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CHARACTERIZATION OF CANADIAN FLY ASHES AND THEIR RELATIVE
PERFORMANCE IN CONCRETE

G.G. Carette* and V.M. Mal hotra**

ABSTRACT

Eleven Canadian fly ashes were characterized and evaluated for +their relative performance iIn
concrete. Characterization Included the determination of mineralogical composition, chemical
composition, physical characteristics, and pozzolanic properties. The relative performance of each
fly ash In concrete was evaluated through determination of the following properties of fresh and
hardened concrete: slump, alr content, bleeding, setting +time, strength, modulus of elasticity,
drying shrinkage, creep, and freezing-and-thawing resistance.

The results indicate a wide range of chemical, physical, and pozzolanic properties for the fly ashes
Investigated. In spite of this, all the fly ashes evaluated are shown to be suitable for use in
concrete., They affect, however, the properties of fresh and hardened concrete in different ways,
and this should be taken into account when proportioning concrete contalning these fly ashes.

*Materials Englineer and **Head, Construction Materials Section, Mineral Sclences Laboratories,
CANMET, Energy, Mines and Resources Canada, Ottawa, Canada, KIA 0Gl.






CARACTERISATION DES CENDRES VOLANTES CANADIENNES ET LEUR
PERFORMANCE RELATIVE DANS LE BETON

G.G, Carette* et V.M. Malhotra**

RESUME

Onze cendres volantes canadiennes ont efe caracterisées et &valuees dans le but de déterminer leur
performance relative dans le béton. La caractérisation comprenait la détermination de la composition
mineralogique et chimique, des caracteristiques physiques et des propriefes pouzzolaniques. La perfor-
mance relative de chacune des cendres volantes dans le béton a été évaluée en déterminant les propriétés
du béton frals et durci, a savolir, !'affaissement, le contenu en alr, le ressuage, le temps de prise, la
réslstance, le module d'élasticité, le retrait au séchage, le fluage et la résistance au gel et au dégel.

Les résultats demontrent la gamme &tendue des propriete chimiques, physiques et pouzzolaniques des cen-
dres volantes sur lesquelles a por+é la recherche, En déplf des résultats, toutes les cendres volantes
&tudiées peuvent &fre util!isées dans le beton. Les cendres volantes peuvent cependant affecter le beton
frals et durcl de diverses manieres et on doit en tenir compte lors du dosage du béton dans lequel elles
sont lncorporées.

*Ingénieur des materiaux et *¥Chef, Section des materliaux de construction, Laboratoires des sclences
m!nérales, CANMET, Energie, Mines et Ressources Canada, Ottawa, Canada, KiA 0Gl.
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INTRODUCTION

CANMET has an on-going research project dealing
with The utiilzation of supplementary cementing
materlals In concrete. These materiais, which
are by-products of mining, metallurgical, and
eiectricai Industries, Iinclude |limestone dust,
ferrous and non-ferrous slags, condensed slillica
fume, and fly ash. The use of These materials In
concrete not oniy helps impart speciai properties
to concrete and reduce the amount of cement re-
quirements but also solves, to a degree, the solid
waste disposai problem. A number of research
reports have been published on the subject ({-22).

This report Is the third In a series on the sub-
Ject of Canadian fly ashes for use In concrete.
The first report of the serles was a critical
review of the chemical, physical, and pozzolanic
properties of fly ash (2); the second report of
the series was concerned with a criticai evaiua-
tion of the published data on the manner in which
the Inclusion of fly ash affects the mix propor-
tions, the properties of fresh concrete, and the
behaviour and durabliity of hardened concrete
(3). This third, and last, report of the series
deais wlth the characterization of Canadlian fiy
ashes and their relative performance In concrete.

SCOPE OF INVESTIGATION

Eleven fiy ashes were investigated in thils study.
The characterization of the ashes Included mine-
ralogical composition, chemical composition,
speciflc gravity, fineness of a 45-um sieve,
Blalne speciflc surface area, partlcle-slze dis-
tributlion, and pozzoianic actlivity with portiand
cement and with lime.

The relative performance of each fly ash In con-
crete was evaluated by Incorporating the material
as a 20 replacement by mass for cement. Two
controi and eieven fly ash concrete mixtures were
made, each prepared in triplicate batches. The
properties of fresh concrete that were determined
included siump, air content, bleeding, and set-
ting time. The hardened concrete speclimens were
subjected to the determination of compressive and
flexurai strengths, modulus of elasticity, drying
shrinkage, creep, and resistance to freezing and
thawing.

SOURCES OF FLY ASH

The jocations of the sources of the il fly ashes
investigated are shown in Figure 1. Six ashes
(No, i to 6) are derived from bltuminous coai,

three (No. 7, 8, and 9) are from subbituminous
coal, and two (No. 10 and Il) are from Illignite
coai., Ajl sources empioy eiectrostatic precipi-
tators for ash coliection, except In one case
where mechanical collectors are used., Whenever
possible, the sampies obtained for the Investi-
gation were representative of the materiai belng
marketed for use In concrete. Where ash was not
belng marketed, the sampiing was carefully done
at the plant to obtaln a representative sample.

CHARACTERIZATION OF FLY ASHES
M{NERALOGICAL COMPOSiTION

Eight of the il fly ashes covering the maln source
types were examined for thelr mineraioglcal compo-
sition; thelr X-ray diffractograms are shown in
Figures 2 and 3. A quantitative determination of
the major crystalline phases contained in these
ashes was also made by a quantitative X-ray dif-
fraction technique (23); the resuits are given in
Table i, along with calculated values for the
glass content. SEM micrographs of a few seiected
fly ashes are shown in Figures 4(a) and 4(b).

CHEMICAL COMPOSIiTION

The chemical composition of each fly ash, Inciud-
ing major and minor constituents as well as trace
eiements, is glven In Tabies 2 and 3, Mos?t
constituents were determined by means of Induc-
tively coupled argon plasma (iCAP) spectrometry,

PHYS1CAL PROPERTIES

SPECIFIC GRAVITY

The speclific gravity of fly ash was determined
using ASTM C i88 Test Method for Density of Hy-
drauiic Cement. The results are shown In Table 4.

FINENESS BY WET SIEVING ON A 45-um SIEVE

Wet sleving on a 45um sieve was carried out
per ASTM method C 430. The percentage residue
for each fiy ash after sieve correction factor Is




shown In Table 4, The uncorrected percentage
residue is also shown in parentheses, since the
sleve correction factor Is based on a reference
cement sample and may not apply exactly for some
fly ashes. The correction factor for the sleve
used was |6% and, although 1+ had |ittle effect
on relatively fine ashes, it did appreciably
Increase the calculated percentage residue for
the coarser ashes.

FINENESS BY DRY SIEVING (ALPINE JET) ON A
45-um SIEVE

Dry sieving on 45 um was performed using an Alpine
Jet machine, following procedures previously esta-
blished at CANMET (24), The results of these
tests, which are also shown in Table 4, closely
reflect those obtained from wet sleving. The
dry-sieving results, however, are consistently
lower by a difference that is essentially propor-
tional to the percentage of material retained.

BLAINE SPECIF IC SURFACE AREA

The results of Blaine specific surface area, as
determined by the alr permeability apparatus
(ASTM C 204), are given in Table 4.

PARTICLE-SIZE DISTRIBUTION

Three different methods were used to examine the
particle-size distribution of fly ash: X-ray sedi-
graph, coulter counter, and laser particle-size
analyzer. The range of particle sizes obtained
for the various ashes, using the laser method, is
shown in Figure 5., Detalled test results, along
with a comparative evaluation of each method, are
given elsewhere (25).

