less than 50nm.

Thus the pore size distribution data is presented in 

terms of these three pore size groups. Figure 9.1a-d 

shows, for all four systems, the percentage of the total 

pore volume which falls into each of the three different 

pore size categories, at each curing time interval. The
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figure shows that the fine porosity (50-500nm), which 

represents the major part of the interparticle porosity, 

formed the greatest share of the total porosity at the 

very early stages of curing when compressive strengths 

were low (i.e.3 hours curing for the D pfa system and 12 

hours curing for systems 1, 2 and 3 (see Figure 7.2)). 

However once compressive strengths had begun to develop 

in the four systems, this range of porosity formed the 

least share of the total porosity. This is a clear 

indication that the cementitious gels responsible for the 

strength development occupy the larger part of this 

particular pore size range.

Figures 9.2a-c show the average percentage of the total 

porosity in each of the three pore size categories, 

plotted against the gypsum level. The negative value of % 

added gypsum represents the equivalent amount of gypsum 

(«1.3%) which was removed by the "desulphurisation" 

process (see Section 4.3.3) to produce "gypsum-free" pfa. 

The plotted values of percentage porosity represent the 

average of the values determined for each curing time, 

for curing times at which no further systematic changes 

in pore size distribution were occurring following the 

initial period of rapid change.

Figure 9.3 and 9.4 show the total pore volume per unit 

mass for each of the four systems plotted against curing 

time, for curing times up to respectively 3 and 28 days.
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The value at zero curing time was determined using the 

method presented in Appendix 15.

Table 9.1 shows the percentage weight loss and shrinkage 

from saturated to oven-dried for 28-day cured pfa-lime 

cylinders, for all four systems.

9.3 Discussion

The results presented above show significant changes in 

the pore structure of pfa-lime material in relation to 

curing time and gypsum content. It can be deduced from 

Figure 9.1 that the porosity in the range of 4-50nm 

constituted only a minor proportion of the total porosity 

in the initial stages of curing. The proportion of the 

total porosity in this pore size range then increased 

rapidly and this rapid increase coincided exactly with 

the period of rapid strength gain (see Figure 7.2). This 

confirms that the development of microporosity in these 

specimens was associated with the formation of the 

cementitious C-A-S-H gel.

Also in the initial period of curing where compressive 

strengths were still low, the major proportion of the 

total porosity was made up of pores in the size range of 

50-500nm which constitute the interparticle porosity. 

Porosity in this size range then showed a substantial 

decline which coincided with the period of rapid increase 

in the proportion of microporosity. This suggests that
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the cementitious gel occupied the interparticle void 

space blocking off the 50-500nm pores.

For the systems D pfa, 1, 2 and 3, after the initial 

marked change in the pore size distribution which 

coincided with the initial strength gain, there was no 

further systematic change in the overall shape of the 

pore size distribution curves, and the random changes 

which were observed were probably due in the main to 

specimen variability. However system 3 (6wt.% gypsum 

addition) did show significant differences from the 

observed behaviour in the other three systems. In this 

system there was a substantially smaller proportion of 

the total porosity in the ultra-fine pore size range (4- 

50nm) and a much greater proportion in the coarse range 

(> SOOnm). Also there appeared to be a systematic 

increase in the proportion of the coarse porosity as 

curing time increased.

The above observations are more clearly illustrated in 

Figure 9.2a-c. Comparison of Figures 9.2a and 9. 2b 

suggests that the proportion of microporosity (4-50nm) 

varies inversely with the proportion of interparticle 

(50-500nm) porosity which is exactly what would be 

expected if the microporous cementitious gel is occupying 

and blocking off the interparticle void space. 

The maximum proportion of the porosity in the microporous 

range (and the equivalent minimum in the proportion of 

porosity in the interparticle range) occurs at
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approximately 2wt.% gypsum addition which suggests that 

the pore blocking mechanism is most effective at 

approximately this composition.

Also Figure 9.2c shows a general trend of an increasing 

proportion of coarse porosity (> SOOnm) with increasing 

gypsum content, and the trend becomes very marked at 

6wt.% gypsum addition. It should be noted that the 

analytical work on these specimens (see Section 8.4) 

established that as the gypsum content increased the 

proportion of the colloidal globular product relative to 

the fibrous foil-like product (C-A-S-H gel) increased and 

that this effect was very marked at 6wt.% of added 

gypsum. Gypsum addition also had a significant effect on 

the total pore volume present within the cured and dried 

specimens. There was a clear trend (see Figures 9.3 and 

9.4) for the observed total pore volume per unit mass to 

decrease as the gypsum content was increased. This may 

initially appear surprising in that the proportion of 

porosity in the coarse size range (> SOOnm) actually 

increased with increased gypsum content. However it must 

be emphasised that these specimens were first dried at 

95°C before MIP was carried out on them.

At this temperature according to the analytical results 

(see DTG results in Chapter 6 and 8), the colloidal 

product has lost most if not all of its combined water. 

The observed reduction in total pore volume combined with 

the increased proportion of coarse porosity may therefore
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be interpreted as being due to contraction of the 

colloidal product on loss of moisture, inducing specimen 

shrinkage but also producing relatively more coarse 

pores.

The drying shrinkage data in Table 9.2 strongly support 

this hypothesis. Although the amount of water lost during 

drying was similar for all the four systems the amount of 

shrinkage was very sensitive to the initial gypsum level. 

In particular the specimen with 6wt.% added gypsum showed 

over double the drying shrinkage of the specimen with 

4wt.% of added gypsum, and both these specimens showed 

substantially greater amounts of shrinkage than the 

specimens without any deliberately added gypsum. 

