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\BSTRACT. This paper briefly de‘scribes th‘e '“?j“r study undertaken 1o evaluat

iability of processed fine fly ashes in de»:elnpmg high performance concrete. The m-:: rThC

§ used in the study were of low lime nature (ASTM, Class F) #iid Sbxirces Jfr;ne.
m

fly ashes ; . : : :
different counties. In total over 3000 tests were carried out in determining the quality of ashes
o erms Of their physical and chemical characteristics (fineness, morphology, density

narticle size distribution, lpss-nn-i gnitjgn, water :_*equirement. strength factor, activity index.
eat of hydration, bulk oxide composition and mineralogy) and the performance of concrets
mixes produced in their fresh state {cnnm_stency,f and density) and hardened state ( strength,
drving shrinkage, initial surface absorption, air permeability, carbonation resistance and
-hloride ingress). The results obtained showed that fine fly ashes can, on their own, be used
to produce high performance concrete and that the quality of such a concrete can be
comparable to that produced using microsilica fume. Where fine fly ash is of lower quality,
this can be compensated by using a tertiary blend with up to 5% silica fume.
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INTRODUCTION
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ly useable.

¢ significance of the above, it was not until the use of chem;
lar those designed to reduce considerably the water demand of memlﬂﬂl
high range superplasticisers) became routely accepted thf;:rete
rete came into vogue. Indeed, the use of a S"perplﬂitic}s,e, t the
ing high performance concrete as it allows mﬂh‘ﬂfiin:::

water content and thereby manipulating the quality of cement paste of the concrete mix_
the concrete mix water content whilst maintaining its cunsisfeng

example, (i) reducing
(workability) will improve the quality of the cement paste in the mix (i.e. porosity and
provements in the resistance of concrete 1o

thereby strength and impermiability leading to im
the ingress of harmful species) through lowering its water/cement ratio or (ii) alternatively
fillers/additions such as ground limestone (inert material)

allowing the use of ultrafine

microsilica fume (reactive pozzolanic material) can be used to improve cement paste quality
through 1mp|_'oving its particle packing density, without having to increase mix water content
gnd thereby increasing water/cement ratio which would have negated the beneficial effect of
improving the quality of cement paste and hence that of concrete.

Notwithstanding th
admixtures, in particu
mixes (1.€. superplasticisers,

use of high performance conc
essential requirement for design

(ii) above came into consideration and became a possibility,
d with high performance concrete {particularfy
fine pozzolanic materials

be considered for such
ts that fine
larly when

Although, until option
m:cms:llgg fume has commonly been associate
for durability). Basically there is no reason whatsoever why other

sud]]. ﬂyfr ash and gm_un'::! granulated blastfurnace slag could not
applications. Indeed, limited amount of work that has been reported [4 -7] sugges

fl ; : :

sil? SE;? al‘:’ ?ﬂﬂ;ﬂ”y l:e “5_'3‘?{ ﬁf"_Pdellﬂlllg high performance concrete, particu
’ 0 : . . :

demand of concrete IrnﬂﬂF [?]f“lcms;]ma fume, on their own are unlikely to increase the water

This paper r : ;

using fi.ui: ﬂ;lzggsl;gzi}' a comprehensive study undertaken to establish the potential for

strength (HSC) and durabsij}- in developing high performance concrete mixes in terms of the

such as silica fume (SF) ;Itg’ (HDC), i comparison to the more commonly used maieri;ﬂ:i_

FFA incorporating SF, an d“MFEE!akaulm (MK). Additionally, the use of tertiary blends -;'f

developing high performance cﬂn:;f n?i]:;l"?&‘s‘tlgaled to determine their potential Us¢ in
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EXPERIMENTAL PROGRAMMF

ant point to note here is that two fine fly ashes were used (FFA-| 1 FFA
. Ani( ‘r

wrl
1 ”"i“ = 5 3 I Fet s ] I
The rmqu they were abtamed from two different countries Whilst hoth thege fine fly ashe
1- . - '\ 1 3 . L] L] w & 5 - -
’) and 1 low lime nature (ASTM, .{ |ll.‘-.‘a“| ), they were of different fineness and to certain
wiert - hology, as can be seen from Figure |, iy
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(b) Fine Fly Ash FFA-1, mag: 5000x (b) Fine Fly Ash FFA-2, mag: 5000x
Figure I Physical characteristics of fine fly ash, (a) particle size distribution
(b) surface morphology

