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ABSTRACT

Foamed concrete is produced by combining foam and slurry thus entrapping numerous
small bubbles of air in the cement paste or mortar. The density of foamed concrete 1s a

function of the volume of foam added to the slurry and the strength decreases with
decreasing density. In this study the effect on the properties of foamed concrete, of
replacing large volumes of cement with both classified and unclassified fly ash (pfa)
was investigated. The casting densities of the materials used in this investigation varied
between 1000 and 1500 kg/m3 and 50%, 66.7% and 75% of the cement (by weight) was
replaced with pfa. The properties measured included compressive strength, dry density,
porosity, permeability, water absorption, drying shrinkage, elastic deformation, creep,

and void size distribution.

The use of high volumes of unclassified ash did not appear to have any significant
detrimental effects on the measured properties of the foamed concrete. Although the
rate of gain in strength was reduced by the use of large volumes of ash, up to 67% of the
cement can be replaced by ash without any significant reduction in the long-term
strength. The permeability increased with increased air content but the water absorption
did not appear to be influenced by the volume of air entrained. The elastic modulus of
foamed concrete reduced while the creep increased with reducing density. The drying
shrinkage of foamed concrete does not seem to be a function of density and the
shrinkage values were similar to those of cement paste with simtlar water/binder ratios;

these values were between two to three times greater than those of conventional

concrete. An increase in ash content lead to a slight reduction in the drying shrinkage.

A mathematical model was developed relating the compressive strength of the foamed

concrete to age, porosity and ash/cement ratio.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

In South Africa there is currently a major shortfall in affordable, durable infrastructure
and housing. The Reconstruction and Development Program underway in South Africa
aims at giving all South Africans access to “A permanent residential structure with

secure tenure, ensuring privacy and providing adequate protection against the

elements”. !

According to the White Paper on Housing' South Africa is characterized by large-scale
unemployment in the formal sector of the economy. The lack of housing and

infrastructure combined with the high unemployment figures, creates an environment

perfectly suited for labour intensive projects where the unemployed in a disadvantaged

community can be trained to uplift the community and provide the much needed

infrastructure.

In order to address the needs of the country, modern specialized technology could be
used to improve the quality of the building materials used in under developed areas. In a
developing community the cost of the material and equipment as well as the ease of
manufacture and construction plays a major role in determining the acceptability of a
new building material. It is therefore essential to adapt any technology to local
conditions.” By manufacturing lightweight building blocks, wall panels, roofing sheets,

footings and floor slabs on the outskirts of undeveloped areas, the communities could

use their own transport to obtain these building materials.’

Low density concrete is normally defined as concrete having an air-dry density of below

2000 kg/m’ as opposed to normal concrete with a density in the region of 2350 kg/m>.}

Low density concrete has practical and economical advantages as the reduced weight of

the superstructure can lead to savings in the cost of super- and substructures and
components can be handled and erected relatively easily. Fire resistance’ and thermal

. . 6 . . .
insulation” of low density concrete are superior to those of normal density concrete.
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Low-density concrete can be manufactured with a density of between 300 and 1850
kg/m’. The strength of low-density concrete is a function of density and therefore
density can be used to classify low density concrete according to the purpose for which

it is to be used. Low density concrete can be classified as one of the following:®

e Structural low-density concrete has a density between 1350 and 1850 kg/m’

and minimum compressive cylinder strength of 17 MPa.

o Low-density concrete has a density between 300 and 800 ke/m’ and is used

for non-structural applications, mainly for thermal insulation purposes.

o A third category between the previous two used for masonry units.

Replacing some of the solid material in the mixture by air voids can reduce the density

of concrete. These voids can be located in one of the following three places:6

o In the aggregate particles; known as low density aggregate concrete.

e Inthe cement paste; known as cellular or aerated concrete.

o Between coarse aggregate particles (by omitting fine aggregate); known as

no-fines concrete.

Cellular concrete is produced by introducing voids into the plastic mortar mixture,

resulting in a material with a cellular structure, containing voids with a diameter of

between 0.1 and 1 mm.” As no coarse aggregate is used in cellular concrete, the term

concrete is strictly speaking inappropriate.

The voids in cellular or acrated concrete can be produced by gas generated during a

chemical reaction, normally caused by the addition of aluminum powder (gas concrete)

or by the introduction of air. Cellular concrete produced by the introduction of a
foaming agent, is called foamed concrete. The Dutch research centre “Civieltechnisch

centrum uitvoering research en regelgeving” (C.U.R.), recommendation 14, defines

foamed concrete as a cementitious material, with a minimum of 20% (per volume) foam

entrained into the plastic mortar.®
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Entrapping numerous small bubbles of air in cement paste or mortar forms foamed

concrete by a mechanical process. Mechanical foaming <an take place in two principal

ways:’

e by pre-foaming a suitable agent with water and then combining the foam

with the paste or mortar;

e by adding a quantity of foaming agent to the slurry and whisking the mixture

into a stable mass with the required density.

The most commonly used foam concentrates are based on protein hydrolyzates or
synthetic surfactants.'” They are formulated to produce air bubbles that are stable and

able to resist the physical and chemical forces imposed during mixing, placing and

hardening.

Foamed concrete is the most popular of all low-density concretes in developing

countries.'' The reasons for this are the low capital expenditure on equipment and the
ready availability of the principal materials. The material can be produced on a small
scale, even at site level and it is relatively easy to place and finish without heavy or

expensive equipment. Foamed concrete is one of the few building materials combining

good mechanical strength with low thermal conductivity and ease of working.’

Since the introduction of cellular concrete systems to the construction industry more
than 50 years ago the use of foamed concrete has been almost exclusively limited to the
following applications: non structural void filling, thermal insulation, acoustic damping,
trench filling for reinstatement of roads and building blocks'?. In the Netherlands

foamed concrete has been used not only for level corrections in housing developments,

but also for fill-material where ground subsidence has taken place and as founding layer

for road works on very weak soils'>.

According to Benn'? foamed concrete is self-compacting, free flowing and pumpable

and therefore easy to place in inaccessible places. It has good thermal and acoustic

properties and is frost resistant but it is too weak for direct exposure to traffic and hail

and should be protected.
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Foamed concrete is perceived to be weak, non-durable with high shrinkage
characteristics. Neville® states that untreated aerated concrete should not be exposed to

an aggressive atmosphere and that unprotected reinforcement in aerated concrete would

be vulnerable to corrosion even when the external attack is not very severe.

Neopor states that unstable foams have in the past resulted in foamed concrete having
properties unsuitable for reinforced, structural applications.'* The development of

protein-hydrolisation based foaming agents and specialized foam generating equipment
have improved the stability of the foam, making it possible to manufacture foamed

concrete for structural applications. In recent years foamed concrete has been used as a
structural material in schools, apartments and housing developments in countries such
as Brazil, Singapore, Kuwait, Nigeria, Botswana, Mexico, Indonesia, Libya, Saudi

Arabia, Algeria, Iraq and Egypt.'*

It 1s well known that the durability of normal concrete can be improved by reducing the
permeability and porosity of the mortar through replacing small percentages (say up to

35%) of the cement with pulverized fuel ash (pfa). It would seem logical to expect that
the inclusion of pfa into foamed concrete will have a similar effect but this fact has not

yet been proven and it is one of the prime objectives of the study to prove this. A

question that has to be answered is whether the use of pfa in foamed concrete can

markedly improve the strength and durability of the material.