The above suggests that even for samples cured for 28 

days, water is held in different forms in specimens with 

different initial gypsum contents. The water lost during 

drying for the D pfa system (12.5%) was mainly present as 

free water and thus when lost produced very little 

overall shrinkage. However for system 3 (6wt.% gypsum 

addition) a substantial amount of the water lost (15.7%) 

was initially present as colloidal water which when lost 

resulted in substantial shrinkage of the sample. 

Thus the MIP technique combined with shrinkage 

measurements has confirmed the observation made in 

Section 8.4 that the proportion of "colloidal" material 

increases when increasing amounts of gypsum are added to 

pfa-lime systems.
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CHAPTER TEN

FACTORS INFLUENCING STRENGTH DEVELOPMENT IN PFA-LIME
SYSTEMS

10.1 Introduction

The literature review outlined in Chapters 1 and 2, 

together with the results presented in Chapters 4-9 

clearly indicate that the pfa-lime reaction is more 

complex than is widely believed. Despite the growing 

interest in research on the pfa-OPC system in recent 

years, there is still a strong need to carry out further 

research specific to the pfa-lime reaction. This is not 

only beneficial from the point of view of using pfa-lime 

mixtures as building materials, but also to further the 

understanding of the influence of pfa in OPC systems and 

possibly, its role in "controlling" the alkali-aggregate 

reaction which is still the subject of some debate [8,9]. 

The results of the various techniques employed in this 

work (see Chapters 4-9) have helped to provide a 

comprehensive picture of the pfa-lime reaction under 

different conditions. Three principle factors were 

observed to significantly influence the pfa-lime 

reaction.

i) Surface deposits present as minor constituents on the 

pfa particles played a significant role in the pfa-lime 

reaction. Calcium sulphate (convertible to gypsum) proved 

to be the most influential due to its role in forming 

crystalline ettringite together with some colloidal
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material on the surface of the pfa particles during the 

early stages of curing.

ii) Curing temperature had a profound effect on promoting 

the pfa-lime reaction and enhancing the compressive 

strength of the cured material. An increase in curing 

temperature from 50°C to 95°C (both at 100% r.h.) led to 

nearly 110% increase in the strength after curing for 28 

days.

iii) The addition of small amounts of gypsum to the pfa- 

lime mixes led to significant enhancement of the 

compressive strength of the cured products. However there 

proved to be an optimum gypsum content above which the 

compressive strength decreased.

The role played both by ettringite and the sulphate- 

containing reaction product was crucial in controlling 

the progress of the pfa-lime reaction. In particular the 

stability of ettringite and the nature of its 

decomposition products in the immediate environment of 

the pfa particles had a major influence on the reaction 

process. Ettringite was formed immediately water was 

added to the pfa-lime mixes at room temperature. In fact 

if sufficient levels of free lime and calcium sulphate 

are present on the surface of the pfa particles, the 

reaction will occur even without adding either lime or 

gypsum. This had been observed by Kawamura et.al.[22] and 

Raask [16] who explained the hardening effect of moist
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compacted pfa at room temperature as being due to this 

process.

In the current work, the pH of the pfa suspensions in 

water was found to be 10.45 (see Figure 4.3) . Raask [16] 

found that "ash slurries" with water which yielded pH 

values of more than 11 exhibited marked self-setting 

properties which he claimed were due to the precipitation 

of gypsum, the formation of ettringite and the subsequent 

formation of hydrated calcium silicates all of which form 

a bonding matrix. However for ash with pH values below 10 

the moist compacted pfa did not develop any significant 

cohesive bond. The simple explanation for this is that 

the pfa with the lower pH values contained much smaller 

amounts of free lime and therefore produced insufficient 

amounts of ettringite and colloidal product to give any 

cementation. The immediate reaction which occurs on 

adding water to the pfa without adding lime or gypsum, 

involves the hydration of the anhydrite on the surface of 

the pfa particles and the release of Ca+2 and SC>4~ 2 into 

solution. XRD results (see Table 4.4) positively 

confirmed the formation of gypsum on adding water, whilst 

when lime was added (see Table 4.7) ettringite formed at 

the expense of the hydration of anhydrite to gypsum. This 

is expected as the lime provides the additional Ca+2 

needed to directly form more ettringite. Thus the ash 

used in this work did not on its own develop a self- 

setting property when moistened with water. Instead
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precipitation of gypsum occurred and very small amounts 

of ettringite may have formed. However when lime was 

added ettringite had therefore already formed before the 

compressed mixtures were reacted in the curing chambers. 

Kawamura et.al.[22] claimed that the compressive strength 

developed by compressed pfa-lime and pfa-lime-gypsum 

mixes is directly related to the amount of crystalline 

ettringite formed. However no clear explanation was given 

for the reason behind such a correlation. Also ettringite 

is known to exist in various forms, some of which are 

colloidal. The concept of colloidal ettringite was first 

advanced by Mehta [35] and its different forms observed 

under different pH conditions have been reported by 

Hampson and Bailey [41].

In the current work the maximum level of crystalline 

ettringite was observed in system 2 (see Figure 8.1) 

which later yielded maximum strength values (see Figure 

7.2-3). However the maximum levels of crystalline 

ettringite were detected at 12 hours curing when the 

strength was very low, and maximum strength was achieved 

after the ettringite had decomposed and the sulphate had 

been incorporated into the developing cementitious gel. 

In addition the optimum gypsum content required to give 

maximum strength was found to be different for different 

lime contents.

In an attempt to study this effect the compressive 

strength values were determined for cylinders made of pfa
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+ 30wt.% lime + various gypsum additions, cured at 95°C 

and 100% r.h. for 1 and 7 days (see Figure 10.1). The 

cylinders were prepared in an exactly similar manner to 

that presented in Section 3.2. Figure 10.1 shows a 

general decline in the levels of strength values when 

compared with those in Figure 7.1 i.e. pfa + 20wt.% lime. 