POZZOLANIC PROPERTIES

POZZOLANIC ACTIVITY WITH PORTLAND CEMENT

The water requirement and pozzolanic activity with
portland cement of the fly ashes were determined
using both ASTM C 311 and CSA A23-5 standard fest
procedures. The two tests are very similar except
that the ASTM test Involves curing at 38°C for
28 days, whereas the one given in CSA A23-5 is an
accelerated test involving curing at 65°C for 7
days. The results of activity tests, including
water requirement and activity Index, are pre-
sented in Table 5. The relationship between the

accelerated 7-day and the 28-day test resultfs is
il1lustrated In Figure 6.

POZZOLANIC ACTIVITY WITH LIME

The pozzolanic activity indlces with |ime were
determined according to ASTM C 311 and the results
are also shown in Table 5,

SPECIF ICATION REQUIREMENTS

Chemical and physical requirements from both ASTM
and CSA specifications on fly ash are shown In
Table 6, along with the corresponding values ob-
tained for each fly ash.

CONCRETE MIXES

MATERIALS

CEMENT

Normal portland cement, ASTM Type |, was used.
Its physical properties and chemical analysis are
given In Table 7.

HGGREGATES

The coarse fraction consisted of 19 mm of crushed
| imestone and the fine fraction was a local natu-
ral sand. To keep the grading uniform for each
mixture, both the fine and coarse aggregates were
separated Into different size fractions that were
then recombined to a specific grading.

The speciflc gravity and absorption of the coarse
aggregate were 2.69 and 0.8%, respectively; the
corresponding values for the fine aggregate were
2.70 and |.1%.

AIR-ENTRAINING AGENT

A sulphonated hydrocarbon-type, alr-entraining
agent was used, Its dosage was adjusted to pro-

duce an air content of 6% 0,54 in all the
mixtures.

M1 X PROPORTIONING

Concrete mixture proportions are given in
Table 8. The two control concrete mixtures were

proportioned to have a water-to-cement ratio of
0.50 and a slump of 75% |15 mm. The Il fly ash




mixtures Incorporated 208 fly ash by mass as a

partial replacement for cement. The water con-
tent of the fly ash mixtures was kept the same as

for the control concrete, regardiess of any
changes In slump. This was done In order to
malntain a constant water-to—cementitious-

material ratio of 0.50 for all mixtures.
PROPERTIES OF FRESH CONCRETE

Al'l mixtures, including the two control ones,
were prepared in triplicate batches to obtaln a
sufficient number of test speclmens for the pro-
gram requirements. Mixing was carried out in a
laboratory counter-current pan mixer, with fly
ash belng added to the mixer simultaneousiy with
the cement. Total
for each mixture.

mixing time was six minutes
The properties of fresh con-
crete Including unit weight, air content, and
slump are given in Table 9, wlth each value re-
presenting the average of three batches. The
bleeding and setting-time characteristics of
concrete were determined from one batch of each
mixture. These determinations were made accord-
ing to ASTM C 232 and ASTM C 403 test procedures,
with the exceptlion that the bleeding tests were
carried out over a smaller surface of bleeding.
The results of both tests are also shown in Table
9.

CASTING AND CURING OF THE TEST SPECIMENS

Fourteen 150- x 300-mm cylinders and seventeen
90- x 100- x 400-mm prisms were cast from +the
three batches of each mixture. Cylinders were
cast in two layers and compacted using an inter-
nal vlbrator, whereas prisms were cast In two
fayers and compacted by means of a vibrating
table. After casting, the molded specimens were
covered wlth water-saturated buriaps and left in
the casting room at 23 *1.,7°C for 24 h., They
were then demoulded and transferred to a standard
moist-curing room until required for testing. The
only exceptions were the shrinkage test prisms,
which were placed under |ime-saturated water at
23 % 1.7°C until required for the shrinkage tests.

TESTING OF SPECIMENS

The testing schedule is shown in Table 10. The
cylinders cast from the first batch of each mix-
ture were used to determine the compressive
strength development of concrete at ages up to
365 days. Test prisms cast from the second batch

were used to determine the flexural
ages up to 9| days.

strength at
From the same batch, prisms
were also cast for determining resistance +to
freezing and thawing. These tests were performed
using Procedure A of ASTM C 666, wlth the speci-
mens being subjected to a total of 500 rapid
cycles of freezlng and thawing. From +the third
batch, cylinders were used for the determination
of the modulus of elasticity at 28 days and for
creep tests; the |atter tests were performed after
an inltial moist-curing period of 91 days. The
creep strains were determined over a perlod of
nine months with a constant applled stress of
9.70 MPa; +thls, In most cases, was equivalent to
about 30% of the compressive strength of the con-
crete at the age of loading. Also, from the third
batch, prisms were subjected to drying shrinkage
tests after an Initial curing period In water of
either 7 or 91 days. Shrinkage strains and mols-
ture losses were monitored over a period of 224
days of alr-drying at 23 = |.7°C and 50 % 4% of
relative humidity. For reference purposes, cylin-
ders were tested In compression at 28 days from
both the second and third batches. As far as
possible, all tests were carried out according to
those ASTM standard test procedures indicated in
Table 10.

TEST RESULTS

The compressive and flexural strength test re-
sults, along with the modulus of elasticity data
for the controi and fly ash concrete mixtures, are
given in Table II. The ranges of the compressive
and flexural strengths obtained with the various
fly ash concretes at different ages are shown In
Figures 7 and 8. A summary of the shrinkage and
creep test results is given in Tables |2 and I3,
and the data are Iliustrated in Figures 9 to Il.
The durability factors and alr-void parameters of
hardened concrete are presented In Table 14; the
freezing and thawlng test results are summarized
in Table 15. The detalled freezing and thawing
test results are given tn Appendix A.

DISCUSSION OF TEST RESULTS
CHARACTER | ZAT |ON

MINERALOG|CAL COMPOSITION

In general, the mineralogical composition of the
fly ashes as determined by X-ray diffractton
appeared to be influenced by both the type and




source of ash, In addlition to a substential
amount of glassy material, each fly ash examined
contalned one or more of four major crystalline
phases, 1i.e,, quartz, mullite, magnetite, and
hematite; however, the relative proportion of
each phase varied considerably between ashes
(Table 1), For example, the percentage of mullite
was found to vary between 3 and 24% in bituminous
ashes, and between 6 and 12% In subbituminous
ashes; such a phase was not detected In the lig-
nite ash. Similarly, magnetite varied between 4
and 174 in the bltuminous ashes, whereas it was
apparently absent in both the subbituminous and
lignite ashes. The glass content, which is gene-
rally believed to be an important factor as re~
gdards pozzolanic activity, was estimated by dif-
ference from the total content of all crystalline
phases plus that of LOI. The glass content so
calculated was found to vary between 55 and 95%,
the lowest values being associated with bituminous
ashes having a relatively high LOl content and
The highest value belng obtalned with the [ignite
- fly ash.