CHAPTER 2 : REVIEW OF PREVIOUS RESEARCH

2.1 INTRODUCTION

Little has been published on foamed concrete and the factors influencing its properties.
In the first section of this review the published information on foamed concrete 1s

discussed. As foamed concrete is produced by the inclusion of air voids in cement paste,
the second section of this chapter reviews published research on the effect of voids on
the properties of cement pastes and concrete. The third and final section of this chapter

deals with the effect of pulverized-fuel ash (pfa) on the properties of normal concrete.

2.2 FOAMED CONCRETE

The production of foamed concrete involves the incorporation of a fairly large volume
of air into a mixture consisting essentially of cement and water, with or without the
addition of sand. This incorporation can be achieved by adding air to the mixture in the
form of highly expanded foam consisting of innumerable small bubbles”. Forcing a
foaming agent, diluted in water and a jet of air through baffles generates thick stable
foam. The bubbles in this foam acts as temporary containers for the air, enabling

accurate measurement of the air content to be made and producing a uniform

distribution of the voids.

In conventional concrete the relationship between water content and strength 1s
relatively straight forward; as a general rule and for a given mix of materials, as the
water content increases the workability will increase and the strength will reduce.
However for foamed concrete this relationship is not quite so simple and for the system
to work correctly the amount of water that can be added is critical and lies within a very
tight band. If too little water is added the cement will preferentially withdraw water
from the foam causing rapid degeneration of the foam. On the other hand if too much

water 1s added segregation will take place which causes the density to vary within any
particular batch.’
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Foamed concrete contains at least three constituents, namely cement, water and foam.
Beside these constituents several fillers such as sand, pfa, crushed dust, expanded
polystyrene granules and sintered pfa (Lytag) fines can be added to the mixture. Van

Deijk‘6 states that various factors such as water-cement ratio, cement-water-aggregate

ratio, nature of the foaming agent, hydration rate and workability have strong influences

on the properties of foamed concrete.

2.2.1 PROPERTIES OF FOAMED CONCRETE

2.2,.1.1 Compressive strength

According to L. B. Chemicals" the strength of aerated concrete is closely related to the
dry density and for any given mixture the strength rises rapidly as the density increases.
The relationship between water-cement ratio and strength that exists in the case of
normal or dense concrete is not so apparent where aerated mixes are concerned and the
water-cement ratio required to achieve successful foaming might vary appreciably with

the grading of the sand without affecting the compressive strength significantly,

provided the ultimate dry density is not altered. The water/cement ratios used in these

15

mixtures'” varied from 0.45 for the mixtures containing no sand to 0.85 for mixtures

with a sand/cement ratio (by weight) of 4. The compressive strength values published in
this article were used to draw the graph in Figure 2.1 indicating the effect of sand

content on the relationship between dry density and compressive strength.

The compressive strengths in Figure 2.1 indicate that mixtures containing no sand yield

significantly higher strengths than mixtures of the same density containing sand. A
mixture containing only cement, water and foam can however only be affordable at very

low densities (below 500 kg/m’)". For the mixtures containing sand the decrease 1n
strength with increased sand content is only marginal for sand/cement ratios of between
2 and 4. Multiple regression analysis has been conducted by the author (Kearsley) to
determine the numerical relations between the compressive strength and the

water/cement ratio, sand/cement ratio and dry density. The empirical equation derived

1S:
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fo = 000000141 Y ~+0.00511Y  +223wle - 2.725/c = 12.2 (Eq 2.1)
Where:
Je = compressive strength (MPa)
wlie = water/cement ratio
s/’c = sand/cement ratio
YD = dry density  (kg/m’).

The R-squared statistic indicates that the equation as fitted explains approximately 98 %
of the variability in compressive strength. The adjusted R-squared statistic, which 1s
more suitable for comparing models with different numbers of independent variables, 1s
908%. Stepwise regression indicates that 58% of the variation in strength can be

explained by the square of the dry density while 90% of the variation can be explained

by including the effect of the sand/cement ratio. The addition of the water/cement ratio
as the third variable increases the R-squared value to 95%. The results of the stepwise
regression clearly indicates that variations in both the density and the sand/cement ratio
influences the strength by an order of magnitude more than that caused by variations in
water/cement ratio. The fact that the water/cement ratios used for these mixtures only
varied between 0.5 and 0.8 and all the compressive strengths were below 5.1 MPa limits

the value of the equation as derived above and a different relation would have to be

derived if a wider range of strengths and water contents are used.

10 --
o g - &®s/c= 0
“
. § E 6 Es/c= 2
E‘ <
6 T 4 A As/c= 3
A Z &
~ Z I - Xs/c= 4
g | '\
0 . .
0 500 1000 1500 2000

Dry Density (kg/m")

Figure 2.1: Effect of Sand Content on Compressive Strength of Foamed Concrete.
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In their product information brochure Neopor'* states that foam concrete with densities
from 400 to 1800 kg/m’ is produced with cement contents varying from 300 to 420
kg/m’. Foam concrete with densities up to 600 kg/m’ is normally produced using no
sand but only water, cement and foam. According to Neopor an increase in cement
content does not necessarily yield better compressive strengths, but it might rather have
a negative influence on the shrinkage behaviour. Neopor claims that foaming agents
based on protein hydrolisation are the most stable and as a result of their water retention
abilities, the water in the foam is gradually released into the surrounding cement paste

during the curing process, thereby contributing to the development of strength in the

cellular concrete. This statement can be verified by comparing the results published by
Neopor'* with results published by manufacturers of synthetic foaming agents'” (Figure
2.2). Figure 2.2 compares the 28-day compressive strengths of foam concrete
manufactured using a protein based foaming agents to those manufactured using a
synthetic foaming agent. The synthetic foam is an aqueous solution of a sodium

alkylnaphthalene sulphonate and the compressive strengths are those published by L.B.

Chemicals". The sand cement ratio of both these sets of results vary from no sand at
low densities to an approximate 3:1 ratio (by weight) at high densities. From these
results it can be seen that the protein based foaming agent does result in higher
compressive strengths than the synthetic foaming agent. At lower densities (below

approximately 1 000 kg/m’), there does not seem to be much difference in the strengths,

but the differences tend to increase with increased densities.

Widmann & Enoekl'’ state that the cement content has a strong influence on the

compressive strength of foamed concrete. They concluded that there is an optimum
cement content for a given dry density and if the cement content is increased above the
optimum content, the compressive strength decreases again because to prevent an
Increase in density more air voids have to be introduced into the mixture. According to
Widmann & Enoekl the bulk density of the aggregates also has an influence on the

compressive strength of the mixture as a more compact total structure is achieved with

lighter aggregates. For a given cement content the compressive strength becomes greater

with a lower bulk density of aggregate because fewer air voids needs to be introduced

into the cement matrix to achieve the same material bulk density.
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Figure 2.2: Influence of Type of Foaming Agent on Compressive Strength.'* !’