This was due to an approximately 15% reduction in the 

bulk densities of the cylinders as the lime content 

increased from 20wt.% to 30wt.%. Comparison of the two 

figures shows that the optimum amount of gypsum required 

to produce maximum strength increases from 4wt.% in the 

case of 20wt.% lime addition to approximately 6wt.% in 

the case of 30wt.% addition. This suggest that the gypsum 

to lime ratio is also a significant factor in the 

development of the reaction products. The fact that 

calcium sulphate is naturally present on the surface of 

the pfa particles and that ettringite is immediately 

formed on adding water to the pfa in the presence of lime 

makes following the pfa-lime reaction in the absence of 

ettringite formation difficult. Therefore the 

"desulphurisation" process adopted (see Section 4.3.3), 

which reduced the sulphate content in the system to a 

very low level, enabled the reaction to be studied under 

conditions such that the very small amounts of ettringite 

produced had a minimal effect.

The amount of crystalline ettringite produced in the 

different systems did not appear to vary in a systematic
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manner in relation to the amount of calcium sulphate 

present. The pH of the pore solution in saturated calcium 

hydroxide systems of this type is expected to remain 

relatively constant at *12.45 yet the amount, form and 

behaviour of the ettringite produced were found to vary 

significantly even with only small changes in the calcium 

sulphate content, which suggests that factors other than 

the pH of the solution may be involved. The presence of 

sodium and potassium sulphate would of course increase 

the pH of the pore solution but the extremely small 

concentrations of these salts detected would not be 

expected to produce any significant increase in the pH 

unless the effect was highly localised at pfa particle 

surfaces. This type of effect has in fact been commented 

upon by Hampson and Bailey [41] in relation to C3A 

hydration. They suggested that in systems saturated with 

calcium hydroxide the large well formed ettringite 

crystals which form beneath the surface coating of fine 

ettringite fibres are a consequence of the lower pH 

environment in the solution-filled space between the 

aluminate grain and its coating.

Mehta [34] concluded that during C3A hydration with added 

gypsum, the presence of lime substantially reduces the 

size of ettringite crystals to the point that it becomes 

colloidal. In addition Hampson and Bailey [32] observed 

the initial formation of amorphous colloidal calcium 

sulpho-aluminate hydrate gels on the surface of C3A
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grains. The subsequent formation of ettringite was highly 

pH dependent. Increasing the pH produced shorter 

ettringite crystals and at high pH values the ettringite 

was fully colloidal. Different sulphate and hydroxide 

concentrations were claimed to produce different forms of 

ettringite with different solubility products. This 

suggests that the controlling factor in determining the 

nature of the reaction product is the relative 

concentration of sulphate to hydroxyl in the reaction 

zone which may be very different from that in the bulk 

solution.

10.2 Reaction at different temperatures

The results of the physical properties measurements 

together with the analytical and microstructural 

observations presented in Chapter 6, provide a 

comprehensive picture of the way in which the chemical 

reaction proceeded and the reaction products formed when 

lime reacted with pfa particles at different elevated 

temperatures.

As mentioned above, in the presence of lime, the addition 

of the water to the pfa produced an immediate reaction. 

Due to the presence of calcium sulphate on the surface of 

the pfa particles the initial reaction product consisted 

principally of ettringite rods which formed at the pfa 

particle surfaces and also to a lesser extent within the 

solution filled pore spaces (Figure 10.2 a). In the
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initial stages of curing these rods together with 

particles of lime and also probably a small amount of 

colloidal product formed a heterogeneous coating around 

the pfa particles (Figure 10.2 b).

Thus in the presence of the calcium sulphate, calcium 

ions released into solution were rapidly removed as 

ettringite. There must therefore have existed a high 

concentration of dissolved silica and also to a lesser 

degree dissolved alumina adjacent to the pfa particle 

surfaces which was unable to form calcium silicate 

(aluminate) hydrate gel because of the lack of available 

calcium ions. When ettringite formation was complete, due 

to the exhaustion of sulphate ions in solution in the 

immediate vicinity of the pfa particles precipitation of 

calcium silicate (aluminate) hydrate gel occurred, 

totally enveloping the pfa particles with their coating 

of ettringite rods and also taking into solid solution 

any residual sulphate (Figure 10.2 c). At the high curing 

temperature and in the highly confined and localised 

environment within this envelope surrounding the pfa 

particles the ettringite rods became unstable and began 

to break down forming microcrystalline hydrogarnet and 

releasing sulphate into the isolated volumes within the 

surrounding envelopes (Figure 10.2 d). This sulphate was 

taken up by the formation of colloidal calcium silicate 

aluminate hydrate product which produced continuously 

thickening membranes around the pfa particles.
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As the curing temperature was increased the rate at which 

the ettringite dissociated increased as did the rate at 

which calcium ions diffused through the membranes from 

the external pore solution and the rate at which the 

membranes thickened. The release of sulphate by the 

dissociating ettringite crystals did not result in 

crystallisation of gypsum because the low and isolated 

volume within the membranes would inhibit nucleation. 

Therefore a high level of supersaturation with respect to 

calcium sulphate would be allowed to develop within the 

membranes. In addition the membranes also contained 

within them high concentrations of dissolved silica and 

alumina. The pore solution external to the membranes 

consisted of a saturated solution of calcium hydroxide 

and would possess a very low sulphate concentration. The 

concentration gradient across the membrane therefore 

produced osmosis. Calcium ions together with hydroxyl 

ions and water molecules diffused through the membrane 

reacting with the silicate, aluminate and sulphate ions 

in solution within the membrane to produce membrane 

thickening on the inside.

