Concrete containing fly ash

A brief description of the physical and chemical properties of fly ash was presented
in Chapter 2. We shall now consider the use of fly ash in concrete and discuss
the properties of the resulting concrete; a further discussion of the properties of
the fly ash itself, in so far as they affect the properties of concrete, will also be
included.

The importance of fly ash cannot be exaggerated: it is no longer a cheap
substitute for cement, nor an ‘extender’ or an addition to the mix. Fly ash bestows
important advantages upon concrete, and it is, therefore, essential to understand
the role and influence of fly ash.

The variability of the properties of fly ash was mentioned in the preceding
section. This variability arises from the fact that fly ash is not a specially
manufactured product and cannot, therefore, be governed by strict requirements
of a standard. The main influences are the nature of the coal and the manner of
Its pulverization, the operation of the furnace, the process of precipitation of ash
fom the combustion gases, and especially the extent of classification of the
particles in the exhaust system. Even when all these are constant, a power station
which varies its operation in response to the power demand produces a variable
fly ash; this is not so with a base-load power station. The variations in the fly
ash are those in glass content, carbon content, particle shape and size distribution,
4 well as in the presence of magnesia and other minerals, and even in colour.
Itis possible to improve the size distribution of fly ash particles by classification
“nd by grinding.
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As qust mentioned, the burning process of pulverzed coal mfluences the shape
of the fly ash particles. High temperature avours the formation of spherical
particles, but the need (o redwee the emission of MO gases requires the wse of
lower peak burming temperatures so that the minerals with a high meslting poin
do not always fuse compleicly., A conseguence of 1his 3 a reduction in the
proportion of sphencal particles of Ay ash and also in the proportion of particies
smaller than 10 peny however, the proportion of particles larger than 45 gm s
not affected ' #*14** These changes militate against the beneficial effects of fiy
ash in concrete, Thus, there s nesd For changes in technology which will satisfy
both the N, emission reguirements and the particle propertics desirable from
the standpoing of their use I cencrete,

It should be pointed cur, however, that, in most countries, much uniform and
excellant Ay ash for wse in concrete is consistently produced, and there is no
douby that, world-wide, the consumpiaon of fly ash in eoncrete mereases and is
expected to continue to do 0. What 12 nol possible 15 10 provide mlormation
about a ‘standard’, or even typical, Ay ash. Consequenily, specific guidamnce on
the use of iy ash as a genenc material cannot be presentecd,

Influcnce of fiy ash on properties of fresh concrete

The muin influcnce i= that on water demand and on workability. For a constant
workability, the reduction m the water demand of concrete due 1o fy ash s
usually between 5 and 15 per cent by companson with & Portland-cement-only
ik having the same cermentiious malenal content the reduchien is larger at
higher water/cement ratios.'?-*#

A goncrote mix containing fy ash 15 cohesive and has a redoced blesding
capacity, The mix can be suitable for pumping and for slipforming finishing
operations of fly ash concrete are made casier.

The infivence of fly ash on the propertics of fresh concrete 15 lioked to the
shape of the Ny ash particles, Most of these are sphencal and solid, but some of
the large particles are hollow spheres, known as cenospheres, or are vesicular
and irregular in shape.

The reduction in water demand of concreta caused by the presence of fiy ash
is wsually ascribed 1o their spherical shape, this being called a “ball-bearing effect”.
However, other mechanisms ars also mvolved and may well be dommant. In
particular, in consequence of electrical charges, the finer Oy ash paricles become
adsorbed on the surface of the cement particles. IT enowgh fine fiy ash particks
are present 1o cover the surface of the cement pacticles, which thus beoome
deflocculated, the water demand for a given workahbility is reduced 5% An
amount of Ay ash mm excess of thar required o cowver the surface of the cemenl
particles would confer no further benefit with respect to water demand. |ndeed
the reduction i water demand becomes larger with an increase in the fiy ash
content only up to about 20 per cent.**'** The effect of Ay ash is not additional
to the action of superplasticizers. Thus, it seems likely that the action of fiy ash,
like that of superplasticizers, on water demand & through dispersion and
adsorplion of the My ash on the partickes of Portland cement 14

The presence of carbon in fiy ash was referred to on po 830 One consequens®
of a high carbon content in Ay ash is that it adversely alfects workabiling. Variatien

s
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in carbon comtent may also lead do erratic behavigur with respect foo mir
enirainment, some air-enlraming agents becoming adsorbed by the porous carbon
particles.

Fly ash in the mix has a retarding effect, typically of about 1 hour, probably
cagsed by the release of 30, present ot the surface of the Ny ash pamickes. The
retardation may be pdvamageous when concreting in hot weather; otherwise, an
necelerator may be peeded. Ooly mital setting 15 delaved, the time interval
hetwesn setting and Mnal silfening being wnafected.