CHEMICAL COMPOSITION

The chemical test data Indicate a large range of
compositions for the fly ashes investigated, re-
flecting the wide variations In the types of coal
and conditlons of operations between the various
coal-power plants across the country. The six
ashes of bituminous origin (No. | to 6) are shown
to have a high content of combined S10,, AI203,
and Fe203, as well as relatively low contents of
Ca0 and Mg0 (Table 2). Ashes No., 3 and 4 are
somewhat unusual in that they contaln 40% or more
of Iron. Ashes No. 5 and 6 have a particularly
high LOl content, with values of about 7 and 10%,
respectively, The total alkall content (as equi-
valent Nap0) of the bituminous ashes varies
between 1.15 and 2.62%, with the main component
being potassium. The three subbituminous ashes
(No. 7 o 9) contain considerably less Fe,0s than
the bituminous ashes, but they are somewhat richer
In $10,. Thelr Ca0 content Is also higher,
slightiy exceeding 10%, and they are sometimes
referred to as high-calclum ashes. The total
alkal! content of these ashes is quite variable,
ranging from 0.77 to more than 5.3%, whereas thelr
LOI content is consistentiy low, with values below
the 1% level In all three cases. The two |ignite
ashes (No. 10 and |l) are characterized by lower

contents of combined Si0, + Al 0z + Fe 0z, and
higher contents of both Ca0 and MgO as compared
with the above two ftypes of ashes. The Ca0O level
Is up to about 3% in each case and these ashes
are generally referred to as high-calcium fly
ashes, Both of these ashes are further character-
lzed by @ high content of total alkali (6.8 and
7.8%), with sodlum the malin component. Whereas
the 1Ol content of elther ash Is relatively low
(with values below 1%), ash No. || presents a
peculliar feature In that it contalns more than
7.8% of SO, as compared with a maximum value
of 1.4% In other ashes. This high value of
S0z, however, was later found tfo reflect some
particular conditions of plant operation and ash
collection at the time of sampling, and 1s be-
lieved not to be typlcal of the material currently
produced at this source.

As shown In Table 6, all fly ashes meet the chem-
Ical requirements of Canadian Standards (CSA
A23,5-MB82) except for ash No. || which, as used
in fthe Investigation, does not conform to the
S0z specification |imit. As for conformance
with ASTM C 618, two additional ashes (No. 5 and
6) fail to meet the chemical requirements of this
speclfication because their LOl content exceeds
the 6% iimit as set in these standards,

PHYSiCAL PROPERTIES

Simllar to what was observed with chemical com-
position, the physical characteristics of the fly
ashes were found to vary over a wide range. The
speclfic gravity, for instance, ranged from a low
value of 1.90 for subbituminous ash No. 7 to a
high value of 2.96 for Iron~rich bituminous ash
No. 4 (Table 4)., All three subbituminous ashes
had relatively iow specific gravity, with values
In the nelghbourhood of 2.0, which suggests that
hollow particles such as cenospheres or pleros-
pheres (Fig. 4(a)) are present In significant
proportions in these ashes. The results of flne~
ness by wet sieving also reflected some |arge
variations between the ashes, with values for the
uncorrected residue retalned on a 45um sleve
ranging from less than 2,4% for fly ash No. Il to
more than 39.7% for fly ash No. 9; the correspond-
Ing values obtalned with alpine jet dry sleving
were 2.5 and 33.0%, respectively. There was no
apparent relationship between the type of ash and
Its fineness as determined by a 45-ym sleve,




the latter being probably more influenced by fac-
Tors such as coal combustion, as well as ash col-
lection and classification, than by the nature of
the coal itself. Similarly, the type of ash had
no apparent influence on the Blaine specific sur-
face area, which was found to vary between a low
value of 130 mz/kg for bituminous ash No. 3 and
a high value of more than 58I m2/kg for |lig-
nite ash No. |l. Moreover, except for the latter
ash (which was in a fineness range of its own),
there appeared to be very |ittle relationship
between the Blaine specific surface area and the
fineness by a 45-Mm sieve. This is probably a
result of different patterns in particle~size
distribution of the various fly ashes that, Though
not 1illustrated here, were found to exist within
the range of particle size shown In Figure 5.
For example, tThe per cent volume of material finer
than 10 ¥m, which can be seen to vary between
about 15 and 40% (excluding ash No. 11) and which
would largely influence the value of specific
surface area, was found to bear I|ittle relation=~
ship to the per cent of material passing the 45
Hm.

The physical requirements of both CSA A23.5 and
ASTM C 618 Include a maximum value of 34% for the
amount of material retained on a 45-Um sieve
using wet sieving (Table 6). In this respect,
two ashes (No. 6 and 9) failed to meet the speci-
fications.

POZZOLANIC PROPERTIES

The pozzolanic test results indicate that all fly
ashes meet the requirements of CSA for pozzolanic
activity, although four of them fail to conform
with the corresponding requirements of ASTM
(Table 6). In the latter case, it is because of
either one or both of the activity indices being
slightly beiow the specified minimum value. As
shown in Figure 6, there is a high degree of
correlation between the results of the accelera-
ted pozzolanic test (curing at 65°C for 7 days)
and those of the standard pozzolanic test (curing
at 38°C for 28 days), the correlation coefficient
being 0.98. This indicates that the former test
is a potential candidate for replacing the latter
test in ASTM Specification C 618.

No attempt has been made to establish correlations
among various characteristics of fly ash, includ-
ing the pozzolanic activity index. This, Though

Interesting, yields little useful information for
the use of fly ash in practice. Similarly, no
attempt has been made to correlate activity
indices with strength properties of concrete.

PROPERTIES OF FRESH CONCRETE

Fly ash was Incorporated into concrete as a
direct replacement by mass for part of the port-
fand cement, while the water—to~cementitious-
material ratio of the mixture was kept constant.
This was In order to provide for a uniform basis
for the comparative evaluation of the pozzolanic
properties of the various fly ashes and their
performance in concrete., In practice, a diffe-
rent proportioning approach might have to be
considered if the use of a given fly ash is to be
fully optimized for a given application.

SLUMP

It is offten considered that fly ashes, due to
characteristics such as particle shape and size
distribution, should normally contribute to some
reduction in the water requirement of concrete in
which they are incorporated as a partial replace-
ment for cement. To some degree, this was found
to be true for most of the fly ashes investigated.
The use of a fixed quantity of water did generally
result In an increased slump of the fly ash mix-
tures, the increase over the control mixtures
varying between 30 and 70 mm (Table 9). The mix~
tures that did not show such increase were those
made with fly ashes No. 5 and 6, for which the
Incorporation of the ash appeared to have little
effect on the slump of concrete. In both cases,
however, this lower slump may be explained by the
relatively high LOI content of these ashes.

DOSAGE OF AIR~-ENTRAINING ADMIXTURE

There were no problems encountered in maintaining
an alr content of 6 to 6.5% in any of the concrete
mixtures. In general, the required dosage of an
alr-entraining admixture was |ifttle affected by
the presence of fly ash. There were nevertheless
two exceptions, the mixtures made with bituminous
ashes No. 5 and 6, for which the admixture re-
quirement was in each case about four Times that
of the control mixture (Table 8). This can be
attributed, once again, to the high LOl or carbon

content of these two ashes.




SETTING TIME

Most fly ashes were found to retard the setting
tlme of concrete, the only two exceptions belng a
subbituminous and a lignite ash (No. 7 and |1,
respectively), which had apparently |ittle effect
on elther the initial or final set. For all other
ashes, the Increase Iin setting time generally
ranged between 0.5 and 3 h for the Initial set,
and between | and 4 h for the final set (Table 9).
The set retardation is primarily a consequence of
the diiution in the cement factor and Increase in
the water-to-cement ratio resulting- from the In-
corporation of fly ash in the concrete. However,
the wide range of retardation observed aiso sug-
gests that, in several cases, the chemical charac-
teristics of the ash might have been a significant
factor in either Inhibiting or further aggravating
the retardation.

