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Pulverized fuel ash concrete: air entrainment
and freeze/thaw durability

R. K. Dhir.* M. J. McCarthy,* M. C. Limbachiya,* H. 1. El Sayad* and
D. S. Zhang™
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Umdversinge of Dhindee

The paper dexcribes o sty wedertaken to detorming the effeor of pulverized fuel ash (FE4) and iy eharacrerisnics
i enivaiennl, e i vild spsem and the freeselthaw durabiliny of concrete. The pesulty devonsirate that the
addarixiire demand of PFA conceete way higher than ther of Pordond cement (PC) concrere and grently influenced
by the type of air-entraining admisture, the level of air reguived and the characteristios of the PFA aged. While PEA
Sinenezs had llde influence on pdwicture demand, PR with kigh loss on igrition required dosages in excess af fwo
timies that of PC. However, PFA was found to kave linle infTuence on the e of air lnsy with handiing and redheced
dhe varialnlity of alr content @ o given pdmivure dosage when combined with PC fromm differant sources, Tens to
aseens the reliability of the ASTM method for examinlieg the ale vold suatem corfirmed this, The resuliy ingicofe el
improvenenty dn air vold porameeters were obiained with increaring wir content in the concrete. However, sindlar or
sfighily enhanced paramelers were meavured for PR concrete compared T those of PC concrete, In this cuce, the
charmcreristics of the PFA had ro effect. Following on from this, tests for freesethaw durabilite (ASTM C855;
Procedure A} indivated that the oritioal faciors influencing deterioration vwere the aiv condent and design sirength of
the comerole, In Thiz respect, no difference was observed between PO and POPEL conerote, and all concretes,
irrespeciive of desipn sieength, exhibited very pood  freesedhaw revisiance ahove an air confent of 1.5%, 4
aomogram was develdped o demowitrate possible rowtes do materipl selecion/admivtioe doseges e the prociical
drpievemicn tgfdu'mﬂe' Edcele J'.u'.ﬁl'.:;'r'.l']'ﬂuw Ervid IE ey,

Introduction

Detérioration due o repeated freezing and thawing
of conerete 6 a0 common caose of fatlose in waoter
safurated concrete structures under winter exposure

pirt of the binder, which s effective m reducing rides
al chloside ingress in concrate and therely relnfonce.
ment corrosion.”

While the ose of atr entrainment kas beoadened oo

conditions, such as cutdoor slabs; povemenis and
hrjdge:.' This is often further compounded by the use
of de-icing salis, which can lend %o cormosion of the
embedded reinforcement. Collectively, these processes
can Jeave conerete in need of substantial repoirs afier
very short periods of service. A possible route fo mini-
mizing thiz fype of domoge fies n the use of air-
entrnining admikiures (AEAs) in concrete 10 control
frost attock and the use of palverized fuel ash [PFA} os

* Concreie Technnlogy Unit, Depsrsment ol Civil Engiseering. Unis
wernity il Duinglew, Thindes TN 4HN, UK
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concrete in cold climafes and become I'!'LE.‘I'I.IZL'I'IZﬂf}' for
pavemeni-quality v:-ﬂ'rl.l:lrl:tn.'_.j there has been o reluciance
to cembine this with PFA, since there iz uncerininby
about their interaction. Recent work” has shown that the
use of nir entroinment ond PEA in concrete has Initle
effect on chlende ingress, bul concern has been ex-
pressed for some time thot frost resistance may be
compromised.”” " Much of this relates to practical diffi-
culties experienced m achieving the desired nir contents,
ut rensonoble dosspe levels of PFA, and in mamtnining
these, ifter mixing, untll final placement, "
Furthermaore, little mfomation i owvailable on the
mifluenee of PFA on the development of the mir void
svslgm n lardened concrete or én the evahmtion of s
performance under the action of freesingthivang coti-
datiams.
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Given this background, a rest programme was de-
vised to esfablish

fur] the influence of PFEA ond o= quality on the ARA
reguirement ond on the pir content stubifity . of
congrets durng productbon