Hydration of fiy ash

Forzolapnic reactions were considered in Chapter 2. In the case of fiy ash, the
products of eeaction closely resemble C-5-H produced by hydration of Portland
cement, However, the reaction docs not start until sometime after mixing. In the
case of Class F iy ash (see p.o 85), this can be as long as one week oF €ven mors
An explanation of this delay, offered by Fraay er al."* "* iz as follows, The glass
material in Ay ash is broken down only when the pH value of the pore water is
at beast abowt 132, and the increase in the alkalinity of the pore water requires
that a certain amount of hydration of the Portland cement in the mix has taken
place. Moreover, the reaction products of Portland cement precipitate on the
surface of the Ay ash particles, which act as nucled,

When the pH of the pore water becomes high enough, the products of reaction
of the Ay ash are formed on the fiy ash partickes and in their vicinity, A conseguence
of thess early reactions is that their products often remain in the shape of the
eriginal spheres of fly ash. With the passage of time, further products diffuse
away and precipitate within the capillary pore system; this results in a reduction
in the capillary porosity and, consequently, a finer pore strocture [see Fig.
JERJRERE
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The sensitivity of the fly ash reaction to the alkalinity of the pore water means
that the reactivity of fly ash 1= infAuenced by the alkali content of the Porilgng
cement with which the Ay ash is 10 be used. [This iz, however, disproved by
Cabaeek,' 4% For example, because rapid-hardening Portland {Type 111} cemens
leaadls 1 @ more rapad development of alkabinity of pore water than ﬂrd“-m_r:r-
Porland cement, the porzolanic reaction of fly ash starts earlier when Type 111
cement 15 uwsedh The preceding observations illustrate the complexity of the
behaviour of Ay ashes which makes generalizations difficult and  poins
to the need for tests invalving both the Ay ash and the Portlzad cement whick
are 1o be used together.

A consoquence of the delay in the reactwons of fly ash s the benshicial pallern
of heal evolution by hydration (see Chapter §),

Further progress of the porzolanic reaction of Class F fly ash is slow: the
presencd of as muoch as 50 ot calmil ol unreacted ﬂ.!,l a';.h after one ear g quu[ﬁd_
by Framy ef aft3%

Whereas Portland-cement-only concrete with a mediem or a high water/cement
ratio, under suitable storage comditions, continues to gain strength over 2 long
period, this is not so when fiy ash s incorporated in the mix. Mo further strength
development bevond the ape of 3 o 5 years was found in concretes with
waterfoement ratios of 05 to 0B the Clazs F fly ash content, expressed as a
percentage of the mass of the taal cementitious materal, ranged rom 47 10
b?lL].:lb.J.i.I:'

Class O fly ash (see p. B5) which has a high lime contlent, rescts, 1o some
extent, direct with water; in particolar, some C.85 may be present in the fy
ash' %7 and this compound reacts to form C-5-H. Also, crystalline C.A and
ather aluminaies are reactive.'®® In addition, as with Class F fly ash, there is a
reaction of silica with calcium hydroxide prosduced by the hydration of Portland
cement. Thus, Class C fly ash reacts caclier than Class F fiy ash, but some Class
O fly ashes do not show a long-term increase in strength ' 0

Becauss the reactions of iy ash in concrele ke a long time, profonged wet
curing is essential. A consequence of this is that tesls on compression spPecHBemns
cuered under standard wet conditions may be misleading with respect to the
strength of concrete i situ. Thes, of course, 15 also the case wath Periland-cement-
only concrete, bul the influence of curing on strength is more pronounced when
ﬂ.:lr ash s anchuded in the mix.

Higher temperature, between 20 and 80°C (68 and 176°F) accelerates the
resctions of fly ash 1o a greater extent than is the case with Portland cement
alone. However, the usnal retrogression of strength follows (cef. p. 359 013 The
reduction in stremgeh with an incresse in temperature between 200 amd 800°C
is also similar to, or posably even greater than, that in concrete made with
Portland cement only.***"

Because the reactivity of flv ash sharply increases with an increase in
temperatuee, the behaviour of concrete containing Ay ash may be different in
massive sections [where hydrﬂ.ﬁﬂ-n of the Portland cement COMPONEnt [RISES
the temperaiure] from the behaviour in small concrete clerments at room
temperature. ' % This observation is relevant (o any prediction of the rate of gain
of strength of concrete contamimg Ay ash.
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strength developrsent of Ay osh coancrete