Mc Cormick'® tried to develop a rational method for proportioning foamed concrete
mixtures by preparing 31 mixes using three different foaming agents (all were
hydrolyzed proteins with different formulations), three types of sand and three types of
expanded shale. The sand, with a relative density of 2.65, was a relatively non porous
natural aggregate with rounded, smooth-textured particles and the expanded shale had
the same fineness modulus as that of the sand. Water-cement ratios (by weight) varied
between 0.35 and 0.57 (as indicated in Figure 2.3) and these were selected to satisfy the
requirecments for foam stability as determined from preliminary studies. The
water/cement ratios as indicated in Figure 2.3 were determined for mixtures with a
theoretical casting density of approximately 1250 kg/m® and it is interesting to note that

the finer sand, with the lower fineness modulus (FM) has a higher water demand than

the sand with the higher FM. The fact that the water/cement ratio remains virtually
unchanged while the aggregate/cement ratio increases from 1 to 1.5, may indicate that
there is an optimum cement content, and the excess cement can be replaced with sand
without any real changes in the water/cement ratio. When the aggregate/cement ratio is
increased from 1.5 to 2 the water/cement ratio increases, indicating that the mixture now

requires more water for the foam to remain stable.
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Figure 2.3:  Water/cement Ratios to Achieve Adequate Foam Stability for
Different Aggregate Contents.

The effect of fine aggregate content on the compressive strength was investigated by
casting different mix combinations at the same design density. The effect of aggregate
content on the compressive strength of foamed concrete can be seen in Figure 2.4. This
graph has been compiled from the results published by Mc Cormick for foamed concrete

with a target casting density of approximately 1250 kg/m® manufactured using three

different sands. From these results it can be seen that the sand with a FM of 2.7
produces foamed concrete with much lower compressive strengths than both the coarser
and the finer sand. The aggregate/cement ratio has a noticeable effect on the

compressive strength but the trends observed for the different sands contradict each

other as the fine sand seems to have a pessimum content, an increase in the coarse sand

content seems to increase the compressive strength while the opposite is true for the

third sample (medium sand).

Although the results are not conclusive, it is clear that the aggregate content and grading
could have a significant influence on the compressive strength of foamed concrete. The
fact that intermediate amounts of aggregate yield the highest strength in some sets might
indicate an optimum aggregate content. In this experiment the water-cement ratio was

increased with an increase in aggregate content and the effect of aggregate content on

compressive strength cannot therefore be isolated.
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Figure 2.4: Effect of Aggregate Content on Compressive Strength at Constant Density.

The effect of water/cement ratio on the compressive strength of the different mixtures

can be seen in Figure 2.5. From these results it can be seen that where for normal
concrete lower water/cement ratios yields higher strengths, the water/cement ratio of
foamed concrete does not seem to affect the compressive strength as significantly as the

grading of the aggregate. The variation in water/cement ratio is however too small for

any definitive conclusions to be drawn.

Based on seven sets of results, Mc Cormick concludes that the effect of varying the
aggregate content appears to be inconsequential as two sets indicated increasing
compressive strength with increasing aggregate content, one indicated decreasing

compressive strength with increasing aggregate content and four indicated that the

mixture containing an intermediate amount of aggregate was either the highest or lowest

value of the set.

The results obtained by Mc Cormick were used by the author in multiple regression
analysis and the mathematical relation between the compressive strength and four

independent variables (water/cement ratio; sand/cement ratio; fineness modulus and

density) was determined.
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Figure 2.5: Effect of Water/cement Ratio on Compressive Strength.

The statistical analysis indicated that the water/cement ratio is not statistically
significant at the 90% or higher confidence level and consequently it was removed from

the model. The model was simplified to only include three independent variables and

the following relation was derived:

f.=34.97-0.0577 y _+0.0000302 y" —1.21 s/c~1.77 FM (Eq 2.2)
Where:
fe = compressive strength (MPa)
FM =

fineness modulus of sand

s/c sand/cement ratio

Y, = casting density (kg/m’).

The R-squared statistic indicates that the model as fitted explains more than 99% of the

variability in compressive strength, while the adjusted R-squared statistic 1s 99.6%. The

ANOVA" P-value is less than 0.01, which indicates that there is a statistically

significant relationship between the variables at the 99% confidence level.

" ANOVA - Analysis of Variance
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Stepwise regression analysis was conducted and it was found that the square of the

casting density (yc®) explains 94.22% of the variability in compressive strength. This
adjusted R-squared value can by increased to 98.3% by adding a linear casting density

term (Y.). The fineness modulus (FA) and the sand/cement ratio (s/c) can be added
stepwise to the model to improve this value to 99.35% and 99.66% respectively.

Van Deijk'® published data on some properties of impermeable VOTON™ foam
concrete using mix designs containing cement and sand and mix designs containing
cement and fly ash and no sand. The published results were used to draw the relation

between compressive strength and casting density that can be seen in Figure 2.6. All the
mixes containing cement and sand had a cement content of 340 kg/m’ and were
produced with the wet mortar system where the cement, sand and water is mixed in a
truck and transported to site where the foam is then added. All the mixes containing

cement and fly ash were produced using the dry mortar method where the water is only

added to the cement and fly ash on the construction site. The cement content of the

mixes that contained fly ash varied and no indication of the fly ash-cement ratio was

published, which makes meaningful comparisons between mixes very difficult.

15
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Figure 2.6: Compressive Strengths using Fly ash or Sand.
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However from the results shown it can be.s=en that at densities above about 1000 kg/m
the mixes containing fly ash can yield higher compressive strengths than the mixes

containing sand. Although 28 day and 91 day strengths were published for the mixes

containing fly ash, only 28 day strengths were given for the sand mixes. At densities
below 1 000 kg/m’ there is hardly any difference in the 28 or 91 day compressive

strength for mixtures containing fly ash and those containing sand.

2.2.1.2 Deformation

Based on the results of their research Widmann & Enoekl'’ state that the creep
deformation (as measured under constant stress in an air-conditioned room) of foamed
concrete 1s similar to that of normal concrete but the shrinkage contraction of foamed
concrete 1s approximately four to six times that of normal concrete. They therefore
concluded that building elements that are assembled under restrained conditions would
be subject to a considerable risk of cracking. They further established that all test
specimens showed cross-shaped hair cracks (<0.10 mm wide) on the surface at a

spacing of approximately 15 to 25 cm after about 4 to 6 weeks.

To determine the effect of shrinkage on restrained building elements, panels (3 m long,
2.5 m high and approximately 28 days old) were built-in between reinforced concrete

slabs. Within a relatively short time a vertical crack formed in the middle of these
panels. These cracks increased in width to up to 1 mm after one year and after that no

significant increases in crack widths could be detected. In an effort to minimize

shrinkage the following measures were investigated:

lower water-cement ratios
curing regime
heat treatment

different cement qualities and types.