(&1 the influznce of PFA on the wir woid sysem
developed in conensis
(e} the pecformmunee of mir-entroined PEA  concrete

under exposure (o freezingdhawing conditions

Materials and mix proportions

For the main port of the study, o Portland cement
PC1 (Grade 425 N) o BS 12" was used to produce
contral Porttand  cement (PCY and PCPEA concrete
mixes. An addionn] sven P08 (PC2 10 PCE) from
varous sources anoiend the UK were used 106 con-
gider the influepce of cement choreenstics on the
variability of air entrdinment in PC oand POPEA
cancreto,

The min PFA tested. PEALL complicd with BS 3842:
Part 1" An ndditional four PFAs (PEA2 to FFAS) from
different UK. sources were nlso mchuded 1o enzble the
effect of PFA chamctenistics (fineness, mange 33—
28-6% retnined on o 45 pm sieve, ond loss on ignition
{LON), mnge 28 to B-8%] to be studied. Thess met the
requirements of BS 3892 Parts 1 and 2, and most of
BS EN450,"" and meant that the wider range of materl-
abs vy prermitned for use:in concrete in the UK wene
ineluced,

Dretaits of the main physical and chemical properties
el these binder materials are given in Tables | and 2

I erder to ensure that the sady covered the mage of
sir-cirnining ndmixiures svailable, eight air eénirainems
fAEAL 1o AEAR), nll complving with the reguirements

Tabde . Properdes of PO wved in ohe srunhy

Tirhde 2. Properites of PEAY e o the st

Progeiy Mulwemizsd isl nihes

FF&L | TFAT | PFAD | PRAA | PEAS
CRuie ot e
[RSTH) 144 4-3 ] 14 24
Sy ak] 441 Al 444 433
Al Bod | 30 | Beed | 34 | 264
Fe;i 137 A | 10 | Bl | 16
iy & 7 aa A k5
Mgl 145 1-7 k5. 3i i
Na0 13 07 44 i (1]
K,y 3] B 142 I+t 24
Lol L gl A4 by Lk
Miwerui compotitios B8
L3lias Pl | 42 | B2 ] T | e
Mutlite 2O |0 [ TR TE | s
{Juany & 15 ¥l | 117
flagn=ss 1-¥ 4] i+ 12 32
Hssmmiie & I-5 23 1 i
Ploymvesd properned
Flnengss! % rilamad on T B3 00 | 195 | 2H-6

ERET

of BS 3075 Pant 2, were used. The details of these
are grven o Table 3.

Ag the achievement of frost resistance s recom-
mendesd m current standands, both through the use of
high-strengih concrsle and through the wse of pir en-
iraimenend, i was decided 1w conskder both design
strength and e conlent as vanables m the stsky. The
conventionsl mix design method” was used in e
development of the PC concretes, while an oplichies
tion method proposed by Mundsy er al." was used for
the PEA concretes. The min proportions for the contral
PC and PC/PEA concrete mixess {non-pir-entrained) ure

Pripomy Portkand coments

[N B2 B3 BC4 g oL o T s
CRrady domynai T
[ ] h3-3 &2 A2 T a2 ] h5-0 L]
:.H_‘.J Z1-h Ti# et ] . | o a4 ot o | 2532 213
P.l,':h 4:2 4 5y T A I L] 4 &
Fevld, I 1% -5 4l 24 (E 23 a4
Sy 33 X -4 {1 |- 33 22 34
algli 54 34 14 (] 2.5 I-7 18 14
Nagly -2 [ -2 45 -4 0 02 fa
Bl 1% [} li<h 1-2 7 10 I3 07
Lial 14 15 e Il -7 12 Il Il
Fopup codwrianimd Sovspsiitngn, %%
i TH-F 433 T frl-2 HEu LR 5841 450
i -t A0 113 |1-K dir3d 111 234 2%
[ L k| |.‘.l B4l T Faxi 1 7 73
LishF LB [ JEk] <2 3 H-U dh il b5 -]
Phgsical propoetie
Spocific surlboe: o kg 454 JaE iy 155 Ll 155 kel 3

54

_:I.i'p'gq'.:m.r' af Coacrdte Research, 1999, 5], Mo, |



Tkl 1, Gmveris J'l.-;rr.:u. af PP SEemiy uned ke el

PEA congrete; air entrainment and durabilin

A r-Enieaimiing nn-:ll'l
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AEA | fmergraic hlend of sypaheoc and maiusdly occumng surfacianis ".up-plrll:l men I:!m'nln wedamion. Specific praviy = 14020
FE