The test method of ASTM C 311-%a provides for the mexsurement of strength
of merars containing fy ash representing 20 per cent by mass of the total
pementitions material and establishes a strength activity index. However, as
already discussed. the reactions of fly ash are aflected by the properties of Poriland
cement with which 10 2 wsedd. Moreover, in addition to the effect of chemical
rexchions, fiy ash has a physicnl effect of improviog the mecrostructere of 1the
hydrated cement paste. The main physical action is that of packing of the Ay
ash partiches at the interface of coarse agaregnte particles, which are absent in
ihe mostar wied o the test of ASTM C 3111-849. 012

Far these reasons, strength activity measurcments do not adequistely establish
the contribution of fiy ash to the development of strength of a particular corcrers
m which the fy ash s to be meorporated. This is an example of the
inappropoateness of tesis on mortar for the purpese of establishing the effect of
2 given Factor on concrede

The extent of packing depends both on the fly azh and on the cement used:
better packing is achieved with coarser Portland cement and with finer fiy ash.'*'#
Owe bencficial effect of packing on strength 13 a8 reduction in the volunse of
entrapped air in the concrete,' 1 bat the main contribution of packing les in
a reduction 1n the volume of large capillary pores.

Iis worth noting Ut the positive influence of the fineness of fly ash is coupled
with its splerical shape Therefore, grinding of Ay ash, although it kncreases
Emeress, may result in the destruction of spherical particles, with a conssguent
ipcreass in water demand of the mix due 1o the irregelar apgular shape of the
fly ash particles. 1¥2%

Control of particle size of By ash iz wually effected on the basis of residue
lzrger tham 45 g (Mo, 325 ASTM) sieve, but this is not sufficiently discriminatory
with respect 1o the reactivity of fiy ash and @2 contribution tn strength
development 1 concrets.

Typically, aboui one-half of ihe pariicles in fly ash are smaller than 10 gm,
but there may be wide variations. 11 i particles of that size thal are most
menctive. ' The reactivity is very high when the median diameter of fly ash
particles is smaller sl 5 or even 2.5 pom.

As far as the coarse particles of fly ash are concermed, Tdom and Thauloa' 327
faggested that these poarticles can be considered as ‘'microaggresale’ which
i"-"ll:'ll-"'l"!‘ﬂ thie dl.‘ﬂﬂil:r' aof the hg,'d-ral:ed cemmenl paste m 4 manncr sooeilar to the
efoct of unhydrated remnants of Portland cement partscles, This 5 beneficial
with respest 1o strength, resistance to crack propagation, and stiffocss. The
fesulting system of capillary pores is better able to retain water which can ke
gvailable for long-term hydration®* 5

The glass comtent of the Ay ash sirongly oFects its reactivity. In the case of
Class © fiy nxh, the lime content iz also a factor influencing reactivity, However,
bnowledge of these charactesistics doss nol make it possible 1o predict the
Perdormance of any giwen fly ash, and tests ars necessary; tests with the actual
Partland cement to be used are preferable.

It was mentioned an p, 654 that the benelicial influence of fly ash upon water
demand does ot extend beyond a Ay ash eouteat of 20 per cent by mass, An

7
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Fag. TR.2 Influsnce of contam of My ash in the cementitious material {by mass) on strength of
higrdeningd coment pagie’ 119

excessive content of Ay ash 15 not beneficial from the point of view of strength
development either. The limiting content s probably around 30 per cent by mass
of total cementitious material, as can be seen from Fig 13,2132

As has been repeatedly stated, guantified predictions of the influence of fy
ash on strength are not possible, For example, the data of Fig. 132 can be
contrasted with the apparent lack of & positive infleence of fiy ash upon strenpth
even as lale as one year, which was reported by the Porland Cement
Assaciation, '

Aoverage values of strength of concrate cylinders moist cured at 23°C (73°F)
{oblained from tests on sis Class F Ay ashes and four Class © fly ashes) are
shown in Table 13 1'% AJl the mixes had a rotal cemantitices material content
of 307 kgim? (317 Ih/yd?) with a 25 per cent content of fly ash by mass of wtal
cementiious matenal, The water/cement ratic was 0,40 o 045, and the mizes
hidd a1 slump of 75 mm. The same table gives the strength of @ Portlind-cement-
only concrete with the same cement content and the same water/cement ratio
It is worth adding that the maximum size of ageregate was ®.3 mm (§ in) so that
the benehicial effect of fly ash with respect 1o packing around the coarse aggregnic
prarlicles wars smaller than would be the case with conveniional concrete; thesgin
may lie the explanation of the apparently limated effect of Ay ash on strepgth.

In this connection, it should be noted that, because the specific gravity of AY
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ash is much lower tham that of Porland cement {1ypacally 235 as comparesd with
LLEL for the same mass, the volume of iy ash is abowt 30 per cent higher thag
that of cement. This must be taken inte account in determining the mig
proportions of concrete: usually, a lower content of fine aggrcgate is used than
with Poriland-cement-only concreie

As for physical properties of concrete other than strength, it appears that creep
and shrinkage are nod fundamentally affecred by the use of Ay ash.