None of these methods resulted in a significant reduction in shrinkage and the authors

concluded that damage to foamed concrete elements as a result of shrinkage can only be

prevented by one of the following measures:
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e assembling the building elements without contraction restraint, or
e storing the elements for at least 3 to 4 months without contraction restraint, or

e using foamed concrete only for small, as far as possible pre-stored elements (e.g.

masonry blocks)

The British Cement Association (BCA) published typical properties of foamed concrete
as indicated in Table 2.1." From these values it can be seen that the highest drying
shrinkage can be associated with the lowest densities. The drying shrinkage of foamed
concrete is perceived to be high when compared to that of normal concrete (where
typical drying shrinkage is in the region of 0.04% to 0.12%).® An advantage of the lower

density foamed concrete is the lower thermal conductivity that gives better insulation
properties. The thermal conductivity of foamed concrete is between 5% and 30% of that

of dense concrete.’ The modulus of elasticity is less than that of dense concrete (where

a value of 30 kN/mm? would be a typical value).®

Table 2.1: Typical Properties of Foamed Concrete.

Dry Density | Compressive Thermal Modulus of Drying
(ke/m’) Strength Conductivity Elasticity Shrinkage
> (MPa) (W/mK) (kN/mnt) %)

1400 6.0-8.0 0.50 - 0.35 5.0-6.0 0.09 - 0.07
1600 7.5-10.0 0.62 - 0.66 10.0-12.0 0.07 - 0.06

ACI Committee 523° reports that the cracking of cellular concrete at early ages due to

thermal and moisture loss volume changes can be reduced by the addition of suitable

fibers. These fibers must bond to the concrete and be of sufficient length, size and

number to develop the required tensile force at any section.
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Georgiades & Marinos® conducted research on the effect of the micropore structure on

the shrinkage of autoclaved aerated concrete (A.A.C.). Eight series of A.A.C. specimens
were prepared using different raw materials, rising agents, additives, mix proportions

and autoclaving conditions. The autoclave pressure was kept constant at 12 bar while

the curing time was varied. Either aluminum powder or stable foams were used as rising
agents to obtain sample densities in the region of 500 kg/m®. The drying shrinkage of
samples was determined by measuring the length changes of the specimens during
moisture content variations, starting at maximum water saturation (approximately 40 to
45% by volume) to a moisture content of 1 to 1.2% by volume, at drying conditions of

35% relative humidity and 50 to 55 °C. The results of the shrinkage measurements are
indicated in Table 2.2.

Table 2.2: Drying Shrinkage of A.A.C.

Drying Binder Ratio | Additive Curing Rising
Shrinkage (cement/lime) Time Agent

e

1/1
1/1
Powder
"o [ | e | evom | ram
-

0.066 Alumina 6 hours Foam
& CaSO4
Fly ash

From these results it can be seen that the drying shrinkage varied between 0.066 and
0.098%. The binder ratio is the only difference between specimens with sample codes A

and E, indicating that the higher cement content results in marginally increased

shrinkage. The use of different rising agents has an influence on the drying shrinkage

and 1f samples D and E are compared it can be concluded that the use of aluminium as
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rising agent results in marginally higher shrinkage than when foam is used. The use of
alumina or fly ash as additive results in a marked reduction in shrinkage as can be seen
when comparing the results of samples E, F, G and H. By comparing the drying
shrinkage for mixtures B, C and E 1t can be seen that a curing time of 8 hours results in

lower shrinkage values than for 6 or 10 hours of curing. This might indicate optimum

autoclaving duration but more results than those published will be required before any

trends could be defined.

2.3 VOIDS IN HYDRATED CEMENT PASTE

2.3.1 BACKGROUND

Progress in the field of materials science has primarily resulted from the recognition of

the fact that the properties of a material are dictated by the nature of its internal

structure. According to Metha and Monteiro®! hydrated cement paste (hcp) contains

several types of voids which have an important influence on its properties. These voids
include the interlayer space between calcium silica hydrate sheets, capillary voids and

air voids. The major factors influencing the total volume of pores and the pore size

distribution are:

water/cement ratio
cement content and type
degree of hydration

compaction

plastic cracking.

The properties of hardened cement paste are a function of both the total pore volume
and the relative sizes of the pores in the paste. The porosity, the pore size distribution,
and the nature of the hydrated compounds of the hardened cement paste govern
permeability and diffusivity of concrete to gases, water and harmful ions such as
chlorides and sulfates.” The type and relative size of pores and ions or gas molecules

are shown schematically in Figure 2.7%. The size of most ions and gas molecules that

are harmful to concrete are smaller than the size of typical gel pores.
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Fresh cement paste is a network of cement particles in water but as soon as hydration
starts cement gel is formed. According to Powers®* the hardened paste contains gel,
crystals of calcium hydroxide, minor components, residues of the original cement and

residues of the original water filled spaces in the fresh paste. These residues of water-
filled space (known as capillary pores or cavities) exists in the hardened cement paste as
interconnected channels or if the structure is dense enough, as cavities interconnected
only by gel pores. The cement gel 1s composed of fibrous gel particles forming a cross-
linked network containing gel pores. At any given stage of hydration, capillary- porosity
depends on the original proportion of water in the cement paste, which is usually
expressed as the ratio of water to cement in the original mixture. Cement gel can be

produced only in water-filled capillary cavities, and when all these cavities are filled, no
further hydration can take place. Powers states that the hydration products of cement
require twice the volume of the unhydrated cement. The degree to which gel fills the

available space can be expressed as a ratio of volume of gel to volume of available

space. The compressive strength of cement paste increases in direct proportion to the

cube of the increased gel-space ratio.
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2.3.2 TYPES OF VOIDS

2.3.2.1 Pore voids

Metha & Monteiro®! state that the calcium silicate hydrate phase (C-S-H) accounts for
up to 60% of the volume of solids in a completely hydrated Portland cement paste and
therefore it is the most important phase in determining the properties of the paste. The
interlayer space within the C-S-H structure accounts for up to 28% porosity in solid C-
S-H but the size of this space is assumed to be less than 25 A (1A = 10"'° m). This void
size is too small to have an adverse effect on the strength and the permeability of the hcp

but the water in these voids can help by hydrogen bonding and the removal of this water

could contribute to drying shrinkage and creep.

After their investigation on the effect of micropore structure on the shrinkage of A.A.C.

Georgiades & Marinos?® defined micropores as the pores in the walls of the air voids
and stated that shrinkage is due to a change in disjoining pressure in the smallest pores
of A.A.C. They found that the drying shrinkage of A.A.C. is a function of volume and

specific surface of the micropores which have radii between 20 and 200 A. These void
sizes include the pore sizes as defined for gel pores as well as the lower range of pore
sizes defined as capillary pores. The tests on pore size distribution were performed by

means of mercury porosimetry using a porosimeter that can measure pores with radii

greater than 18 A. They concluded that the decisive effect on the A.A.C. shrinkage
process is the structure of microporosity in the range of pore radii 20 — 55 A and 55 -

200 A. Using regression analysis they derived the following equations:

For pore radii 20 - 55 A:

Vo

&4 " 10.023 +9.657V ) (Eq 2.3)

For pore radii 55 - 200 A:

v, +2.787)
1.9

tn
-
|

(Eq 2.4)
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Where:
Ef = Drying shrinkage (%)
Ve = Micropore volume  (cm’/g).