AEAT TProteinased ligurd- fowming apest besed on blend of miurslly ooournng surfacsns. Supphed oo dek brown soloiion

| Spexific gavity = 1120 at NFC

ARAYL Viossd-based resin. Bupplied s s hrown sofsnon. Specilic gravity = 1-US0 a1 550

AEAA Blend of sodivm wd of vinsod teésin and sodinm oy slpbonaie. Seoplied s @ hrown solubeoe. Specific grmany = §-000
af 207

AEAS Mmooy sl of nestraliznd vinwl mesin, Sopplied a8 dark brows ligne, Specifie graviey = (2018 a0 2870

AREAS Epony anlphsic. Sopplied m s hrewn solution, Specific gravity = LGB0 at 3T

AEAT Mindifiad ety acid hased m tallcil ey ood. Buppiiet as amber-cobmured Bynid. Specific gravity = 1014 & 20°C

AEAE Soufivrs ol of & hlend oF shor-cham famy seids. Supplicd s o pale. strevw-cobnsd liguid. Specific gravity = LBID
al 2

given in Toble 4. All mixes were proportiened to have
i slump of 30—60 mm.

For the mir-entrined concrete mixes, a range of ar
conients was considered, from 2°5 do 5:5%. For these
mixes, the cement, PFA (whep used) and coarse-aggre-
pute comlents were kept the same s the control. The
fine-aggregate contend was reduced by 20 kg/m* for
every 10% of nir entrined and the water comlent was
reduced o give a water/hinder mitio spproximately HI3
below that of the control. Trial mixig wos then cerried
ot 1o establish the required ndmixture dosages for each
mir coment (the variation pernutted for occepiamnce on wir
contents was -4=0-5%) and the water oomtents required to
ochigve workability and strength corresponding o the
control concretes. The proportions of the binder, water
and sind for the PC1 and PCLPEAL concretes for the
rungie of air contemts used are given in Fig. |, The same
basic mix proportions were vsed for concrefe mixes
prrepared with the other PFAS (PFAZ 10 PFAS),

Alr entrainment of PFA concrete

Dosage requirements
An imitial series of tests was carried our o exmming

the dosage reguirements of POTPEA concrete mixes,
over a rimge of vanehles hkely 10 be encountered in

practice, including pir-entraiming pgent type, alr con-
temt, concrete desien strength and both Portland cement
and PEA mnterial variabilivy, Tests for air content of the
fresh concrete were cormed out esing the method de-
seribed in BS 13%1: Part 106, within 15 minutes of
mixing, following shamp (Smin) oad - wet-density
1% mis) bests,

Air-enfralning admiviuee fHpe.  Prelimiesry  tescs
were camied oul with o range of air-endraining sdmix-
tares in PC and POPFA comeretes. This enabled the
mnge of admixture performances in the fresh concrete
1 be examined and identification'selection of switble
admixtores for the subsequent parts of the shudy to
be made.

The relationship obfwned between the dosage re-
quirement and air condent for PCT and PCLPEAT con-
crede mixes (30 M/ mm®) for the variows afr-enimining
apents s given i Fig 2. As may be expected, for ail
mines there wad an ncoease in AEA dosape reguire-
ment with air content. It is alze clear that the PC
concrete had the lenst admixiure demand of the tao
comretes for g given wir content. I addstion 1o being
higher, the PFA concrete admixtore demand was greagly
influenced by the admixture tvpe. Indesd, the resulis
indieate that @t 5% air content, the vamtion of the
dosages between PC1 and PCLPFAL corele moged
from 240 o 65 times for the eight adimistures 1ested,

Tahle 4, Alix PrpETiear #r.-rr.uh'r:n' POT aned NOTPFA S omncrede motes

bix Conurste grade Comerete men progeartsmg kg fm' wfh raten
' Fare waser Hinder Agzrepate
[ I'ER Sandl T &0

Control comerese PO c2m 180 225 — L[] Jan ThS 11
Cam 180 175 - TES a0 & (]
Clr L&D 515 —3 T35 e TS0 357
CSlk 1K1 575 — ] 378 T [LE L

