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1. _INTRODUCTION:

The role of different phases of portland cements on the expansion of mortar
bars made with alkali reactive aggregates is not understood. In earlier
research reported by Stanton {1],and others [2,3), the effect of phase
composition was investigated, but due to the number of variables in the
commercial cements, it was only possible to determine the effect of alkalis on
expansion. In some recent research [4], it was shown that the alkalis present
in the sulfate phases in the clinker caused the most expansion of mortar bars,
while alkalis occurring in the calcium silicate phases has the least effect on
expansion. It has also been suggested that Ca(OH), in concrete has a negative

role in alkali-aggregate reaction [5,6,7] and it was thought that the high C38
levels in modern cements may contribute to higher levels of Ca(OH), in concrete

and hence to a lower durability vis a vie alkali-aggregate reactivity; the
validity of this hypothesis has not been demonstrated.

In the present study, a suite of cements were made under carefully
controlled laboratory conditions so that the effects of changes in the C3A, C3S

and alkali contents of the cements on expansion due to alkali-aggregate
reaction, could be studied independently.

2. _EXPERIMENTAL
2.1. Rxepaxation of cements

The raw materials used in the production of the laboratory cements were
obtained from the Woodstock plant of Lafarge Canada Inc. K2SO4 and NazSO4 were

added, when necessary, to the raw feed prior to firing to provide additional
alkali [8)]. A small quantity of water was added to each raw mix which was then
pressed into pellets, dried at 150°C, calcined for 30 minutes at 950°C, and
then fired at 1450°C for 30 minutes; this was followed by rapid cooling in air
to ambient temperature. In all 17 cements were made. The burning time at
1450°C for 7 clinkers #111, #121, #122, #131, #132, #211 and #212 was increased
to 40 minutes to reduce the alkali to the intended levels. The cements were
made by intergrinding the clinkers with optimum amount of gypsum, to a fineness
of 370 lekg. The final alkali contents of cements #112, #212 and #222 were
adjusted to the desired level by the addition of 0.28%, 0.14% and 0.56% K2S504,
respectively.
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2.2. Ppreparation and storage of mortar bhars:

The mortar bars were prepared according to the specifications in ASTM C227
[9] except that the w/c ratio was fixed at 0.485. A well documented siliceous
limestone was used as reactive aggregate [10]. Following demoulding, the
mortar bars were precured for one day under one of two conditions: i. at 23°C
and 100% humidity, ii. two hours in a moist curing cabinet at 23°C followed by
8 hours at 70°C and 100% humidity and finally, 14 hours at 23°C and 100%
humidity, referred to subsequently as 70°C precuring. The first length
measurement was made at the end of the precuring period. After the initial
measurement the mortar bars were stored at 38°C and 100% humidity. Length
change of the mortar bars was monitored for two years. One bar from each set
was removed after six months of storage and the amount of Ca(OH)2 and

ettringite in them was determined.

The chemical composition of the cements is shown in table 1. The phase
compositions of the clinkers determined by the Bogue calculation and by point
counting with an optical microscope is shown in table 2.

Table 1. Chemical composition of cements.

CEMENT SO ALO; Fo;0p Ca0 MgO NaO K,0 N3ONs0 S0, LO
% % % % % % % eq%sl% % %
1 2
111 19.7 5.19 1.45 61.12 3.06 0.4%1 1.14 1.16 077 4.12 1.34
112 20.3 3.76 3.71 60.95 3.28 0.47 1.09 1.19 048 3.08 1.23
121 204 515 1.50 62.06 3.13 042 122 1.22 077 4.39 1.45
122 21.0 3.83 B3.74 61.07 3.35 0.50 0.98 1.15 0.39 3.03 1.20
131 209 5.7 1.52 61.08 3.14 0.44 1.26 1.27 071 3.60 1.59
132 217 3.89 3.65 61.07 3.40 0.51 1.03 1.19 040 3.19 1.25
211 204 550 1.52 653 271 043 073 091 041 371 1.36
212 20.5 3.93 3.87 62.96 2.66 0.43 073 091 043 272 0.97
221 20.4 5.27 1.43 62.84 2.61 044 065 0.87 0.25 4.28 1.78
222 21.5 3.95 3.86 62.86 2,69 0.36 084 091 038 27 0.84
231 21.6 5.33 1.45 62.47 2.64 0.38 0.77 0.8 0.41 3.68 1.36
232 22.3 3.86 3.76 62.13 z.72 049 0.68 094 0.24 271 1.10
13 . 20.8 4.56 2.64 62.57 3.95 0.18 0.97 0.81 0.45 2.93 1.80
14 20.8 456 272 62.48 3.96 0.19 097 0.83 046 2.89 1.62
15 201 6.23 3.95 63.19 1.11 0.14 064 0.56 039 285 1.09
16 197 6.07 3.81 64.27 1.03 0.13 0.69 058 043 3.05 1.19
17 206 6.25 4.01 63.75 1.07 0.13 059 0.52 048 2.79 0.93

