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THE EFFECTIVENESS OF FLYASHES AND GRANULATED
BLASTFURNACE SLAGS IN PREVENTING AAR
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1. ABSTRACT

The effectiveness of slags and flyashes in preventing AAR causing damaging
expansion of mortars and concretes has been assessed at BRE in a number of
ways. Mortar bar expansion tests have been used with pyrex glass, beltane
opal or crushed chert rock as the reactive aggregate and tests have also been
carried out using concrete prisms containing a flint fine aggregate. All the
tests showed that expansions were considerably reduced if sufficient flyash
was used to replace the Portland cement. When beltane opal was used as the
aggregate the alkali level of the ash was important and small replacement
levels of high alkali ashes could increase the expansion of some mixes. The
expansion of concretes containing flint aggregates may not be so sensitive to
the alkali in the ash however. The more limited information on the effects
of slags suggests that with UK materials a 507 replacement level is
sufficient to prevent damage from AAR.

KEY WORDS — FLYASH, SLAG, AAR

2. INTRODUCTION

Since the discovery in the UK in the late 70's of deterioration due to alkali
aggregate reaction there has been much interest in and debate about the
possible benefits and dangers of using flyashes and granulated blastfurnace
slags to reduce the possibility of damaging AAR developing in new
construction.

At BRE we have assessed the effectiveness of slags and flyashes in reducing
the expansion caused by AAR in a number of ways; mortar bar tests in which
the reactive aggregate was pyrex glass, beltame opal or crushed chert rock
and tests using concrete prisms containing flint fine aggregate., In this
paper we summarise this work, concentrating on the results of the work with
beltane opal and the concrete prisms which have not been presented before,
and we comment on the different methods of assegsment.

3. TESTS USING MORTAR BARS
In these tests 275 x 25 x 25 mm mortar bars were stored in a water saturated
atmosphere at temperatures of either 38, 20 or 5°C. Length measurements

recorded are the mean of two bars.

3.1 Mortar bars containing pyrex glass as reactive aggregate

The results of these tests were reported at the Cape Town conference in
1981(1). Eleven flyashes and a granulated blastfurnace slag were tested
broadly according to ASTM C441 using storage temperatures of 38, 20 and 5°C.
The eleven flyashes covered a wide spectrum of properties, from good to poor
pozzolanas and with total alkali contents up to 4,57% equivalent Nay0. When




used as partial replacements for a high alkali (1.06% equiv. Na,0) Portland
cement all the flyashes and the slag were found to produce significant
reductions in expansion of the mortar bars compared with bars containing the
Portland cement only and the extent of the reduction increased as the
replacement levEl increased. At a storage temperature of 38°C 20% of any of
the ashes or 50% of the slag reduced the expansion to a level below that
produced by a low alkali (0.58% equiv. Nay0) Portland cement. The effect-—
iveness of the flyashes at this storage temperature was therefore greater
than would be produced by an equivalent dilution of the Portland cement
alkalis., The effects of the different ashes were not greatly different

Such differences as there were correlated best with a measure of pozzol;nic
activity and the alkali content of the ash had only a secondary effect.

3.2 Mortar bars containing chert

aggregate

The main reactive component of the
aggregates in concrete affected by
AAR in the UK has been found to be
chert. It has only been possible,
however, to produce damaging

expansion of mortar bars containing 12}

— & — control
chert aggregates by increasing the ut A --°--w£p;
total alkali level over and above " \ Too-- 2%pha
that produced by a high alkali 0 e -- 8-~ 30% pfa
cement(2). The effects of partially "l
replacing this high alkali cement o8r /
plus alkali by 20, 30 or 40% of a low o7r S b
alkali flyash or 70% slag were also oer /
reported at Cape Town(l). 051 H
Significant reductions in expansion 04r / Age 6 months
of mortar bars stored at 38°C were o3f o= %™

!

produced by both the flyash and slag
and 30 or 40% ash or 70% slag reduced
the expansion to negligible levels.
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In these tests the reactive aggregate z:_ .o-ar'“QE&\
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was Beltane opal, a porous opaline 4 \

’