Additionally, silica fume (SF) and metakaolin (MK) were used for comparison. Th:: Portland
cement used was 43.5 MPa strength grade. A normal fly ash (FA-1) conforming to BS
EN450 - type S (11) was also used as an additional reference material. These cementitious
materials, where applicable conformed to the relevant European/British standards audBnnsh
Board of Agrement [8-11]. The physical and chemical characteristics of these materials are

given in Table ] and Figure 1.
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Table | (haractert

sation of the Cementitious Materials Used

CEMENTITIOUS MATERIALS  ——

PROPERTIES TP FA-1* FFA-2 FFA-1 SF __-_-F;IT{--"
= : —_—
(a) I’h:«'sicaf Properties - - " S - 2
Density (g/cm’) s S a L0 " 60}
Fincness — 45 pum n:tl:?.ltun{ ) I . i oas 200006 0
Fineness — Blaine (cm™/g) = 29964
Fineness - PSD (cm/g) 4450 5625 10370 8285 20900 1575
ing time (hh:mm) 02:05 02:25 02:41 02:16 = _
;Sf‘::l?i} — 2.08 0.44 2.21 229 | 34
T’aniclc Size Distribution (Laser method, also see the Figure 1) o
. i 3424  47.22 12.71 25.38 2229 807
Des ( pm) 12.38 14.07 4.25 6.92 1.05 1.90
Die ( um) 1.64 1.85 0.99 1.18 0.55 0.69
(b) Water Requirement and Activity
Water requirement 100 91 84 89 — -
Strength Factor 1.00 0.81 1.00 0.88 _ B
Activity index 100 83 106 91 = -
(¢c) Chemical Compositions (%)
Ca0) 62.70 7.19 2.46 441 0.81 0.01
Si0, 21.32 51.22 46.38 50.32 95.51 56.77
AlLO, 586 2730 29.82 31.78 0.76 3987
Fe,0; 3.62 3.60 5.96 3.56 0.25 0.51
MgO 2.39 | 0.879 1.13 0.64 0.29
MnO 0.10 0.04 0.04 0.05 0.04 0.01
Ti0, 0.32 1.38 1.48 1.53 0.00 0.00
KO 0.70 1.55 1.22 1.24 0.86 1.82
Na,O 0.21 0.58 0.24 0.32 0.34 0.096
505 2.99 0.46 0.59 0.46 .22 0.00
(d) Mineralogical Components (%)
GsS 41.2 = s s = —
CS 19.9 — — — = —
GA 7.8 =t . . - :
CAAF 15.4 == = e -
i 1.0 8.6 16 5.07 = 18
Mullite 0.9 234 24 21.1
e = - — — Trace
Hlite - B N B - 33
Sandine - - ol 0.8
Amorpheus 13 63.0 67.1 66.3 <100 851
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\rsc aggregates used were crushed gravel in two !'ructums;, hawng Maxim
The t::*m*m (12] and were combined in the ratio of 2 1 g

| respectivel T
and | sand of medium grade [12]. s

s1ze of 21)
q naturd

NE aggregate was

“Pmﬂﬂticiscr used to control the consistence of cq
c S i Corel Thio

111“ /m’ conformed to BS EN934-2 [13), This water content was adopted t
i ot contents by the readymixed concrete industry worldwide

wil -

ncrete at g Constant water content of

) reflect the yge of

Test Procedures

The tests were carried out in accordance with the methods listed in Table 2 (11, 14-23)

Table 2 Test Methods Used

TEST ITEMS TEST METHOD
(a) Cements: Physical Characterisation
Density BS EN 196 [14)
s BS EN 196 [14]
BS EN 450 [11]
Particle Size Distribution MALVERN Laser Method
Setting Time BS EN 196 [14], BS EN 450 [11]
LOI BS EN 196 [14], BS EN 450 [11]
Morphology

Scanning Electron Microscope

Paste Water Requirement BS EN 196 [14]

Strength Factor

BS EN 450 [11]
Activity Index BS EN 450 [11]
(b) Cements: Chemical Characterisation
Bulk Oxide Composition XRF analysis
Mineral Composition XRD analysis

(c) Fresh Concrete

Consistence BS EN 12350 [18]

* Plastic Density BS 1881: Part 107 [19]
(d) Hardened Concrete

Compression Strength BS EN 12;‘:? (20]

Drying Shrinkage BS 1881

ISTTE . BS 1881-208 [22]

Air Permeability Dundee method 124]]
{ Method [27

Accelerated Carbonation Dundee Me
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TEST RESULTS AND DISCUSSION