The passage of water through the membrane produced 

"osmotic" swelling and expansion. At this stage there was 

negligible strength gain as the pfa particles were still 

relatively isolated and no effective interparticle 

bonding had developed. When the osmotic pressure within 

the membrane reached a critical value in relation to the
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membrane thickness at the particular curing temperature, 

the membranes ruptured allowing membrane solution 

containing enhanced concentration of silicate, aluminate 

and sulphate to mix with the pore solution which was 

saturated with calcium hydroxide (Figure 10.2 e). 

The now abundant availability of calcium hydroxide 

relative to calcium sulphate resulted in precipitation of 

a morphologically different gel from the colloidal gel 

which had developed within the highly confined space 

within the membrane. A sulphate containing fibrous and 

foil-like calcium silicate aluminate hydrate gel 

precipitated from solution by nucleation on calcium 

hydroxide crystals and developed and grew into the 

solution-filled void space between the pfa particles 

(Figure 10.2 f). This process which produced an 

interparticle network of cementitious gel resulted in 

substantial gain in compressive strength. The strength 

gained after rupture of this primary membrane was greater 

as the curing temperature was increased. This was because 

higher temperatures and higher diffusion rates allowed 

thicker membranes to develop which could contain a 

greater volume of solution before bursting. Thus the 

amount of cementitious gel which precipitated was greater 

as the temperature increased. After completion of the 

precipitation process reaction product again formed at 

the surface of the pfa particles, which retarded further 

reaction and strength development. For samples cured at
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50°C this meant that residual lime still remained after 

28 days of curing. For samples cured at 75°C the residual 

lime after precipitation, was fully consumed in formation 

of this secondary surface product. For samples cured at 

95°C there was evidence of rupture of this secondary 

reacted layer and continued strength development. No 

expansion was associated with secondary "membrane" 

formation which supports the hypothesis that the primary 

expansion resulted from osmotic swelling initiated by 

dissociation of surface ettringite and formation of a 

particular form of colloidal membrane material. Expansion 

however still continued to occur after rupture of the 

primary membranes and during precipitation of the 

sulphate-containing calcium silicate aluminate hydrate 

gel. This indicates that the formation of this gel also 

contributes to the expansion. It therefore appears that 

calcium sulphate induces membrane formation which results 

in an osmotic mechanism and expansion and that the 

subsequent precipitation of the C-A-S-S-H gel also 

contributes to the overall expansion. As the temperature 

increased the osmotic process allowed greater levels of 

silicate and aluminate to pass into solution thus 

ultimately producing greater quantities of the fibrous 

and foil-like calcium silicate aluminate hydrate gel, 

which resulted in enhanced strength.

The above therefore warranted the investigation carried 

out in Chapters 7-9 to determine in what manner different
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levels of calcium sulphate in the system modify this 

mechanism and what degree of strength enhancement is 

possible. This was achieved by studying the reaction when 

most of the sulphates in the pfa had been removed (as 

described in the "desulphurisation" process in Section 

4.3.3), and also when the sulphate level had been 

enhanced by deliberately adding gypsum to the pfa-lime 

mixtures prior to adding water. This provided a more 

comprehensive picture of the reaction and the reaction 

mechanism.

10.3 Reaction at different gypsum concentrations 

The results presented in Chapters 7-8 clearly indicated 

that the "desulphurisation" process was not totally 

successful in removing all the "ettringite-forming 

sulphate" from the pfa. However it is reasonable to 

assume that the removal of all the sulphate from the pfa 

is not possible without destroying the glassy structure 

of the pfa particles.

Nevertheless the "desulphurisation" process was 

successful in partially removing the "active" sulphate 

and producing radically different behaviour in terms of 

strength development, expansion during curing, and rate 

of lime consumption. At early curing ages, although no 

ettringite was observed by XRD analysis or in SEM 

micrographs of pfa particles, small amounts were detected 

both on TEN micrographs and on DTG thermograms which may
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have been in a colloidal rather than in a crystalline 

form (Figure 10.3 a). There was however insufficient 

ettringite formed to totally envelop the surfaces of the 

pfa particles and retard C-A-S-H gel formation, and this 

allowed C-A-S-H gel to form at very early ages (Figure 

10.3 b). Uneven or nodular surface growth resulted 

because some surface regions were protected with small 

amounts of ettringite (Figure 10.3 c). The C-A-S-H gel 

which developed took into solid solution small amounts of 

sulphate, depleting the surrounding solution of sulphate. 

The low sulphate concentration in solution coupled with 

the high curing temperature initiated rapid decomposition 

of the ettringite to produce crystalline hydrogarnet in 

association with the formation of a sulphate-containing 

colloidal product (Figure 10.3 d) .

It was during this period (3-6 hours curing) that the 

small amount of expansion which was observed in the D pfa 

system actually occurred signifying that either the 

breakdown of the ettringite to form the globular 

colloidal product or the incorporation of sulphate into 

the developing fibrous C-A-S-H gel produced the expansion 

(see Figure 7.4).

The TEM observations supported the previous suggestion 

(see Section 6.3.4) that the altered breakdown-product of 

crystalline ettringite comprises a colloidal dispersion 

of hydrogarnet particles within an amorphous sulphate- 

containing calcium alumino-silicate hydrate matrix
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although the fineness of the solid particles again made 

it impossible to confirm that they consisted of 

crystalline hydrogarnet. After decomposition of 

ettringite and hydrogarnet formation, the earlier nodular 

structure observed on the pfa particles was replaced by a 

more homogeneous gel coating. It was not however apparent 

whether effective membrane formation actually occurred at 

this stage. With such a low sulphate concentration the 

ability to form semipermeable membranes was diminished 

and the developing C-A-S-H gel formed a much less 

effective barrier to reaction, being continuously 

disrupted and healed whilst slowly building up a thick 

layer of reaction product.

