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ABSTRACT 

The effects that the fonn and silica content of silica fume (SF) have on resistance to alkali- 

silica reaction (ASR) expansion were investigated using: 1) concrete pnsm expansion. 1) 

accelerated mortar bar expansion, and 3) paste pore solution analysis. The mixtures tested 

included O%, 4%, 8%, and 12% silica hme replacement by mass of cernent. 

At 4% SF replacement, performance did Vary for different product fonns. At higher levels of 

replacement (i.e. 8% and 12%), there were no differences in the results from the concrete 

prism expansion or paste pore solution analysis for the various silica fume fonns tested. The 

accelerated mortar bar test results at dl levels of replacement indicated that undensitied and 

slurried SFs are significantly better at controllhg ASR expansion than are densified or 

pelletized SFs. Preliminiuy results show that siüca fumes with lower than standard amorphous 

silica contents camot control ASR at the levels of replacement tested in this program. 
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1 INTRODUCTION 

in the past decade, major advancements have been made in producing both hi&-strength - 

and high-performance concrete. Much of this progress can be attributed to the use of 

silica fume (SF) as a supplementary cemdng material (SCM), as well as high-range 

water-reducing admixtures. As research has continued to prove that silica fume concrete 

can be stronger and more durable than concrete made solely with ordinary Portland 

cernent, the market for.silica fume in concrete applications has increased greatly. In fact. 

the ability of silica fume to increase both strength and durability propetties of concrete has 

renilted in silica fume being the most touted concrete admixture of the past decade 

(Marsh, 1994). 

Condensed silica fume is a by-product resulting from the reduction of high-purity quant 

with coal in electric arc fumaces in the manufacture of ferro-silicon alloys and siiicon 

metal (Malhotra, 1993). It is a highly-reactive poaolan due to three of its most notable 

charactenstics, namely (AC[, 1994 ): 

an average particle diameter of O.1pm (approximately 100 times smaller than 
average Ponland cernent particles), 

a a high amorphous süica composition (typically > 90% Sioz), and 

O a vecy high d a c e  area of20,OOO m2kg (as cornparrd to Portland cernent values 
of 300-500 m2/kg). 
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As-produced silica fume also has a very low bulk density. typically ranginy from i 50430 

kdm' (Hooton et al.. 1998). This fact creates economic difficulties in the transport of SF 

from silicon alloy Lumace sites to cernent or concrete plants. and also makes it hard to 

handle. Commercial suppliers have responded by processing silica t h e  usiny ditrerent 

methods of densification, compaction, or slurryiny in order to improve the handlins and 

transport properties of the material. Final bulk densities have been reponed to be as hish 

as 600 to 700 kg/m3 for some densifed products with agglomerations found up to 1 mm in 

diarneter (Hooton et al., 1998). This fact would not be a problem as long as the silica 

Fume can be redispersed during concrete d n g  or when intergound to form blended 

cement. However, if this is not the case, two characteristics (small particle sire and hi@ 

surface area) which make the silica fume such a good pouolan will be greatly reduced. lt 

is possible that the full potential performance of the silica fume concrete will not be 

achieved. Performance of the resulting mixtures rnay also be variable. There also exists 

the possibility that the presence of undispersed adornerates could cause additional 

problems. Not much is known about the possible deleterious effects as published data 

relating delivery form of silica fume to performance in concrete are lacking (Act, 1994). 

Investigation of the performance of silica hmes with varying Si02 contents is also of 

interest both in tenns of economics and efficiency. Currently, both CSA A23.S (CSA, 

1998) and ASTM Cl140 requin a minimum silica content of 85%. In addition, the CSA 
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M3.5 limits the use of silica fume in Canada to materials recovered fiom the production 

oPsiIicon or ferrosilicon dloys containing at least 75 percent silicon. The Guide for the 

Use of Silica Fume in Concrete: Section 2.8 (AC1 234R-96) &fier States the following 

regarding arnorp hous silica content of silica h e :  

It is sornetimes assumed that the higher the SiOz content of a silica tùme. 
the more reactive the silica fiime will be in concrete. However, the 
cornmittee does not have data to relate performance direcrly CO SiOz 
content. Hiyher SiOz content implies that there are fewer of the non-SiO? 
components. . . . Silicon and ferrosilicon (75%) silica fumes contain higher 
amorphous SiO, contents than the other silica fùmes. 

Published research findings indicate t hat only limited information is available relating the 

durability of silica hrne concrete mixtures to the product focm and amorphous silica 

content of the silica fume used. The terni durability refers to a concrete's ability "to 

withstand the processes of detenoration to which it can be expected to be exposed", 

(Neville 1996). One such deterioration mechanism is alkali-silica reaction (ASR), a 

reaction between the thermodynamicdly unstable silica in some aggregates and the 

hydroxyl ions in the pore solution. 

This repon will &st discuss the literature relevant to these issues. It will secondly present 

the method, results. and anaiysis of a research program carried out to investigate the 

effixts of amorphous silica content and product fonn on silica fbme's ability to control 

alkali-silica readon, 



2 LITERATURE REVIEW 

2.1 ALKALI-SLLICA REACTION 

Alkali-silica reaction is  one fom of alkaii-aggregate reaction. Alkali-silica reaction is in 

fact a reaction between the hydroxyyi ions in the pore soiution and thennodynamically 

unstable silica in the aggregate. Sodium and potassium aikalis are involved in this 

deleterious process in 2 ways. Firstly. they add to the hiyh concentrations of hydmxyl 

ions required to: 

(1) start an acid-base reaction with the acidic silanol (Si-OH) found in poorly-crystalline 
hydrous silica in the aggregate, as follows: 

(2)  tùrther break up the silica to form a concentrated solution of silicate ions (Sio4*) as 
aqueous H2SiOa (Dent Glaser and Kataoka, 1981) as follows: 

- S i - O - S i r  +ZOH- + Z = S i - O -  +H,O+H,SiO,,, 

Secondly, the alkalis will react with the Si-0- to form an alkali-silica gel, which will imbibe 

water and swell: 

'The reaction may lead to locai volume expansion, cracking, Ioss of strength, and in 

extreme cases, to the complete destruction of the concrete", (Diamoncl, 1975). Differiny 

hypotheses on how this expansion occurs have been proposeâ by Hansen (1944) with the 

osmotic pressure theory and by McGowan and Vivian (1952) with the mechanical 

pressure theory. 'The former suggests that a ami-pemicable membrane is fonned by the 
An&a M. îkuî& 4 M.A.k Thesis 
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cernent paste surrounding reactive silica grains. This membrane would ailow water 

molecules to flow through it, but not the larger alkali-silicate complex, thus formin<: an 

osmotic pressure cell that exerts hydrostatic pressure on the sunoundiny cernent paste. 

resulting in cracking. The latter authon propose that the aggreyate is surrounded by a 

solid alkali-silicate Iayer that physically absorbs wateer tto form a sivelliny gel which causes 

internai stresses to form with subsequent expansion and crackiiig. The possibility that 

both osmotic and mechanicd pressures couid be generated fiom the pl imbibing water. 

depending on whether the alkali-sikate complex is fluid or solid, was introduced by 

Powers and Steinour 1 1955) and supported by Diamond (1989). Dent Glasser ( 1979) has 

also suggested that the insolubility of the gel may in fact cause it to behave like a semi- 

pemeabie membrane. It should be mentioned that the presence of calcium also been 

found to play an important roIe in alkali-silica reaction (Thomas and Blesrynski, 2000). 

but an in-depth discussion of this topic is beyond the scope of this report. It has been 

noted by Homain (1996), that apart fiom ambient conditions such as relative humidity and 

temperature, the occurrence of ASR primarily depends on the ratio between the reactive 

silica and equivalent alkaii content of the surrounding solution. In fact, there is a 

pessimum ratio around 4.5 at which the obsewed expansion is maximum (Dent Glasser & 

Kataoka, 198 1). 