Age 6 weeks

rock from the Beltane quarr ar i R

California, which is dgstriZ&ted as a e
standard alkali reactive material by

Purdue University, USA. It was used 02 PPN

in the 150 to 300 micron fraction of o1f I a0 Age dwesks
the aggregate which was otherwise Be=do ol cocaden -
composed of inert basalt. The ¢ Eléﬁiicﬁmﬁ 0%

water/cement ratio of the mortars was

0.43 and the aggregate/cement ratio Figure 1 Mortar bars containing

2.75. high alkali opc/high
alkali flyash with beltane
opal aggregate. 38°C

The same high alkali (1.06 equiv. Nay0) Portland cement used in the tests
with pyrex and chert aggregates was used here. In the main series of tests
it was partially replaced by either 10, 20 or 30% by weight of flyash 178
(Table 1) which has a high alkali level (both total and available) and is
classed as a good pozzolana. We have not yet carried out any tests in which
the Portland cement is replaced by granulated blastfurnace slags in mortars
with beltane opal. It was known that the expansion of mortar bars containing
beltane opal varied markedly with the proportion of opal (the 'pessimum'
effect) so in order to obtain a clear interpretation of the effects of the
flyash a series of mixes containing different proportions of opal was made
for the control Portland cement and each of the replacement levels. The
results for a storage temperature of 38°C are shown in Figure 1 at ages of

3 weeks, 6 weeks and 6 months by which time expansion was effectively
complete. It can be seen that at this storage temperature replacement of the
high alkali cement by 20 or 30% of the ash reduces the expansion to
negligible levels at any proportion of opal. With only 10% ash the mortars
containing the higher proportions of opal expand more than the control at
early ages but after 6 weeks storage the control expansion is greater for all
amounts of opal. Overall there is a less marked pessimum for the mixes
containing pfa. It can also be noticed that the control mixes containing the
higher proportions of opal expand more slowly so with time the pessimum moves
to higher amounts of opal.

TABLE 1 PROPERTIES OF THE FLYASHES USED

Pozzolanicity by Lea Test(5) Total alkalis
Flyash Strength difference MN/m2 { 45 ym |Specific gurface :

20-50°C residue area (m4/kg) 1)K50

30% ash Rating 2)Na,0

3.84

178 17.6 Good 3.77 386 0.82
. 3.71

233 18 - Good 5.4 0.96
0.87

237 17.4 Good 12,5 423 0.18
3.81

185 7.9 Poor 27.36 258 1.48
198 7.5 P 25,88 584 1.0
. oor . 0.13

The expansions at 8 weeks, 3 months, and 1 year at a storage temperature of
20°C are illustrated im Figure 2. Features noticed at 38°C are now more
exaggerated. The mixes containing the lower proportions of opal expand much
sooner so the apparent pessimum of the control moves from 12 g opal/100 g
cement at 3 months to 18 g, and as the higher opal mixes are still expanding




i;xzzyczgzzi;:nzifgezn;a%ggsfzet.h Some of the lower opal content ' At the 30% replacement level
that at ages up to 6 month thyas. expand more quickly than the control so only the bars containing the
control mizes but in most s they may have equal or greater expansions to the . . -high alkali ash 178 have
sontrol mixes st cases the control mixes then overtake them. At the ) o——® Highalkaliopecontrol | gynanded significantly by 7 g
west end of the pessimum curve however the mixes with 10 or 20% flyash s ) g/”/’ months. Those containing the !

equal or exceed the expansion of the control even at age 1 year. The © v highly pozzolanic, low alkali
pessimum moves to lower proportions of opal as the amounts of flyash " ash 237 have show; a consistent
increase; 12 g opal/100 g cement for 10% flyash and 8-12 g for 20% flyash o5 7 shrinkage. N
compared with the 18 g of the control. I

045} At the 20Z replacement level the

bars containing the high alkali
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expansion of the bars with the ) ;
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A series of experiments is in progress in which the expansion of
Fi 2 ‘ 75 x 75 x 200 mm concrete prisms stored at 38°C either in water or in a
gure Mortar bars containing higB alkali ope/high alkali flyash with ; saturated atmosphere is being used to study the reactivity of British
beltane opal aggregate. 20°C i aggregates(2). Cracking and expansion has been produced within a few months
With 30% : in prisms containing 20, 30 or 40% Thames Valley sand as a proportion of the
4 E JUk ash the expansions are small (less than 0.1% at 1 year) but l total aggregate and a high content (740 kg/m3) of the same high alkali cement
edigate. Thergois no sharp pessimum, however, and all the mixes between 10 : (1.06 equiv. Nay0) used in the mortar bar tests. The reactive material in.
an g opal 100 g cement have -similar small expansions. i this sand is flint in the coarser size fractions, the rest being mainly quartz
ihe efiect gf the alkali level in the ash and its pozzolanicity were also f 5, 20 and 30% of this Portland cement have been replaced by a flyash in a set
tﬁve:I gated using three other ashes at the 20 and 307 replacement level in i of prisms containing 30% of the Thames Valley sand. For each mix duplicate
ed XTﬁontaining 12 g opal/100 g cement. A storage temperature of 20°C was 1 prisms were made. The flyash (233) is from the same power station as ash 178
used. e properties of the ashes are given in Table 1 and the results in ; used in the mortar bar tests and similarly has a high alkali content and is a

