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CONCRETO DE ALTA RESISTENCIA CON CENIZA VOLANTE Coy
ALTO CONTENIDO DE CALCIO Y MICROSILICA CONDENSADA

por

K.W. Nasser y Sujit Ghosh

Sinopsis: Se esta desarrollando un estudio experimental sobre la resistencia ak
compresion y al congelamiento de concretos de alta resistencia con varios niveles
sustitucién de ceniza volante (0 a 80%) y un porcentaje prestablecido de microsiiz?
(10%). Se afiadi6 aire incluido a la mezcla para propdsitos de comparacién. Se establed
la relacion agua/adherente 6ptima a un valor bajo de 0.27 por consideraciones &
resistencia y trabajabilidad. Se us6 superfluidificante para proporcionar una trabajabilida
adecuada y se mantuvo en un rango de 1.5 a2.2%. Las relaciones agregado!cememml
agregado grueso/fino se mantuvieron en 5 y 1.22, respectivamente.

El programa de ensayes consisti6é en evaluar la resistencia a la compresion y 8
series de especimenes fueron expuestos a pruebas de congelamiento'y descongelamientt
Se encontrd que un periodo de curado de 14 dias, como lo especifica el Procedimientos
de ASTM C 666, era inadecuado para las mezclas con alto contenido de ceniza volan
debido a la lenta ganancia de resistencia de ese tipo de mezclas. De modo que, todosks
especimenes fueron curados en agua con cal por 28 dias, antes de someterlos a ciclosd
congelamiento y descongelamiento. La primera serie no tenia aire incluido, mientrasd
las segunda contenia ya sea 4 u 8% de aire incluido.

Los resultados de los ensayes han mostrado que el concreto con hasta un 60%¢
sustitucién de ceniza volante con 10% de microsilica y sin aire incluido, indicaron igud’
superior resistencia a la compresion a los 28 y 56 dias, cuando se compararon con Ui
mezcla de control con 100% de cemento. Las sustituciones de cemento de hasta 354
de ceniza volante y 10% de microsilica, indicaron una mejora en la resistencia ?
congelamiento, sin nada de aire incluido. La adicién de 8% de aire incluido en la mez*
de 20% de ceniza volante + 10% de microsilica, aumento el factor de durabilidad en cel
de 10%. También se proporcionan otros resultados incluyendo un estudio utilizandoVs
microscopio electrénico de barrido (SEM). ;
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Freezing and Thawing Resistance of High Strength
Concrete containing High Calcium Fly Ash and
Condensed Silica Fume

by

K.W. Nasser and Sujit Ghosh

Syr_:ogsis: An experimental study was undertaken on the compressive strengths and frost
resistance of high strength concrete containing various levels of fly ash replacements(O to
80%) »and a fixed percentage of silica fume(10%). Air-entrainment was added tr.JJsome of
the mixtures for comparison purposes. Optimum water/binder ratio was fixed at a low
value of 0.27 for strength and workability considerations. Superplasticizer was used to
give proper workability and was maintained in the range of 1.5 to 2 2%

A re e IIBII[ a“d coarse l n a re ate ratios were a
¢ int 7

The test program consisted of evaluating compressive strength in cylinders and two
series of specimens were exposed to freezing and thawing tests. A curing period of 14
da_ys, as specified by ASTM C 666 Procedure A, was found inadequate for the high fly ash
mmtur_es _because of the slow strength gain of such mixtures. Hence, all specimens were
cured in lime water for 28 days, before subjecting them to freezing and thawing cycles.