Degradation of concrete by ASR cm be visually identified by map cracking, sufice 

discolouration, expansion causbg deformations. relative movements and displacements, 

A n k a  M. Bad& MASc. Thesis 
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gel exudations. and even spalliny, delaminations. popouts. and misalignment of 

components. Verification of ASR as the process responsible br  damage can be 

accomplished by inspection of samples petrographically using optical or scanniny electron 

rnicroscopy. 

Several options are available to prevent damage due to ASR from occuriny in nerv 

concrete construction. Avoidiny the use of deleteriously reactive aggregates. throush the 

use of petrographic analysis. physicd testing, and evaluation of prior field performance is 

one solution (Hooton 1995). Caution must be used, though, since damage attributed to 

alkali-aggregate reaction has developed in several instances where an aggregate had been 

previously identified as inert (Thomas, 1996). A reduction of the alkali loadiny on the 

concrete can also be achieved throush the use of low alkali cernent and limited cernent 

content. Both field and laboratory concretes have indicated that using low-alkali cernent is 

ofien not enough to avoid the occurrence of ASR (Stark 1980; Lane. 1987). especially 

when the concrete alkaii content can potentially increase fiom certain exposure conditions 

such as drying or temperature gradients. alkali release fiom aggregates, or alkali ingress 

from extemai sources (Van Aardt and Visser. 1977; Stark, 1978: 1980; Stark and B hatty, 

1986; Way and Cole, 1982; Oberholster, 1992; Thomas et al., 1992; Zhongi and Hooton, 

1993). SCMs can also help improve the ASR resistance of concrete through the 

production of a dense and impermeable ma& which will inhibit the movement of water 

and aikalis, and by combining tiee alkalis in chemical reactions (Kropp, 1995). 
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2.2 SILICA FUME 

2.2.1 Nature of Silica Fume 

Silica fume is a by-product of the silicon and fenosilicon alloy production industry The 

chemical composition of siiica fume is greatly influenced by the type of alloy produced and 

the composition of the quartz and coal, the two major components of burden of the 

submerged electric arc &nace (Malhotra, 1987). Siiica hme is made of extremely fine 

sphencd particles with an averaye diameter of 0.1 pm (Le. approximately 100 rimes 

smaller than average Portland cernent particles). Lt is composed of amorphous silica 

(typicaily > 90% SiO2) with a very high surtàce area approachiny 20,000 m'/kg as 

compared with typical values in the range of 300-500 m'/kg for Portland cernent ( K I .  

1 994). 

The various ways in which silica fume works to improve the properties of concrete are 

yenerally well understood. It achieves this both through chemical and physical means. As 

mentioned previously, silica tiime is a very efficient pozzolanic material. "The chemical 

effect is the pozzolanic reaction that is a result of the high surface area of the silica hme 

coupled with its main component, amocphous silica (SiCl$', (Li, 1996). Ln fact. the 

extremely smaii particle size means that an average dosage of about 40kg/m3 wiil have 

around one square kilometre of surface area capable of reacting with the calcium 

hydroxide releûsed as the cernent hydrates (Lewis, 1996). Siiica hme reacts with the 

calcium hydroxide released by the hydrating cernent to increase the quantity of calcium 
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silicate hydrates (C-S-H) in the hardening concrete. The C-S-H formed by the reaction is  

both more dense and stronger than that formed dunng the hydration of cernent (Young. 

1992). This can be panially explained by the fact that the C-S-H product formed contains 

less non-evaporable water than that formed durinp nonnal hydration of cernent (Cheng-Yi 

and Feldrnan, 1985). 

Physically, irnmediately upon mixing, silica hme acts as a tiller between the cernent 

particles as long as there is a suficient arnount of superplasticizer in the mix to overcome 

the surface force efects (Detwiler and Mehta. 1989). Furthemore, silica tùme particles 

act as nucleation sites for hydration, ponolanically improve the interfacial transition zone 

around aggregates, and ponolanically react to infil1 and subdivide original pore space. 

giving fewer capillary pores and more of the finer gel pores (Hooton et al., 1998). Silica 

&me essentially permits the development of a much stronger, less porous. and more 

durable concrete. 

2.2.2 The Efféct of Silica Fume OR Expansion due to ASR 

Severai specifications and guidelines aiIow for the use of SCMs in concrete with 

potentiaiiy reactive aggregate to control ASR However, the recomrnendations on the use 

of these materiais for this purpose Vary tremendously. This Iack of consensus is a direct 

result of the confiicting results reponed on this matter. "Much of the controversy is 

centereâ around the alkalis in the SCMs and whether they are potentially available for 

ceaction", (Thomas and Blesfynski, 2000). Thus, there is aiready controversy surrounding 
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silica fume's ability to control expansion due to ASR, even before the issues of product 

form and SiO2 content are considered. A bnef summary of the broader issue of the ctfect 

of silica tùme on expansion due to ASR will be provided in this section. For a more 

extensive information, the reader is refened to other reviews which are being published. 

(Thomas and Blesqnski, 2000). 

Silica fume causes cenain physical and chernical changes to fresh and hardened concrete 

propenies that will have a direct effect on concrete's suscepiibility to ASR. The tirst is  

related to the reduction in permeability. This irnplies a reduction of mobility of the ions 

present in the pore solution, as well as the mobility of the pore solution itself X decrease 

in ionic diffusion and water penneability can slow the rate of reaction and also retard the 

rate at which any reaction product cm imbibe water and thus expand. 

The second involves reduced pore solution alkalinity. This is primarily the result of the 

incorporation of alkalis into the pozzolanic reaction products. As descnbed in a previous 

section, SF will react with the calcium hydroxide produced dunng cernent hydration to 

form supplementary C-S-H. This is beneficial since C-S-H entraps alkalis. thus the more 

C-S-H present, the lower the amount of ûee alkalis available for alkali silica reaction to 

occur. The alkali hydroxides are essentially rernoved from the pore solution befote they 

have a chance to react with any susceptible aggregates present (Diamond, 1983; Page and 

Venneslanâ, 1983). Furthemore, a silica fume paste has a Iower Qlobal Ca:Si ratio than 
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an identical paste which does not contain silica fiime. As the Ca:Si ratio of C-S-H 

decreases, its capacity to entrap alkalis increases; therefore, a paste containiny SF would 

have more alkalis emrapped in the C-S-H and less aikalis lefi in the pore solution (Durand 

et al., 1990). 