Figure 3. good pozzolana. A further duplicate set of prisms has been made with 600




kg/m® of the Portland cement
glving an alkali level (from the Portl
cement) equivalent to dilution of the 740 kg/m3 mix by 20% flyas;. and

03 It can be seen from Figure 4
that 5% replacement by flyash
ozs) had little effect on the

5% high alkali flyash

//&0' High alkali cement control
g

expansion but 20 and 30%
replacement suppressed the
expansion completely, It can
also be seen that the effect .of
the flyash is more than is
produced by an equivalent
reduction in the alkali level in
the concrete.
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Figure 4 Concrete prisms containing high
alkali opc/high alkali flyash
with 307 flint/quartz fine
aggregate, 38°C

5. DISCUSSION

Comparison of the results of the different test
both important similarities and differences. Al?ezﬁzd:egisgzigsgsr:ﬁislih t
expansion is reduced very significantly if a sufficient quantity of the 2
flyas? is used and where tests were carried out at both 38°C and 20°C those
at 38°C show the flyashes to be more effective in reducing expansion. Tests
carried out at 38°C on mortars containing beltane opal(3) or pyrex o; on
concrete prisms containing the Thames Valley sand show that the reductions
are greater than would be produced by dilution of the cement alkalis. It ma;
:ioﬁggt :he pozzolanicdaction of the flyash which is favoured by the.high 7
e temperature and moist condit
alkali aggregate rection under theseizgidiiigi:?ing ® part in combating the

The effectiveness of granulated blastfurnace slags

assessed by us using mortar bars made with eithef p;::xsgrfziu:ﬁiz z;:zt
aggregate. The reductions in expansion seem to be approximately equivalent
to the dilution of the Portland cement alkalis and with British Portland
cements and slags, 50% replacement is therefore sufficient to reduce
expansion to negligible levels. '

The use of beltane opal in mortars produces two import

there are some mixes, at the lowest end of the pesgimu:?th:::ltﬁé Firstly
replacement of the high alkali Portland cement control by 10 or 20% of the
high alkali flyash results in a greater expansion. Secondly the amount of
alkali in the ash seems to be important in determining the relative
effectiveness of different ashes in reducing the expansion. This suggests
that for the most effective control of alkali aggregate reaction involvin
opaline aggregates some limit should be placed on the alkali level of theg

ash. It should however be noted that this result was not obtained with
mortars containing pyrex aggregate.

Interpreting the results of the mortar bar tests, especially those with pyrex
and beltane opal as reactive aggregates and flyash as the cement replacement,
in terms of appropriate specifications for concrete is not straightforward.
Mortars containing those aggregates expand by amounts which can produce
cracking in concrete prisms (more than about 0.05%Z) inspite of quite large
amounts of flyash. If the aggregate in the concrete contains an opaline or
other highly reactive constituent then these results from mortars may be
directly applicable to concrete. It may then be necessary to regard the ash
as simply a diluent to the alkalis from the Portland cement and to restrict
the alkalis in the concrete to less than 3 kg of equivalent Nap0 per cubic
metre even if ash is used. If the total alkali level of the ash is
restricted, however, the results suggest that 20% replacement by ash will be
an adequate safeguard against AAR even with an opaline aggregate.

In the case of the aggregates such as.those containing chert which have
reacted in the UK however, the tests with concrete prisms show that 20 or 30%
of even a high alkali ash suppressed the expansion completely. For such
aggregates therefore it seems more sensible to take note of the very
considerable reductions in expansion in both mortars and concrete compared
with the ope controls produced by the use of flyash.

6. CONCLUSIONS

1 1In all the test methods expansions caused by alkali aggregate reaction
were reduced very significantly if sufficient flyash (about 30%) was used

to replace the Portland cement.

2 When beltane opal is used as the reactive aggregate in mortars there are
some mixes where 10 or 20% replacement by a high alkali flyash produces
greater expansion than the control. Low alkali ashes were much more
effective and 20% of low alkali ash suppressed expansion to negligible

levels,

3 The expansion of concrete containing chert aggregate is effectively
suppressed by 20% of a high alkali flyash. It may not therefore be
necessary to consider the alkali level of the flyash for its use in
suppressing AAR in concrete in the UK but this is being investigated

further.