Formation of substantial amounts of fibrous and foil-like 

C-A-S-H gel occurred over this period together with a 

sharp rise in strength. The formation of the sulphate- 

containing C-A-S-H gel (Figure 10.3 d) was itself 

associated with the appearance of a very weak DTG weight 

loss band in the temperature region 170°C to 200°C (see 

Figures 8.4-5). Precipitation then continued at a 

decreasing rate accompanied by gradual adjustment of the 

Ca/Si ratio of the gel to lower values (see Figure 8.12), 

and strength continued to increase up to approximately 7 

days (see Figure 7.2-3). Beyond 7 days no further 

strength gain took place and the small amount of residual 

lime was slowly used up (see Figure 7.7) in further build 

up of the thick protective layer.
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In comparison with the system D pfa the strength 

development of the untreated pfa of system 1 was delayed, 

firstly by the initial formation of inhibiting layers of 

both rods of crystalline ettringite and colloidal product 

around the pfa particles which preferentially consumed 

the available lime, and secondly by the formation of a 

protective membrane. Development of the protective 

membrane involved the decomposition of crystalline 

ettringite when the sulphate concentration became 

insufficient to maintain stability of crystalline 

ettringite at the high curing temperature employed. The 

membrane consisted primarily of colloidal globular 

material formed as a by-product of the decomposed 

ettringite. As the sulphate was released from the 

unstable ettringite it was consumed by continued 

formation of colloidal product, building up the membrane 

from the inside and simultaneously consuming more lime. 

Although due to initial formation of ettringite the 

availability of lime in the immediate vicinity of the pfa 

particles was reduced some fibrous and foil-like gel also 

formed within the membrane taking sulphate into solid 

solution which contributed to the expansion. 

The concentration of sulphate, aluminate and silicate 

species in solution within the membrane also produced 

osmosis and osmotic swelling. As the membrane thickened, 

diffusion of lime through the membrane was curtailed and 

the increase in concentration of the soluble species
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within the membrane resulted in excessive osmotic 

pressure and membrane rupture. Rapid precipitation of 

sulphate-containing C-A-S-H gel then occurred which 

produced rapid strength development and continued 

expansion as the available sulphate was taken up into 

solid solution in the developing fibrous and foil-like 

C-A-S-H gel.

Both the Ca/Si ratios and the S/Si ratios of the fibrous 

gel were consistently greater than the equivalent ratios 

for the fibrous gel in system D pfa at all curing times. 

This suggests that the greater part of the calcium and 

the sulphate from the gypsum which first formed 

ettringite and was subsequently incorporated into the 

colloidal product was finally incorporated into the 

fibrous gel. This is confirmed by the apparent absence of 

globular colloidal product in TEM micrographs of 

materials cured at long periods.

The deliberate addition of sulphate up to the level of 

4wt.% was found to produce an even more substantial 

coating of short ettringite rods which in this case 

totally enveloped the pfa particles inhibiting any 

further reaction with lime and inducing a temporary 

dormant period (Figure 10.4 a). Thus in the presence of 

additional calcium sulphate, calcium ions which were 

initially released into solution from the dissolving lime 

were rapidly removed to form increased amounts of 

crystalline ettringite. The enhanced sulphate
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concentration of the pore solution extended the period 

over which crystalline ettringite remained stable and 

during which crystals were able to grow (see Figure 8.1). 

The ettringite was effective in finally halting the 

reaction by blocking off access of the pore solution to 

the pfa particle surfaces and hence reducing the 

availability of soluble aluminate in the vicinity of the 

active growth sites.

There therefore must have existed a high concentration of 

dissolved silica adjacent to the pfa particle surfaces 

which in the initial stages of curing was unable to react 

because of the lack of available calcium ions. By the end 

of the dormant period a colloidal product had formed 

around the pfa particles and the ettringite had begun to 

breakdown (Figure 10.4 b). The factor which triggered the 

start of ettringite decomposition was possibly a 

localised reduction in sulphate concentration in the 

immediate vicinity of the pfa particle surfaces where gel 

material would begin to form at the front dividing the 

silica-rich and the lime-rich solutions. Formation of gel 

would also involve the take up of sulphate, reducing the 

sulphate concentration in the immediate vicinity of the 

pfa particles causing breakdown of ettringite, release of 

sulphate, and formation of colloidal membranes around the 

pfa particles (Figure 10.4 c). This process produced only 

minor expansion (see Figure 7.4). However the high 

concentration of sulphate external to the membrane would
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inhibit the diffusion of water into the membrane. Also 

due to the reduced availability of Ca(OH)2 in the 

vicinity of the pfa particles any small amounts of 

fibrous gel which were able to precipitate had a very low 

Ca/Si ratio (see Figure 8.11) and were therefore only 

able to take very limited amounts of sulphate into solid 

solution (see Figure 8.13) producing only minor 

expansion.

Formation of the C-A-S-S-H colloidal product resulted in 

a small initial strength gain probably due to 

interlinking of the network of ettringite rods and 

needles.