Other mechanisrns which have been proposed as to why silica &me increases a concrete's 

ability to resist ASR expansion include the consumption of Ca(OH):, improved Ca(OH)? 

distribution at the asgregatdcement interface, and self-desiccation. The roles that these 

chanpes play are beyond the scope of this report, and as such will not be discussed in 

depth. 

2.2.3 Silica Content of  Silica Fume 

As rnentioned previously, silica &me is a by-product of ferrosilicon and silicon alloy 

manufacturing fiom coal and high-purity quartz in a submerged-arc electric fumace. The 

product is refemd to as silica fume because of how it is forrned; duriny the process. Si0 

gas oxidizes and condenses to fom ememely fine spherical particles of Si02 (amorphous 

or glassy silica) which are highly reactive. Table 2.2.1 summarizes data from Neville 

(1996) and explains the relationship between the aiioy being produced and the silica 

content of the resulting silica fime. 
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Table 2.2.1 - Tviiical Silici Content-for Various Allovs 

It is evident that the higher the silicon content in the alloy, the higher the silica content in 

Nominal Silicon Content of Alloy 
> 98% 
90°h 
7 5 ?-6 
50% 

the resulting silica &me. Neville ( 1996) also mentions that it is important to know the 

Typicd Silica Content o f  Resulting SF 
94-98% 
90-96OA 
S 6 -9096 

80% 

provenance of any silica fùme to be used in concrete since the same furnace can produce 

different alloys. However. steady production of a given alloy will result in a silica fbmr 

with consistent propenies. 

Three chemicai requirements of silica &me are specified by the CSA A23.5 standard. 

namely 1 )  SiOz content, 1) content, and 3) loss of ignition. Isabelle ( 1986) noted that 

the most important of these requirements is the minimum Si& content, which has been 

placed at 85%. It has been found that silica fume having at least 85% SiOt yenerally 

perfonns well whereas those having a lesser arnount do not give satisfactory results 

(Isabelle, 1986). It is also of interest to note that silica fbmes from current Canadian 

sources have S i 9  contents well in eKcess of the specified 85% minimum (Isabelle, 1986). 

The published data relating silica fume concrete performance to silica content are 

extremely Iimited. The majonty of the related information found involved work performed 

by Duchesne and Bembe (1994b). Included in the SCMs examineci in the study were a 
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hi&-silica low-alkali silica fiune and a low-silica, high-alkali siüca fume. They found that 

10% of the low-silica, high-aikali siiica fiune was not sufficient to control ASR expansion 

of Spratt aggregate (siliceous Ihestone) when tested by the CSA-A23.2- 14A Concrete 

Pnsm Method. In the paste pore solution analysis work penormed by the same authors, it 

was found that a 5% low-silica, high-alkali silica fiime paste did not show any reduction in 

alkali concentration with respect to the control specimens, even at 545 days of age. 

Reductions were observed for the 10% low-silica, high-alkali mixture when compared to 

the neat cernent paste, but these reductions were very similar to those expenenced with 

the 5% high-silica,low-alkali mixture. Lt is important to note the silica fÙme with low 

silica content also had a very high alkali content, and as such, it is  not possible to scribe 

its poor performance solely to the low silica content. 

Findings are also reported by Wolsiefer et al. (1995) on a audy involving silica fumes with 

SiO2 contents ranying fiom 79 to 95%. Mixtures were made at wfcm of 0.40. 0.3 5 ,  0.30. 

and 0.22 and were teaed for compressive and flexural arengths, drying shrinkage. and 

rapid chloride permeability. There was no significance difference in performance and 

lower S i 9  levels did not require higher silica fume dosages for comparable performance. 

As this literature surwy indicated that ody lUnited information was available on this topic, 

it i s  recognized that fiirther work in this area is indeed warranted. It is hoped that the 

pans of this study which investigate specifically the effectiveness of Low-silica silica fbmes 

will provide more insiyht on this matter. 
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2.2.4 Forms of  Silica Fume 

As introduced previously, silica fume is available commercially in various product fonns. 

The AC1 has recognized the existence of four difKerent forms namely: 

As-produced silica nime, 
Slumed silica fbme, 
Densified siiica fiirne, and 
Pelletized silica fiime. 

As-produced silica fume is also commonly referred to as undensified silica fume. This is 

the form in which the fume is collected in deducting systems as a direct by-produn of 

silicon metal and ferro-silicon alloy production. The bulk density of this form of fume can 

range from 130-430 kg/m%t it is more common to experience values in the middle of 

this range. Because of its extreme fineness, handling and transporting undensified silica 

fume can present problems. When employed as a very fine powder, it is most often used 

for pre-bagged matenals. as well as for monars and grouts (Lewis, 1996). This raw silica 

fume can be processed in various ways to create produa foms which facilitate handlinp. 

transportation. and use. 

Slumed silica fume is  forrned of an aqueous suspension of undensified silica fume in 

water. generally at a 50:50 ratio by mas. Typical densities range fiom 1300 to 

1400kgmi (Neville, 1996). Its liquid nature is intended to make it easier to handle than in 

powder form. Unfortunately. the slurry form also makes transportation uneconornical 

since it requires the shipment of an equal mass of water. "To optVnite its quality and 
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stability, slurry is produced at the filtering unit as soon as possible after siiica fûme has 

been collected", (Lewis, 1996). Even so, during use, periodic agitation is ofien required 

to achieve a unifom distribution of the fbme within the slurry (Neville, 1996). Slurry 

products containing diserent chemical admkmes are also commercially available (ACI. 

1994). 

Silica fume is &O ofien densified. This procedure is accomplished throuyh mechanical 

means. such as compaction in a cone-shaped auger end extrusion systern, or by using 

compressed air (Hooton et al., 1998). For the latter process, undensified fume is loaded 

into a silo through which compressed air is blown. The air causes the particles to tumble 

and ayglomerate, with the heavier agglomerates falling to the silo bonom where they are 

subsequentiy removed. After densification, the material is no longer as "dusty". has a fine 

yranular appearance. and handling is much more user-fnmdly (Lewis, 1996). The forces 

holding the particles together should be easily overcome with proper concrete mixins with 

typical proprietary silica fumes of bulk densities ranging from 480 to 640 kdm-'. 

However. "beyond about the 720 kg/m"evel, it may become increasingiy difficult to 

disperse densified silica fume particles within concrete?', (ACI, 1994). Densified fiimes are 

used in various applications including formulated products, pre-cast operations. and ready- 

mix concrete. 
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Finally, undensified silica fbme is also sometimes converteci to pelletized fon.  This is 

produced by mixing silica fùme with a smd quantity of wata to fom a solid agglomerate. 

ofien in an inclined rotating drum. Pelletized fume is not suitable for direct use in concrete 

since the agglornerates will not disperse without pbysical grincihg (ACI, 1994). h such, 

pelletized fume is typically interground to form blended cements. 

2.1.4.1 Dispersion OC Silica Fume 

Even before considering the impact of the use of various product foms of silica fume 

described in the previous section, the issue of adequate dispersion of any type of silica 

fume throughout a concrete mixture must be addressed. If silica fume is not dispersed 

adequately throughout a mimure, performance may be variable and the improvement to 

concrete properties rnay be less dramatic, especially with respect to durability (Hooton et 

al.. 1998). Furthemore. undispersed clumps of silica fume could'potentially act as alkali- 

reactive. or frost susceptible, aggregates (Lagerblad and Utkin, 1995). 