2.3.2.2 Capillary voids

Capillary voids represents the space not filled by the solid components of the hep.?! The
total volume of the cement-water mixture remains virtually unchanged during the
hydration process. The average bulk density of the hydration products is considerably

lower than the density of the anhydrous Portland cement, and the process of cement
hydration can be seen as a process during which the space originally occupied by cement
and water is being replaced more and more by the space filled by hydration products.
The space not taken up by the cement or hydration products consists of capillary voids

and the volume and the original distance between the anhydrous cement particles and

the degree of hydration determine%size of the capillary voids. The original distance

between unhydrated cement particles is determined by the water/cement ratio.

The degree of hydration of Portland cement is dependent on the availability of free
water within the pores of concrete.”> When the degree of saturation of concrete is
reduced to below 80% the hydration practically stops but fresh concrete normally
contains water in excess of that required for full hydration. The hydration products have
a volume which is approximately 2.5 times the sum of the volume of unhydrated cement

and the volume of water, and therefore the void volume occupied by free water (the

capillary voids) is reduced as hydration proceeds. The amount of water required for full

hydration is approximately 0.28 of the weight of the cement and any water in excess of

this value 1s not required for hydration but to reduce the viscosity of the material

(increase the workability).

In well-hydrated, low water/cement ratio pastes the capillary voids may range in size
from 10 to 50 nm while in high water/cement ratio pastes at early ages of hydration the
capillary voids may be as large as 3 to 5 um. According to Mehta and Monteiro®! it has
been suggested that the pore size distribution, not the total capillary porosity is a better
criterion for evaluating the characteristics of hcp. Capillary voids larger than 50 nm,

also referred to as macropores, are assumed to be detrimental to strength and
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impermeability, while voids smaller than 50 nm referred to as micropores are assumed

to be more important to drying shrinkage and creep.

Metha & Manmohan®® investigated the pore size distribution and permeability of

Portland cement pastes with water/cement ratios varying from 0.3 to 0.9. The pastes

with water/cement ratios of 0.6 to 0.9 contained substantial volumes of larger pores with

diameters exceeding 1320 A. In these high water/cement ratio pastes the pore size

distribution at 28 days was found to remain essentially the same in the 45 to 1320 A

range indicating that the higher porosity manifests itself in pores with larger diameters.

Several investigators that studied the relationship between permeability and the pore

size distribution of cement pastes and mortars have concluded that the flow of a fluid

through concrete is associated with the larger capillary pores rather than total porosity.*

Gowripalan et al. concluded that blended cements containing 35% pulverized fuel ash

(pfa) or 70% ground granulated blast furnace slag (ggbs) can be used in well cured
cement pastes to produce a blocked pore structure resulting in a reduction in pores

above 880 A in diameter. The use of blended cements thus leads to a reduction in

permeability.

2.3.2.3 Airvoids
Entrapping or entraining air in the hcp forms air voids. The air voids are generally

spherical where capillary voids are irregular in shape. Entrapped air voids may be as
large as 3 mm while entrained air voids usually range from 50 to 200 pm. Both

entrapped and entrained air voids are much larger than the capillary voids and are

capable of adversely affecting the strength and permeability of the hep.

Air-entrained concrete of quality is produced by introducing an increased quantity of air
voids, duly graded according to size and uniformly distributed throughout the cement
paste. According to Wilk and Dobrolubov®’ the mere determination of the total air void
content of fresh concrete is not sufficient as shape, size and distribution of voids can
affect the strength and durability of the concrete. Perfectly batched and mixed air-
entrained concrete of high durability contains well-distributed spherical voids with

diameters varying between 20 and 300 micrometer*’. The presence of void surface
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defects, agglomerations of voids or large voids (with diameters exceeding 300

micrometer) indicate low quality air-entrained concrete.

Hengst & Tressler® investigated the microstructure of foamed cement with different
densities manufactured using different cements and they concluded that the pores in the
foamed cement are approximately spherical and no preferential distortion was detected
when cross sections of various orientation to the horizontal casting plane were analyzed.

The average measured pore diameter for the different mixtures varied between 0.131

mm and 0.532 mm. These values correlate with the values measured for voids formed

by air entraining.

The pore size distribution of small pores can be measured by various well-established
techniques, such as the value of porosity measured by mercury intrusion porosimetry
(MIP)® , but macropores (with diameters exceeding 20pm ) can be studied using image
analysis®. Visagie®? determined the air void size distribution of foamed concrete with a
casting density of 1500 kg/m’ and the distribution is shown in Figure 2.8. The

histogram was compiled using the measured diameters of 182 voids. From this graph it

can be seen that virtually all the voids formed by the foaming agent are less than 0.2 mm
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Figure 2.8: Air Void Size Distribution of Foamed Concrete.
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2.3.3 THE EFFECT OF VOIDS ON DURABILITY AND STRENGTH

2.3.3.1 Effect on Durability

The durability of concrete can be defined as the capability of maintaining serviceability

of a product, component or construction over a specified time’'. With the exception of

mechanical damage and alkali-silica reaction all the adverse influences on durability
involve the transport of fluids through the concrete®. The permeability of concrete gives

an 1ndication of the ease of movement of various fluids through concrete.

Because of the existence of different types of pores of which only some contribute to the
permeability of the concrete it is important to distinguish between porosity and
permeability. Porosity is a measure of the proportion of the total volume of concrete
occupied by pores. If the porosity is high and the pores are interconnected, they
contribute to the transport of fluids so that the permeability is also high. If the pores are

discontinuous the permeability of the concrete is low, although the porosity might be
high.

2

Nyame and Illston’ investigated the relationship between permeability and pore

structure of hardened cement paste and they concluded that porosity changes with time

of hydration and water/cement ratio. This relationship between density and porosity can

be expressed with the following equation:

p = 240 ~152¢" (Eq 2.5)
Where:
p = density (g/cm’)
€ = porosity as determined by mercury intrusion porosimetry.
(cm’/g)

The changes in porosity in relation to changes in water/cement ratio and time of

hydration were fitted to the function:

e() = g,—mlog t (Eq 2.0)
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Where:
t = time of hydration (days)
g = porosity at a given age ¢ (cm’/g)
£0 = initial porosity (at ¢t = 0) (cm3/g)
m = constant related to rate of change.