Tile f"sl ser |ES !a[i I i i i
i I - 0 I I ! ries contai lEd either 4 O 8 /0

1012&35;5: fresults have shown that concrete with upto 60% fly ash replacement with
o A ume and without entrained air, indicated superior or similar 28 and 56-days
ol ot bestrengthi, whencomparedto the 100% cement-control mixture. Replacement
e Yy upto 35 _/0 fly ash and 10% silica fume, indicated enhanced frost resistance,
e V_l_alf-fentralnment._ The addition of 8% air-entrainment in the 20% fly
S o silica fume mixture mc_reased the durability factor by about 10%. Other results

ound. A study of matrix morphology and microstructure bonding, using the

scar I I lg e|ect!0n m1 h i 1 I st results in a
- ’ i i e
con D|€||Bl 1Sive lanner. I I
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INTRODUCTION

Chemical and / or mineral admixtures are used widely in concrete production in North

America for enhanced performancel1l.
concrete, namely, fly ash and silica fume, has been encouraged over the past severd
years, in order to produce high performance concrete (HPC).

is defined by not high strength alone but by high durability and economy as well. In

Canada, durability against freezing and thawing is often of overriding importance.

Cracking and loosening up of th
in the void system of the cement paste or the aggregates,
process of frost action on concrete. Detailed discussion,
mechanisms are avai
al.[2, 3, 4].

is the maijor deterioration

The use of fly ash in concrete in requlated amounts can enhance the frost resistance of

concrete [5]. Fly ash alters the principal frost-damage parameters :
strength of paste, amounts of freezable water and number of voids, in a favorable wayly
producing a denser and stronger paste due to secondary pozzolanic reaction

fly ash particles and the Ca(OH), 6, 71.

The use of condensed silica fum
C) in concrete, have been limited worldwide.
research program bein
levels of fly ash replacements,
of such concrete.

EXPERIMENTAL PROGRAM

Six concrete mixtures were made with CSA Type 10 normal portland cement (ASTN

Type 1), Saskatche
mixtures was either 20, 35, 50, 60, 70 or 80% of the weight of binder.
was held constant at 10% of the weight of binder.
made of 100% CSA type 10 cement and the other of 10% silica fume + 90% CSA typf
10 cement, were also made and subjected to the same freezing and thawing tests-

Silica fume us

University of Saskatchewan, Saskatoon, 1

The increase in use of two such admixturesin £

In general, high performance §

e binding matrix caused by expansion of freezing watéi ¥

on some of the existing §
lable in the papers published by Powers et al., Litvan and Meier et B

namely, porosity an

s betweenthe §

e along with large volumes of lignite fly ash (ASTM typz &
The work reported herein is part of 3§
g conducted on concrete containing 10% silica fume and severd §
in order to identify and explain the frost durability aspeci &

t f as gl 1 l ecta“gulal p' ma i meta n -” I I water
wan |t

- and Dlaced insi i n h nF Spacers of narrow
'q 4 4 side the free i i
| ition, two COf trol mixtures: one © rods w - zZing and thawi g tank, as shown i Ig 1 P
n add 3 f ¢ ere 1t|S.9rt8d between the four sides of each Spec“ 1en and t' e .Corresp;||dif“g frarCES
3 E cor daine h h im m

* aDproxima ;
ol tely 3 mm (1/8 in.) of water on all sides. The specimens were placed on a flat

aggregate to binder ratio and the coarse/fine aggregates ratio by weight, were maintain
at 5 and 1.22 respectively. The weight of superplasticizer was varied between 1.54
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9.2% of the weight of cement while the w i . i
value of 0.27. No air eqtrainment was adde‘;:‘:lt?nritticr:uIIt\)(’,n '(cj: ;rrxitff \;\.rf]zserim::tn ta'med il
to delete theoeffect of air-entrainment on strength. However, a secor?d m_:xtures, S0 as
of 20and 50% flyash + 10% silica fume with 4% and 8% ent;ained air series consisting
the same freezing and _thawing conditions in order to understand 't\‘:as tested unde_r
entrainment on frost resistance of flyash +silica fume concrete. For the effect of air
mlxty(es,_regular liquid organic air entraining agent MB- AE10- b e air entrained
specifications, was used. Physical and chemical analysis of ing ASTM C260
condensed silica fume are given in Table 1. : cement, fly ash and

Mixing of concrete was carried out in ixer i :