Various factors can have an impact on the ability of a silica fume tu adequately disperse 

throughout a concrete mixture. The results of ultrasonic dispersion tests pefiomed by St. 

John (1994) on Nmes of varying density found that siiica fiimes with bulk densities of 

p a t e r  than 500 kg/mZ were uniïkely to be redispersed in a concrete mixer. As well as 

bulk density. both method and fonn of densification are issues of concem. Blended 
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cernent producers should address these probktns when designing their intergrinding 

syaems. For exarnple, work done by Gudmundsson and Moiler (1997) in lceland has 

found that air-compacted silica fùme is not always as effectively interground with the 

clinker as pelletized SF.  The actual mixing process mua also be considered. This 

includes batching sequence, mixer efficiency, and mkhg time (Hooton et al., 1998). 

Lagerblad and Utkin (1  993; 1995) have found the use of proper concrete mixing to be of 

even greater impomnce than the use of superplasticizers, and recommend a dry pre- 

mixing of silica fùme with coarse aygreyate. They aiso emphasize that the size of the 

smallest aggregate grain size should be twice that of SF granules to achieve good 

crushinp. "Mixing procedures may vary in line with the production facility but the general 

nile is to mix thoroughiy, ensuring maximum dispersion of the microsilica (SF) within the 

concrete. To this end, microsilica concretes should incorporate a plasticiser or a 

superplasticiser to aid in dispersion". (Lewis 19%). Superplasticizers will aid in the 

dispersion of small agJomerations. and should be used as a minimal measure to address 

the issue of proper silica fume dispersion. This fact is highlighted by results such as those 

reponed by Gudmundsson and Moller ( 1997) from a snidy on the effect superplasticizers 

have on the distribution of silica fume in monar and concrete. Samples were made with 

ei$t different plasticisers and yet the thin sections examined petrographically showed 

there was no effect of the superplasticizers on the amount of SF clunen present in the 

samples. 
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The fact temains that more and more evidence of the presence of silica fùme 

agglomerations in silica fume mortars and concretes both in the field and in the laboratory. 

It seems that the widely held assumption that if agglomerates are present that they will be 

broken up by intemiking to be small enough to pack between cernent grains is simply not 

correct in the case of some siiica fumes (St. John, 1994). Many researchers have corne to 

the conclusion that the rnean particie size of SF actually varies between 1 and 50 pn, and 

not O. 1 to 0.2 pm as is  normally quoted in the literature (Koldemp, 1977; Aitcin, 1983; De 

Larrard, 1992; St. John. 1994). The "microspheres" of silica fume can be held in clusten 

by a combination of Van der Waals forces, fused spheres, entanglement of fused spheres 

and single or linked chahs. Work done by St. John (1994) showed that some particles can 

be fùsed together during the manufacturing ptocess. "Once a silica fume with an 

unfavourable amount of nision is agglomerated, it is  impossible to de-agglornerate it 

sufkiently for use in concrete and monad', (St. John, 1994). .4 aandardized procedure 

to measure dispersibility of silica fume, such as measunng the ultrasonic dispersivity, 

shouid be implernented. 

Researchers have reporied cases where siiica fume agglomerations have allegedly caused 

ASR in both laboratory and field studies (Shayan et al., 1994; Lagerblad and Utkin, 1995). 

Some authors have found that these "lumps" ofsilica fùme can actuaily behave as reactive 

aggregate panicles (Pettersson, 1992; Bonen and Diamond; 1992). In these cases. the 

reaction and/or the reaction product seem typical of ASR. The potential of the 
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agglomerates to cause expansive ASR will depend on their amout, sue, and whether 

sufficient aikali and moisture is present (St. John, 1994). 

It is evident that in order for silica fwae to work in a concrete mixture to its full potential, 

it is imperative that silica fume particles be well dispersed in a concrete mixture (Maihotra, 

1987). It is crucial that both suppliers and producers be aware of the potential 

consequences of inadequate dispersion of silica fume, so they will take care to use proper 

admixtures and mixing techniques. This is also equally m e  for laboratory testing of 

mixtures incorporating siiica fume. The true effm of silica fùme on the resulting 

properties of a peste, mortar, or concrete mixture will not be realized in a testing program 

that does not pay attention to details such as mixing processes. SF bulk density, product 

form of silica fùme, and use of appropriate admixtures. 

2.2.4.2 Performance of Various Foms of Silica Fume 

Each of the different foms in which silica fime is available has operational 
advantages, but al1 f o m  can be successtùlly used; claims of significant 
beneficial effects of one or other of these foms upon the resulting concrete 
have not been substantiated. - (Neville, 1996) 

Some previous work has been perfonned testing concrete mixtures containing different 

product forms of silica hme. Mucb of the research reporteci in the literature is duected 

towards properties other han ASR resistance. Cohen and Olek (1989) compared the 

performance of concrets with 10% replacement of  simied, uncompacted, and densified 

Andrea M. BurWj. M.A.Sc, Thesis 
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silica fumes at 0.35 wkm in tems of compressive strength, fieezing and thawing 

resistance, and resistance to chloride permeability. Theu findings showed "no reason to 

advocate for or againn the use of any specific form of silica fume as there were no 

signifiant differences observed in the engineering properties of concretes containhg either 

of the three forms of silica fume", (Cohen and Okk, 1989). From this same work, the 

researchers also noied that in tems of fresh properties, the densified form of silica fume 

was the easiest to handle during mixiag and also showed the best finishability, and that the 

slumed silica*'fume had the highest demand for HRWR4 and air-entraining admixture. 

Fidjestol(1992) performed a study relating fron resiaance to product fonn of silica fume. 

He reported a slight redwtion in fiost resistance with increasing bulk density, ranging 

from 200 k& to 800 kg/m3, of the silica fùme incorporated in the concrete. The same 

study found detrimental effeçts of increasing densification of silica fume on resulting 

compressive strengths. Work done by Wolsiefer et al. (1995) showed different results. 

They report on a nudy where eleven different product forms of SF at w/cm of 0.40, 0.35. 

0.30. and 0.22 were tested for compressive and flexural strengths, drying shnnkage, and 

rapid chloride pemeability. The performance of the concretes in tenns of mechanical 

properties and durability characteristics (as determined by RCPT) was comparable, 

regardless of the silica fume product fonn used. 

In some audies the effect of product fom of SF on ASR resistance was examined. 

Concrete prism expansion tests performed by Bembe and CO-worken (1998) indicated 
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that pelletking the silica fume before mixing with the clinker at the grinding stage did not 

reduce its effectiveness againa ASR., provided the grùiding process is effective in 

dispersing the silica fume. Conflictiny results were reported by Lagerblad and Utkin 

(1993). They teaed concretes in tems of ASR and fieezing and thawiug, using sodium 

chlonde to accelerate detenoration in both cases. For both tests, they found that the 

concretes with badly dispersed silica fume grains developed ASR and disintegrated 

rapidly. They concluded that "in real structures, badly dispersed silica granules can only 

cause damage under cenain conditions" based on the finding that the granules turned to 

alkali-silica gel quite quickly (before the concrete hardened) and only became expansive 

with a suficient supply of alkalis and water. 
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3 EXPERIMENTAL TEST PROCEDURES 

Several test procedures were carried out on various mortar and concrete mixtures to 

investigate the effeas that form and silica content of dica Fume bave on resiaance to 

deterioration due to alkali-silica reaction. The details of these test procedures are outlined 

in this chapter. The various materials employed, as well as the various mixture designs 

used. are also descnbed. 