In order to sustain the corrosion of reinforcing steel in concrete it is necessary that both
oxygen and water be transported through the cover zone to the reinforcing bars. Both
water and oxygen must penetrate the same depth of cover in order to reach the reaction

site, and the one that has the slowest transport rate through concrete will thus limit the
corrosion process. Cabrera &’ Claisse® investigated the transmission of oxygen and
water vapor through mortars and they concluded that the rate of transport of water vapor
was proportional to the porosity of the samples. Wainwright et al.>* compared the
performance properties of mortars made with ordinary Portland cement and pozzolanic
cements containing pfa or ggbs after exposing the mixes to hot dry environments. The
tests carried out to assess the performance properties and thus the durability of the
mortars were total porosity, pore size distribution and gas permeability using oxygen.
They derived a statistically valid function between the oxygen coefficient of

permeability and the pore structure as measured using a mercury intrusion porosimeter.
The function is:

= Eq 2.7
log ,,OP 0.5—5+53 (Eq 2.7)

Where:
OP = coefficient of oxygen permeability (cnv/s x10°)
d = average pore diameter (micron)
p = porosity as a fraction.

2.3.3.2 Effect on Strength

When concrete is fully compacted the strength is taken to be inversely proportional to
the water/cement ratio (Abrams rule).® In 1896 René Féret formulated the following rule

to relate the strength of concrete to the volumes of water, cement and air in the mixture:
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2
c
= K| —_—
/s [c+w+a] (Eq 2.8
Where:

Je = concrete compressive strength (MPa)

c, w,a = absolute volumetric proportions of cement, water and air
K = a constant.

The strength of concrete is influenced by the volume of all voids in the concrete
(entrapped air, capillary pores, gel pores and entrained air) and a number of functions,

Including the following, have been proposed to express this strength-porosity

relation®>~°:

f=f.oll-p) (Balshin) (Eq 2.9)
= ] -kr'p
Je=Teoe (Ryshkevitch) (Eq 2.10)
Py
=k In| —
Je=ks ( p ) (Schiller) (Eq 2.11)
Jfe=Sco—kup (Hasselmann) (Eq 2.12)
Where:
I = compressive strength of concrete with porosity p
foo = compressive strength at zero porosity
p = porosity (volume of voids expressed as a fraction of the
total concrete volume)
n = a coefficient, which need not be constant
Do = porosity at zero strength
kr ks ky = empirical constants.

RoBler & Odler” determined the relationship between porosity and strength for a series

of cement pastes with different water-cement ratios after different periods of hydration.

They concluded for porosities between 5 and 28%, that although all four of the strength-

porosity equations indicated above can be used, the relation between compressive

strength and porosity can best be expressed in the form of a linear plot.
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Fagerlund® states that it often seems as if one equation fits experimental data for
porosities below a certain limiting porosity and another for porosities above this limit.
At high porosities it is normally necessary to use an equation which indicates a critical
porosity while these equations are too insensitive to change for use with low porosities.

An equation that takes into consideration the effect of high as well as low porosity will

include a critical porosity as well as a stress concentration factor. An example given by

him of such an equation is:

E G
P P
f.=f,11 - -—-——] 1+F{-—-J
T\ Per Per (Eq 2.13)
Where:
/- = compressive strength of concrete with porosity p
¥, = compressive strength at zero porosity
p = porosity (volume of voids expressed as a fraction of the
total concrete volume)

Der = porosity at zero strength
E F,G= empirical constants.

According to Fagerlund®® it is important to use two quite different strength-porosity

connections for a cement paste where the first is valid for different cement pastes with
the same degree of hydration and the second is valid for a specific cement paste during
curing. He determined a strength-porosity relation for cement mortars or concrete by
first determining the strength porosity curve of the cement paste for different degrees of
hydration. The concrete strength is then calculated as a function of the paste porosity

and finally the paste porosity is translated to concrete porosity using the following

equation:
pc=pp'VP+PA'(I-VP) (Eq 2.14)
Where
P, = porosity of the concrete
Dy = porosity of the paste
DA = porosity of the aggregate

volume of the paste.

o
|
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After studying aerated concrete manufactured at factories in China, Baozhen and Erda®’
concluded that the compressive strength decreases as the porosity increases with the

same relationship as indicated in the strength-porosity equation derived by Balshin (as
listed on page 25). It was found that n varied from 1 to 2.2 in different ranges of

porosity, indicating that the strength of mixtures with low porosity were influenced

more by small changes in porosity than the strength of mixtures with higher porosity.

Hengst & Tressler®® concluded that the dominant parameter in controlling the strength

of a foamed Portland cement at a given bulk density is the flaw size, which correlates

with the pore size.

Hoff*® conducted research on the porosity-strength relation of cellular concrete and he
concluded that there is a single strength-porosity relation for given cement and this
relation can be expressed in terms of water/cement ratio and density. Hoff*® expressed
the theoretical porosity of cellular concrete containing only water, cement and foam as

the volume of voids as a fraction of the total volume. He used an average value of 0.2

for the ratio of the water bound by hydration to cement (by weight) and derived the

following equation:

d.(1+0.20 p )

= ]-
S EY I B 219

Where:
n = theoretical porosity
d, = concrete density
Pe = specific gravity of the cement
Yov = unit weight of water
k =

water/cement ratio (by weight).

In the design of foamed concrete the use of the space occupied by the evaporable water
plus the air void space as the total void space in the concrete permits the fermination of A de
a single strength-porosity relation for a given cement. The strength of cellular concrete

in relation to any cement can, according to Hoff, be expressed using the following
equation:
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b
o, _(de ) (1+0-2p. (Eq 2.16)
O o 1+ k PeoVw

Where:
Oy = compressive strength
ol = theoretical paste strength at zero porosity
k = water/cement ratio (by weight)
De = specific gravity of the cement
d, = concrete density
Y = unit weight of water
b = empirical constant.

This equation does however only hold true for foamed concrete containing only atr,
water and cement. Adjustment will be required if additional components, such as fillers

are used. Hoff evaluated bag-cured samples manufactured using different cements with
water/cement ratios varying from 0.66 to 1.06 and casting densities varying from 320 to
1 000 kg/m’. The analysis produced values of op = 245 MPa and b = 2.7 with a

correlation coefficient of 0.95 for cement with a Blaine fineness of between 4 500 and
4 650 cm?/g.

2.4 THE USE OF PFA IN CONCRETE

24.1 BACKGROUND

During the combustion of coal in modern power plants the volatile matter and carbon
are burned off when the coal passes through the high temperature zone in the furnace.

The 1mpurities such as clay, quartz and feldspar melts at these high temperatures and the

fused material is transferred to lower temperature zones, where it solidifies as spherical

particles of glass*'. Some of the mineral matter agglomerates forming bottom ash, but

most of it flies out with the flue gas stream, is separated from the gas using electrostatic

precipitators, and is called fly ash or pulverized fuel ash (pfa).
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[ Fly ash or pulverized fuel ash (pfa) is a byproduct of the combustion of pulverized coal
{} in thermal power plants. It is removed by mechanical collectors or electrostatic
( precipitators as a fine particulate residue from the combustion gases before they are

| discharged into the atmosphere. The fineness of the pulverized coal and the type of dust
collection equipment used largely determine the range of particle sizes in any given pfa.