Initially, the pan was wetted and the m?xg? ':rvr:slx:':e;:ceadc.co'rl'?:e?\cih\évl::.ASTM C192.
followed was_t.hat recom_mended by CANMET, Ottawa : coarse aggregat iXing sequence
cedmint Iand silica furr)e_ if apy), fly ash (if any), remaining part of wa?er e%igzr; of water,
?:St f?ra'::v:unl:?r:glzsnc'ger (if any). The mixing was continued for three minutt?sg r?egfitfc;
e s and then remixed for another two minutes to prevent false &’;ett'

ir entraining agent was dissolved in the mixing water prior to mixi o
entrainment was used. ixing, whenever air

th;‘:?n;zctwuzzr\)ueéeftested gccprdmg to ASTM C 666 Procedure A (rapid freezing and
e 2 risemnre su_bjectlng to freezyng and thawing cycles, the 90x110x400 mm
e bl : al; a csi;fa_egsn'gens were moist cured in lime water for 28-days since, 14
el beca;;se ofpthe |? y ASTM C (_366, was found inadequate for the high fI\;ash
R s 70W strength gain qu such mixtures. Besides the freezing and
i , thirty 75x1 50.mm (3x6 in.) cylinders were cast in cardboard moulds
The cylinders we;elrl‘aa:cztrxt’:?:g efovrgzn?[?rzl;li?:esgtand ?11 i curedj
P rengthsat 1, 3,7, 14, 28 and 5
s accz\:eerr:ttézt;t:téthree 75x150 mm compressive strength test specimens wear: z\a/:t
hardened concrete are prsé::::?etg iﬁggﬂ! 2|36_t|_?:|5a0f ﬂ?e Dh\éSiC?ﬂ e
3 . £ e accelerated strength test cylinde
ol W;I:;er?] stainless steel moulds of the K-5 tester which contained plastic Kningsrs '\I{V:;e
ounted onto the K-5 tester and kept at a temperature of 160 deg.C (3.004"2

deg.F) and a pressur
e of 10.34+0. :
after 2 hours of cooling. i o i 5 s T

- Freezing and thawing Test

After moi ing in li m
S
t curing in lime water for 28-days, four specimens of each mixture, were put

" Diece of wir m n
R . ; e mesh at the bottom of th i ili
 circulation it : ; : the metal container to facilitate water and heat
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The specimens were weighed and their natural frequencies were determined so ast|

evaluate their relative dynamic modulus of elasticity. The same process was repeats .

periodically (i-e. after every 23 and 32 cycles). The instrument for measuring th
frequencies was a "Sonic Star” assembled in the Engineering Shops with a Type 60
Display Unit of Tektronix, Oregon, as outlined in ASTM C 666 and C 215. Every i
the specimens were taken out, they were thoroughly washed in lukewarm water and we;|
surface dried by wiping with a dry bath towel. The containers were also rinsed. Th
specimens were returned to the containers, turning them end-for-end (that is, top af
pottom ends reversed), sO that the same ends of the specimens do not always remaing
either the bottom or at the top, during the entire freezing and thawing test. A
predetermined rotation scheme was employed to shift the specimens to different locations
inside the tank,.so as to ensure that each specimen was subjected to conditions thy

prevailed in all parts of the freezing and thawing tank.

The freezing and thawing cycles were stopped after 300 cycles or. until the refatieg
dynamic modulus of elasticity reached 60 % of the initial modulus, whichever happen§
first. The durability factor was calculated as per ASTM C 666. The visual appearancef
the specimens and any defect that developed were noted. Photographs of the Specimet
and their surfaces were taken before and after the freezing and thawing test. The surfa
were examined for. texture, cracks, scaling off and exposure of the aggregates. f
microstructure study with the help of a scanning electron Microscope (SEM) was cames
out on samples taken from the specimens, before and after the freezing and thawing testf

Scanning Electron Microscopy

At the end of the freezing and thawing tests, small samples of about 1 cm? (0.060F
each, were taken from the control specimens and from the mid-section of the freezingdl
thawing specimens, for the scanning electron microscopy (SEM) tests. Each sample
coated with a very thin layer of gold as an electrical conductor and its microstructure
examined under a Philips SEM 505 scanning electron microscope. The results of theS#E
study will be discussed later so as to explain changes in microstructure as a result®s
freezing and thawing. Microprobe Analysis was also performed on imess
in order to identify the elemental composition of the crystals.
Superprobe was used for this purpose. The Energy Dispersion
are presented in the next section.