NI specimens tested in this program were made with hi&-alkali. CSA Type 10 cernent, 

(similar to ASTM Type 1). The equivalent aikali content of this cernent is 0.98%. and a 

complete chemical analysis is provided in Table 3.1.1 and Appendix A. This cernent met 

al1 the requirements for use in both the accelerated mortar bar (CSA A23.2-25A) and 

concrete prism (CSA A23.2-14A) tests. 

.A total of 7 types andior sources of silica Eùmes were examined. The fira series consists 

of five silica &mes, chosen to represent the range of product forms currently in use in 

North Arnenca. The second series involves two silica &mes from the sarne source, but 

different silica contents. The chemical analyses of the silica fumes and the ordinary 

Portland cernent are presented in Table 3.1.1 and Appendix A A list outlininy the two 

senes of silica fiimes and certain relevant characteristics is provided in Table 3 - 1 2 .  
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Tablt 3.1.1 - Chernical Analvses Cor Ctmentitio . . 
us Materials 

Table 3*L2 - Silica Fume Pro~ertits 

SLtCA FUME 1 Source 1 Si01 content 1 Loose Bulk 1 ./u 

Densilied #2 (DEN2) 1 US93 1 90.73 1 643 1 0.83 

Series 1: produci f o m  
Uadcnsified (UND) 
Ptllttized (PEL) 
Densificd #1 (DENI) 

Slurried (SLU) 94-54 1 - 1 0.41 
Series 2: silica content I I I I 

Can- 1 
Can- 1 
Can-2 

Normal Silica (NS) 1 US-5 1 88.40 1 218 1 0.98 
Low Silica (LS) 1 US-5 1 68.2 1 1 23 3 1 1.16 

95.52 
88.85 

- 94.83 

It should be noted that these silica &mes are not al1 fiom the sarne source. The code CAN 

refers to a Canadian source and US refers to a U.S. source, while the nurnbenng refers to 

the five different cernent supplien from which the silica fumes were received. Other 

researchers have maintained that for this type of work, the dmerent fomis of SF 

represented should be created h the same origin for valid assessments to be made 

.Jntirett M. Boddy M-A-Sc Tkesis 

Deas ity (kg/m3) 

270 
557 
689 

NaDe 

0.59 
0.48 
0.60 
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(Cohen and Olek. 1989). These silica fumes were chosen to reflect the products which are 

commercialiy available, through both source and form. As such, al1 the silica fumes 

employed came directly f?om plants either as finished products or in the state in which 

they would be prior to intergrinding as an ingredient in silica fume blended cernent. lt 

should aiso be mentioned that the low-silica silica fume (LS) does not meet the 85% 

minimum silica content required by CSA A23.S or ASTM 1240, and as such, is not 

currentiy marketed for use in ready-mixed concrete. 

There is currently no standard method for measuring the loose bulk density of silica fume. 

For this study, this was determined by filiiig and weighuig a calibrated 400 mi brass cup 

with silica fume. The cup was always filled in 2 layers, with 4 tamps per layer, and extra 

material was stnick off at the top. This procedure was pefiom~ed 5 times for each fùrne 

to obtain an average loose bulk density for the matenal, as presented in Table 3.1.2. 

Deleteriously reactive aygreeyate €tom the Spratt quany near Ottawa, Ontario was used in 

the monar and concrete test specimens. It is a crushed, siliceous limeaone which is 

deletenously reactive and ofien employed as a standard aggregate for ASR tests (CS.4 

A.23.1-94, Appendix B). It should be noted that it is the chen siliceous component of this 

aggregate that is reactive. This aygregate was obtained from the Engineering Materials 

OtTce of the Ontario Ministry of Transponation (MTO). 
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3.2 CONCWTE PRISM EXPANSION TEST 

Expansion testing of concrete pnsms followed the procedure outlined in CSA ,423.2-14A 

(simiiar to ASTM C 1293) standard. in this test, concrete pnsms are cast with 420 kg/m3 

of high-alkali Portland cernent and the mix water is dosed with NaOH to raise the cernent 

alkalis to 1.25% NazO,. Pnsms are subsequently cast and measured for length change 

while exposed to 100% r.h. and 38°C. Although the test procedure is primarily intended 

to assess the potential expansivity of aggregates, it bas been found to be a usefûl tool in 

evaluating the effectiveness of SCMs in controllhg ASR in specimens containing 

aygreyates which are known to be reactive. "Current expexience suggests that a testing 

penod of 2 years is sumcient for the evaluation of SCMs, with an expansion Iimit criterion 

of 0.04?40". (CSA A23.1-94, App. B). For the purpose of this repon, the most recent data 

possible are presented. yet funher monitoring of the pnsms will continue to a minimum of 

2 years. Such long term expansion measurements are required to ensure that the fume 

does not merely delay the onset of ASR. 

For each concrete mixture studied, three 75x75~300 mm pnsms were caa. Mixtures were 

cast with each of the varying product form silica fbmes at 4%. 8%. and 12% levels of 

cernent replacement by mass. The specific concrete mixture proponions used for each 

7.5 L mixture are outlined in Table 3.2-1. It should be noted that the amount of sodium 

hydroxide included in the mix was adjusted to accommodate the level of replacement of 
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Portland cernent with silica fime, as the dkali contribution of siiica h e  is not included 

for calculation purposes. 

A note should be made at this point regarding an error in the batching process resulted in 

25% more NaOH being added to the mixtures than was required by the standard 

procedures. This resulted in a sornewhat higher total alkali content in the mixtures than 

was targeted, as shown in Table 3.2.1. Even so, the data fiom the prisms are still valid for 

the purposes of comparing between the ability of the various forms of silica fume to 

control expansion due to ASR. 

Table 3.2.1 - Prisms Mix Desinns 

MATERIALS 1 LEVEL OF REPLACEMENT 
- - 

0% 4% 8% 12741 
Cernent (kg) 3.15 3 .O2 2.90 2.77 
Silica Fume (kg) 0.00 O. 13 0.25 0.38 
C.Aggregrite let0mm (kg) 5.13 5.1 1 5 .O9 5 .O8 
C.Aggregate 10-5mm (kg) 2.56 2.56 2.55 2.54 
Sand (kg) S. 13 5.1 1 5.09 5 .O8 
Water (kg) 1 1.42 1 1 -42 1.42 1 1 -42 

NaOH (g) 14.10 13.53 12.97 1 12.41 I 

Target Alkalis (kp/m3) 5 .25 5.04 1.83 4.62 
Actual Alkalis 4 kn/mJ1 5.57 5.34 5.13 1 4.90 

The prisms were demoulded 24 hours afier casting, and were immediately covered with 

damp rags so the specimens would not dty out. The initiai length measurement of the 
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pnsms was taken within one hour of demoulding. Mer  the length was measured, each set 

of 3 prisms was placed in a storage container. These storage containers consisted of a 25 

litre plastic pail with an ainight lid. In the bottom of each pail, a piece of plastic mesh was 

placed on three 40mm high PVC pipe spacers, and water was added to approximately a 

ZSrnm depth. The sides of the pail were covered with filter paper that extended down into 

the water. 