The pfa collected from boilers where mechanical collectors alone are employed 1s
coarser than pfa from plants using electrostatic precipitators™. The types and relative

amounts of mineral matter in the coal ysed"determine the chemical composition of pfa.  *

The recognition that pfa frequently exhibits pozzolanic properties has led to its use as a
consituent of concrete. A pozzolan can be defined as ‘a finely divided siliceous material
which reacts with lime in the presence of water to give cementitious‘products..."‘40 The
cementing action of the pozzolan is believed to be dependent upon the reaction between
it and lime liberated from the cement during hydration. ASTM C 618-89 categorizes
pozzolans into four classes namely class N, F, C and S.*! Class N refers to raw or
calcined natural pozzolans such as diatomaceous earth derived from microscopic
unicellular algae with siliceous wall cells, volcanic ashes or pumicites. Class S refers to
certain processed pumicites, which are porous forms of volcanic glass and to certain
calcified and ground diatomites, clays and shales. Class F and C pozzolans refer to ly
ash derived from the burning of different coals. Class F refers to fly ash derived from
burning anthracite or bituminous coal. Anthracite coal is hard coal with few volatile

hydrocarbons. This coal burns with very little flame. Bituminous coal on the other hand

1s quite volatile. Class C refers to ashes derived from burning lignite or sub-bituminous

coal and it contains less than 50% as oxides of silica, alumina and iron.

Pfa 1s normally used in concrete for economic and durability considerations as a partial

replacement for Portland cement. In the amounts normally used, most low-calcium pfa’s

tend to reduce the early strengths up to 28 days, but improve the ultimate strength (after

more than a year)®. When pfa is used as a partial replacement for fine aggregates, the
strength at both early and later ages can be significantly improved. The strength gain at
early ages 1s in part due to the slight acceleration in Portland cement hydration while the
strength gain at later ages is mostly as a result of pozzolanic reaction, causing pore

refinement and replacing the weaker calcium hydroxide with the stronger calcium
silicate hydrate.
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Pfa can be divided into two types which differ from each other mainly in terms of the

calcium content . Low-calcium pfa (class F) contains less than about 10% CaO and 1t

1s generally a product of combustion of anthracite and bituminous coals. The principal

crystalline materials in low-calcium pfa are quartz, mullite and hematite or magnetite

and as these materials are non-reactive at ordinary temperatures, their presence in large

quantities tends to reduce the reactivity of pfa. High-calcium pfa (class C) is in general

more reactive as it contains more calcium in the form of reactive crystalline compounds.

2.4.2 PFA SHAPE AND SIZE

Pfa particles are spherical and particle size distribution studies of pfa shows that the
particles vary from 1 to 100pm in diameter with more than 50% under 20um. The

particle size distribution, morphology, and surface characteristics of the pfa has a
considerable influence on the water requirement and workability of freshly made

concrete and the rate of strength development in hardened concrete.

According to Sarkar & Ghosh*! fly ash particles of very small size are mostly made up

of clear glass spheres. Spongy particles formed either by fusion of many fine particles or

from ore minerallic particles are also common in most fly ashes. The clear glass spheres
are smaller than other particles and as a result they have higher specific areas than the
spongy particles that are larger and generally have lower specific surface areas. About
60% of the particles in the ash have diameters less than 3 pum but these particles
constitute less than 10% of the total weight. The particles in bituminous ash range from

less than 1pm to over 100 pm but the average particle size in such ashes vary from 7 pm
to 12 pm. The surface area of fly ash particles have been reported to vary from about
2000 cm®/g to 10 000 cm®/g depending on the proportion of fine particles in-the-fly-ash.

Most pfa’s contains up to 10% unburned carbon and this carbon is generally present in
the form of cellular particles larger than 45um. Large amounts of carbon in pfa is

considered harmful as the cellular particles of carbon tend to increase the water

requirement for a given consistency and the admixture requirement for entrainment of a
given volume of air.
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In 1973 Cabrera & Gray** published results from an investigation of nine pfas from
different sources in the UK. The relationship between the specific surface - as
determined by different methods - the chemical composition, and the pozzolanic activity

of the pfa was investigated and it was shown that the values obtained for specific
surfaces of ashes vary according to the method of determination. Four different methods

of measuring specific surface area were assessed and it was suggested that nitrogen
absorption should be used to determine the specific area of pfa since only this method

correlated with the strength of lime-pfa-sand mortars. The authors suggested that the air-
permeability measurements determine only the external surfaces of the ash particles,

whereas nitrogen adsorption measures both external and internal surfaces.

Hopkins and Cabrera® stated that the workability of concretes containing pfa is

influenced by the properties of the ash used. Pfa is mainly composed of spherical

particles but the material also contains irregularly shaped particles. The presence of
large numbers of these irregular particles will adversely affect the ability of pfa to
improve concrete workability. On storage pfa particles tend to agglomerate, and these
agglomerated particles can also reduce workability. The authors suggest the use of a

‘shape factor’ to evaluate the suitability of a certain ash for use in concrete. This factor

Is a comparison of the measured specific surface area (MSA) obtained by the air
permeability technique using a Fisher Sub Sieve Sizer, and the calculated specific

surface area (CSA) derived from the particle size distribution by assuming that the ash
consists of discrete spheres. Any agglomeration causes the MSA to be less than the CSA
while irregular particles will result in the MSA being greater than the CSA. The MSA
would be equal to the CSA if all the particles were perfectly spherical with no surface
imperfections. Hopkins* stated that pfas with small differences between their measured

and calculated specific surface areas are currently deemed best suited for use in concrete

as this would mean that the pfa contains more rounded particles.

2.43 HYDRATION AND MICROSTRUCTURE

The chemical composition and reactivity of fly ashes vary with the mineralogy of
impurities in the coal. All commercial fly ashes react with lime in the presence of water

to produce highly cementitious products, which are insoluble in water. According to
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Lea’s Chemistry of Cement and Concrete the hydration products resulting from the
hydration of pozzolanic cements are similar to those occurring in Portland cement pastes

and the differences are as a result of variations in the ratio of the various compounds as

5

well as their morphology.”” The metastable silicates present in fly ash react with

calcium ions in the presence of moisture to form water insoluble cementitious calcium

silicates and aluminate hydrates*'.

1‘46

Berry et al.™ investigated the hydration mechanism of high volume fly ash concrete

binders using mixtures containing superplasticizers with a water-cementitious ratio of

0.3 and cement replacement of 58% per weight by fly ash. The authors concluded that
these pastes appear to hydrate and gain strength by the interaction of at least three of

the following mechanisms:

e Hydration of Portland cement by normal chemical reaction, slightly

accelerated at early ages.

e Improved densification through particle packing, aided by the use of

superplasticizers and the spherical form of fly ash.

e Reaction of fly ash particles that produce insoluble silicate and aluminate
hydrates at particle boundary regions at late ages.

e Hydration of individual fly ash particles that remain physically intact and
largely unchanged in morphology and thus capable of filling of void space.

The authors state that these functions are probably common to all cement-fly ash

systems but they become measurable and contribute significantly to material properties

only at high levels of cement substitution.