Between 12 and 18 hours curing the crystalline ettringite 

began to break down. This produced renewed rapid lime 

consumption (see Figure 7.6), and thickening of the 

colloidal membranes enveloping the ettringite, which 

itself continued to degrade (see Figure 8.1). The high 

sulphate concentration outside the membranes prevented 

inward diffusion of water from occurring at this stage 

and there was therefore no osmotic swelling and no 

significant expansion. During the period of membrane 

thickening gypsum was also being consumed in formation of 

increased amounts of colloidal membrane product and it 

was not until all the gypsum had been consumed and the 

concentration of sulphate in the pore solution had 

presumably fallen to a very low level that rapid 

expansion occurred. In this case the period of rapid
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expansion occurred simultaneously with the period of 

rapid strength gain suggesting that the onset of osmosis 

was very dramatic leading to sudden membrane bursting and 

precipitation (Figure 10.4 d). Any fibrous and foil-like 

sulphate-containing C-A-S-H gel which had precipitated 

within the membrane had an initial Ca/Si ratio very much 

less than that for the equivalent gels formed in system D 

pfa and system 1, simply because of the reduced 

availability of calcium, in that substantial calcium from 

the lime had been consumed in formation of the colloidal 

product. Thus the amount of sulphate taken into solution 

was very small. The sharp initial increase in both the 

Ca/Si ratio and the S/Si ratio of the developing fibrous 

gel after membrane bursting (which was exactly opposite 

behaviour to that of the previous two cases) confirmed 

that substantial quantities of calcium and sulphate from 

the colloidal product were being incorporated into the 

developing fibrous gel as it precipitated and developed 

(see Figures 8.11-12). The fact that expansion continued 

to occur as the fibrous gel precipitated from solution 

and as the strength increased confirmed that in addition 

to osmotic swelling of the colloidal membrane, formation 

of fibrous gel with these enhanced sulphate levels 

contributed substantially to the expansion. After this 

first cycle of membrane formation, expansion, and 

membrane rupture, there was positive evidence between 1 

day and 7 days of secondary membrane formation. By 7 days
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the residual ettringite had completely decomposed and 

most of the secondary expansion attributable to osmotic 

swelling was completed. However due to the complete 

consumption of lime during this stage continued formation 

of membrane colloidal product was halted. This allowed a 

high level of supersaturation with respect to calcium 

sulphate to develop within the membrane and when the 

membranes subsequently ruptured crystallisation of gypsum 

occurred (see Appendix 9 and Plate 8.27).

Gypsum additions greater than 4wt.% resulted in strength 

reduction. Analysis of system 3 which contained a 6wt.% 

gypsum addition showed significant differences in 

behaviour compared to the other systems and these 

differences almost certainly account for this strength 

reversal. There was clear evidence of a colloidal coating 

around the pfa particles in system 3 during the very 

early stages of the curing cycle (Figure 10.5 a) whereas 

in systems 1 and 2 surface coatings at these early stages 

consisted principally of ettringite rods. Ettringite rods 

and needles were present within the colloidal coating but 

the amount of crystalline ettringite detected by XRD 

analysis was in fact less than that detected for system 2 

(see Figure 8.1), although the sulphate level for system 

3 was higher. Thus increasing the calcium sulphate in the 

system relative to lime, above a critical level, 

inhibited growth of crystalline ettringite and promoted 

formation of C-A-S-S-H colloidal product.
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The reason why such a relatively small increase in gypsum 

content should produce such a marked change in behaviour 

is not easily explained. During the period of first 

membrane formation, results showed (see Figure 7.6) that 

very little lime was consumed, in comparison with the 

other systems. Thus lime particles were very much in 

evidence in SEM micrographs (see Plate 8.44) at this 

stage. It therefore appears that the excess sulphate was 

in some way restricting the solubility of lime possibly 

by poisoning the surface of the lime particles, and hence 

inhibiting the growth of crystalline ettringite, and 

promoting formation of the colloidal product (Figure 10.5 

b). The increased availability of sulphate relative to 

hydroxyl at the pfa particle surfaces produced a membrane 

which consisted totally of colloidal material which 

severely curtailed the diffusion of species through the 

membrane. The fact that relatively little lime was 

consumed in formation of the primary membranes (see 

Figure 7.6) indicates that the membranes were not very 

substantial. There was also only limited ettringite 

decomposition at this stage (see Figure 8.1). However 

swelling and expansion did occur, accompanied by a period 

of strength development (see Figures 7.2 and 7.4) 

initiated by localised membrane rupture and precipitation 

(see Figure 10.5 c). Due to the low availability of 

calcium, the fibrous gel which first precipitated had a 

very low Ca/Si ratio (similar to that of the initially
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formed fibrous gel in system 2), but unlike system 2 the 

Ca/Si ratio then decreased with curing time as did the 

S/Si ratio (see Figure 8.11-12). One difference between 

this system and system 2 is that in the latter case when 

membrane rupture occurred all the added calcium sulphate 

had been consumed in forming the colloidal membrane 

product, whereas in the former case rupture of the 

membrane occurred when a substantial proportion of the 

added gypsum was still present in the system and 

relatively little lime had been consumed. The TEM 

observations together with the DTG results provided 

evidence that this residual gypsum was consumed along 

with part of the remaining lime to form additional 

colloidal product, further restricting the availability 

of calcium to form the fibrous gel. Therefore the limited 

amount of fibrous gel which did form had a very low Ca/Si 

ratio and was only able to take small quantities of 

sulphate into solid solution (see Figure 8.13). 

During the period of secondary membrane formation most of 

the residual lime was consumed, crystalline ettringite 

continued to break down, and further gradual expansion 

occurred. However the degree of expansion achieved was 

much less than that for system 2 and was similar to that 

for system 1, which supports the hypothesis that the 

total expansion is determined not just by osmotic 

swelling of the colloidal membranes but also by the level 

of sulphate taken into solid solution in the fibrous gel.
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Rupture of the secondary membranes resulted in continued 

precipitation of the foil-like fibrous gel with very low 

Ca/Si ratios but this was associated with (particularly 

evident in the SEM micrographs and supported by the MIP 

results) large amounts of colloidal material. 