The prisms in their storage containers were then placed in a room maintained at 38 + I°C. 

Subsequent readings were taken at 1, 2. 3. 8, 13, 18. 26, 39, and 52 weeks. Further 

readings will be taken every 3 months up to the minimum 2 years of monitoring. Prier to 

a readiny beiny taken. the pails were removed fiom aorage and maintained at 23 2 2°C 

for 16 t 4 hours. It should be noted that the mass of al1 specirnens was also recorded with 

each length reading. 

3.3 ACCELERATED EXPANSION OF MORTAR BARS DUE TO ASR 

The accelerated expansion of monar bars due to ASR was audied in accordance with 

CSA A23.2-?SA-M94 (similar to ASTM C 1260-94). This test is basically the same as 

the method developed by Oberholster and Davies (1986). Questions have been raised as 

to whether this test is appropnate for evaluating the effectiveness of supplementary 

cementiny materials againa alkali-silica reaction. Recent work bas show that the 

specified conditions are suitable to accelerate the pozzolanic reactions of SCMs, ensuring 
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that this test is a reasonable evaluation method (Berra et al., 1996; Benibe et al., 1995; 

Berra et al., 1994). As such, the accelerated mortar bar test has been included in the 

Canadian Standard for Supplementary Cementhg Matenais. CSA A23.5-98, as an 

optional requirement to assess the ability of supplementary cementhg materials such as 

silica fume to control expansion due to ASR The test method requires that the SCM in 

question be tested at vhous replacement levels and that the reactive aggregate used must 

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 fits this requirement. 

It should be noted that this study was cam*ed out to give preliminary indications of the 

effects that the form and silica content of silica fume have on its ability to control 

expansion due to ASR. It is recognized that the test conditions are quite severe, but it has 

been found that at 14 days, a expansion limit of 0.10% correlates well with the 0.040% 

concrete pnsm limit aiter 1 years when studying SCMs (Thomas and Innis, 1999; Berube, 

et al., 1995). 

The grading and proponioning of the Spratt aggregate was camed out accordiny to the 

CSA standard and all aggregate was washed prior to use. The casting was carried out 

followin~ ASTM C305-94. A ratio of water to cernent to aggregate of 0.50 : 1 .O0 : 2.25 

was employed. The specific mix proportions used to cast the 3 rnonar bar specimens for 
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each mixture tested are presented in Table 3.3.1. These mixtures included a 4%, 8%. and 

Il% cernent replacement mixture for each of the 7 silica fumes examined. 

Three 25~25x250 mm gauge length monar bars were cast for each mixture in the study. 

The specimens were demoulded afier 2 4 e  hours. They were then placed in water at 

73OC and heated to 80°C. Mer  24 hours, an initial length measurement (the zero 

reading) was then taken. AU length measurernents were carried out using a digital length 

comparator. The specimens were subsequently placed in a standard 1 molar NaOH host 

solution, pre-heated to 80°C. It should be noted that the solution was titrated before use 

to ensure that the hydroxyl ion concentration was within F O. I moVL of IM. Aiso. the 

solution level was maintained at roughly 2Smm above the samples. Further readings were 

taken at 1 . 3 ,  7, 1 1,  14. 2 1, and 28 days after NaOH immersion. 

Table 3.3.1 - Mortar Bar Mis Desinns 

MATERIALS 

Cernent (g) 
Silicrr Fume (g) 

8- 
Wattr (a)  
w/cm 
Superplasticizer (p)* 

* sulfonate-naphthalene superplasticizer was used in liquid form 

LEVEL OF REPLACEMENT 
0% 
440 

O 

220 
O. 5 

O 

4% 
432.4 
17.6 
990 
220 
0.5 

O 

8% l 12% 
404.8 
35.2 
990 

387.2 
52.8 
990 

220 
0.5 

220 
O. 5 

2.5 1 3 
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3.4 PORE SOLUTION COMPOSITION 

This work was done in order to investigate the effects that the produa form and silica 

content of silica fume have on pore solution composition. Aspects to be investigated 

include the solid and liquid phase partition of alkalis, alkali binding properties, and alkali 

dilution effects. 

For each SF type, pastes were prepared at 4%. 8%. and 12% mass replacement at a 

water-to-cementitious materiais ratio o f  0.5. A 100% ordinar). Portland cernent mixture 

was dso cast for control purposes. The paste specimens were mixed in a hi@ shear 

blender (Wannp stainless steel, 3 -8 1 litre capacity). No superplasticizers or water- 

reducers were included in the m*mres. Eight cylinders (SOmrn diameter x lOOmm hiyh) 

were hlled in 2 layers and sealed with parafilm and a plastic lid. M e r  casting, the 

specimens were slowly rotated about their ends at llrpm for 24 hours to avoid bleeding 

and segregation prior to set. 

Pore solution was extracted nom the specimens at 1, 3, 7, 28. and 90 days of age and 

analysed for chernical composition. The pore solution was expressed from the samples 

using a high-pressure apparatus, oriw@nally desaibed by Barneyback and Diamond ( 1 98 1 ). 

It should be noted that Duchesne and Berube (1994a) have shown that the aikali 

concentration of pore solution is not affected by the pressure at which a sample is 

espressed. Funher analysis will be performed on specimens at 1 and 2 yean of age. The 

Andna M. Buddy M.A&. nesit 
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specimens were stored at 23°C and 100% r.h. to help prevent moisture loss until they 

were tested. Once the pore solution was collected, it was irnmediately tested for O K  ion 

concentration using automatic H~SOI titration with a Metrohm Titrino DMS automatic 

titrator. The samples were also tested later for N a  and K' ion concentrations using flarne 

photometry. Specific mix proponions for the pastes cast in this snidy are presented in 

Table 3 -4.1. 

Table 3.4.1 - Paste Snecimen Mu Desinns 

l MATERIALS 
LEVEL OF REPLACEMENT 

0% 1 496 I 8% I 12% 
- - 

j Cernent (g) 
Silica Fume (g) 
Water In) 

2496 
IO4 

1300 

2600 
O 

1300 

- 

23 92 
208 
1300 

2288 
312 
1300 
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4 EXPERIMENTAL RESULTS AND DISCUSSION 

The results fkom this program are presented in Chapter 4. Fust the effect of the produa 

fonn, involving mixtures made with the senes #1 silica h e s  as outlined in Section 3.1. 

are examined, followed by a discussion of the issue of silica content by analysing the 

results fiom mixtures containhg the series #2 silica fùmes. Tables and plots of results 

exhibited in this section of the report either present average values or sarnple values 

representative of general findings. Detailed cdculations and results for individual sarnples 

for certain tests are located in the appendices. as will be later cited. 