4 The limited amount of informtion on the effects of granulated blastfurnace
slags on AAR suggests that with British Portland cements and slags a 50%
replacement level is sufficient to prevent damage from AAR. More informa-
tion on the effects of the alkali level in the slag on the effectiveness
of the slag in preventing damaging AAR expansion is needed however.
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THE INFLUENCE OF GROUND GRANULATED BLASTFURNACE
SIAG ON THE ALKALI-REACTIVITY OF FLINT AGGREGATE
CCNCRETE IN THE UNITED KINGDOM

Dr. Ian Sims
Messrs. Sandberg, London, United Kingdom

1. ABSTRACT

A limited programme of mortar-bar testing has been carried out to
evaluate the reportedly beneficial effect of adding ground granulated
blastfurnace slag (ggbfs) to concrete mixtures potentially capable of
deleterious alkali-reactivity. Realistic aggregate blends were used in the
testing, mainly involving aggregates containing flint. Attempts were made to
reproduce aggregate combinations similar to those which have sametimes proved
to be alkali-reactive in the United Kingdom, including dilution of the flint
component in the total aggregate by the addition of limestone. The use of
ggbfs will be shown apparently to be effective at reducing expansion caused
by alkali-reactivity in concrete exhibiting a high alkali content. The
possibly variable influence of the slag mineralogy will be briefly considered.

Key Words: Comcrete, Aggregate, Alkali-Reactivity, Blastfurnace Slag.

2. INTRODUCTIGN

Flint*-bearing aggregates in the UK are often found to give positive
results in chemical tests for alkali-silica reactivity, and this is widely
regarded as being unduly pessimistic /1/2/3/. Mortar-bar tests usually
indicate only small expansions with flint aggregates, and concretes made with
flint aggregates rarely show evidence of deleterious reactivity. However, a
small number of examples in the United Kingdom have recently demonstrated
that, in some circumstances, flint-bearing aggregates can give rise to
concrete expansion as a result of alkali-reactivity /4/5/6/. These
prejudicial conditions would seem to include combinations with high-alkali
cement, exposure to additional alkalies, and dilution of the flint by mixing
with other immocuous aggregates (such as crushed limestone), but there are
possibly other factors also involved /7/.

Partial cement replacement by ground granulated blastfurnace slag (ggbfs)
has been suggested by a humber of research projects to be effective in
preventing or reducing expansion due to alkali-silica reactivity, although the
reasan for the beneficial influence is uncertain /8/9/. Hokbs concludes that
the principal effect is the dilution of water soluble cement alkalies /9/.
Bakker suggests that the improved impermeability of concretes with cement-ggbfs
binders is the main advantage /10/. Oberholster et al. believe that the
effect of ggbfs is greater than can be ascribed to dilution and that chemical
reaction must also be involwved /11/.

In the UK to date, much of the published research on the effect of ggbfs
on alkali-reactivity has been carried out using Beltane opal /9/, which is
very rapidly reacting. Other experiments have used Pyrex glass /8/, which is
artificial and also contains its own alkalies. It is less clear whether or
not ggbfs could be expected to be effective in preventing expansion due to
reactions involving flint aggregates.

* 'Flint' is the name given to chert occurring in the Cretaceous Chalk
deposits of England and nearby parts of Northern Eurcpe.




3. OBJECTIVES

3.1. Determination of the alkali-r ivi
; -reactivity potential of the flint
samples, according to the ASTM mortar-bar method /12/, and var?glgzzigate

using ordin X
Sourges i ary Portland cements from 'low-alkali' and 'high~alkali' Uk

Investigation into the effects on i
v any alkali-reactivi £ i
flint gravel coarse aggregate with an innocuous crushgc); ?méggéaagm

aggregate, and then of varying the ; . -
limestane coarse aggrega:g g proportions of fllnt—bearmg sand and

Assessment of the effectiveness of

: f ground granulated blastfurna
Eﬁzv:ntu?g tgg Jﬁ_el?;lglgggranyachansn}gﬁ due to alkali-reactivity jncxeloiving
coarsemaggregate. egates, with or w1thout. dilution by limestone

Brief comparison, in tewms of effectiveness in preventing alkali-

reactivity expansion, of ggbfs from diff o
differing mineralogical characteristi CS.erent sources and exhibiting .