BLEEDING

The resuits of the bleeding tests were expressed
as a total percentage loss per unit of water ori-
ginally present In the concrete mixtures. For
the control concrete, the percentage loss was
2.9%; for the fly ash concretes, It varied between
0.6 and 5.6% (Table 9). Although there was no
clear pattern In the results, most fly ash con-
cretes had either comparable or sl|ightly higher
bleeding losses than the control concrete. The
only exception was concrete made with fly ash
No. Il, which had a lower bleeding rate, probably
because of either the relatively high- speclific
surface area or high alkall and sulphur contents
of this ash (Tables 2 and 4)., For most other fly
ash concretes, the slightly increased bleeding,
as compared to that of the control concrete, may
result from a generally lower speciflc surface
area of fly ash and/or a higher slump of the
concrete.

PROPERTIES OF HARDENED CONCRETE

COMPRESS | VE STRENGTH

The compressive strength development of the con-
trol and fly ash concretes Is Illustrated in Fig-
-ure 7, which shows the range of strength values
obtained with the various fly ash concretes at
ages up to 365 days, together with the strength
of the control concrete. At ages up to 28 days,
the strength of the control concrete was nearly

always higher than that of the fly ash concrete.
The only case where the strength of the latter
was about equal to that of the control wlthin
this period was at 28 days for concrete made with
itgnite fly ash No. Il. For the remaining fly
ash concretes, the 28-day compressive strengths
ranged from about 70 to 95% of that of the control
concrete (Table 1),

At 91 days, the two lignite as well as two bitu-
minous ash concretes had strengths equal to, or
slightiy higher than, that of the control con-
crete; all other ash concretes had strengths still
below that of the control. At 365 days, 6 of the
Il fly ash concretes had reached strengths exceed-
ing that of the control concrete, whereas the re-
maining ones had strength values that were still
lower than that of the control by 5 to 10%.

To some extent, the above results are in agreement
with the commonly reported fact that high-calcium
fly ashes do contribute to substantial gain in
strength at relatively early ages, as opposed to
most low-calcium fly ashes whose contfribution to
strength becomes most significant only after the
age of 56 days or more. Two apparent exceptions
to this were concretes made with high-calcium fly
ashes No. 7 and 9, for which the early strength
development was not found to be signiflcantly
different from that of most low-calcium fly ash
concretes. This, however, Is possibly the result
of a particularly large amount of coarse material
contalned In these two ashes, as Indicated by the
results of fineness tests (Table 4). The hilghest
level of strength reached after one year of moist-
curing belonged to a concrete made with a low-
calcium bituminous fly ash with the highest LOI
content. From the results, i+ appears that, In
general, +the level of compressive strength
achieved may be more dependent upon fineness and
particle~size distribution of the ash than upon
I+ts composition.

FLEXURAL STRENGTH

Similar to what was observed with compressive
strength, the fiexura! strength of the fly ash
concretes was consistently lower than that of the
control concrete at ages up to 28 days (Fig. 8).
The only exception was, once agalin, concrete made
with lignite fly ash No. ||, for which the flex=
ural strength was comparable to that of the con-
frol concrete at either ages of 14 or 28 days




(Table 11). At 91 days, only the lignite ash
concrete referred to above and one subbituminous
ash had a flexural strength value slightly ex-
ceeding that of the control concrete. For all
other ash concretes, the 9l-day flexura!l strength
was still below that of the contro! concrete by
about 5 to 10%.

YOUNG'S MODULUS OF ELASTICITY

The 28-day Young's modulus of elasticity values
for the fly ash concretes varlied between 29.0 and
35.8 GPa as compared with a value of 33,5 GPa for
the controi concrete (Tabie |!)., The data provide
no clear indication of significant effect of fiy
ash or type of fly ash on the modulus of elasti~
city. The effect, if any, may be masked by the
variability of the test.

DRYING SHRINKAGE

Moisture losses and drying shrinkage strains were
determined over a period of 224 days, following
an Initial curing period in |Ime~saturated water
of either 7 or 9l days.

For concrete initialiy cured for 7 days, the
total moisture loss of the fly ash concretes
varied between 49,5 and 64.3%, as compared with
55.0% for control concrete. For concrete Ini-
tlaliy cured for 9! days, the corresponding range
was between 45.4 and 56.3%, with a value of 53.7%
for the controi concrete. In both cases, there
is no clear indication as to whether fly ash might
have contributed to variations in moisture loss,

On the other hand, the drying shrinkage strain
for concrete initially cured for 7 days in water
was apparently ilttle affected by the presence of
fly ash in the concrete, the straln values for
the control and most fiy ash concretes being
closely grouped together till after 224 days of
drying (Fig. 9. The only significant deviation
from this was for concrete made with lignite fly
ash No. 10, In which case the total shrinkage
strain was found to exceed the average strain by
about 50%. For concrete initlally cured for 9l
days, the pattern was somewhat simiiar to that
observed for concrete initlialiy cured for 7 days
except that, In this case, the totai shrinkage
strain of most fiy ash concretes was slightiy
lower than that of the control concrete (Fig., i0).

CREEP

The creep strain data for control and fly ash
concretes are Illustrated in Figure 1. All fly
ash concretes are shown to produce consistently
lower creep strains than the control concrete.
The strain reduction, which in most cases varies
between a value of 20 and 45%, does not appear to
be related to the type of ash. The effect of fly
ash on creep of concrete Is somewhat parallel to
that observed for drying shrinkage of concrete
inftially cured for a period of 9! days. In both
situations, the lower strains of the fiy ash con-
cretes are possibly a result of a reiatively large
portion of the ash stiil remalning unreacted at
this age and thus acting as an aggregate material
that provides Increased restraint.

RESISTANCE TO FREEZING AND THAWING

Freezing~and~thawing tests®* were initiated at the
age of 14 days for aii concretes, and this Implies
that the strength of many of the fly ash concrete
specimens was still significantly lower than that
of the control specimens at the age of test. De-
spite this, all concretes regardless of strength
performed equally well under the action of rapld
freezing~and-thawing cycles, the durability factor
ranging between 95.8 and 98.8% in all cases after
300 cycles (Table 14), Thls excellent resistance
to freezing-and-thawing cyciing of both control
and fly ash concretes was further confirmed by
the relatively smali changes recorded in the
weight, length, pulse velocity, and resonant fre-
quency measurements as weil as the visually un-
changed condition of all specimens after an expo-
sure to more than 500 cycles (Table i5). Also,
after such exposure, the residual strengths of
the contro! and fly ash concrete specimens were
of the same order. Though, in each case, they
might appear to indicate a substantial loss of
strength of the concrete during exposure, this is
actualiy a resuit of these residuai strengths
being expressed as a percentage of the strength
of companion moistcured concrete for which matur-
ity is obviously totally different. The behaviour
of both control and fly ash concrete specimens
under freezing-and~thawing cycling Is undoubtediy
the result of an adequate air-void system of the

*ASTM Standard C 666 Procedure A, freezing in
water and thawing in water.




concrete In each case, as shown In Table 14, and
the fact that concrete had compressive strength
of not less than about 20 MPa at theé age of cycl-
Ing (Flg. 7). The spacing factors vary between
0.09 and 0.13 mm for all specimens, which Is well
below the value of 0,20 mm that Is generally
agreed upon as belng a reasonable |imit to ensure
frost-resistant concrete (26). From the results,
1t Is clear that the spacing factor Is essential-
ly not affected by the presence of fly ash, pro-
vided that the dosage of alr~entraining admixture
1s proper |y adjusted to achieve the same level of
alr content,

CONCLUSIONS

The physical, mineralogical, chemical, and pozzo-
lanic properties of the fly ashes Investigated iIn
this study vary over a wide range, but this Is no
different from the variabllity of avallable fly
ashes from other countries. Notwithstanding the
above, all the fly ashes Investigated are suitable
for use In concrete and some of these are already
being marketed. Because each fly ash Is unique,
the users are advised to carry out a trial mix-
ture program to develop proper mixture proportions
and water requirements for the fly ash under
study. In general, the water demand of fly ash
concretes, as evidenced by the Increase In the
slump of fly ash concretes, is |ower than that of
control concrete; however, there are exceptions
as noted In the report.