*1. Composition of cements is indicated by a three digit code: The
_first digit indicates the alkali_content of the cement, the second

C35 content and the third the C3A content.
$#2. Soluble alkali determined after 1 minute in water. Cements 11-17
were ground from commercial clinker.

3.1.1.2. Mortar bar expansions:

The expansion of mortar bars made with high alkali cements (1.20%0.05%) is
shown in figure 1; it is evident that high alkali cements with high C3A
contents gave rise to the greatest expansion of mortar bars. There is no clear
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differentiation between
the rates of expansion Table 2. Phase composition of laboratory made cements
of mortar bars made with determined by Bogue calculatlon and by optical

medium alkali cements optical microscopy.

with high and low C3A
BOGUE POTENTIAL COMPOUNDS PHASE CONPROSITION BY MICROSCOPY

contents, however,
alkali in the form C3S C2S C3h C4AF C3S €25 C3h CyAF Ca0  MgO
CEMENT

of K2804 was added #*1s 0% % & T % 0% % PO
to low C3A cements
$#212 and #222
resulting in an

increase their 111 59.415.612.14.7 54 28 11.53.4 1.1 2.2
expansion potential 112 61.215.73.912.1 52 30 3.713.8 1 .2
and a distortion of
the relationship 121 49.025.812.04.9 41 40 10.64.7 1.7 1.8
between it and the 122 51.525.34.012.1 50 27 5.416.8 0 .0
C3A content of 131 40.134.412.15.0 39 38 13.38.3 0.3 0.8
cement .
132 40.235.94.411.8 48 34 2.016.2 0 .6
211 59.216.612.64.8 76 8 14.7.0.8 0 .8
The five cements 212 59.117.04.112.4 61 15 3.8 16 2.0 2.2
made from commercial
0 221 50.3 26 12.64.8 61 23 13.41. .0 1.
clinker all have 41.0 0.01.4
low C3A contents; 222 50.527.04.212.4 57 26 2.513.3 0.5 1.0
expansions of mortar 231 39.736.312.54.7 52 33 13.11.2 0.2 0.8
bars made with these 232 40.636.94.112.1 50 30 3.614.9 0.1 2.1
cements were
proportional to their 13  50.724.27.9 8.3 61 21 4.011.5 0.8 2.2
alkali contents. 14 51.623.57.8 9.6 62 13 5.718.9 0.0 0.5

15 51.520.310.212.3 44 35 2.817.7 1.0 0.0
16 58.513.89.911.9 58 22 3.516.2 0.7 0.0
17 50.322.510.012.5 37 40 3.418.1 0.7 0.0

*1. Composition of laboratory made cements is indicated
by a three digit code: The first digit indicates the
alkali content of the cement, the second, its C3S
content and the third, its C3A content. Cements
# 13-17 were ground from commercial clinker.

3.1.2. Dpetemmination of rates of expansion of mortax bars:

The rates of expansion of the mortar bars were calculated after the method
of Grattan-Bellew [11]. Rates of expansion were used to investigate
correlations between the expansion of mortar bars and the different phases in
the cements. Data for the 17 cements show that there is excellent correlation
between the rates of expansion and the expansions of mortar bars at all ages.
(correlation coefficients were in the range of 0.95-0.98)

3.1.3. Correlation between rates of expansjon of mortar bars and

Multiple regression analysis was used to investigate correlations between
the different phases of the cements or combinations of them and the rates of
expansion of mortar bars; only the total acid soluble alkali contents
correlated with expansions. The rates of expansion of all the mortar bars
precured at 23°C and cured at 38°C were plotted against the alkali contents of
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the cements in figure 2,

LEGEND

from which it can be seen
that there is only 0.4 HIGH c3a ¥
moderately good correlation : —a— {21
between the rates of —fp— 131
expansion and the alkali R —_ 111
content of the cements. % T LOW C3a
The r?tes of expansion for % i . 132
the high alkali cements H 112
(1.197 * 0.05% Na,0 eqv.) E 0.2 — 122
vary between 18.7 x 10 3 o] ]
and 30.1 x 10 3 days~1/2 H
with a mean value of 0.1
23 + 8 x 1073 days."1/2 CEMENT ALKALI
As the expected variation 1.197 £ 0.05%
due to diferences in
expansion within a set of 0.0 TR
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mortar bars is 8% i.e.