4.1 ACCELERATED EXPANSION OF CONCRETE PRISMS DUE TO ASR 

4.1.1 Effect of  Product Form of Silica Fume 

Results presented in this repon are as recent as possible. Monitoring of the prisms will 

continue to a minimum of 2 years. Currently, CS A A23.1-94, Appendix 0 recommends a 

testiny penod of 1 years with an expansion limit critenon of 0.04% for the evaluation of 

SCMs. Specific plots and data for individual specimens of each mixture are presented in 

Appendix B. Although this study is not complete, some preliminary observations can be 

made frorn the results obtained to date. 

As mentioned in Chapter 3. concrete prisms were cast at 4%, 896, and 12% replacement 

of Portland cernent by silica fume with the varyinp product fom silica fimes. The pnsm 
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expansion evolution for these Ievds of replacement are shown in Figures 4.1.1, 4.1.2, and 

Carmate Prim Expansion 
Vwying Pmduct Form -4% SC Rapkement 

Figure 4.1.1 : Expansion o f  concrete prisms containing 4% silica fume replacement 

As mentioned in Section 3.2, an error was made when preparing mixnire designs and too 

much NaOH was added to al1 of concrete prisrn mixtures. As such, the concrete prism 

data reported in this study should only be used for relative, comparative purposes. 

However, it is of interest ta note that the average expansion of the OPC pnsms after 52 

weeks (0.189%) falls within one standard deviation of the average expansion after 52 

weeks of OPC prisms containing Spratt aggregate (p = 0.170%. a = 0.031%) as 

determined in a inter-laboratoiy study reported by Fournier and Malhotra ( 1  996). 
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Conwate Prism bpansion 
Vuying P r o u  Form -8% SFRlplitmmt 

Figure 4.1.2 : Expansion of concrete prisms containing 8?40 silica fume replacement 

Conctete Pdsm Expansion 
Varying Product form - 12% S f  Uiplrcemmt 

Figure 4.1.3 : Expansion of concrete prisms contaiaing 12% silica fume replacement 
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In many cases, the pnsms exhibited some initial negative expansion, most likely due to 

autogenous shtinkage. When cornparkg the modures containhg silica fume, it is evident 

that as the replacement percentage of each silica hme was increased, the expansion 

decreased. However. Figure 4.1.1 shows that 4% silica fume did not reduce long tenn 

expansion when compared to that expenenced by the OPC control prisms. The ordinary 

Portland cernent control mixture exceeded the expansion limit aitenon of 0.04% shortly 

after 56 days. Extensive surface cracking, extmded gel and white streaking were also 

observed on the OPC specimens after 90 days. Mer 1 year of testing, the rate of the 

OPC prism expansion seems to be slowing. The 4% P U ,  DENI, and DM1 silica fùme 

pnsms exceeded the limit criterion dmost exactly at 90 days. These three sets of pnsms 

al1 expenenced minimal expansion up to around 56 days, after which the rate of expansion 

drastically increased and has continued relatively steadily to date. Althouyh it took longer 

for these mixtures to surpass the limit than the OPC mixture did, these pnsms later 

achieved higher expansions than the control m*xnire pnsms. Other researchers have 

reponed the occurrence of this pessirnum effect where the use of silica nime at low 

replacement levels can actually result in higher expansions due to ASR. "With very 

rcactive agregates. greater expansions than for control specimens without SCM 

(pessimum effect) can be obtained for concretes made with a low CSF content, Le. 5%". 

(Duschene and Berube, 1994). The trend of expansion of 4% PEL. 4% DEN 1 + and 4% 

DEN2 ptisms also do not seem to have levelled off, even afker I year o f  testing. 
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Unfonunately, due to a delay in receiving matenals, there is not as much long-tem data 

available for the mixtures incorporating the undeded and slumed silica &mes. 

However, it is evident fiom Figure 4.1.1, that the 4% S l d e d  and Undensified silica fùme 

prisms expanded beyond the limit cnterion at approximately 126 days. The delay in the 

onset of expansion for these pnsm sets was longer than that of the PU-4%,  DEN 14%. 

and DEN24% mixtures. It was after 90 days that the pnsms with 4% of undensified and 

slumed silica fbme began to expand at a siLpiificant rate. 

Although al1 the prisms made with 4% replacement by silica fume of Portland cernent 

failed the test criterion, there is a noticeabie difference in puformance between some of 

the product fonns of silica fbme employed. This was not the case. however, at the 8% 

and 12% levels of replacement. after 1 year of testing. Figure 4.1.2 presents the expansion 

of prisms with time for concrete with 8% SF, and d e r  1 year of testing, the prisms made 

with the pelletized and both of the densified silica fbmes had al1 surpassed the expansion 

limit . Again, the data available for the undensified and slumed silica fume prisms is  not as 

advanced as the others. The latest recorded readings were at 1 26 days (0.0 1 6%) for the 

siumed SF and 23 1 days (0.027%) for the undensified SF. At these ages, the pnsms were 

still wel! below the 0.040% limit criterion. however. the rates and levels of expansion to 

date seem to be following the same trend as the prisms made with the other three silica 

îùmes. ln essence. at this point, there is no distinguishable dserence in performance of 

the different product fonns in terms of concrete pnsm expansion at an 8% level of 
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replacement. Also, there is no significant change in the rate of expansion experienced to 

date by any of the concrete prisms with 8% replacement of cernent by silica fume . 

Similar observations cm be made for the pnsms made with 12% sika fiime. As is evident 

in Figure 4.1.3, there is no signifïcant diffetence between the expansion experienced by the 

prisms made with the different produa forms to date. This occurrence is fùrther discussed 

in conjunction with the results of the mortar bar and paste specimen testing, in Section 

4.4. The 12% SF concrete pnsms also have not exhibited a significant change in the rate 

of expansion to date. Figure 4.1.3 also shows that 12% silica tùme is sufficient to 

maintain expansion below the limit cnterion after 1 year, no matter what form was 

employed. Further monitoring to 2 years of exposure will reveal whether some or al1 of 

these 12% SF mixtures will pass the expansion limit critenon for SCMs as recornmended 

by CSA A23.1. Appendix B. It is expected that the prisms will exceed the expansion limit 

criterion since the dosage of NaOH included in these mixtures was 25% higher than 

specified in the standard. However. as previously mentioned and as is evident by the 

preceding discussion. usehl comparisons and observations can be drawn from these 

results even with this error. 

&l.Z Effect o f  Silica Content of Silica Fume 

Concrete pnsms were not cast with the low-silica silica fwne (LS) and the control silica 

silica fume (NS) Rom the same producer. It was originaily thought that the conditions 

used for the concrete prism test might not be severe enough for any useful data to be 
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obtained. In the intereas of a complete and thorough snidy, it is most likely that these 

prisms will be cast and monitored to a minimum of 2 years at a later date. 

4.2 ACCELERATED EXPANSION OF MORTAR BARS DUE TO ASR 

Athough this is traditionaily a 14 day test, al1 expansions wen monitored to 28 days. Full 

expansion data tables and plots are exhibited in Appendk C. 