The strength properties of fly ash concretes show
a galn with time but, even at 365 days, the com-
pressive strengths of some of the fly ash con-
cretes do not reach |evels achieved by the control
concrete, This Is significant and should be taken
Into account when proportioning fly ash concretes,

All fly ash concretes show satisfactory perfor-
mance In rapld freezing-and-thawing tests (ASTM
Standard C 666 Procedure A)., This Implies that If
concrete Is satisfactorily alr-entrained and has
at least 20 MPa compressive strength at the time
of the commencement of the test, the Incorporation
of fly ash does not adversely affect its resis-
tance to frost action. Also, with one exception,
all fly ash concretes exhibit drying shrinkage
and creep stralns that are elther comparabie to,
or smaller than, those of the control concrete.

The +test results reported and the .conclusions
drawn are for the fly ash samples tested In this
Investigation and the type of cement used. They
may, or may not, be applicable to other types of
fly ashes and cements.
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Table 1 - Mineralogical composition of some selected fly ashes

Phase composition, per cent Loss
Fly ash | Type of on
source coal¥ Glass Quartz Mullite Magnetite Hematite | ignition, %
1 B 72.1 4.0 12.6 6.2 1.6 3.5
4 B 70.1 3.2 3 17.2 4.7 1.5
5 B 55.6 6.2 19.8 5.6 3.1 9.7
6 B 54.2 8.3 23.5 4.4 2.1 7.5
7 SB 90.2 2.9 1 - —— 0.8
8 SB 83.9 4.1 10.2 - 1.4 0.4
9 SB 79.8 8.7 11.5 - - 0.8
10 L 94.5 4.6 - - 0.9
*¥B: Bituminous; SB: Subbituminous; L: Lignite.
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Table 2 - Chemical composition of fly ashes - major and minor elements

Type ' Chemical composition**, welght per cent
Fly ash of
source coal*| Si0y | Aly03 | Fep03 | Cal Mg0 Nas0 | K90 Ti0y | P205 | MnO Ba0 S03 LOI#***
1 B 47.1 | 23.0 20.4 1.21 | 1.17 | 0.54 | 3.16 | 0.85.} 0.16 | 0.78 | 0.07 | 0.67 | 2.88
2 B 44,1 | 21.4 26.8 1.95 | 0.99 | 0.56 | 2.32 | 0.80 | 0.27 | 0.12 | 0.07 | 0.96 | 0.70
3 B 35.5 | 12.5 44,7 1.89 | 0.63 | 0.10 | 1.75 | 0.56 | 0.59 | 0.12 | 0.04 | 0.75 | 0.75
4 B 38.3 | 12.8 39.7 4,49 | 0.43 | 0.14 | 1.54 | 0.59 | 1.54 | 0.20 | 0.04 | 1.34 | 0.88
5 B 45.1 | 22.2 15.7 3.77 | 0.91 | 0.58 | 1.52 | 0.98 | 0.32 | 0.32 | 0.12 | 1.40 | 9.72
6 B 48.0 | 21.5 10.6 6.72 | 0.96 | 0.56 | 0.86 | 0.91 | 0.26 | 0.36 | 0.21 | 0.52 | 6.89
7 SB 55.7 | 20.4 4.61 10.7 | 1.53 | 4.65 | 1.00 | 0.43 ) 0.41 | 0.50 | 0.75 | 0.38 | 0.44
8 SB 55.6 | 23.1 3.48 12.3 | 1.21 | 1.67 | 0.50 { 0.64 | 0.13 | 0.56 | 0.47 | 0.30 | 0.29
9 SB 62.1 | 21.4 2,99 11.0 | 1.76 | 0.30 | 0.72 { 0.65 | 0.10 | 0.69 | 0.33 | 0.16 | 0.70
10 L 46.3 | 22.1 3.10 13.3 { 3.11 | 7.30 | 0.78 | 0.78 | 0.44 | 0.13 | 1.18 | 0.80 | 0.65
11 L 44,5 | 21.1 3.38 12.9 | 3.10 | 6.25 | 0.80 | 0.94 | 0.66 | 0.17 | 1.22 | 7.81 | 0.82

¥ B: Bituminous; SB: Subbituminous; L: Lignite.
#% By Inductively Coupled Argon Plasma (ICAP) Technique, except for NaZO,
K50, SO3, and LOI.
*¥¥%% Between 105 and 750°C.
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Table 3 ~ Chemical composition of fly ashes - trace elements

Chemical composition**, ppm

Fly ash Type of
source coal#* Cu Pb Zn Ni Co | Be | Cd | Mo Cr Sr Th | Zr v Ag
1 B 106 198 | 349 98 | 12 9 <1 40 | 110 344 | 54 | 135 | 200 | <.5
2 B 128 | 295 | 698 | 295 15 9 2| 110 | 132 526 | 57 | 142 | 215 | <.5
3 B 123 <5 | 121 76 <5 8 <1 | 150 57 213 ] 39 | 115 | 185 | <.5
4 B 157 38 | 155 73 <5 | 11 | <1 ] 215 56 295 | 46 99 | 146 | <.5
5 B 103 48 | 162 | 106 | 18 | 13 <1 30 | 139 | 1225 | 56 | 137 | 219 | <.5
6 B 69 40 87 58 9 8 <1 35 60 992 | 54 87 | 142 | <.5
7 SB 28 68 77 50 <5 6 2 60 30 | 2185 | 40 | 192 56 t <.5
8 SB 37 73 71 40 <5 6 <1 55 30 | 1085 | 45 | 309 62 | <.5
9 SB 35 40 58 44 <5 5 <1 45 35 738 | 42 | 264 81 | <.5
10 L 52 58 48 36 <5 6 <1 35 41 | 3520 | 26 | 267 78 | <.5
11 L 73 83 | 120 41 <5 7 ] <1 55 56 | 3435 | 27 | 250 | 125 ) <.5
*# B: Bituminous; SB: Subbituminous; L: Lignite.

*¥* By Inductively Coupled Argon Plasma (ICAP) Technique.




Table 4 - Physical properties of fly ashes

Physical properties

Fineness, % retalned on 45 um Blaine
Fly ash |Type of| Specific gravity specific surface
source | coal¥ (Le Chatelier Dry sleving area,
" Method) Wet sieving** | (Alpine jet) m /kg
1 B 2.53 17.3 (14.9) . 12.3 289
2 B 2.58 14.7 (12.7) 10.2 312
3 B 2.88 25.2 (21.7) 18.0 127
4 B 2,96 19.2 (16.6) 14.0 198
5 B 2.38 21,2 (18.3) 16.1 448
6 B 2,22 40.7 (35.1) 30.3 303
7 SB 1.90 33.2 (28.7) 26.4 215
8 SB 2,05 19.4 (16.7) 14.3 326
9 SB 2,11 46.0 (39.7) 33.0 240
10 L 2.38 24.9 (21.5) 18.8 286
11 L 2.53 2.7 (2.4) 2.5 581

¥ B: Bituminous; SB: Subbituminous; L: Lignite.