#2 x 10”3 days1/2 for the
above set, factors other
than the alkali content of
the cements probably account
for the spread in the rates
of expansion observed in

STORAGE TIME IN DAYS @ 38°C & 100% R.H.

Figure 1. Effect of C3A content of
cement on expansion of mortar bars made
with high alkali cement.

figure 2 It is evident from
figure 1 that the expansion of 35
mortar bars is influenced by L] 4 y= -9.307 + 27.721
the C4A content of the cements. S 304 rR*2= 0.845
5 ]

It was thought that the iz 25 1
crystallization of etttringite S 1
in cracks and air voids might 2] 20 13
be contributing to the late E 1 14 ‘i
stages of expansion of the % 15 1
mortar bars, thus giving rise = 7 232#‘
to the spread in the 5 107717 1
rates of expansion of the mortar m ' 15
bars made with the high alkali 7] 5 4‘
cements which contain the most 2 16
soluble sulfates and hence o 7T 71 T

0.7 0.9 1.1 1.3

have the greatest potential for
ettringite formation.

No correlation was found between
the rates of expansion of mortar
bars made with cements #111, #112,
#121,#122, #131, and #131, and the
amount of ettringite in the mortar
bars after 6 months.

ACID SOLUBLE CEMENT ALKALI Na 2 O eqv. %

Figure 2. Effect of alkali content
of cement on expansion of mortar

bars.

Effect of percentage of (CoA + 505) in cements on the
bt rioad c azs:

Correlation between the (C3A + S03) content of the cements and the
ettringite content of mortar bars after six months is relatively poor, but, as
would be expected, the ettringite content of mortar bars made with high C3A

cements is higher than those made with low C3A cements.

3.1.4.
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3.1.5. Effect of soluble alkali content of cements on expansion:

The soluble alkali contents of the cements were determined. by one minute
extraction in water at 23°C. One minute extraction was used as it has been
shown that alkalis dissolved in one minute .are those present in the sulfate
phases in the cement [4] Alkalis present in sulfate phases are thought to
contribute most to the expansion of mortar bars containing reactive aggregates.
No correlation was found between the rates of expansion of mortar bars made
with all cements and the soluble alkali content of the cements. However, when
the cements made from commercial clinker, numbers 13-17, for which there is no
correlation between rates of expansion and soluble alkali, were excluded, a
moderate correlation was found. In the second author's experience with
Canadian cements, better correlation is usualy obtained with total alkali
rather than soluble alkalis and the rates of expansion of mortar bars or
concrete prisms.

3.1.6. Effect of C3S content of cement on calcium hydroxide
content of mortar bars

No correlation was found between the C3S content of the cements and the
calcium hydroxide content of the mortar bars after 6 months storage at 38°C and
100% humidity, when all the cements were included. But when the cements made
from plant clinker are excluded a moderate correlation was found between the
C3S content of the cement and the calcium hydroxide content of the mortar, ( the
correlation coefficient was 0.716) Because calcium hydroxide is thought to be
necessary for the occurrence of deleterious alkali aggregate reactivity [5] it
has been assumed that modern high strength cements with high C35 levels result
in poor durability of concrete made with potentially reactive aggregates. The
results of the present study show that for a variation of 37% in the C3S
content of the cements there was only a 2% change in the amount of calcium-
hydroxide in the mortar; this would have a neglegible effect on expansion due
to alkali-aggregate reaction.

4. CONCLUSIONS

i. This study has confirmed that the total acid soluble alkali content
is the only component which significantly effects the expansion of mortar bars
made with reactive siliceous limestone aggregate.

ii. Mortar bars made with high alkali cements (1.19% Na20 eqv.)
containing high levels of C3A (12.8%2.2%), showed greater expansions than
those with low levels of C3A (3.7%+1.7%) although no direct correlation was
found between the C3A content of the cement and the expansion of mortar bars.

iii. No correlation was found between the ettringite content of the
mortar bars and their expansion.
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