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Abstract

The use of silica fume (SF) has been instrumental in the development and utilization of high-strength and high-performance concrete. In
the interests of economics, questions have been raised regarding the possible use and effectiveness of “lower grade” SFs with SiO, contents
less than 85%. Such materials do not meet current CSA and ASTM standards for SF. In this study, the performance of two SFs from the same
U.S. plant but with different silica contents (68% and 88% SiO,) were compared by examining the effect of the materials on the expansion
due to alkali—silica reaction (ASR) and the composition of the pore solution. The mixtures tested with these procedures included 0%, 4%,
8%, and 12% SF replacement by mass of cement. Results show that the SF with lower than standard silica contents cannot control ASR at the

levels of replacement examined in this program.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Research has continued to prove that low-water-content,
silica fume (SF) concrete can be stronger and more durable
than concrete made solely with Portland cement [1]. As such,
the market for SF in concrete applications has increased
greatly. In fact, the ability of SF to increase both strength
and durability properties of concrete has resulted in SF
becoming almost synonymous with high-strength or high-
performance concrete.

SF is a by-product resulting from the reduction of high-
purity quartz with coal in electric-arc furnaces in the man-
ufacture of ferrosilicon alloys and silicon metal [2]. It is a
highly reactive pozzolan due to three of its most notable
characteristics, namely [3]:

* an average particle diameter of 0.1 pm (approximately
100 times smaller than average Portland cement
particles),

* a high amorphous silica composition (typically >90%
Si0,), and
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e avery high surface area of 20,000 m?/kg (as compared to
Portland cement values of 300—500 m*/kg).

The product is referred to as silica fume because of how
it is formed. During the process, SiO gas oxidizes and
condenses to form extremely fine spherical particles of
SiO, (amorphous or glassy silica), which are highly react-
ive. Table 1 summarizes data from Aitcin [4] and explains
the relationship between the alloy being produced and the
silica content of the resulting SF.

It is evident that the higher the silicon content in the
alloy, the higher the silica content in the resulting SF. Aitcin
[4] also mentions that it is important to know the origin of
any SF to be used in concrete because the same furnace can
produce different alloys. However, steady production of a
given alloy will result in an SF with consistent properties.

Three chemical requirements of SF are specified by the
CSA A23.5 standard for supplementary cementing materials
(SCMs) [5], namely: (1) SiO, content, (2) SO3 content, and
(3) loss of ignition. Isabelle [6] noted that the most important
of these requirements is the minimum SiO, content. Cur-
rently, both CSA A23.5 and ASTM C1240 require minimum
silica content of 85%. In addition, the CSA A23.5 limits the
use of SF in Canada to materials recovered from the produc-
tion of silicon or ferrosilicon alloys containing at least 75%
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Table 1
Typical silica content for various alloys [4]

Nominal silicon
content of alloy (%)

Typical silica content
of resulting SF (%)

>98 94-98
90 90-96
75 86-90
50 ~ 80

silicon. The ACI Guide for the Use of Silica Fume in
Concrete [3] further states the following regarding the
amorphous silica content of SF: “It is sometimes assumed
that the higher the SiO, content of a silica fume, the more
reactive the silica fume will be in concrete. However, the
committee does not have data to relate performance directly
to SiO, content.” It is also of interest to note that SFs from
current Canadian sources generally have SiO, contents well
in excess of the specified 85% minimum [6].

Investigation of the performance of SFs with lower than
normal SiO, contents is of interest both in terms of
economics and efficiency, and only limited information is
available relating the durability of SF concrete mixtures to
the amorphous silica content of the SF used.

Findings are reported by Wolsiefer et al. [7], on a study
involving SFs with SiO, contents ranging from 79% to
95%. Mixtures were made at water/cementitious material
(w/cm) ratios of 0.40, 0.35, 0.30, and 0.22 and were tested
for compressive and flexural strengths, drying shrinkage,
and rapid chloride permeability. There was no significant
difference in performance, and lower SiO, levels did not
require higher SF dosages for comparable performance by
these measures.

Another deterioration mechanism, which affects concrete
durability, is alkali—silica reaction (ASR), a reaction
between the thermodynamically unstable silica in some
aggregates and the alkali hydroxides in the pore solution.
SCMs, such as SF, have been proven to improve ASR
resistance of concrete through the production of a dense and
impermeable matrix that will inhibit the movement of water
and alkalis [8], and by binding free alkalis in calcium silica
hydrates or by adsorption on their large specific surface
area, thereby, reducing the hydroxyl ion concentration of the
pore solution. A review of the literature on the ability of SF
to control ASR expansion is available [9].