TEST RESULTS AND DISCUSSION

Workability and Compressive Strength

The optimum water 10 binder ratio was obtained from preliminary testings for maxi v
compressive strength and proper workability. A water/binder ratio of 0.27 was ol
suitable and was used for all subsequent testings. The water content of a fresh mixt
(used for determination of water/binder ratio), was calculated by subtracting from theif':
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consistency and workability values. Table 2 indi :
: . c
concrete mixtures. ates the properties of fresh and hardened

All mixtures with fly ash and silica

control, at the age of 7 days (Table 2). fﬂ?ﬁ&?ﬁ?ﬁ Z:\\oi:r]vcer(;;g;v ;rastrength e t'h .
20 to 60% fly ash along with 10% silica fume, gave 28 and 56-days Stge, Concr?tg with
that of Fhe contr_ol specimens (HP C0-100% cement concrete), as :s/ho rerjgt:s sumular_to
further increase in fly ash content beyond 60%, the strength level drc»Wn (Iin et
to poc_Jr matrix bonding pecause of the presence of too many unreactegpfel ; pOSSIbIY -
as evident from SEM micrographs to be discussed later. The 10% siIicayfaSh parttcleg.,
ﬁe?ent cqncrete, as well as the 10% silica fume +20% fly ash+70% cernume i s
ad superior strengths compared to the control, at all ages. Table 2 al i
Icompres{swe strengths of the air-entrained 20% and the Sb% fly asz scoognccllctates i
lgxz::?hues compargd to their non air-entrained mixtures. Also, high air entrainagﬁtig?’/w
e compressive strengths of the 20 and 50% fly ash mixtures, at all ages :

Resistance to Freezing and Thawing

Math i i
i duraslre[? Z;Statr;fed that non-alr-er!tra:.ned concrete with a low water to binder ratio, will
s v%he: rte;:_ezmg and thaw!ng if it has a compressive strength of about 24 }\nPa
e a:tu Je;::ed to fre.ezmg and thawing; this strength reflects the desired
i th[:; fr:e\znir ich can withstand the pressure in the concrete due to volumetric
: ng water under frost action. Al i i
ey e . . : so, if the water to binder ratio i
o devek,);1Illon\’:;);)l(r;:;;mv;2*|c::;|;tcar|11 combinedWIth the cementitious material and the corr?;'rc;tlz
y; hence producing a condition i ich it wi i i
e g ition in which it will be quite unlikel
al tically saturate when freezin i
phil . . g takes place. If the past
- resis‘: fsrz;tsutratlﬁ ?r? freezing, a satisfactory air-void system is not requirgd foer ggreérg?;
e énd the pre_se_nt program the water to binder ratio was maintained at a low
i strer;gth Sk e ma;prlty of the co_ncrete specimens were non-air entrained. The 28-
e specimens of all mixtures was higher than 40 MPa (5714 p.si) except

for the 80% fl i i
_ y ash mixture which had a strength of i
subjected to rapid freezing and thawing cycleg. e e e

From vi i i i
Signiﬁcan;SSuue:Lé;g:r;eac::zn of the specimens after 300 freezing and thawing cycles,
:’as O e gsengatg:sck&;xpgggf :ggi:e%ates;iand substantial weight loss
iten r higher fly ash replacemen
Jond with(;oorg/f,):ﬁgat? the control, the 20% and the 35% fly ash repiacementec;nlfr\:ltjs;
S e eno: T 1ug;z, pgrformed better with regards to loss of dynamic modulus and
and thawing and e iii!lca fume concrete showed a very good resistance to freezing
o ke Isu er any surface‘damage, except for minor cracks, after 300
S e s g cycles, as ewdgnt in Fig. 3. The average weight loss of specimens
sus the mixture-type is shown in Fig. 4. The results for weight loss and
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fly ash concretes, have been plotted in Fig.