*¥%¥ Values in parentheses do not include sieve correction factor.
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Table 5 - Pozzolanic properties of fly ashes

Pozzolanic activity with Portland cement *%
Fly ash| Type Activity index | Accelerated activity | Pozzolanic activity
source of Water requirement, at 28 days, index at 7 days, index with lime
coal¥ % % % at 7 days, MPa
1 B 92 98.2 90.1 6.8
2 B 92 100.0 91.5 6.3
3 B 92 73.2 71.7 5.5
4 B 92 92.3 85.6 8.8
5 B 100 93.7 87.7 7.6
6 B 104 73.7 71.2 4.5
7 SB 94 73.3 68.1 4,3
8 SB 92 94.6 85.5 6.3
9 SB 97 77.0 69.3 4,9
10 L 92 86.4 87.3 6.8
11 L 88 132.6 130.7 16.3
¥ B: Bituminous; 3B: Subbituminous; L: Lignite.

*¥*% Cement used had composition and properties similar to those shown in Table 7
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Table 6 - Compliance of Canadian fly ashes with ASTM and CSA specification

requirements
ASTM C 618-84 | CSA A23.5-M82 Fly Ash No.
* *
requirements requirements 1 2 3 4 5 6 7 8 9 10 11
Chiemical Requirements
- (SLO2 + A1203 + Fe203), % Min 70%* — 90.5 |92.3 |92.7 |90.8 {83.0 |80.1 | 80.7 |82.2 | 86.5 | 71.5 69.0
- 503, % Max 5.0 Max 5.0 0.67 | 0.96 0.?5 1.34 {1.40 {0.52 } 0,38 | 0.30 | 0.16 ] 0.80 | 7.81
- LOL, % Max 6.0 Max 12.0%** 2.88 | 0.70 }0.75 | 0.88 |9.72 [6.89 | 0.44 | 0.29 | 0.70 | 0.65 0.82
Physical Requirements
- %Z Retaiued on 45 pm Max 34 Max 34 17.3 14,7 125.2 | 19.2 ]21.2 |40.7 } 33.2 19.4 | 46.0 | 24.9 | 2.7
by wet sieving _ :
- Water requirement, 2% Max 105 — 92 92 92 92 100 | 104 94 92 97 92 88
~ Pozzolauic activity index with
l'ortland cement, %
- CSA accelerated at 7 days —_— Min 68 90,1 |91.5 |71.7 {85.6 |87.7 |71.2 | 68.1 |85.5 [69.3 }87.3 [130.7
- ASTM at 28 days Min 75 -— 98.2 [100.0 }73.2 |92.3 {93.7 {73.7 | 73.3 |94.6 |77.0 |86.4 [L32.6
- lozzolanle activity with Min 5.5 -— 6.8 6.3 5.5 8.8 7.6 | 4.5 4.3 6.3 4.9 6.8 | 16.3
Lime, MPa

¥ For both Class F and C fly ashes unless otherwise indicated.
*%¥ Min 60 for Class C.

*¥%% Max 6.0 for Class C.




Table 7 - Physical properties and chemical analysis of cement¥®

Physical properties Chemical analysis
Fineness
—~ Passing 75-um sieve s 96.9% Silicon dioxide : 22,02%
~ Passing 45~um sieve + 85.8% Calcium oxide (total) : 62,76%
~ Blaine : 363 m2/kg | Alumina : 3.99%
Ferric oxide : 2.76%
Normal consistency ¢ 22,0% Magnesia : 3.30%
Sulphur trioxide : 3.01%
Vicat setting time Sodium oxide : 0.497%
Potassium oxide H 0.54%
- Initial ¢ 140 min Loss on ignition : 1.59%
- Final : 230 min Insoluble residue : 0.14%
Autoclave expansion : 0.09% Compound composition
Compressive strength of C3S ¢ 48.8%
50-mm mortar cubes CyS + 26.3%
(W/C:0.485;F1low:127%) C3A : 5.9%
C4AF : 8.4%
- 3 days : 20.8 MPa
-~ 7 days 1 25.2 MPa
- 28 days ¢ 33.2 MPa

* Data supplied by manufacturer.




Table 8 - Concrete mixture proportions

Batch quantities, kg/m3
Replacement
Mixture Fly ash | of cement W/(C+F)* | Cement | Fly ash | Fine |[Coarse| A.E.A.,
No. source by £1y ash, agg. agg. | mL/m3
' % by weight
Control 1 - 0 0.50 297 - 791 1094 200
Control 2 - 0 0.50 295 - 782 1082 170
Fl 1 20 0.50 236 59 780 1077 320
F2 2 20 0.50 237 59 782 1080 200
F3 3 20 ©0.50 237 59 ‘786 1088 200
F4 4 20 0.50 238 59 792 1094 160
F5 5 20 0.50 237 59 782 1080 690
F6 6 20 0.50 238 59 784 1082 660
¥7 7 20 0.50 239 59 780 1077 370
F8 8 20 0.50 236 59 775 1069 230
F9 9 20 0.50 236 59 775 1070 240
F10 10 20 0.50 237 59 781 1079 290
Fll 11 20 0.50 237 59 782 1080 150

¥ Water/(cement + fly ash) by weight.
Note: Control mixture No. 1 was made at the start of the mixing program

(Feb. 1984) and control mixture No. 2 was made at the end of the
program (April 1984).
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Table 9 -~ Properties of fresh concrete

Properties of fresh concrete
Unit Setting time,
Mixture W/ (C+F)* | weight, | Slump, Air Bleeding, h:min
No. kg/m3 mm con;ent, % mitial | Final
Control 1 0.50 2320 70 6.5 —— —_—— | e——
Control 2 0.50 2320 70 6.4 2.9 4:10 6:00
F1 0.50 2300 100 6.2 3.1 4:50 8:00
F2 0.50 2310 105 6.2 4.6 7:15 10:15
F3 0.50 2310 100 6.2 5.1 5:20 8:10
F4 0.50 2320 110 6.3 4.3 6:20 8:25
F5 0.50 2310 65 6.4 2.7 5:15 8:55
F6 0.50 2300 75 6.5 2.6 4:30 6:50
F7 0.50 2300 100 6.1 2.9 4:15 6:20
F8 0.50 2300 115 6.2 5.6 5:10 . 7:30
F9 0.50 2280 100 6.4 4.4 5:25 9:00
F10 0.50 2290 130 6.5 2.5 4:45 7:00
Fill 0.50 2290 140 6.6 0.6 4:00 6:05

¥ Water/(cement + fly ash) by weight.

Note:

averages of three batches.

for one batch only.