PELPEA Cai 153 i i Ta0 155 TH [LEV%]
L] EL 2 1] it Al kL i3l
i 155 245 LI 5718 a4 K55 [+ da
30 153 £ 126 g I 415 ETE 37
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PO angd PP prmcretas

with the blend of synergistic symbetic und nansmully
oceurring surfactunt {AEAT) reguirting the least-adnix-
fure, while the sodivm solt of o blend of fafty acids
[AEAR)Y the preatest

These dote, therefore, suppest that fhe presence of
PFA has un elfect on the dosdge of air-emraming -

56

mistare regueed do produce 4 piven  mr  conbent,
Cleusly, the chemival shamoierstics of the admixtiere
and s mieraction with the materials in the mix wre
eritical, andf the peselis suzgest that with earcfl admis-
ture selection, the effects of PEA can be contralled and
mirnimized.

Concrese aesfn sireeresl,  In order to examing the
effect of concrete design sivength on sdmxture do-
sige, the binders used above with AEAS were consid-
ered over the desien strength mnge 20-50 N/mme.
This admixbere was selected because of it apparent
extreme effect when combined with PFA. The remuls
obtained are given i Fig. 3 and idicote that, for
hoth PC ounad PEA conerebes, there was o0 spresd in
the resulis @ n given air content,, bul o chearky
fdentifiable trend wis apporent. In addition, the re-
siults also sugpest thit the relationships between AEA
dosnge and binder content for both PO ond PCPES
mixes remain approsimately comstant for op w455
pir eomtent, Therelore, the admiestire dosage demangd
simply. follows increpsmg specilic surface area of the
mix with increasing design srength, However, for pr
contenty in excess of this bevel, the AEA dosage
requirement in PFA concrete was found o Incrense
signmificomly, sageesting tha there mey be g lmuting
wir goment beyond which it becomes difficull 1o in-
cregse pir contems in PEA concretc. This dispropor-
Honate  incresse 0 fhe guontity  of sdmixture in
relation fo the ar conptent suggests oactivity. of port
of the sdmixiure beyond o certain level of addition.

P soprce. Donepetes contpnimg POs (PO 1o PUS)
i combination with PEAL s p design srengih of
W W mm?, wath AEAT ond AEAR af an air content of
53% were fested o examime the effect of the PC
spuree. For both concrete types, the dosape wsed was
that required 10 obtnn @ 5-5% bir contert in PCT or
PCVPEA | comerete. The results from these tests ane
given in Fig. 4 ond indicate thot for AEAL and the PC
concredes, variations m alr content of betwesn 38 and
T wath i coefficient of wansdion of 20% were

AEAD

A pavinil
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obtained. On the other land for the PEA concnéte then
wis A reduction i pif-conient varehlity which ranged
from 4B to T0%, with a coefficient of vanation of
14%:. For AEAR, the corresponding values for PO con-
erete were 3-6--7-0% with a coefficient of variation of
19%, and for PFA concrete, 4-1-52% wih-a cocffi-
cient of variation of 740%, This, it weuld appear thit
PFA in concrede can belp to reduce the varinbility of air
comtent cansed by Pordland cementz from  different
sorces. Such effectz zeem likely to be due to the in-
crepsed admixture dosage (concentration} present in
PFA concrete o achieve the requared air content and,
therefore, o wider distribution of admsture in the mix
cormpared w that fnothe PC conerete.

PR charpcterinios.  Tesis conspdering the effect of
PFA . fineness and loss on lgninon were carried out
using PC1 and concrete of 30 N/mm® design swrengih
with AEAR over & range of air contents, The resulis
are given in Fig, 5 pnd peain indicote that there wizs an
imcresse o admixiure demand with sir content. A
audden Inorease In sdmixtore demand wos also ob-
served for PEA concreies wath air condents greater thnn
4-3%. In wddition, i is clewr that, ot a given air con-
tem, there was little effect of PEA fincness on pdmis-
tare demand over the BS 3892; Part | mnpge This
suggests that ooy influence of PEA. fineness on the

Magamine o Comenne Ressioeh, 1999 51, Ko, |
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[l rad Sl TEh

specific sorfoce aren of the concrete mix-is relotively
minor m relabion o admixture dosage regquiTements
However, higher demands were observed for PEAs with
inicreaging LOI and the differences between the PC and
PEA concretes mcreased with air content. These effeciy
wiould appesr fo reflect the known influence of carbon
particles present in FEA and their significant addorp-
tinn capacity for AEAL™ therelsy ancreasing demand
until this consumphion procsss ceases o0 saluration;
entrainmient of air can ocour normally therealier,