the non
air-entrained mixtures was found to be 201

durability of the air-entrained 20% and 50%
4 and 5, respectively, alongwith results of
comparison. The average weight loss of the
38% lower than the non air-entrained mixt
freezing and thawing cycles, as evident from Fig. 6.

Yuan and Cook [9] observed that durability of non-air-entrained concrete increases as

the percentage of fly ash replacement increases up to 30%.
non-air-entrained concrete was
at 300 cycles (DF3qq), was compu
the results for all series were plotted against the fly ash rep
Fig. 5. Concrete with either 20 or 35% fly ash + 10% silica fume and also the 10% silica

fume concrete exhibited better performance compared to the 100%-cement control
after 300 freezing and thawing cycles. Durability of 50%
was found to be comparable to the durability
concrete. Fly ash replacement beyond the 50% level reduced the frost resistance of
concrete substantially and exhibited " poor " performance as per Neville’s[10] acceptance
recommendation. The 50% fly ash mixture did not show any appreciable increase in its

durability factor, upon inclusion of 4 to
20% fly ash mixture with 8% air-entrainment showeda 1

factor.

concrete,
10% silica fume)

Considering the frost durability factor of concrete (DF) with respect to the presencedl
silica fume, it is evident from Fig. 5 that the DF decreased linearly as the percentage (!
fly ash in the mixture was increased. Hence, the presence of fly ash in the mixture did not
enhance the frost resistance of CSF concrete at all. However, compared to the frosl
durability factor of the control (100% type 10 cement) concrete (d,), the presence of fif
ash alongwith 10% CSF, did enhance the frost durability factor (DF) upto
of 35% only, as shown in the same figure.

Discussion of microstruc
evident from SEM micrographs, are presented next.

EM Examination

SEM Examination

COMPRESSIVE STREN GTH:

it is evidet

ength test results presented in Table 2 and Fig. 2,
o, cemelt

From the compressive str
fume mixtures exhibit higher strengths than the 100

that the low fly ash + silica
control concrete. However, increasing fly ash contents upto 50

brings about a loss of compressive strengths. SEM micrographs
9 may explain the observed resul
concrete. Well formed platy crystals of Ca(OH)
contrast, the SEM micrograph of Fig. 8 shows a
silica fume concrete with no trace of

are evident in the microstructure:

2r
of 20% flyash+10

dull, dense matrix

air-entrained specimens for better

ures indicating lesser surface spalling undes

In the present series of tests
used in the majority of the mixtures. The durability factor §

ted from the measured relative dynamic modulus and
lacement levels as shownin &

fly ash concrete (with ¥
of 100%-cement contiol §

8% air-entrainment in the mixture. However, the &
0% increase in its frost durability &

a fly ash content i

ture and its effects on ponding and matrix morphology & §
- the frost resistance.

9% or more in the mixtuEs
presented in Fig. 7, g anls
ts. Fig. 7 shows the matrix of a 100% cement cont§