4. EXPERIMENTAL DETATLS
4.1. Aggregate Samples

A supply of flint-bearing aggre
1 gates, dred £
coast :i .East Anglla, was used for the teét proS[:T:‘;(ainrrnserom ;Ie]ixggrrgghlgia OFF the
anexanund na ;ﬁ conflmed that the coarse aggredates were around 70 to 80% flint
i : ageg_regate was approximately 20% flint. These materials were !
o ered baged aﬁgtlszgra’ésehécally similar to the flint—bearing aggregates
. - 12

g % : ged, which are used throughout the South—East of

In addition, a supply of crushed Carboni i \

: t niferous limestone

the Mendips in South-West England, was also used in the testvpigg:;?l?ze' e

4.2. Cement and Slag Samples
Two types of ordinary Portland cement were used, one being from a works

typically producing 'low-alkali' Portland cement in the London area (Northfleet)
1

and the other being from a works typically producing 'high-alkali’ cement in

the South-West of England (PL
. ymstodk). Two
designated A and being freshwater-quenched, RS ot gdbfs were used, one

being seawater-quenched. Both of the ggbfs

fineness of 350 m?/kg as a cement replacement material for concrete.

4.3. Chemical Analyses

Th
e two cement samples, and the two slag samples, were each chemically

ﬁiﬁ:ﬁ for acid soluble and Yvater soluble sodium, potassium and total

alkall aci}o{ggzrsligd wif.h sggagggl;:iimz:.lg%e acid soluble analyses were carried
: ] . : :1970 /13

were carried out in accordance with ASTM Cl{4—4§ ?;2 the water soluble analyses

The aggregate samples, and the two '

: ggbfs samples, were i
znal)lzsed for total chlor%de and equivalent sodilxﬁ chioride.ea%ec?gunt;giiﬁg
131%) sisv/versh analysed using the acid soluble method given in BS.1881:Part 6:

; whereas the flint aggregates were analysed by the water extractic;n

lag in

method given by the GIC /16/.
The chemical analysis results are given in.Appendix A.

4.4. Potential Alkali-Reactivity Testing

4.4.1. Test programme

A total of twenty-four mortar-bar tests were carried out in accordance
with the unmodified method given in ASTM C227-81 /12/. >

Six tests were carried out using a blend of flint aggregates
(36% 20mm, 24% 10mm, and 40% sand), and varying the cement type (Northfleet
or Plymstock) and the percentage replacement by slag A (Nil, 30% or 70%).

Twelve tests were carried out using blends of crushed limestone coarse
aggregate and flint-bearing sand, varying the cement type and slag replacement
as above, and also varying the limestone:sand proporticns (60:40, 50:50 or
70:30) .

Two 'control' tests were carried cut using only crushed limestone
aggregates and varying the cement type (Northfleet or Plymstock) .

Four tests were repeated using slag B, instead of A, in carbinations
employing 70% slag replacement. Two of the tests were carried out using the
blend of £lint aggregates, and varying cement type. The other two tests were
carried out using the 60:40 blend of limestone and flint-bearing sand, and
varying the cement type. In all four cases using slag B (seawater—-quenched),
the chloride content was deliberately enhanced by the addition of sodium
chloride until the total chloride ien content of the mortar mix was equivalent
to the maximum permitted by CPllO:Part 1:1972 /17/; that is 0.50% chloride ion
by weight of cement.

The test programme is sumarised in Appendix B.

5. TEST RESULTS

The mortar-bar test results are detailed in Appendix C. The mortar-bar
length change curves are shown in Figures 1 to 9 inclusive. Additional
Figures 10 to 22 inclusive have also been prepared in order to make specific
camparisons or to illustrate certain relationships.

6. DISCUSSION OF FINDINGS

Note: ALL veferences to 'slag' may be assumed to mean ground
granulated blastfurnace slag (ggbfs).

6.1. General Considerati_ons

The expansions recorded at 3 and 6 months in all the mortar-bar tests
carried out were significantly lower than the levels of +0.05% and +0.10%
respectively suggested by ASIM C227-81 /12/ as representing the levels
normally exceeded by cement:aggregate cambinations capable of harmful
expansion.