Air-contert wakility

In onder to pszess ihe effect of PEA on fhe muntens
gnce of air content in concrele with fime, fests were
abs carried oul op to & min, following alternate mix-
ing and standing for 5 min periods o srmailale transpos-
taflon and handling cosditions in practice. In this case
Ml and PCIAPPALl  conecretes of design  strength
30 M,/ mm® snd air comtent of 5-5% with admixtures
AEA| and AEASR were testcd. The differences in air
contents between the two test imes indicate that losses.
m air content of up o 1-2% were obtnined (Fip. 6)
However, there wis no differemce in air boss betwesn
PC oumd PFA concretes fnd ne identifiable effect of
PEA charactenistios or AEA admixture type on this pro-

LA =PC1FFAT  EPCRTFFRAZ
HSETIRRS SPEUPFA s PRRS

Adr=ponimml diflwmnoe &k 50 min
tenmpered b 15min gl mieg) %

Ab-znirzing spere

Fig & Bapialifine ol alruniend seasurements iy freah cor-
EFEl
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cess. Thus, 1 wookd appesr that the constifuent mai-
erinls have & noglgible efect on maintaming the sabi-
Ity of the entrmned i,

Air void svstem parameters

The importance of the oir void system in protecting
conenale :u:.mlﬁt frosg attack bus been recogmized for
Ay Years.” =511 iy sheo widely acknowledped that 1o
achieve good frost resiqance requires o reasomable air
conbenl and distnbution ot close spacing 1o pestect the
paaste, Aor entrminment i onormally evaluared in has-
dened concrete 1Lg|r:g i mu::ruaimpm meethod deseribed
n ASTM Ca57.% This technigee isvolves {horzontal)
traversing of o prepared concrele surface (oot and
gronmd with s:licon carbide) and noting the number of
stops, the frequency of voids between stops, and voads
and pnste af stopd, This allows determination of the
varicas mir void pammieiers and paste conient in oa
sngle annlysis and hence characterization of the mr
void svstem. Detnilz of their coloubotion from the men-
surements tiken and definitons are semmanzed
Tabbe 5. OF these, the spacing focir hos found the
widest use m providing an mshication of frost resistince.
Indeed, it has been apphied practically as o specification
pm-umum" fiie frugl-resismnl comdrele,

Reliability of the microseopy Tess method

Prior fo esting material effects, it was decided to
exurmine the technigue for varishility, 1o enoble differ-
ences obtained in subscqpient tests o be imferpreted
Thiy examinniion considered the varinbifity associnied
with (i) the opemior, by testing the same sample a
number of tmes, and (0) the materals, by @sting o
rumber of somples prepared Trom & single concrete

mix und single samples from a number of conceete
mixes, For both of these, eight or nine tesis were
performed, wang PO amd POUPFAD concretes of
N fmm= desigm utrmiglh el mn abr contend af §5-%%
obtamed using AEAK

The resulis oblammed nre Hi'l.'E:l'I: i Toble & Theze
indicate that for eperster wanabaliny and the doiferen
pir wold paramelers, the coefficients of varation were
between 5 and | 1%, wath ooy minor differences be-
tween PO and PCPFA concrefe. As may be expected,
there were shght mcreases m the vanability of the
porarneters when concrete from within {64 and 11-0%)
omd between (5] and 1496 batches were consudened.
However, these Tigures compare. favournbly with II'II'H-E
of published dnm referred o within 47T C457 and
in the literature” — and confirm that reliable dota were
being obtnined,

[ onder to examine the test methodology further,
pir-content measurements for the hardened concrete
were compared with those of the corresponding  fresh
concrete, These tests used PC1 and PCU/PFATL con-
crotes (with AEAR) noross the mmpe of desipn strengths
and air combents used in the study, In addition, concrete
of destgn Strength 30 N /mm?, contiining PFA of differ:
ent claracteristies wml o range of it contents, was also
inclded. The results obtained are given in Fig. 7 and
fkicate that there was g pood relabionship beoween the
measurements of air content in the fresh and hardened
states {cocflicients of commelstion = :96), thereby pro-
viding further confirmation of the rehability of the
=4 i

Muaterial infTaener
The same concretes wied o consider the effects of

PEA on the air content ol fresh concrete were wsed b
exmming the mfluence of PFA on the air void system.