Ca(OH), platelets. The Ca(OH), appears 10 hatts

|
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peen consumed up in the secondary pozz ' : i
e o addigional CSH gol depositioyn,p Thi:lsgsséepaac;gn:;,rut:tirribgf [f)lro‘..rldmg a denser
_conc:retg provides for higher compressive strengths. However, very hi Vha?h+smca fume
in the mixture, say 50% or more, leaves numerous rounded um:eact\:ad'?l ly ash content
the matrix ifter 28 days of moist curing. This is evident in the SEM mi y ash particles in
flyash + 10% CSF concrete presented in Fig. 9. The unreacted flyash pa !sr?graph of 50%
well_wnh thg paste and a vey fine gap seems to existin between thep ar icles do not bond
particle. .ThIS presence of too many unreacted flyash particles with p Steband the flyash
pgste, brings about a _Ioss of compressive strengths of the high fly aShF'OOr onding to the
Fig. 10 sho_ws thg microstructure of 20% flyash+ 10% silica fume concrete mixtures.
8.3%_ entramed air, after 28 days of moist curing. Comparing with tr‘:Onc_rete containing
non air entrained 20% flyash + 10% silica fume concrete as preSentede' mil:(_;rostryc_ture of
that Fig. 10 revegls a honeycombed matrix with numerous air void *:_ ig. 8 it is clear
joss of compressive strength of the air-entrained mixtures e G

SPECIMENS SUBJECTED TO FREEZING AND THAWING:

The microstructure of the ichi

! paste which influenced the

et e C . . amount of freezable w i

parame:;:asyggnfr dletfrl‘n|§e role in affecting the frost resistance. The foilowingaterri;\n 'thel
ol the frost damage to concrete - porosity of the paste which de::arm(;:?:s

the am i i
‘ ount of freezable water in the matrix; paste microstructure and strength and the

number jir-voi iti i
of air-voids and cavities. Concrete mixtures with 10% silica fume + 90% cement

. and mi i
: ixtures with 20 and 35% fly ash + 10% silica fume, exhibited a relatively dense

micr
" a(;)dsittli':ri;llj:ieép?srir:é%?:i? té)sthe 100%-cement control concrete (Fig. 11, 12 and 13), due
e H gel becagse of secondary pozzolanic reaction. Fromrtheir
i rtx_, it could be |pferred that they contained very little freezable
e obse;ved _ esistant to freezmg and thawing cycles. A similar kind of dense
e unhydr;r:ezci?crete wut_h 50% or more fly ash. However, the presence of
rounded sockets in Fig 143‘; a\?vhezak:::;lgsta:sr::;qen; fr(;m e el ko o
: ; rix bonding thereby adversely affecti
L S 100;;?netheless, 50% fly ash concrete exhibited compa\r/able (f::cl)ns%
cement control concrete . But, with 50% or more fly ash

rEplacenlent the pr n un f b

2 = 7 p esence Of tOO man I i t

i : : Y reacted iy ash pa ticles brought about early
3 dis uption of concrete when subjected to rapid fI'EEZiIIQ and thawing C\/(:'BS. Based on lrllie

I = g aDhS (o] lg. t [ i i i

100%-cemen i
| o capillari;sizmml concrete - With decrease in temperature, pbrt!andite migrates
cracks and pores and deposits platy Ca(OH), over hydration products

scattered th i i
roughout the matrix ( Fig. 15 ), thereby loosening up the binding matrix.

10% silica f
SHael formaltji?r?; 90% cement concrete - Exhibits a dark dense matrix due to additional
ot elidhnt { Fig 123) a_:_esult of secon(_iary pozzolanic reaction. No platy Ca(OH), crystals
: . The dense matrix made this concrete very resistant to froszst cycles