There was also confirmation from DTG of gypsum still 

being present at these very advanced stages of curing and 

possibly even increasing. This again indicates that in 

the absence of any residual lime, breakdown of the 

residual ettringite and rupture of the secondary 

membranes resulted in precipitation of gypsum, although 

in this case no positive evidence of crystalline gypsum 

was obtained beyond 3 days curing. Thus in this case any 

secondary gypsum which precipitated from solution was in 

an amorphous form.

10.4 Factors controlling expansion, strength 

development and drying shrinkage

The major sequence of changes in morphology and reaction 

product which occurs during curing has been established 

for the four different systems. The progress of the pfa- 

lime reaction at the interface between the pfa particle 

surfaces and the pore solution is controlled by the 

nature of the membrane which develops. This in turn is 

dictated by the relative availabilities of calcium, 

sulphate, and hydroxyl, at the pfa particle surfaces in
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the initial stages of the reaction. Because the pfa 

particles are contaminated by the surface calcium 

sulphate, local concentrations of sulphate at pfa 

particle surfaces must initially be very high. Therefore 

in the presence of lime and moisture crystalline 

ettringite rapidly forms at pfa particle surfaces, 

together with colloidal alumino-silicate product of 

uncertain composition. The amount of surface fibrous and 

foil-like C-A-S-H gel which is able to form at this stage 

is limited because the available lime is being consumed 

by the kinetically favoured reaction to form ettringite. 

On completion of this reaction, fibrous C-A-S-H gel is 

able to form at particle surfaces. If most of the 

sulphate is removed by the "desulphurisation" process, 

only small localised regions of the particle surfaces 

where sulphate is retained, develop crystalline 

ettringite, and characteristic fibrous and foil-like C-A- 

S-H gel simultaneously forms in the sulphate-free 

regions.

Where sulphate is deliberately added to the system as 

gypsum, for low gypsum concentrations (up to 4wt.%) very 

dense surface coatings of ettringite crystals develop on 

the pfa particle surfaces which temporarily halt the 

reaction with lime. At high gypsum concentrations a dense 

colloidal C-A-S-S-H coating forms at the pfa particle 

surfaces, the amount of crystalline ettringite is reduced 

and the reaction with lime is severely retarded.
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It has not been possible to establish whether this dense 

colloidal coating is formed as a result of enhanced pH 

levels in the localised surface regions of the pfa 

particles, or because of reduced availability of lime in 

solution, due to surface poisoning of lime particles. 

The second stage of the reaction is controlled by the 

decomposition of the crystalline ettringite and the 

release of sulphate. The decomposition of the crystalline 

ettringite is initiated by a reduction in sulphate 

concentration in the solution surrounding the ettringite 

crystals. This is brought about firstly by removal of 

sulphate, in continued formation of ettringite itself, 

and subsequently by the consumption of sulphate which is 

taken into solid solution in the newly forming C-A-S-H 

gel. The rate at which this occurs depends both on 

temperature and on the initial amount of calcium sulphate 

present. At low temperatures and high sulphate levels 

ettringite stability is maintained for much longer 

periods. At the higher curing temperatures (> 75°C) the 

ettringite breaks down to give micro-crystalline 

hydrogarnet, and the calcium sulphate which is released 

is consumed in the formation of an enveloping globular C- 

A-S-S-H colloidal product. This forms an effective 

membrane around the pfa particles which induces osmosis. 

At lower curing temperatures monosulphate is formed in 

preference to hydrogarnet. Diffusion of Ca2+ and OH~ 

through the membrane and continued decomposition of
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ettringite within the membrane causes membrane thickening 

due to formation of increased amounts of colloidal 

product. The concentration differences across the 

membrane particularly with respect to sulphate, aluminate 

and silicate provide a driving force for the inward 

diffusion of water which results in swelling of the 

colloidal product and expansion of the material. 

There is also a contribution to this expansion as a 

result of sulphate absorption by the fibrous C-A-S-H gel. 

The fibrous gel within the surrounding envelope, relative 

to the globular colloidal product, decreases as the 

sulphate content in the system increases. The Ca/Si ratio 

of the gel also decreases with increasing sulphate 

content, which has a limiting effect on the amount of 

sulphate which the gel can absorb. Therefore the 

contribution by the fibrous gel to the overall expansion 

of the specimen during the membrane formation stage 

decreases as the sulphate content increases. In the case 

of the low sulphate "desulphurised" system no effective 

membrane appears to form at all and the small amount of 

expansion recorded at a very early stage is probably due 

solely to absorption of sulphate by the newly formed C-A- 

S-H gel at the pfa particle surfaces.

In the case of high sulphate, i.e. system 3, no fibrous 

gel appears to form during membrane formation, and any 

limited amount which is able to form will in any case 

have a very low Ca/Si ratio. Therefore the expansion in
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this case is due solely to osmosis and membrane-swelling. 

During the membrane development stage there is negligible 

strength gain. This is because of the low level of 

interconnectivity between particles. However intergrowth 

of ettringite crystals may make a limited contribution to 

strength as in for example system 2.