Table 5. Dlefinstimn of aiv void pavameters frm silsmscapic analpsts H

Adr vaiil parsmeters Definstion Calculahion Lhuts

Ar comimnd | 4] The propertsomad solume of & vaiili m the 'ﬁ.
comcrets expressod g b voluine peccentags of *”':E'—"-'-'-“f'—hlﬁl"‘ﬂ!‘ e 100
ihe Tinndened poncreis e ool B

Paasle pedden | ph The propatanal volume of cemen pavie in the W
poforene expressed b wnlume prercentage of m'“’: Vength Tmih prEe E ]
the hardenpd coscraie O P - vt

Mumber ol voddaomem ding | The nomber of g vwords inercepied by o line of sl b ol wht youds Ritsmistnd —
microscopicn| mavers: per length of e = =

Chrr] fmtesceqt 4 f | The avempe |length of the chird denees the o sl leapeh of e mm
ln::l.i-.'l.ni nl'li:ll ir wolds imercepecd by o line of waveme length Somugh ale
micromcopecnl mavers:

Sl murface il The surfaee ares of the air woids in-t8e hedened opsal pumiper od 'l'!: Vo iz raperod [
porerebe per wns wplnme of mwr 7

Seucmg facior (L) An mdex refated o the maximams dislance of amy p mm
pmint in the peste 8o the penplery nf we e il Whem o4 <430 mim, T

b 1| AR
Wisin .:I.'.J:“I--].'lrrmTll'l-* 54-3 -1 mm
-
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Concevte design stremgeh,  The results obtained for
the air void parameters for concretes over the range
of design sirengths are given (o Fig. 8 These Indicate
thet, with increasing air content, sers was an in-
crease in the pumber of voids per millimetre and in
the specific sorface, ond 3 reduction in the spacing
faptor. These changed very litle with concrede design
strenpth, although there was & slight improvement i
PLCIPFAL concrede compared. bo PO eoncrete, Thuos,
it would appear that the air content imcluded i the
mix i the main controlling factor of the mic woddl
svstems, nnd mtenal effects ore of lesser imporfance.
The beneficial effect of PEA may be due w the
mcressed pdmixture dosage level required o pchieve
the air content, as the pir void parsmeters gre thought
o be direct functions of the AEA dosage used
This also holds for the sirength seres, since the ad-
epture demand was algo fousd o ovary didle with
binder content The fact that there 38 little difference
ot the S5% nir content, where significant dosape
differences were observed, may gimply reflect the in-
activity of p portion of the AEA a8 suggested sbove,

PHA phamereristies,  The spacing-factos results ob-
tnined for the effect of the PFA charaoienstics ate given

Magrzine of Concreie Nezemh, 19949, 51, MNa, 1

L=
—

15 =} a5 45 55
Dasign wengite Hmm'

Fig £ Adir widd pamaeters of PO ond PCLAPEA T normeal!
i pdv-amnrsiang concreies

in Fig. 9. These dhow thot the PFA fineness [range
retavised on 45 um sieve = 3-3-20:65%) and LOT (mnge
FH-0-3%%) for u given oif content had little or no 0l
ence o the spacing factor. Hence, it would sppear that
PFA vorisbility has po significant effect on hardened-
concreie. el air vold parnmeters, These results again

5%
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sugpest the inoctvity of n cenmn portion of the ALA, poind was: reached where an incresse o either para-
buf that, providing the sir comlent is schieved by & meter had Distle further mfluence on performance. The
suitnhle admixture dosape. the performance thereafter 40 pnd 50 N/mm? concrete mixes with at least 2:5%
should be unaffecied by the charsstenstios of the PFA pir eontent had durability factors in excess of 90,
indicating bitthe or no detenormtion and therefore Litle
need for higher afr contents. The 20 and 30 N/mm?
coneretes luad rJ:.u'nhlIi'l}' (actors of around 3084 ot the