Although measurable differences of expansion were achieved by varying the
cement type, the cement:slag binder proportions, and the flint:crushed
limestone aggregate blend, it seems clear that the alkali-reactivity potential
of these materials is relatively low, at least as assessed by the unmodified
mortar-bar test. Of course, these tests do not take into account the possible
effects of exposure conditions or the local enhancement of alkali content from




external sources or by migrational movements within the concrete

aggregates showing reductions 4in expansion in-order. The other two tests

The interpretation which follows
bar measurements up to 6 months. %se ggcsh]z?gnna?as ed largely upon the mortar- were quite different, with the 100% flint aggregate showing the lowest
readings up to 12 months have not indicated mrtar-}.;ar length change expansicn and the lower percentages of flint aggregates showing higher
ca any substantive changes to the expansions but with insignificant differences between them.

position recorded at 6 months. In fact, most of the length change curves show

a small reduction in expansion between 6 and 12 months. Tt may be possible to explain this behaviour by consideration of the

alkali contents of the various combinations (cf. Figs. 15 and 18).

6.2. Flint Aggregates - Effect of Cement Type Blastfurnace slag has an alkali content which is mainly acid soluble (see
Irrespective of whether cemen . Appendix A). The effect of the contribution of alkalies from the slag is to
or 30%, the mortar-bar set ma::ihee with h: Eix:]:ﬁziof the binder was 100%, 70%, increase the acid soluble alkali contents of the Northfleet blends, but to
showed the greater expansion, when ccmpgred to ::.hgfnen € (PZ.Lymstock) always decrease the acid soluble alkali contents of the Plymstock blends; water
cement. However, the numerical differences betw made with Normﬂ?et soluble alkalies are reduced in both cases. Consequently, when 70% slag
alkali and lower-alkali cements were not een the results for high- replacenent is used, the acid soluble alkali contents are quite similar (0.65%
Camparison of the . very great (see Figs. 10, 11, 12). and 0.80%) for Northfleet and Plymstock blends respectively. Comparison of
o A e el COeS By vorenclest and Bl e e o e e e Shomcgict Loet bt oo
with Plymstock, but virt egate alone, S}.lcwed a significant expansion Teasona le aga.:eement, witk .’.e 100% : t.a_ggr;gate test having grgates%_: )
’ virtually nil expansion with the Northfleet. Assumin expansion. With lower alkali cantents (Figs. 13 and 14) the relationship is
g +he same but the expansion values are increased. With higher alkali contents

. . . N N . and sion values Sllgh.tly
(<] lnE‘s ne 1s tota Y non Ieactlve 7 S Inay sl.'\gges at a degree O (E‘] gs l 6 ary ] l ; th»e relacl
E I g increase Wil th- ia:u all cont

cement irrespective of the aggregate type and performance (see Fig. 7).
The relationships described above may be summarised as follows: If this is so, then it follows that the dilution of the flint aggregate
content only has a worsening effect at higher (acid soluble) alkali contents.
Conversely it is true that reducing the percentage of f£flint aggregate could

Binder: 1002 OPC 703 OPC 30% OPC 1002 OPC have & beneficial influence when using lower alkali cements or when adding a
Aggregate: ] high percentage (70% replacement) of slag. These tests have not identified
gregate: Flint Flint Flint Limestone +he dilution that causes the greatest expansion increase at higher alkali

Expansion at contents; that is, no distinct 'pessimm’ has emerged.
6 months (%) ‘ This suggests that the (acid soluble) alkali content has a controlling
- Plymstock effect more important than that of alkali/silica ratio.* In the tests with
_ Noylrtrﬁ by 0.01l4 0.018 0.020 0.020 alkali contents of 0.80% and lower (Figs. 13, 14, 15 and 18), increasing
eet 0.007 0.002 0.018 -0.005 alkali/silica ratio leads to reduced expansions. By contrast, at higher
alkali contents, increasing alkali/silica ratio seems to increase expansions.
6.3. Flint The two tests in which 100% flint aggregate produced the highest
. R Aggregates - Effect of Varying the Flint Content by Diluting expansions also showed the highest water soluble alkali content (by far),
ith Limestone which may mean that water soluble alkalies have a similar controlling

The concentration of flint : qoes influence. However, comparison of the Northfleet and Plymstock combinations
limestane aggregate. In thengl ﬁgﬁ:ﬁ:fﬁgﬁ;ﬁg }13_’ dé.;utlori with crushed _ showing the closest water soluble alkali contents (cf. Figs. 13 and 18) did
i . . C en on int— . imi i i ;
bearing sand was used in combination with lime stone coarse éggregaiimt not. show close similarity of expansion values.
In the case - . ) The possible relationships between alkali contents and flint aggregate
of mortar-bar sets using Northfleet cement, only 3 blends contents may be sumarised as follows:

were tested: 100% flint, 60% limestone:402 flint-bearing sand, and 100%

Fioor et e the 1005 Flint aggregate blerd produced the

case. However, the expansion values wef'gﬁ ﬂlnt—bearing sand blend, in each | Acid sol. alkali content (%) 0.54 | 0.59 | ©0.65 | 0.80 | 0.92 1.02

di fferences between the results for diffean " zather low and the numerical Water sol. alkali content (%) | 0.12 0.09 0.05 0.18 | 0.39 0.55
significant (see Figs. 13, 14 and 15). ggregate blends were hardly . '