Consistence (Slump)

asured using the slump test as described in BS EN 1235 Part 20

results obtained, using a fixed :junuunt of water at 160 I/m’ and the dosage of g, 18] and
(SP) fixed at a level {(’:'.25% hj?r -mass of cement) that Was required ¢ D licise
corresponding concrete mix with silica fume having a slump of 50mm_ are i

Figure 2(a). From this it can be seen that:

This was me

The consistence of concrete, measured as slump, increases with increas

addition of FFA with the use of both the fine fly ashes. N8 percentag,

At 20% addition, increase in slump with fine fly ashes (FFAs) is much greater than
corresponding increase with fly ash to BS EN 450: type S (FA-1). the

The consistence of concrete with FFA-2 is approximately twice of that obtaineq with
FFA-1, at all levels of addition.

To visualise the potential impact of this improved consistence with fine fly ashes, a set of
mixes were designed with constant cement content (400 kg/m’) and superplaticiser dosage
(0.25% by mass of cement) as before, but in this case, for each mix the slump was kept
constant at 50mm by controlling the amount of water used. The water demand of the mixes
thus established are shown plotted in Figure 2(b), from which the following observations

can be made:

o Water demand of mixes reduces with increasing percentage addition of FFA, with
considerably higher water reductions being achieved with FFA-2 than with FFA-1.

 Fine fly ashes (FFAs) are more effective in reducing the water demand of concrete
mixes than fly ash to BS EN450 (FA-1).

The practical implications of the results shown in Figure 2(b), are that unlike silica fume or
metakaolin, which essentially require the use of a superplasticiser to maintain the design
s!ump of the mix, fine fly ashes can in fact improve the mix consistence and thereby for a
given slump offer the possibility of reducing its water content and thus leading t0 further
improving the quality of concrete

The other point of interest that emerges from these results is that all fine fly ashes are o

?qual]y E_ffE‘Ctive and that in this case the superior performance of FFA-2 compare to FFA-l

's due to its better particle shape, surface texture and being finer than FFA-1 (Figure 1)

iil::huun:?frﬂ’ given the results of Figure 2, it follows that FFAs can potentially be fuiwdﬁf‘-‘:

S igh performance concrete and that this potential will vary with the ability of fin
Y ash to effect water reduction in a concrete mix.
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COMPRESSIVE STRENGTH

All strength tests Wwere carried out in accordance with BS EN 12390 [20] Extrapolateq "
| - Sults

t¢ mixes corresponding 10 a total cement content of 400 kE’J!n‘ of hinapf
XCS, . Mo,

for conere emc
. the following as presented in Fable 3:

combinations witl

(1) FFA-] and FFA-2 additions at 5, 10, 15 and 20%,

(11) SF at S and 10%,
(i)  MKatl10 and 15% and
(1v) FA-1 at 20%,

It should be noted that all mixes have similar cansﬁistence of 50 mm slump ang
superplasticiser dose of 0.25% by mass of cement, but using different amount of wae .
civen in Table 3. It should be noted that these results allow the effect of both the maery
reactivity and water demand to be considered together. From the results given in Table 3 p,e

following observations can be made:

Table 3 Strength Development Comparison in Binary at Same Consistence

STRENGTH DEVELOPMENT, N/mm’

3 days 7 days 28 days 60 days 90 days
PC at wic=0.40 41.5 49.0 59.0 64.0 65.5
5% Replacement
FFA-1, 5% at w/c=0.394 42.0 50.5 61.5 66.5 68.5
SF 5% at wic=0.413 44.0 53.5 65.5 70.0 715
FFA-2, 5% at w/c=0(.368 47.0 55.5 66.5 71.5 73,5

10% Replacement

FFA-1, 10% at w/c=0.388 43.0 51.5 63.5 69.0 715
SF 10% at w/c=0.425 41.0 51.5 65.0 70.0 72.0
MK 10% at w/c=0.438 37.0 47.5 60.5 65.5 68.0
FFA-2, 10% at w/c=0.350 50.5 59.5 71.5 77.0 795
15% Replacement
FFA-1, 15% at w/c=0.381 435 52.5 65.5 71.5 74.0
MK 15% at w/c=0.438 35.5 45.0 58.0 63.5 65.3
FFA-2, 15% at w/c=0.345 51.0 60.0 73.5 79.5 82.0
20% Replacement =
FFA-1, 20% at w/c=0.375 44.0 53.0 66.5 73.0 755
FA-1, 20% [EN450
i 3‘;% J 41.5 49.5 60.5 65.4 67.3
84.0