y _
Freeze/thaw resistance 2-5% gir comtent, for both the PC1 and PCI/PFEAL

The main process of domage in o freceethnw emvir- mixes. but the freezefthaw dorabllity performance bm-
ormem includes §i) interoal deterioration due to freee- provred significamtly (in excess of B0%%5) when the air
ingthiraing eyoles and (i) surface scaling due to the content was mereased to 3-3%
presemce of de-ing shlts. The preciss mechonisms A comparison between durability und specmg footor
associated with these remain unchenr’ ' and there fs il for the concretes s shown in Fig. 100b), This indicates
disagreement about which s the most prevalent in prac=  that a relnfionship betwesn these parameters exists with

tiee, While there sire o number of lechnugues availahle  similar behoviour for both PC1 oand PCUPFAL cone
o fssess. concrgle performance inorekation to these, it orete, 11 is akso clear that for PO concrete, in general,
wias deciled 1o e the well-establiched .A.!:'ﬁ'M hbf: i b0 & spacing fctor of approsimately 0-3-0H6, good
Procedure A (freezingthowing in uh.'nt-er],"" since the freerefthaw durability was obiained (durability factors
nirn of the study was o compare the frost resistance of 0 excess of 90%0), bt beyond this; valuees indicative of
pir-enirained concrets mixes. average o poos performance were noted, However, for
Dietenomtion was monitored on 75 X 75 & 300 mm PCPFA concrete, the comesponding nm%v:i was 0-4-
specimens by measuring the dynomic mdodulos, deter- 55, In agrecment with previous work” — ond as
mined using a resonani-frequency fester in sceordomee migh! be expected, for both conerete types an increms-
with BS 1881 Part 209" The 1ests were continued 1o ing maximum spacing facior for good frost resislance
M) cyeles, or wnt] the achoevement of the predefined  was obtinned with mereasmg strengih. This s likely to
ASTM fwilure crterion (6% reduction . dyoamic reflect an enhanced ability f0 resist the build-up of the
modulus), A durability faootor was dhen caleulated i pressure wssociated with freesng, due to the higher
accordance with the standond, Agam, the mises oonscd-  @male sirength of such concrete
ercd above for the abr vold paremeters were tested 1o

evnluate their freese/thaw durability performance, PEE chardcteriitics
. : The resulis obtwined for the effect of the PFA charue-
Comerete duslign strength teristics ure shown in Fig. 11, These indicate that there

The durshbility facior ebiained from this s sevies was csscntially no difference &6 & given wir content be-
arg shown in Fig 10(n) with respect to design strength tecen PFA concrete performances under freeec/thaw
and air contenl. The resulis indicate thot seross the conditions (Fig, 10al)y Indeed, for all concretes ot the
mange of design strengihs mnd gir contents, both PC ond 30 M/mm? design strength with 3-5% air content, good
POPFA concrete mines exhibited similer freceefihaw dumbility perfermuonce (durabiliry factor in excess of
resistance. In addition, at s given s content, there was 90P0) was obiainmd. Tt should be nofed, however, thut the
an incrense in durability factor with design strengih dosage of gir-entminme sdnuistuee reguired o achieve a
ind, at 8 givern design strength, the durnbility factor spepiflic miF conlent wis greaber for concrefe using PEA4
increased with mir content. However, in both ¢ases, o (L] = S-E% ) than for the other PFA concreles

it Magurime of Comorste Besearch, 10909, 51, No, |
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A compansen of the derability and spacing. factor
for these concretes 5 shown in Fig. 110k} Once agoin,
the resulis from ihese concretes indicote that excellem
frecee/thow durability was obtained in concretes of spa-
cing factor wp to (4 mm and that the performance
declined at spacing factors above this,

The spacing fectors required for good freeze/thaw
durnbility are slightly higher than those that have been
reported in the Hierature for specifving durable  con-
crete for frost conditions (02 mm)’ '™ but they are in
Eine with values given in other studies. " 1 would
appear hat the differences m spocing-factor values cop-
tesparcling fo serjous damage between the shucies and
the specification relate fo dilferent rates of freesing
diararay 1:|:r|.1n.;|,—‘" In gepeenl, faster freceing rates give
serious damage al lower spacing Tactors. In addition,
the results of both sels of tests sugpest that slightly
reduced spacing factors are required in PCPEA con-
erete 1o ensure enhanded freesedhaw durability, This
may relate to the enhanced permeation peopertics of
PCPFA concreie compared o these of PC concrete,
and therefore u greater degtee of difficuliy in wates
mdvement and hence peesswre relief during perieds of

Muagazine of Conerete fevearch, 1590, 81, No. |

freemng n the former, However, given the limited
dats and the voriability associated with the test mothod
ihis werrnmts further testing for confirmation.