Tn the case of mortar-bar sets Expansion at 6 months (%)
r-bar sets using Plymstock cement, two additional :

) blimds.were te:_sted: 50% limestone:50% flint-bearing sand z;nd 702 -tl 100% Flint aggregates 0.007 | 0.002| 0.018| 0.020| ©.018| 0.014
30% flint-bearing sand. The results were more complicaved thom o Linestane: 403 Flint aggregates 0.004 | 0.001| 0.006| ©.0l0| 0.025| 0.034
Northfleet (see Figs. 16, 17 and 18). cmplica than those for : . .
coner o Silte for e three binder blands wero not consistont.  In the 301

etz /03 g test, the results are with . ; °
100% flint showing the greatest expansion, ?a-nd tthlzsiovagi ggrceniggie:s' g;ﬂfllgﬁ * Here the concept of 'alkali/silica ratio' refers only to the crude ratio
i between alkali content of the binder and the proportion of flint (mainly

silica) aggregates in mixtures with limestone (non-silica) aggregates.




6.4. The Effect of Slag Addition - Percentage Replacement
The effect of aék.iing ground granulated blast
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lete i vity, and would appear + i
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In the tests using Pl flin e .

o _ g Plymstock and 100% £11 '

7O§e§§ i’f adding Slag s less obview. s t aggregates, the beneficial
Placements are all very similar (see Fig 2)s:.on =S for O%, 308 anq

ng slag to the Northfleet cemen

le) alkali content. Consequently ¢

' Iyl ing Northfleet cement (100% flint'

elag repla b produes G ease the expansion, so that the 702

the 100% cement but the numerical aifferences

addltl(]I Of Sla.g Ina.y pI'OVE l%s be!leflclal to mxes IIlade l.'lSJ_tlg lw"alkall

expanri};(e) n:ciﬁ arsloggle alkali figures had a closer relat.
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s ent, est expansions i
h ogt eﬁ:::s.aClgn sczile:lble alkali coni.:ents, but the lowest wac:ge zﬁgﬁg W;.;h 1_:he
roregaeas D th 1case of 1.:he mix using Plymstock cement and 1002 ff i -
correspondéd ot g\::sﬁi c31;:1:(;3tsoluble_and lowest water soluble aJJ:aliJeI:st
> the histest o loweste:ﬂ{gizilon' but the relative numerical difference

soluble alkali very
greater than that for the acid soluble alkalies. ]%nciozquﬁe:ez?ﬁievsvassing PIJEMCht k
ymstoc]

cament and limestone:flint a -
: ] :f goregate blends, the
alkalies, like the acid soluble, correspond:ad wit?)igl;g;zgsvga:;agg]i-ﬁe

6.5. The Effect of Slag Addition - Type of Slag

Slag sample A (freshwat
d.1§cussed above. Repeat tes?:]; ore ped) as used in

ionship to the

The comparison was onl:
; y made at 70% repl
2 in mix we placement
tggnregtﬁé:eAs slagthefor re 100% flint, the B slag pr 11<:«V€l.l vhere the
the higher alkaJ,.i contents of théegt(and Plymstock cements, irrespectivéoni
ymstock . > +NaC ma s (o)
o cament displayed a marginally léi]er terial. Indeed, the mix using

Northflee i i . .
t (Fig. 8), which could suggest that the s]s.;.gn itselft;ﬁ'tc:e;:l:lgg

reaction with the alkalies in the cement ang that this effect i
is more

- Again,

pronounced as the alkali content of the cement rises (see Figs. 19, 20, 21 and
22).

Where the aggregates in the mix were a 60% limestone:40% flint blend
(Figs. 21 and 22), the situation was reversed. The B slag produced higher
expansions than the A with both Northfleet and Plymstock cements, and the
latter showed a marginally greater expansion than the former.