The majority of the information found relating the ability
of SF to control ASR to its silica content involved work
performed by Duchesne and Berube [10]. Included in the
SCMs examined in the study were a high-silica (HS), low-
alkali SF and a low-silica (LS), high-alkali SF. They found
that 10% of the LS, high-alkali SF was not sufficient to
control ASR expansion in concrete containing high-alkali
cement and Spratt aggregate (siliceous limestone) when
tested by the CSA-A23.2-14A Concrete Prism Method
(similar to ASTM C1293). In the paste pore solution
analysis work performed by the same authors, it was found
that 5% of an LS, high-alkali SF paste did not reduce the

alkalinity of the pore solution in pastes made with high-
alkali cement, even at 545 days of age. Reductions were
observed at a 10% level of replacement when compared to
neat cement paste, but these reductions were very similar to
those observed with 5% of an HS, low-alkali SF. It is
important to note that the SF with LS content also had a
very high alkali content, and as such, it is not possible to
ascribe its poor performance solely to the LS content.

This report will discuss the method, results, and analysis
of a research program carried out to investigate the effect of
amorphous silica content on the efficacy of SF in controlling
ASR.

2. Experimental test program
2.1. Materials

All specimens tested in this program were made with
high-alkali, CSA Type 10 cement (similar to ASTM Type I).
The equivalent alkali content of this cement is 0.98%
Na,0O.q, and a complete chemical analysis is provided in
Table 2. This cement met the requirements for use in the
accelerated mortar bar test (CSA A23.2-25A), that being a
Type 10 cement with an alkali equivalent of 0.8% to 1.0%.

It should be mentioned that the LS SF does not meet the
85% minimum silica content required by CSA A23.5 or
ASTM 1240, and as such, is not currently marketed for use
in ready-mixed concrete. The chemical analyses for the LS
SF and normal-silica (NS) SF are presented in Table 2. These
SFs both came from the same U.S. plant. It is important to
note that although the silica content of these SFs differ
significantly (LS SF has SiO, of 68.21%, NS SF has SiO,
of 88.40%), they have about the same alkali content (LS SF
has Na,Ocq of 1.16%, NS SF has Na,O.q of 0.98%).

There is currently no standard method for measuring the
loose bulk density of SF. For this study, this was determined
by filling and weighing a calibrated 400-ml brass cup with SF.
The cup was always filled in two layers, with four tamps per
layer, and extra material was struck off. This procedure was
performed five times for each fume to obtain an average loose
bulk density for the material. The bulk densities of the LS SF
and NS SF were found to be 233 and 218 kg/m®, respectively.

Similar to the work of Berube and Duchesne [10],
deleteriously reactive aggregate from the Spratt quarry near
Ottawa, Ontario, was used in the mortar and concrete test
specimens. This is crushed, siliceous limestone, which is
deleteriously alkali—silica reactive and often employed as a
standard aggregate for ASR tests (CSA A23.1-94, Appendix

Table 2
Chemical analyses for cementitious materials
Material 5102 A1203 FezO3 CaO MgO SO3 K20 NazO NaZOeq

OPC 19.82 5.13 22 6272 2.64 3.15 1.08 027 0.98
LS 68.21 1.55 1227 457 1.16 1.02 137 026 1.16
NS 88.40 0.60 542 084 0.73 0.71 1.12 024 0098
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B). It should be noted that it is the siliceous component of
this aggregate that is reactive.

2.2. Accelerated mortar bar test

The accelerated mortar bar test used was CSA A23.2-
25A-M94 (similar to ASTM C 1260-94). Questions have
been raised as to whether this test is appropriate for evalu-
ating the effectiveness of SCMs against ASR. Recent work
has shown that the specified curing conditions (24 h in water
after demoulding at 1 day of age) are suitable to accelerate
the pozzolanic reactions of SCMs, thus helping to ensure that
this test is a reasonable evaluation method [11—13]. As such,
the accelerated mortar bar test has been included in the
Canadian Standard for Supplementary Cementing Materi-
als, CSA A23.5-98, as an optional requirement to assess the
ability of SCMs such as SF to control expansion due to ASR.
The test method requires that the SCM in question be tested
at various replacement levels and that the reactive aggregate
used produce an expansion of at least 0.30% after 14 days in
a high-alkali Portland cement mixture. The Spratt aggregate
used in this study meets this requirement. It should also be
noted that the test conditions are quite severe. However,
combinations of materials that expand less than 0.10% at 14
days in this accelerated test are also likely to perform
satisfactorily in concrete prism tests, generally producing
less than 0.04% at 2 years [12,14—18].

The grading and proportioning of the Spratt aggregate
was carried out according to the CSA standard and all
aggregate was washed before use. The mortars were mixed
following ASTM C305-94. A water/cement/aggregate ratio
0f 0.50:1.00:2.25 was used. After demoulding at 1 day, bars
were heated in water to 80 °C and initial length measure-
ments were made at 2 days of age. The specimens were then
stored in a standard 1 M NaOH host solution, preheated to
80 °C, for 28 days, during which time length measurements
were taken periodically. It should be noted that to maintain
flow, 2.5 and 3 g of a naphthalene-sulfonate-based, liquid
superplasticizer were added to the 8% and 12% SF replace-
ment mortar bar mixtures, respectively.