Practical implications

The resulis of thiz imvestigation are of direct relevance
o engineers speciPring conerefe for lows-temperiure!
winter conditions. In fresh concrete the inclusion of PEA
fn the concrete i hkely o increase the admisiure de-
mand for o given air content compared to PC conerete,
and this depends on the bevel of air required, the type of
arr-entraining admixture and the charscieristics of the
PFA, However, for a PFA do BS 3892 Pari | and o
gpitable admisiure, increases in the AEA dpzape of up
b u factor of only 2 will generully be pecessary, and
subapntinl inescases will oaly be pogquired ot air coniends
I exeess of 4-5% and in PFAs of high L.0O1

Thee resulis indieate thut beyond the infloences of
PFA on the dosnge pegerements, the material has o
pegligible effect on the characteristics of fresh air-
entramed concrete, the air void svstem or the subss-

fil
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guent Tekistance (o (reezethaw comditions In sdiditsong,
air entrainment s o more effectlve route 1o ochieving
frost resistance than the use of high-strength concrete.
Moreover, for all concretes fested, air contents of 3-5%
or & spacing facter of -5 mm will produce concrete of
very oo frost Tesistance (durakility facters In encess
of 90%). While this study has considered miernal dete-
riorntion due o freese'thow, there {s evidence to sug-
gest thalt with the Gse of an amr-entraining admixture
and the resulting nir vodd system, pood scaling resis-
tante should atso be uchieved.”

Using the results of the stady, o nomogram has
been developed (Figo 12) Thi= demonsirses how en-
hanced durability for freere'thaw exposures mny be
mehieved, Storting from o required durability or spa-
cing factor, a suitable combination of wir contemd ansd

e

design strenpth can be obtained. As ndicated i the
study imd im the figure, these are material-indepen-
dent. The finnd quadrant provides ‘an imdication of the
yariation i dosage Tequirements  depending on the
characteristics of the binder materal wsed. Clearly, as
meniioned, the relationships between air content mod
dasape reguirements are deépendent on the matenals
used, and ndjnstments for individual materdal chore-
teristics will be necessary in this quadmnt for the use
of the pomogram m prastice

Conclusions

It waes found thad of wir contents of up e 45% and
with suitable sdmistures (vinsol resing], congnees con-

Mapanne of Cosorele Revearch, 1999, 51, Mo, |
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taining BS 3892: Pann | PFA shewed an increase in the
afmixtre demand by a factor of 2-0. This increased at
higher mir contemis and with PFEAs of high LOL The
design strength had listle or no infloence on the admix-
mre requirement for o given concreie type,

It was found that for cements from different sources,
the varphility i air confent for o given whmixture
dosnge reduced whem PEA was included. T was’ alse
found that the rute of air loss through extended mixig/
hamdling was unaffected by the inclusion of PEA In
clierete,

A piled study established that the data obfained uiing
the ASTM microgoopy method (or ausessing the wr
voud parameters in concrete were reliable,

A shedy considering the air void pornmsciers of oir-
entrnined PC and PEA concretes imdicoted thot these
improved with increasmg air content. However, at o
given pir content in the concrete, PEA of variable fine-
ness and LOF gave shight improvements in thess pora-
meters. compared to those of PC conorete.

The freezethaw dorability results showed that for the
muterinls considersd, PEA quulity had oo influenee on
the fmeeze'ihaw durnbility of the concrete, [mdeed o
wiaz @pparend that o1 o miven oir conlent ond spicing
factor very similar performance was obtained for all
comoretes constdered. Furthermore, i was found, for all
comoretes, that an iy level of 3-5% gnd spacing facior

Magesime of Conererg Mesanch, 1995, 81, Mo |

of less than 0% rome prowided & concrete of durahility
factor under freere’thaw exposurs in excess of W%,
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