Thus it is clear that the performances of the A and B slags were different,
although the few comparative tests carried out have not fully characterised
the differences. The contrasting performances appear to be sensibly
independent of alkali content and could perhaps be explained as differences
in the chemical activities of the slags themselves. This may indicate
that some slags at least are not only inert diluents of the alkali content of
the binder, but may also exhibit chemical activity.

No attempt has been made to correlate the mineralogy of the
slag materials with their apparent effectiveness in preventing er reducing
expansion due to alkali—reactivity. However, it seems reasonable to suppose
that the mineralogical composition and texture could exercise an influence.

6.6. The Influence of Alkali and Sodium Chloride Contents

Tt has been shown above that there is a general relationship in most
cases between alkali content and expansion. High-alkali cement produced
greater expansion than low-alkali cement, even when using only limestone
aggregate. The alkali content controlled the influence of altering the
concentration of siliceous sand present in the aggregate; a 'pessimm' effect
appeared to operate at higher alkali levels (0.92%, 1.02%), but expansion
increased with proportion of Flint-bearing sand present at lower alkali levels
(0.80% and lower). In the blends of cement and slag, the resultant total
alkali content of the binder seemed to control the expansion is most cases.

In these tests, the acid soluble alkalies seemed to have a better
correlation with expansion than did the water soluble alkalies, even
including the acid soluble alkalies deriving from the slags.

' The effect, if any, of adding NaCl to the B slag mixes was unclear.
Certainly there was no obvious increase in expansion due to the small increase
in sodium. The effect of adding chloride is not known.

6.7. The Influence of Alkali/Silica Ratios

The above discussion has been based upon consideration of empirical
findings or calculated alkali contents. In fact, the expansions recorded may
be controlled principally by the ratio of available alkalies to reactive
silica.

The 'available' alkalies are probably not adequately represented either
by acid soluble or by water soluble values, but instead by a less easily
defined value involving solubility in the unique conditions of a concrete pore
solution and over a period of time that will vary according to the reactive
aggregate component involved. The alkali portion of the alkali/silica
equation is affected by the cement and by the slag (and sometimes also by the
aggregates and the mixwater). The silica portion is affected by the
proportion of flint aggregate in cambination with limestone (assuming the
sand to be totally siliceous and the limestone to be totally carbonate) ,
and by the slag, and by the 'reactive' component of both of these. Hence
the true available alkali/reactive silica ratio is difficult to ascertain,
but could explain more precisely the relationships identified in the above

discussion.




iefgc;‘{lglbt?: pgio:entia'l ilkali—reactivity of UK flint-bearing aggregates
: » 1Or example, that a test procedure emplowi : A
Specimens may prove to be more satisfactof:)y for Bgigirgloymg rys sy

is still in the process of development and evaluation f-/}'lg;gregates., but this

that the influence of miner contamination by sodiumIt is thought probahle

of seawater-quenched slag, b .  chloride, due to the use
slag camposition. g» would be subordinate to the influence of diffearineg

7.2, The high-alkali cement typi
‘ t typically produced greater mortar-har expansion
than the lower alkali cemen . Wi : v et TS
5 oy i t, even with supposedly inert limestone

7.3. lz;}gs:ton of the concentration of flint aggregate by addition of a
conten?ie\?g?s:ega;f_ only had. a worsening effect at blfu‘sgher alkali
o devel . total acid soluble alkali contents (of the binder)
have.a k.;enr less, re_ductlon of the flint aggregate content g

eficial effect. | o seened to

7.4. The addition of ground g
Idi ] granulated blastfurnace slag had a beneficial
effec;t in reducing expansion when the total alkali content wa:fkllcj;g],; and

7.5. The addition of grownd o  bla
Ad granulated blastfurnace slag :
beneficial to mixes made using lower au{g?;ag;\:r];:g e prove less

7.6. In these tests, the acid soluble alkali contents seem &

correlation to mortar—bar nea © have a closer
contents. bar performance than do the water soluble alkali

7.7. The B (seawater-quenched) ; beha
: g granulated blastfurnace slag bet
dt;ffe{:ently to the A slag which was used for most of ghe teZig b
e differences have not been fully characterised dh

7.8. The benefici i ground gr bins! th
8 T N ef1c1at ac':t;.:nsof ° d granulated blastfi ace slags with higher

Ikal con. tent mix eems to support the i that th incipa

effect is one of dilution of alkali contenl‘;:l(.)tlon the vempoipal

B slag may indicate that Also, the results using
activity. same slags at least could also exhibit chemical

7.9. No expansive effects were ascribed in these tests to the addition of
sodium chloride.
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