Durability of fiy ash concrete

As discussed in Chaplers 10 and 11, the selection of ingredients of a concrere
mix must inelude considerapon of their effect on durabdlity. As in the cass of
strength, much depends on the actual My ash wsed.

Cioe conseuence of the show reaction of Iy ash in Oe concrens s thal, initially,
the concrene has a higher permeability than concrere with a similar wiler/cement
ratio (on the basis of the total cementitious material) bur containing Portland
cement only. However, with time, fly ash concrete acquires a very low
permeability. ' *'% It is, nevertheless, essential that the concrete containing Ay ash
undergoes prodonged curing. The detrimental effect of insdeguate curing on the
absorption properties of the ouler zone of concrete 1s greater the higher the Ay
ash content,"* ' This effect is even more pronounced than the effect on the
strength of conerete containing My ash. Thus, reliance on strength alone may not
be adequate for the purpose of asscssing the durakility of Ay ash concrete in
cases where penetration of concrete by aggressive agents is critical.

With respect to the resistance to sulfate attack, it should be noted that alomina
and lime in the fly ash may contribute 1o the sulfate reactions. Specifically, when
present in the glass part of the fly ash, alumina and lime provide a long-term
source of material which can react with sulfates to form expansive ettringite.'***
A high silica/alumina ratic probably reduces the wulnerability to sullate
attack '™ 7 but no reliable generalization is possible.

It seems that inclusion of Class F fly ash in concrete impsoves its sulfate
resistance, probably mainly through the removal of calcium hvdrozide. The
content of Ay ash should generally be between 25 and 40 per cent of the total
cementiticus maderial, Reliable information on the behaviour of Class © fly ash
is not available, Indeed, the role of Class C fly ash with respect to sulfate resstance
is not clear, '8

Tests on air-entrained concrete with a water/cement ratio of 0.33 and a Class
F fty ash content of 58 per cent by mass of cementitious material have shown
an excellent resistance to freczing and thawing.'* ™ Tt should be noted that, for
concrete exposed o de-icing agents, ACT 31802 limits the mass coment of fly
ash and other '|:|L'm.-'.n;,t|"..—|||u$ Ly ?ﬁ pEr i.:um;r.rrlmj. ir.| 1,||,Lu|1li1ir.z up ({53 ?U per oznt |,1|-
the total mass of cementitious materl, this My ash has no adverse effect on Lhe
resistance o reezmg and thawing of aar-entrained congrete, AL high contents ol
Class © fly ash, the resistance was found o be impained, posably doe 1o oan
incraase in the porosity of the hardened cement paste cavsed by the movement
of fibrous ettringite into the air voids, '™

s
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With respect to air entrainment of fly ash concrete, the problems caused by
carbon, discussed on p. 551, should be borne in mind.

Bilodeau er alt?-124 fuund that fly ash, both Class F and Class C, at [east
when present in large proportions, results in concrete with a poor resistance Lo
de-icing agents, even though the concrete has a good resistance to freezing and
thawing. The reasons for this have not been established.

Because of the reduced permeability of mature concrete containing fly ash,
the chloride ingress into such concrete is reduced. Even when the content of
Class F fly ash is as high as 60 per cent by mass of cementitious material, the
passivation of steel embedded in mortar and the risk of corrosion were found to
be unimpaired.'*** This was confirmed by other tests on concretes with high
fly ash contents (58 per cent of the total cementitious material) and water/cement
ratios between .27 and 0.39, which have shown a very good resistance to chlonde
penetration,’***

Nevertheless, in some countries'®'2 the use of fly ash in prestressed concrete
is not permitted, it being thought that carbon in the fly ash may contribute to
stress corrosion of the prestressing steel.

The abrasion resistance of concrete containing fly ash, Class F or Class C, 15
unimpaired’*** or possibly even improved.'**!

Fly ash, in adequate quantity in the mix, is beneficial in reducing the
alkali-silica reaction (see p. 520) but the mechanisms involved are complex
and imperfectly understood. The beneficial effects may arise from the denser
structure of the hydrated cement paste which impedes the movement of ions, or
from the preferential reaction of the alkalis with the fly ash so that they are
not available for reaction with the silica in the aggregate.'* ** It should be pointed
out that fly ash itsell contains alkalis, but typically only about one-sixth of the
total alkali content in the fly ash is water-soluble, and therefore potentially
reactive, the remainder being combined. Whether or not the fly ash contributes
alkalis to the pore water in concrete seems to depend on the alkalinity of the
cement used.!**”

There 15 no beneficial effect of fly ash with respect to the alkali-carbonate
reaction,
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