The values for the unit weight, slump, and air content are the

The bleeding and setting time values are

21
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Table 10 - Testing schedule for hardened concrete

Age of testing, days

Batch Type of
No. testing 7 14 28 91 365
1 Compression 2 cylinders 2 cylinders 2 cylinders 2 cylinders 2 cylinders
(ASTM C 39)
2 Flexure 3 prisms 3 prisms 3 prisms
(ASTM C 78)
Freezing and thawing Two prisms were exposed to repeated cycles of freezing and thawing
(ASTM C 666) at the end of 14 days of moist-curing.
Compression 2 cylinders
(ASTM C 39)
3 Modulus of elasticity’ 2 cylinders
(ASTM C 469)
C?eep Four cylinders were tested for creep at the end of 91 days of
(ASTM C 512) moist-curing,
Drying shrinkage Two prisms were exposed to air-drying at 23°C and 50 per cent R.H.,
(ASTM C 157) each at the end of 7 and 91 days curing in water.
Compression 2 cylinders
(ASTM C 39)
Note: For each mix, three concrete batches were made to obtain all the specimens needed.
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Table 11 - Summary of compressive and flexural strength, and Young's modulus of elasticity test results

Modulus of elasticity*
Compressive strength* of Flexural strength** of of 150 x 300-mm

. 150 x 300-mm cylinders, MPa 75 x 100 x 400-mm prisms, MPa cylinders, GPa
Mixture

No. 7-day | 28-day | 91-day | 365-day | l4-day 28-day | 9l-day 28~day
Contrel 1 23.4 30.6 34.9 39.2 4.9 5.4 5.9 33.5
Control 2 22.1 28.6 32.5 36.5 4,3 4.7 5.9 -

F1 18.4 25.7 31.4 38.3 4.4 4.4 5.4 33.0

F2 16.9 25.2 34.8 37.0 3.9 4.8 5.5 30.2

F3 14.4 21.0 27.6 34.4 4.0 5.0 5.3 30.0

F4 17.8 23.3 32.3 36.9 4.1 4.4 5.2 31.5

F5 20.1 28.0 33.9 44.3 3.5 4.4 5.3 33.0

F6 18.4 24.8 31.8 39.2 3.5 4.6 5.6 29.0

F7 16.7 24,1 29.1 35.7 3.9 4.5 5.4 33.0

F8 17.9 27.7 29.0 40.4 4.6 5.0 6.1 34.1

F9 16.7 24.9 31.1 35.6 4.3 4.2 5.7 35.8

F10 19.2 28.5 33.7 39.7 4.1 5.1 5.8 31.3

F11 21.1 29.4 35.3 40.1 4.8 5.3 6.6 32.9

* FEach value is the average of two tests.

*% Fach value is the average of three tests.




Table 12 - Summary of shrinkage test results

Shrinkage measurements

Initially cured for Initially cured for

Duration 7 days in water 91 days in water
of
Mixture drying, |Moisture* Drying Moisture* Drying
No. days loss, % shrinkage, X10-6 loss, % shrinkage, x10-6

Control 2 224 55.0 422 - 53.7 453
F1 224 57.5 447 47.9 365
F2 224 57.3 364 45.4 280
F3 224 56.9 411 56.2 405
F4 224 54.7 379 49,2 387
F5 224 58.8 404 51.1 403
F6 224 60.6 475 56.4 454
F7 224 64.3 397 54,1 433
F8 224 56.3 400 - 327
F9 224 58.2 390 49.3 361
F10 224 58.4 642 55.2 500
Fl11 224 49,5 454 48.9 362

¥As a percentage of total original water.
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Table 13 - Summary of creep test results

Age at . Stress/ ) Initial
i loading, | ApPlied | gerepgth | Puration of | ejagtic )
Mixture days stress, ratio*, loading, strain, | Creep strain#*#,
No. MPa g days X10~6 X106
Control 1 91 9.70 28 259 269 585
Control 2 91 " 30 244 275 562
Fl 91 " 31 255 248 357
F2 90 " 28 255 ‘247 331
F3 91 " 35 262 299 537
F4 90 " 30 254 273 458
FS 99 " 29 260 255 367
F6 91 " 31 264 252 492
F7 90 " 33 260 263 404
F8 90 " 33 258 237 320
F9 91 " 31 252 237 360
F10 91 " 29 239 262 544
Fl1 91 " 27 254 264 367

¥Applied stress as a percentage of compressive strength of companion

specimens at time of loading.

¥¥Creep strain = total load-induced strain - initial elastic strain.
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Table 14 - Durability factors and air-void parameters of hardened
concrete for contrel and fly ash mixtures

Mixture Durability factor Air content,** | Specific surface | Spacing factor
No. after 300 cycles, Z% 2 (¢), mm~1 (L), mm

Control 1 97.7 7.2 (6.5) 22.3 0.135

Control 2 98.1 7.2 (6.4) 25.2 0.108
Fl 96.4 8.0 (6.2) 20.1 0.132
F2 98.8 8.4 (6.2) 20.4 0.124
F3 96.8 8.3 (6.2) 23.4 0.108
F4 ‘ 98.8 8.7 (6.3) 19.5 0.108
F5 97.2 7.9 (6.4) 26.1 0.104
F6 96.8 - (6.5) 38.7 0.105
F7 97.6 7.0 (6.1) 27.2 0.110
F8 96.9 . 7.1 (6.2) 23.5 0.109
F9 97.6 9.1 (6.4) 20.0 0.121
F10 97.2 7.5 (6.5) 34.8 0.0%
Fl1 95.8 7.6 (6.6) 26.5 0.108

#Determined in accordance with ASTM C 666 (Procedure A).

¥¥Values in parentheses refer to the air content of fresh concrete.
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Table 15 - Summary of results of freezing and thawing tests

Mixture W/(C+F)* Air
No. content,

%

Control 1 0.50 6.5

Control 2| 0.50 6.4

Fi 0.50 6.2

F2 0.50 6.2

F3 0.50 6.2

F4 0.50. 6.3

F5 0.50 6.4

Fé 0.50 6.5

F7 0.50 6.1

F8 0.50 6.2

F9 0.50 6.4

F10 0.50 6.5

F11 0.50 6.6

Summary of test results after 500 cycles of freezing and thawing

Weight
change,
%

-0.44
+0.06
+0.06
-0.39
-0.37
-0.88
-0.22
-0.99
-0.49
-0.19
-0.40
-0.38
-0.26

Length | Pulse Velocity | Fundamental | Relative ) Residual Residual
change, change, longitudinal | dynamic | flexural modified
% frequency modulus, | strength,** | cube
change, % % strength,**
% %
+0.007 0.0 -0.9 98 -- 83
------ +1.5 -0.4 99 70 72
+0.006 +2.8 -1.4 97 -- 74
+0.016 -0.2 -1.4 97 59 80
+0.006 +0.9 -1.4 97 73 69
+0.003 +1.6 -0.4 93 82 65
+0.018 +0.9 -1.0 928 7 76
+0.018 +2.0 -1.2 98 64 74
------ 2.1 -0.4 99 67 70
-0.002 0.0 -1.4 97 71 72
+0.011 +0.2 -1.2 98 70 75
+0.02] +2.0 -1.4 97 64 74
+0.015 -3.0 -1.7 97 66 76

¥Water/(cement +

¥¥This value is a

fly ash) by weight.

percentage of the strength of companion test prisms that

had been moist-cured for a period equivalent to the completion of 500 cycles

of freezing and thawing.
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Fig. 6 - Relationship between 7-day accelerated and 28-day
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APPENDIX A

DETAILED FREEZING AND THAWING
TEST RESULTS
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Table Al - Weight changes of reference moist-cured and test prisms exposed to fpeeze—thaw cycling