K.W. Nasser

Fly ash+silica fume concrete - The densification of matrix due to additional C8
formation from secondary pozzolanic reactions and the absence of platy Ca(OH),, was alse?’
observed in this concrete ( Fig. 13 and 14a). Hence, fly ash+silica fume concrete (upf
359 fly ash) exhibited good frost resistance. However, with increasing fly ash contents |
the presence of unreacted fly ash particles (Fig. 14a), which did not bond well with théI
matrix (Fig. 9), weakened the microstructure bonding thereby adversely affecting the frog!
resistance of such concrete. The Energy Dispersion Spectrum (EDS) on the surface ofaf
unreacted flyash particle is shown in Fig. 14b. Heavy presence of silicon, some aluminig|
and very little calcium marks the spectrum. The needle-like crystals, strewn across |
matrix of 50% flyash + 10% CSF concrete as shown in Fig. 14a, were identified a!
ettringite crystals from the EDS shown in Fig. 14c¢. Calcium, sulphur and aluminium in
spectrum confirmed the presence of ettringite which is calcium sulphoaluminate. ’
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Previousinvestigators [5] observed thatunder freezing and thawing cycles, air-entrain}
fly ash concrete deteriorated by migration of ettringite and Ca(OH); from the past}
structure to the air-voidsin the concrete, thereby weakening up the matrix. In the preserc;?
series, majority of the tests were non-air entrained concrete and the deposition of needs?
like ettringite and Ca(OH), in the air-voids were not evident since very little air-voids el
present. However, needle-like ettringite crystals were found scattered throughout {ief
matrix (Fig. 14a) and over the unreacted fly ash particles (Fig. 16) after the freezing ai
thawing tests. From the above observation, the following process is postulated : Wi
depletion of Ca(OH), due to secondary pozzolanic reaction
increased. And, with the freezing of water due to frost cycles, volumetric expans
occured and the excess of water, now containing dissolved ettringite is expelled fromiis
pores, through capillaries, into micro-cracks and fine gaps (Fig. 9) in between tef
unhydrated fly ash and the CSH matrix. The migration of ettringite in solution, weakes
the binding matrix. The fine water gaps which were observed by other investigatorstif

[6 T 1210, failed to close evena

fter 28-days of lime water curing (Fig. 9) and thus playef
a role in the frost deterioration mechanism. '

'
B

For the air entrained mixtures, the presence of 8.2% entrained air in the 20% fly
concrete, enhanced the frost durability factor by about 10%. Fig. 17 show the matrire}
20% flyash concrete pefore and after the freezing and thawing cycles. In contrast tofi!
13 which exhibits dense non air-entrained matrix of 20% flyash concrete, Fig. 17 0%
a honeycombed like structure caused by rounded sockets of entrained air in the ZU}'
flyash air-entrained concrete. This brought about an average 12% loss of compress®
strength of the air-entrained
50% fly ash concrete, air-entrainment of the order of 8.7% did not enhance its fmé-;-
durability appreciably, as the presence of too many unreacted fly ash particles in the ma%
with poor bonding to the paste, brought about early disruption of such concrete | Fi9~9%_
The presence of too many unreacted fly ash particles in high fly ash concrete cou|_
either due to lack of CalOH); as a result of fast pozzolanic reactions of condensed 5'“‘*
fume, or due to insufficient curing time of only 28 days. Hence, freezing :
fesistance of high fly ash concrete warrants further research to fully understand its f ‘

deterioration mechanism.

s, the solubility of ettringss

20% flyash + 10% silica fume concrete. However for #8
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CONCLUSIONS

Based on the analysis of the test r :
. esults and the m i .
microstructure, the following conclusions are drawn : icroscopic analysis of concrete

1. Concrete with 10% CSF and high quantities of
Howeyer, beyond 28 days, concrete with upto g%‘?’:?ljhalst?\LO:VOifrg Ty
superior Ofr at If_aast equal compressive strengths to the type 10 coernSF S e
;:o::icrete. he high compressive strengths of fly ash+ CSF mixtures waseg'ftc'(t))mrOI
o denser paste structures compared to the 100% cement-control concretrtla Ut;\gi(:

entrained fly ash + silicafume co i
ncrete mixtures showe i
compared to the non-air entrained mixtures. Sl

Using 10% CSF only, as a cementr i
; eplacement, impr. ili
of concrete exposed to freezing and thawing cyclgsoved e

0,
giilggruzrt;w(;:dbsf;\t/‘ afsh and 10% condensed silica fume (CSF) by weight, in the
concréte fales, =2 |s’l.':.1ctory frost durable concrete. Durability of 50% rfiy ash
et fith Cont:msr ica fume) was found to be comparable to the durability of
SO Of(:oncrete. Fly ash r_eplacement beyond the 50% level reduced
e LT concrete substantially. Using air-entrainment of 4 to 8 % i
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