FFA-2, 20% at w/c=0.338 52.5 61.0 75.0 81.5 o5
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1) Concrete l_uadc with fine fly ash (FFA-1) dey _
corresponding concrete made with PC, with the {lifl‘t;‘::rqur:rl:!il Higher Strength than the
FFA-1 content and age at testing, ©¢ In strength Increasing with

5) At the same levels of replacement, concrete made with FE
e wnh.FFA-! develops lower/higher
made with SF/MK

strength than the corresponding  concretes
However. when

compared at 20% FFA-1 level, fine fly ash produce , .
that with up to 10% SF and cmlsidcrahly better than :VT:;H:;JE:E 1%3,:, I;{unal to or than
0 15% MK.

3) Strength of concrete made with fine fly ash FF
made with FFA-1, with the difference between
with fine fly ash content and age at testing,

A;12 18 considerably higher than that
the two sets of concrete increasing

4) At 20%, FFA-1 develops higher concrete strength at al|
that FFA-1 can be used to produce concrete having stren
obtained with SF, whilst FFA-2 can be used to develop
strength higher than SF.

ages than FA-|, indicating
gth of similar order to that
concrete with compressive

Drying Shrinkage

The drying shrinkage results of concrete mixes, tested in accordance with BS 1881[19] up to
16 weeks are given in Table 4. As can be seen, the drying shrinkage values are essentially
similar for all cement combinations (composite cements) used in this study. -

Initial Surface Absorption

The ISAT results obtained in accordance with BS 1881: Part 208 is given in Table 4. It can
be seen from these results that:

¢ Concrete made with FFA-1 performs lightly better/better/similar than the corresponding
concrete incorporating SF/MK/ FA-1.

* Concrete made with FFA-2 performs slightly better than that made with FFA-1, up to
10% addition levels and thereafter both concretes perform similarly.

* 10% addition of fine fly ashes is an optimum figure for initial surface absorption of
concrete.

Air Permeability

The air permeability test [24] gives a better measure of the structure of concrete (hardened
cement paste). The results obtained are given in Table 4 and the main points to note are that.

» The optimum effect of fine fly ashes is realised with 10% addition. _ _

» At this addition level, FFA-2 performs similar to SF and both materials achieve the
| lowest air permeability value of 0.9m2x10-17.

> Atall levels of addition, FFA-2 performs slightly better than FFA-1.

» The performance of MK comes out to be the worst.
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Chloride Diffusion

_ «ed using the rapid chloride pcrmcahillily test, RCPT [23].
This was ASSCS! ‘uthors as a highly unreliable and unsuitable as a research to)
: because of speed with which the tests can be completed.

Althgugh
recognised by the , this test

was adopted in this study

ults obtained are given in Table 4. and unfﬂrtunatgiy thF;y turn out be f,
Th-: resul '4 C ther than that fine fly ashes can be used effectively in developing cone
ll'lcﬂnli.'lllﬂljilf. :.'r :iql'l"‘:f to chloride ingress. Indeed, given the chemical nature of fly ash
with Su:ﬁilcl-gfé]{t 1“_ information suggesting its suitability for use in chloride ﬂnVimnm:-,:
q:‘: T;t] Ii‘:{‘ﬁhﬂllld be reasonable to deduce from the results in Table 4 I}Tat fine fly ashes
E;{;;n:w‘mncn:te resistance to chlnrfdc ingress andr that concrete made with fine fly ashes
could be expected to give similar performance to SF in this respect.

irly
rete

Table 4 Other Properties Comparisons in Binary at Same Consistence

PROPERTIES p=r
ISATI0. K 2107 ASTM Chloride, 8 Weeks 12 Weeks o
mbm®x10° iniy M Coulombs  Carbonation, mm Shrinkage, %
PC at w/c=0.40 35.5 3.6 Moderate 54 0053
5% Replacement o
FFA-1, 5% at w/c=0.394 30.5 1.8 Moderate 9.3 0.058
SF 5% at w/c=0.413 315 }: Low 4.5 0.055
FFA-2, 5% at w/c=0.368 29.5 1.6 Moderate 4.0 0.055
10% Replacement
FFA-1, 10% at w/c=0.388 29.0 1.2 Moderate 53 0.058
SF 10% at w/c=0.425 31.0 0.9 Low 9.4 0.054
MK 10% at w/c=0.438 35.5 1.9 Low 8.2 0.059
FFA-2, 10% at w/c=0.350 28.0 0.9 Low 3.5 0.055
15% Replacement
FFA-1, 15% at w/c=0.381 30.5 1.2 Low 5.9 0.056
MK 15% at wic=0.438 37.5 2.4 Low 9.0 0.057
FFA-2, 15% at w/c=0.345 30.0 1.0 Low 4.4 0.054
20% Replacement .
FFA-1, 20% at w/c=0.375 325 1.3 B 6.9 0.055
FA-1, 20% [EN450] _
at w/c=0.388 37.2 1.9 Moderate 8.7 0.056
FFA-2, 20% at w/c=0.338 32.0 12 X i 5.6 0.054 B
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r;rl"‘“““"" Resistance