The third stage of the reaction is initiated by membrane 

rupture and precipitation of the fibrous and foil-like C- 

A-S-H gel. The amount of sulphate the precipitating gel 

is able to absorb is dictated by the Ca/Si ratio of the 

gel and the available sulphate in the system. At low 

sulphate concentrations where fibrous gel initially forms 

with high Ca/Si ratios all the available sulphate from 

the decomposed ettringite is absorbed by the developing 

gel, and the amount of C-A-S-£-H colloidal product 

finally remaining is, if any, very small. As the calcium 

sulphate content within the system increases the amount 

of fibrous gel precipitated will also increase because of 

the increased amounts of sulphate absorbed by the fibrous 

gel. However there is an optimum calcium sulphate content 

to give maximum C-A-S-.S-H gel formation because as the 

sulphate content increases the proportion of 

ettringite/colloidal C-A-S-S-H formed also increases 

reducing the availability of lime for fibrous gel 

formation. Fibrous gel then forms at lower Ca/Si ratios 

and is therefore unable to absorb much sulphate. There is 

therefore a maximum in the percentage expansion at a
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particular gypsum content. The optimum gypsum content 

when 20wt.% of lime is added to the pfa (see Figure 9.2a) 

is around 3.3wt.% («2wt.% added gypsum). Above this level 

increasing amounts of colloidal C-A-S-£-H products are 

formed at the expense of fibrous gel formation. This is 

confirmed by the observations of changes in porosity, 

pore size distribution and drying shrinkage reported in 

Chapter 9. The development in compressive strength is 

determined principally by the growth and development of 

the fibrous C-A-S-S-H gel and to a much lesser degree by 

the globular colloidal C-A-S-g-H product. Therefore there 

is an optimum gypsum content above which decline in the 

amount of fibrous gel formed and the sharp increase in 

the proportion of colloidal product, causes a drop in 

compressive strength. This optimum gypsum content 

increases as the lime content increases (see Figure 7.1 

and 10.1). The proportion of colloidal product formed 

also has a marked influence on the drying shrinkage (see 

Table 9.1), and as this increases the drying shrinkage 

also markedly increases. The fibrous gel makes very 

little contribution to this shrinkage at the 95°C drying 

temperature, as the fibrous gel does not lose the major 

part of its water until between 170 and 180°C (see Figure 

8.7) and is therefore much more stable at normal 

temperatures.
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10.5 Conclusions and recommendations for future work 

Calcium sulphate, present both as anhydrite on the pfa 

particle surfaces and added in the form of gypsum, plays 

a crucial role in the progress of the pfa-lime reaction 

and in the development of the physical properties of the 

cured material. The calcium sulphate inhibits initial C- 

A-S-H gel formation by kinetically favouring ettringite 

formation. However the long term equilibrium phases in 

this system are hydrogarnet, sulphate-containing C-A-S-H 

gel and gypsum. This is in contrast to the quaternary 

CaO-Al2O3-CaS04-H2O system where at < 100°C (see Chapter 

2) C3AH5 and gypsum should never co-exist at equilibrium. 

The C-A-S-S-H gel is laid down in two separate and 

distinct forms. One form is a globular colloidal product 

which is formed when soluble aluminate and silicate 

species are in contact with high local concentrations of 

CaS04 and low concentrations of lime. This occurs in the 

immediate vicinity of decomposing ettringite crystals, 

which form hydrogarnet and release calcium sulphate. It 

also occurs at pfa particle surfaces when excess gypsum 

is added to the system. This product forms a very 

effective membrane which also promotes osmosis. The 

transport of water into the membrane induces swelling of 

the colloidal gel and expansion. The second form of C-A- 

S-S-H gel is a fibrous and foil-like precipitated product 

which nucleates on lime particles.
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The solubility of sulphate in the fibrous gel is limited

by the Ca/Si ratio, the lower this ratio the lower the

maximum limit of sulphate solubility. In addition the

absorption of sulphate by this gel causes expansion. The

observed relationship between Ca/Si ratio and sulphate

solubility is in agreement with previous observations by

Bentur [66] and Copeland et.al.[106] for sulphate

solubility in C-S-H gel, and the observed relationship

between sulphate substitution and expansion is similar to

that reported by Kalousek et.al.[65] for C-S/S.-H gel.

The relative proportions of the two gel types which are

formed depends upon the initial calcium sulphate to lime

ratio. As this increases more colloidal gel is formed at

the expense of the fibrous gel which itself forms at

lower Ca/Si ratios and therefore with a reduced sulphate

content. This produces a complex relationship between

expansion and the calcium sulphate to lime ratio which

shows an expansion maximum at a particular value of this

ratio.

Because the compressive strength which develops is 

determined principally by the amount of fibrous gel which 

forms, a similar complex relationship also exists between 

ultimate compressive strength and calcium sulphate to 

lime ratio which also shows a maximum in the compressive 

strength at a specific calcium sulphate to lime ratio. In 

addition formation of increased amounts of colloidal gel 

at the higher calcium sulphate to lime ratios leads to
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high levels of drying shrinkage. Therefore in order to 

obtain the maximum benefit from gypsum, in cured pfa-lime 

material, in terms of low shrinkage and effective 

strength development, the control of gypsum content in 

the system relative to the lime content is critical. If 

the gypsum content is very low then the strength 

developed is below optimum, and if the gypsum content is 

too high not only is the strength depressed but the 

material shows unacceptable levels of drying shrinkage. 

Whether the two gels observed are different forms of the 

same gel which have originated in different ways or 

whether they can be considered as separate phases, has 

not been established. Further analytical work is 

required, particularly on the composition range of the 

colloidal gel, in order to resolve this problem. 

The work should also be extended to investigate the use 

of pfa-lime-gypsum mixes as a binding material for 

different conventional aggregates to determine whether 

the system can provide an effective and economic 

cementing material in the manufacture of building blocks. 

With the advent of Flue Gas Desulphurisation plants 

(FGD's) at coal fired power stations all the basic 

components required to produce the material (i.e. pfa, 

waste heat, gypsum and lime) are present on site mainly 

as waste materials. It would therefore be useful to carry 

out a feasibility study to look at the economics of
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producing such materials at or immediately adjacent to 

coal fired power stations.
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