Sarkar & Ghosh*' state that fly ash acts as nucleation centers for the hydration of cement
during the early stages of hydration. This is evidenced by the formation of precipitates
on the fly ash surface which gradually grow to short acicular crystal-like phases which
covers most of the fly ash particle to form a film-like layer (0.5 to 1 pm thick) that is
very similar to the duplex film at the paste-aggregate interface in concrete. The
thickness of this layer does not change much with hydration age and it is highly unlikely
that the fly ash reacts chemically at an early age. As hydration progresses, fly ash
particles become more and more etched. At the early stage of hydration (after 1 day) the
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strength of the interlinked hydrated paste is still lower than that between the fly ash
particle and the duplex layer and therefore the surface of the fly ash can not be observed
in Scanning Electron Microscopy (SEM) studies. When the strength of the paste exceeds
the bonding of the hydrates with the fly ash (generally after less than 7 days) the fly ash

surface becomes exposed. The exterior glass hull starts to dissociate and the crystalline
layer composed mainly of mullite emerges. Long time hydration (more than 90 days)
eventually erodes away some of the fly ash glass phase but the crystalline phase layer
retains its original spherical shape. In mature paste a gap occasionally exists between fly

ash particles and the surrounding hydration products, indicating that the dissolved glass

phase diffuses and precipitates far away from the fly ash particle.

244 CODE REQUIREMENTS FOR THE USE OF FLY ASH IN CONCRETE

ENV 197-1*7 states that “siliceous fly ash is a fine powder of mainly spherical particles
having pozzolanic properties”. The fly ash should consist essentially of reactive SiO;
and Al,O3 with the remainder containing Fe,O3; and other oxides. The proportion of
reactive CaO is limited to less than 5% per mass while the reactive Si0O, content shall
not be less than 25% per mass. The suitability of a fly ash for incorporation in a Portland
fly ash cement can according to this standard be judged by its “cementing efficiency

index” as defined by Smith.*> He assumed that each ash has a cementing efficiency KX,
such that a weight F of fly ash would be equivalent to a weight KF of cement and thus

for a concrete containing weights IV of water, C of cement and F of fly ash, the effective

water-cement ratio can be calculated using the following equation:

WIC), = = = fg{ : ] (Eq 2-17)

The value for K varies between 0.15 and 0.38 for concrete at 20°C and between 0.61

and 1.22 for concrete at 50°C, illustrating the significant advantages of cements

containing fly ashes for applications that involve humid high temperature curing.”
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ASTM Standard C 618 — 85 specifies that for a class F fly ash the sum of the silica,
alumina, and ferric oxide should be at least 70% while the SO; should be less than 5%

and the carbon content as determined by the loss on ignition (LOI) should be less than

6%". ENV 197-1*' limits the loss on ignition of fly ash to 5% per mass. In order of h |
complying,/\to the South African standard specification for Portland cement extenders [u,\’(L

(SABS 1491: Part II — 1989)*® not more than 12.5% of the particles in a fly ash should

be retained on a sieve with square apertures with a nominal size of 45 pm.

2.4.5 THE EFFECT OF PFA ON THE PROPERTIES OF CONCRETE

2.4.5.1 Compressive Strength

The results of the first extensive study on the effect of pfa on the properties of concrete
was published in 1937 by Davis et al.*” In this study fifteen American fly ashes were
blended with seven cements in blends of up to 50% fly ash (by weight of cement). These
results indicated that fly ashes of moderate or low carbon content and moderately high

fineness could be used as a replacement for Portland cement to produce concrete with
properties equal or superior to those of concrete containing no fly ash. The results

obtained from tests conducted using fly ash from Chicago}{summarized in Figure 2.9

that show the compressive strength of mixtures of different ages as a function of the

percentage of cement that had been replaced with ash.
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Figure 2.9: Effect of Cement Replacement on Compressive Strength.
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The strength is indicated as a percentage of the strength obtained from a mixture
containing no ash. The water/cement ratio of the mixtures varied between 0.43 for the
mixture containing no ash and 0.40 for the mixtures containing 20 and 30% ash.

Although early age compressive strength (up to 28 days) is lower than that of
corresponding concrete containing normal Portland cement, the compressive strength
obtained from mixtures containing up to 30% fly ash were found to be substantially
higher at later ages (after 3 months and more). The researchers in this investigation

found that the concrete strengths were lower for 50% replacement than for 30%

replacement. From the results published this is true for ages up to 3 months, but no
comparative results were published for testing ages of more than 3 months. As the

results indicate that even 10% cement replacement leads to a marked reduction in the

rate of gain in compressive strength, the ultimate compressive strength for 50% might
be far higher than the 3 month strength and the conclusion that 30% replacement 1s an

optimum might only be true for early ages.

Davis et al. concluded that the carbon content of fly ash appears to have a marked effect
upon the properties of concrete. In their investigation the group of fly ashes of below 2%
carbon content exhibited considerably higher concrete strengths at all ages than did the
group of cements containing fly ashes of high average carbon content (22%). In this

investigation the fly ashes with low carbon content were much finer than the fly ashes

with higher carbon contents. The coarseness of the high-carbon fly ashes can in part be
due to the fact that carbon particles are relatively large in size. The group of cements
containing finer fly ashes (average specific surface area 3220 cm?/g) exhibited

considerably higher concrete strengths at all ages than did the group of cements
containing coarse fly ashes (average specific surface area 1730 cm?/g). Although there

seems to be a correlation between the fineness of the fly ash and the compressive

strength of the concrete in this investigation, both the fineness and the carbon content of

the pfas varies and based on these results it is therefore not possible to isolate the

effect of pfa particle size on the properties of concrete.

Brink & Halstead® investigated 34 fly ashes from 19 different sources and they
concluded that the strength development of Portland cement fly ash mortars is related to

the carbon content of the fly ash, the 45 pum sieve residue and the water requirement for

mortars containing fly ash as compared to the water requirement for similar mortars
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without fly ash. The effect of fly ash on the 28 day, 3 month and 1 year compressive
strengths of mortar was determined by replacing up to 50% of the cement (by volume)
with fly ash. The water added to each mixture was adjusted to maintain a uniform
consistency. The researchers concluded that the compressive strength at 28 days and one
year are usually reduced by partial replacement of the cement with fly ash. If however
their compressive strengths of the 28 day and the 1 year results are investigated as a

function of the water requirement (see Figure 2.10 for results of 35% ash replacement),
it can be concluded that although the 28 day strength is reduced, the ultimate strength 1s

higher than what it would have been for mixtures where the water content was not

increased. From Figure 2.10 it can be concluded that the water requirement has a

significant effect on the compressive strength of the mixture.
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Figure 2.10: Effect of Water Requirement on Compressive Strength.

The water requirement for the different ash sources seems to be a function of the carbon
content of the ash, as indicated in Figure 2.11. These results seem to indicate that the
water requirement increase with an increase in carbon content. The higher carbon
content would therefore result in lower compressive strengths as indicated in the graph
in Figure 2.12. From this graph plotted for mixtures with constant workability it can be
seen that, although all the 28 day compressive strengths of the mixtures containing 35%

ash are lower than the compressive strength of the mixture without ash, the ultimate
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content was higher than that obtained for the mixture containing no ash.
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Figure 2.11: Effect of Carbon Content on Water Requirement.
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