5 carbonation results obtained up to 16 we
L‘ - % d . g

]1 1..,,1:1'*:&!\* of Dundee [27] are given in Table 4.
1 oo’ Y - .

e rete made with fine My ashes is lower than th

~ o g

o N450, as well as silica fume and metaka

SE
;E‘FI-:-‘! performs somewhat better than FFA-|

rlcvt!npctl at the

he carbe

b Al | mation of

ﬂ;urrupnmlmg toncrete made with fly ash
v and that hetween the two fine fly auh-m

OVERALL OBSERVATIONS

Overall, the results in Tables 3 and 4 suggest that-
VErait.

whilst both fine fly ns.hcs N !:re used to produce concrete having strength of similar ord
hat obtained with MK and SF, fine fly ash FFA-2 can produce strengths grf::ater thm t: ¢
obtained with the use of SF. an those

ility related properties, whilst the use of b th fi :

In terms of durabi Oth hine fly ashes can be s

and the use of FFA-1 can t.:re developed for some aspects to produce concrete of ::::EE
performance to that made with SF and MK: fine fly ash FFA-2 would be more effective in

such a use.

EFFECT OF SF OR MK ON FFA-1 BINARY CEMENT COMBINATION
AT EQUAL CEMENT CONTENT AND CONSISTANCE

Of the two fine fly ashes, FFA-1 was, all round, found to be less effective than FFA-2, which
performed as well or better than SF or MK. To further enhance the performance of fine fly
ashes, where required, it was decide to study the effect of introducing SF or MK into a binary
cement combination of PC/FFA-1.This combination was chosen because of its lower

performance compared with FFA-2,

The previous results obtained n this study suggested that best results may be obtained with
concrete containing FFA-1 between 15 to 20% and therefore it was decided to select levels of
15 to 20% as a reference to determine the effect of including SF or MK within a total of 15 to
20% in tertiary blends. In each case cement content was kept at 400 kg/m:‘, superplasticiser
dosage at 0.20% and consistence at S0mm slump ( therefore water content is allowed to vary

in each mix)

The results obtained are shown plotted in Figure 3, comparing them with those obtained with
FFA-2 at 10% addition considered as being able to give optimum performance. From the
¢xamination of Figure 3, it can be seen that in general terms the performance of Fl?"" mad o
further improved using of about 5% SF in combination with FFA- | at 10 or 150 %. Overall,
including cost consideration, the combination FFA-1 at 10% with SF at 5% could be

considered as the optimum combination.
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CONCLUSIONS

essing 1Y ash o greater ﬁl}tﬂtﬁﬁ than ‘Ihc BS EN 450 specification will make it more
processt! in improving the performance of concrete, but the magnitude of this effect will
’Tﬁ'm;ni“cd by the fineness and physical and chemical characteristics of the material
be qlulif uuppi‘“c"l by the test results obtained for two fine fly ashes tested, where fine ﬂ}
is 18 8

FFA-2 Was found to be of better quality (Table 1) and accordingly produced concrete

ash performance than fine fly ash FFA-],

with better

- hstanding the above, the results show that fine fly ash FFA-1 is a better quality
an the corresponding BS EN 450 fly ash from the same source and as such
be used to produce concrete of high performance quality,

WA
malcﬁi‘-l th

FFA-1 can

Fine fly ashes of quality similar to that of FFA-2, are suitable for producing high

Hormance concrete, yoth in terms of its StrE"!’Lh_ and durability, of qual; S onnaibie:
Fger better than-that produced with microsilica fumc.m}mﬁﬁ% ssed fo quality
:;milar to that of FFA-2 merits their use in par with silica fume.

When used at higher addition level or combined with 5% SF, fine fly ash of FFA-I
(lower quality than FFA-2) can also be used to produce high performance concrete of
quality comparable to that produced with microsilica fume. This concept of tertiary
(triple) blend cement is well suited for the production of high performance concrete.
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