2.3. Pore solution composition

For each SF type, pastes were prepared at 4%, 8%, and
12% mass replacement at a w/cm of 0.5. A 100% ordinary
Portland cement mixture was also cast for control purposes.
The paste specimens were mixed in a high shear blender
(Waring stainless steel, 3.81 capacity) under vacuum with
the following mixing sequence to minimize heat build up:

1. 15 s low-speed setting—45 s medium-speed setting—
release vacuum—stir with plastic spatula

2. 15 s low-speed setting—45 s high-speed setting—release
vacuum—stir with plastic spatula

3. 15 s low-speed setting—45 s high-speed setting—release
vacuum—stir with plastic spatula.

No superplasticizers or water reducers were included in
the mixtures to be tested for pore solution. Eight cylinders
(50 mm diameter x 100 mm high) were filled in two layers
and sealed with plastic wrap and a plastic lid. After casting,
the specimens were slowly rotated about their ends at 12
rpm for 24 h to avoid bleeding and segregation prior to set.

The samples remained sealed in their molds until test.
Pore solution was extracted from the specimens at 1, 3, 7, 28,
90, and 365 days of age and analysed for chemical com-
position. The pore solution was expressed from the samples
using a high-pressure apparatus, originally described by
Longuet et al. [19], and more recently by Barneyback and
Diamond [20]. It should be noted that Duchesne and Berube
[21] have shown that the alkali concentration of the pore
solution is not affected by the pressure at which a sample is
expressed. Further analysis will be performed on specimens
at 2 years of age. The sealed paste specimens were stored at
23 °C and 100% RH to help prevent moisture loss until they
were tested. Once the pore solution was collected, it was
immediately tested for OH ~ ion concentration using auto-
matic titration against H,SO,4 and for Na* and K " ion con-
centrations using flame photometry.

3. Results and discussion
3.1. Accelerated expansion of mortar bars due to ASR

Although this is traditionally a 14-day test, to obtain
additional information length changes were monitored up to
28 days.

Fig. 1 presents the expansion results up to 28 days for the
mortar bars cast with 4%, 8%, and 12% levels of replace-
ment for both the LS and NS SFs. In general, it was found
that the degree of expansion decreased as the level of SF
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Fig. 1. Effect of SiO, of SF on accelerated mortar bar expansion with time
at various levels of replacement.
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Fig. 2. Effect of SiO, of SF on pore solution alkalinity with time at all levels
of replacement.

increased. It is evident from Fig. 1 that the mortar bars
containing the LS SF experienced no delay in onset of
expansion. At all three levels of replacement, the LS SF
mortar bars expanded at a faster rate and to a higher ultimate
expansion than did the bars containing NS SF. Also, even
the 12% LS SF mortar bars failed the expansion limit of
0.010% after 14 days. In the case of the bars made with the
NS SF, the mortar mixtures with 4% replacement failed the
limit criterion after 7 days, and with 8% replacement was
just below the limit at 14 days. The mortar bars made with
12% NS passed the expansion criterion.

Based on the results of the accelerated mortar bar test, it
appears that the lower silica content does affect the ability of
the SF to control mortar bar expansion. It should be noted,
however, that the test conditions are very severe in this
procedure, and as such, these results should not fully
discount the possible effectiveness of LS SFs at controlling
ASR expansion. More research is required. Also, it would
be of great interest to test mortar bars made with higher
replacement levels (i.e., >12%) of the LS SF to see if that
level of replacement of Portland cement would be sufficient
for the mixture to pass the 0.10% ASTM expansion limit
criterion. Investigation of the effectiveness of LS SFs at
controlling ASR when used in combination with fly ash
and/or slag in ternary blends would also be worthwhile.

3.2. Paste specimen pore solution composition

Fig. 2 presents the pore solution analysis results compar-
ing the 4%, 8%, and 12% replacement mixtures for both SFs.
At all ages tested to date, the addition of the NS SF
lowered the pore solution alkalinity when compared to that
of the neat cement paste. Also, an increased level of SF
replacement of Portland cement caused an even greater

decrease in the alkali level of the pore solution. In all cases,
there was a significant reduction in alkalinity between 1 and
28 days. This reduction was more pronounced for the paste
specimens made with NS SF. The reduction also increased
with increased SF replacement level. However, beyond 28
days, for all mixtures tested, the alkalinity increased with
time. Similar trends have been reported by other investi-
gators for cement pastes containing SF stored at 38 °C [22]
and, to a lesser extent, at 23 °C [23]. The implication of this
trend in terms of the long-term control of ASR using SF is
not clear, but it definitely warrants further investigation.