Weight of 76 x 102 x 390-mm prisms, kg
Mixture | W/C+F}* Air Pelative
No. content, Reference moist-cured Test prisms subjected to change,
% prisms freeze-thaw cycling %
At 14 days | At the end Change, | At O cycles | At 300 cycles | At 500 cycles | Changes
. * o o
of cycling,** A (after 500
cycles)
Control-1 0.50 6.5 7.186 7,202 +0.22 7.228 7.213 7.196 -0.44 -0.66
Control-2 0.50 6.4 7.125 7.159 +0.48 7.129 7.130 7.133 +0.06 -0.42
F1 0.50 6.2 6.970 7.010 +0.57 7.024 7.051 7.028 +0.06 -0.51
F2 0.50 6.2 7.124 7.147 +0.32 7.174 7.167 7.146 -0.39 -0.71
F3 0.50 6.2 7.088 7.112 +0.34 7.023 7.011 6.997 -0.37 -0.71
Fa 0.50 6.3 7.147 7.164 +0.24 7.173 7.142 7.110 -0.88 -1.12
F5 0.50 6.4 7.067 7.109 +0.59 7.127 7.128 7.111 -0.22 -0.81
Fb6 0.50 6.5 7.077 7.113 +0.51 7.099 7.083 7.029 -0.99 -1.50
F7 0.50 6.1 7.052 7.087 +0.50 6.988 65.972 6.954 -0.49 -0.99
F8 0.50 6.2 7.024 7.045 +0.30 6.973 6.983 6.960 -0.19 -0.49
F9 0.50 6.4 7.034 7.064 +0.43 6.993 65.993 6.965 ~0.40 -0.83
F10 0.50 6.5 7.017 7.081 +0.34 7.032 7.035 7.005 -0.38 ~0.72
F11 0.50 6.6 7.287 7.306 +0.26 7.183 7.187 7.164 -0.26 -0.52
¥ Water/(cement + fly ash) by weight.

¥*%* Corresponding to the equivalent of 500 cycles, i.e.,

to about 90 days.
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Table A2 - Length changes of reference moist-cured and test prisms exposed to freeze-thaw cycling

Effective Length of 76 x 102 x 390-mm prisms,** mm
Mixture | W/C+F)* Air Relative
No. content, Reference moist-cured Test prisms subjected to change jtt
prisms freeze-thaw cycling . %

At 14 days | At the end | Change;+| At 0 cycles | At 300 cycles | At 500 cycles Chan%e»f’f

of cycling;*t % (after 500

cyeles)
Control-1} 0.50 6.5 3.216 3.213 -0.001 3.419 3.432 3.444 +0.007 +0.008
Control-2] 0.50 6.4 3.513 3.594 +0.022 | -mee= | mmeem b emmee b mmmmee | mmmee
F1 0.50 6.2 3.404 3.439 +0.010 3.556 3.528 3.576 +0.006 -0.004
F2 0.50 6.2 3.373 3.421 +0.013 3.279 3.312 3.338 +0.016 +0.003
F3 0.50 6.2 2.865 2.891 +0.007 3.073 3.089 3.096 +0.006 -0.001
F4 0.50 6.3 3.112 ©3.127 +0.004 3.487 3.515 3.498 +0.003 -0.001
F5 0.50 6.4 2.720 2.758 +0.010 3.241 3.261 3.307 +0.018 +0.008
F6 0.50 6.5 3.510 3.554 +0.012 3.675 3.716 3.741 +0.018 +0.006
F7 0.50 6.1 3.762 3.792 +0.008 b N B N T Pt R BT TR B
F8 0.50 6.2 3.444 3.475 +0.009 3.287 3.289 3.281 -0.002 -0.011
F9 0.50 6.4 3.487 3.548 +0.017 3.559 3.559 3.597 +0.011 -0.006
F10 0.50 6.5 3.294 3.330 +0.010 3.439 3.461 3.514 +0.021 +0,011
F11 0.50 6.6 3.09 3.122 +0.007 3.470 3.485 3.526 +0.015 +0.008

* Water/(cement + fly ash) by weight.

**¥ Gauge length

358 mm.

T Corresponding to the equivalent of 500 cycles, i.e., to about 90 days.

T As a percentage of total effective length including gauge length of 358 mm.
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Table A3 - Changes in ultrasonic pulse velocity of reference moist-cured and
test prisms exposed to freeze-thaw cycling

Ultrasonic pulse velocity of 76 x 102 x 390-mm prisms, m/s
Mixture | W/C+F)* Air Relative
No. content, Reference moist-cured Test prisms subjected to change,
% prisms freeze-thaw cycling %
At 14 days | At the end Change, | At 0 cycles | At 300 cycles | At 500 cycles Cha’zge,
1 * %
of cycling, % Fafter 500
cycles)
Control-1 0.50 6.5 4670 4850 +3.8 4690 4670 4690 0.0 -3.8
Control-2 0.50 6.4 4550 4760 +4.6 4520 4560 4590 +1.5 -3.1
F1 0.50 6.2 4340 4670 +7.6 4310 4380 4430 +2.8 -8.8
F2 0.50 6.2 4500 4780 +6.2 4530 4520 4520 -0.2 -6.4
F3 0.50 6.2 4470 4720 +5.6 4430 4460 4470 +0.9 -4.7
Fa 0.50 6.3 4460 4760 +6.7 4460 4510 4530 +1.6 -5.1
F5 0.50 6.4 4380 4720 +7.8 4470 4480 4510 +0.9 -6.9
F6 0.50 6.5 4390 4690 +6.8 4440 4480 4530 +2.0 -4.8
F7 0.50 6.1 4380 4650 +6.2 4330 4390 4420 +2.1 -4.1
F8 0.50 6.2 4460 4720 +5.8 4480 4520 4480 0.0 -5.8
F9 0.50 6.4 4410 4670 +5.9 4470 4490 4480 +0.2 -5.7
F10 0.50 6.5 4510 4750 +5.3 4500 4460 4590 +2.0 -3.3
F11 0.50 6.6 4650 4780 +2.8 4640 4580 4500 -3.0 -5.8

¥ Water/(cement + fly ash) by weight.

¥* Corresponding to the equivalent of 500 cycles, i.e., to about 90 days.
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Table A4 - Changes in fundamental longitudinal frequency of reference
moist-cured and test prisms exposed to freeze-thaw cycling

Fundamental longitudinal frequency of 76 x 102 x 390-mm prisms, Hz
Mixture § W/C+F)* Air ; Relative
No. content, Reference moist-cured Test prisms subjected to change,
g prisms freeze-thaw cycling %
R Change,
At 14 days,} At the end Change, | At 0 cycles,| At 300 cycles, | At 500 cycles, ;
of cycling,** % (after 500
cycles)
Control-1} 0.50 6.5 5250 5470 +4.2 5290 5230 5240 -0.9 -5.1
Control-2f{ 0.50 6.4 5120 5350 +4.5 5120 5070 5100 -0.4 -4.9
F1 0.50 6.2 4910 5290 +7.7 4980 4890 4910 -1.4 -9.1
F2 0.50 6.2 5030 5400 +7.4 5050 5020 4980 -1.4 -8.8
F3 0.50 6.2 4970 5320 +7.0 4990 4910 4920 -1.4 -8.4
F4 0.50 6.3 5060 5350 5.7 5040 5010 5020 -0.4 -6.1
F5 0.50 6.4 4960 5360 +8.1 5050 4980 5000 -1.0 -9.1
Fé 0.50 6.5 5000 5340 +6.8 5030 4950 4970 -1.2 -8.0
F7 0.50 6.1 4940 5270 +6.7 4920 4860 4900 -0.4 -7.1
F8 0.50 6.2 5100 5370 +5.3 5100 5020 5030 -1.4 -6.7
F9 0.50 6.4 4990 5320 +6.6 5020 4960 4960 -1.2 -7.8
F10 0.50 6.5 5090 5360 +5.3 5020 4950 4950 -1.4 -6.7
F1N 0.50 6.6 5240 5430 +3.6 5200 5090 5110 -1.7 -5.3

¥ Water/(cement + fly ash) by weight.

¥% Corresponding to the equivalent of 500 cycles, i.e., to about 90 days.