The results of the pore solution analysis of the LS SF
pastes were not as clear. An increase in the replacement
level of LS SF resulted in a larger decrease in the alkali
concentration for the pastes analyzed at 28 days and later
ages. However, at 90 days, the alkali concentration of the
pore solution from the 4% LS SF mixture was higher than
the sample from the OPC sample at the same age.

It is evident from Fig. 2 that a change in amorphous silica
content of the SF does affect the resulting pore solution
alkalinity. This effect is much more dramatic at the 4% level
of replacement, but there is still a significant difference even
with the 12% SF samples. It is possible that the SF with the
lower SiO, does not have the capacity to bind as much of
the alkalies in the formation of supplementary C-S-H as
does the SF with the higher amorphous silica content or
simply that there is less supplementary C-S-H formed with a
similar alkali content for the lower SiO, SF.

There may be some point of equivalency between a
higher replacement level of SF with lower SiO, and lower
replacement level of SF with higher SiO,. Some evidence of
this can be seen in Fig. 3. The 12% LS SF paste have almost
the same alkalinity as the 8% NS SF paste at 90 days of age.
Similarities in performance are not as evident by examining
the effect of SF level of replacement and SiO, content on
mortar bar expansion at 14 days, as shown in Fig. 4.
However, interpolation of the data would seem to indicate
that a replacement level of 6% LS SF would result in a
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Fig. 3. Effect of SF level of replacement and SiO, content on pore solution
alkalinity at 90 days.
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Fig. 4. Effect of SF level of replacement and SiO, content on mortar bar
expansion at 14 days.

similar expansion to the 4% NS SF replacement. The same
statement could be made corresponding to 10% LS SF
replacement compared to 6% NS SF replacement and 14%
LS SF replacement compared to 8% NS SF replacement.
Work should be performed to further investigate this trend
and its possible implications.

As previously mentioned, Fig. 3 shows the effect of the
level of SF replacement on the alkali concentration of the
paste samples determined at 90 days. It is of interest to note
that the 4% LS paste specimen had a higher alkali concen-
tration than that which would be expected to occur with 4%
of an inert diluent. The use of lower grade SFs at low
replacement levels appears to be very ineffective.

3.3. Summary of results

To summarize the results in terms of the effect of SiO,
content on the ability of SF to control ASR, the research
work performed in this program indicates that mixtures
containing lower SiO, SFs will be less effective in reducing
both ASR expansion and pore solution alkalinity at a given
level of replacement. This was true for the three levels of
replacement tested in this study, namely 4%, 8%, and 12%.
All three levels of replacement of LS SF failed the accel-
erated mortar bar test expansion criterion. Also, the long-
term alkali concentrations in the pore solution of the cement
pastes were quite high, even with 12% replacement by LS SF
of OPC (0.40 M OH ~ after 1 year). It should be noted that
evaluation of the pore solution results using the threshold
value of 0.60 M OH ™~ reported by Duschene and Berube
[19] indicates that, up to 1 year, the 8% and 12% LS and NS
SF mixtures have sufficiently low hydroxyl concentrations to
prevent excessive expansion due to ASR. However, given
the trend of the data for the 8% LS SF replacement mixture, it
is expected that this mixture would be subject to ASR
expansion. Both the 4% LS and 4% NS alkali concentrations
have exceeded this reported threshold value. It would also be

of interest to test lower grade SFs at higher levels of
replacement, such as 15%, or in combination with other
SCMs such as fly ash or slag; however, even if expansion
due to ASR can be controlled by LS SFs at higher levels of
replacement, there are several other practical problems that
could still prohibit these high levels of replacement from
being used in the field. One main problem would be the fact
that many organizations have limits on the maximum allow-
able SF replacement in concrete due to the increased poten-
tial for placing problems during construction. In all, more
research will have to be done on the use of LS SFs in terms of
control of ASR, as well as other durability issues, before it is
considered as a preventive measure.

4. Conclusions

1. Mortar bar mixtures containing LS (68% SiO,) SF at
levels of replacement up to 12% failed to control ASR
expansion of Spratt aggregate. An NS (88% SiO,) SF
was effective at 12% replacement, and just below the
0.10% expansion limit criterion at 8% replacement.

2. Pore solution alkalinity of paste specimens containing
4% LS SF were comparable to those of the OPC paste
specimens at all ages, up to | year. In contrast, 4%
replacement with NS SF resulted in significantly lower
pore solution alkalinities.

3. The long-term alkali concentrations of LS SF paste
specimens remained high at both 8% (=20.600 M OH —
at 1 year) and 12% (=0.400 M OH ™~ at 1 year)
compared to the HS SF pastes.

4. Based on the results of this study, it appears that at
typical rates of replacement, the lower silica content does
affect the ability of SF to control expansion due to ASR.
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