4.2.1 Effect of  Product Form of  Silica Fume 

Figures 4.2.1, 4.2.2, and 4.2.3 show the performance of mortar bars with 4%, 8%. and 

12Y0 SF respeaively. At 14 days, the expansion ofthe OPC control specimens seems high 

at 0.505%. However, this average expansion is within 2 standard deviations of the mean 

14 day expansion of Spratt aggregate (p = 0.416%- o = 0.06%) as determined in a multi- 

laboratory audy of the accelerated mortar bar test (ASTM C 1260) and reponed by 

Rogers ( 1999). 

The ordinary Portland cernent control specimens had exceeded the 0.10% expansion limit 

criterion afier 4 days. All of the 4% SF specimens had expansions of 0.10% or greater by 

7 days. Mer 1 1 days. al1 of the 8% SF specirnens had dso failed the test limit. With 12% 

SF. only the specimens containing either the undensified or slurried fonn of silica fume had 

average expansions below 0.10% after 14 days of testing. The specimens made with the 

two densified silica fumes jua barely exceeded the 0.10% limit; however, the 12% 
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pelletized dica fume specimens still perfomed poorly with an expansion of dmost 0.20% 

at 14 days. 

Mortm k r  Expansion 
Varying Pmduct Form - 4% SC Replacmmt 

Figure 4.2.1 : Expansion of mortar ban containing 4% silica fume replacement 

There was no delay of the onset of expansion with any of the sets of rnortar bars 

containing 4% silica fume. Of the monar d u r e s  with 8% SF. only PEL-8% expanded 

siynificantly immediately and increased steadily. The expansion of UND-8% began afier 7 

days, while the other three silica fumes tested (DENI, DEN', and SLU) exhibited a large 

increase in the rate of expansion ai approximately 4 days. Al1 of the 12% SF specimens 

evperienced a delay in the onset of expansion. For PU-I2%, DEN1 -1 ~ Y o ,  and DM20 

1 the onset of expansion occuned at approximately 7 days, while with SLU- 12% and 
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W-12%. significmt expansion begm after 11 days. These trends are actually quite 

different from those observed with the concrete pnsms. 

Figure 4.2.2 : Expansion o f  mortar bars containing 8% silica rume replacement 

The above discussion of the accelerated monar bar test results makes it evident that 

diflerences were observed in performance between the various product foms of silica 

fume tested, even with the 12% replacement of cernent monar mixtures. At al1 3 levels of 

replacement of cernent, the slumed and undensified silica fime mixtures pedomed fairly 

similarlv in tems of ultimate expansion and rates at which this expansion was achieved; 

these two forms of silica fûme were consistently better at controlliny mortar bar expansion 

than the other three forms tested. There was no significant difference in the expansion 

results observed for monars with the 4% replacement of cernent by the pelletized or either 

of the two densified silica fume mixtures, up to 21 days. With 8% and 12% dica fÙme 
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content, the pelletized SF mortar bars expanded the most, foUowed by the DEN1 monar 

bars and then the DEN2 mortar bars. Further discussion of these observations will be 

made in Section 4.4. 

Figure 4.2.3 : Expansion o f  mortar ban containing 12% silica Cume replacement 

It is also important to note that the degree of expansion decreased as the level of silica 

fume increased for al1 silica fume forms tested if the reni1ts are oniy examined up to 14 

days. (details in Appendix C). However, for specimens prepared with pelletized silica 

fume. the 8% replacement samples exhibited greater expansion aiter 28 days than did the 

4% replacement of cernent by pelletized silica fume wnples. Samples of these bars have 

been saved to be examined by scanniny electron microscope in the hopes of detennining 

why this happened. Potentially, there could be more silica fume clusten of undispersed 
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grains in the 8% mortar bars, which may have provided more reaction sites for ASR to 

4.2.2 Efftct of  Silics Content o f  Silica Fume 

Monar bars were also caa with the series #2 silica h e s  to investigate the eEea that the 

silica content of silica fume has on its ability to control expansion under the accelerated 

rnortar bar test conditions. The degree of expaision decreased as the level of silica fùme 

increased for the two silica fumes tested in this part of the study, with one exception. 

(details in Appendix C). Mer 28 days of monitoring, the 8% low-silica silica fime monar 

bars had expanded slightly more than the 4% low-silica silica fume mortar bars. 

Figures 4.2.4, 4.2.5, and 4.2.6 present the 28 day expansion results for the monar bars 

cast with 4%, 8%, and 12% levels of replacement with the senes #2 silica fimes 

respectively. It is evident fiom al1 three figures that the mortar bars containing the low- 

silica silica fume expenenced no delay in onset of expansion. At al1 three levels of 

replacement, the LS monar bars expanded at a faster rate and to a higher ultimate 

expansion than did the bars containing NS silica fume. Also, even the 12% LS monar 

bars failed the expansion limit of 0.010% afier 14 days. In the case of the bars made with 

the NS silica fùme, the monar mixtures with 4% replacement failed the limit cntenon afier 

7 days and with 8% replacement just exceeôed the limit at 14 days. The monar bars made 

\vit h 12% NS passed the expansion criterion. 



The Effect of Form und Sioz Content on Silica Fumc's Abilitv to Control ASR 42 

Figure 4.2.4 : Expansion of mortar ban contaiaing 4% silica fume replacement 

Based on the results of the accelerated monar bar test, it appears that the lower silica 

content does affect a silica fùme's ability 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 fiilly discount the possible effectiveness of low-silica silica fumes 

at controiling ASR expansion. Often, the accelerated monar bar test is not enough to 

detennine the effectiveness of SCMs against ASR unless the mechanisms involved can be 

rxplained or shown to be similar to those that occur under a more redistic procedure, 

such as the concrete prism test (Benibe et al., 1995). As such, it would be extremely 

beneficial to cast concrete prisms using the NS and LS silica fumes fiom this study. Also. 

it would be of g-eat interest to test monar bars made with higher replacement levels (Le. 
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>12%) of the LS silica fime to see if that level of replacement of Portland cernent would 

be sufficient for the mixture to pass the 0.10% ASTM expansion limit cntenon. 

Figure 4.2.5 : Expansion of  mortar ban containing 8% süica fume replacement 

Figure 4.2.6 : Expansion of  mortnr ban contrining 12% silica fume replacement 
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4.3 PASTE SPECIMEN PORE SOLUTION COMPOSITION 

4.3.1 Effect of  Product Form of  Silica Fume 

This section highlights key tiadings of the paste specimen pore solution study. Pore 

solution was extracted from samples at 1, 3, 7, 28, 90, and 365 days, and analped for 

OH; Na', and Kg concentrations. In some cases, solutions were also extracted and tested 

at intermediate ages, between 90 days and I year of age, for the mixtures where the 1 year 

data would not be available for this report. Complete experimental data and plots are 

provided in Appendix D. 

By studying paste specimens, the effects of cementitious materials on the pore solution 

aikalinity can be examined since the oniy source of alkalis in the procedure is directly from 

the cernent and silica fume. Thus, the study of the pore solution composition and. 

panicularly. the effect of the partial replacement of cernent with silica fume on the OK ion 

concentration in the pore solution can be an effective tool to reveal the ability of different 

foms of silica fbme in couniering alkali-silica reaction (Berra et al., 1996). It should be 

noted that the presence of reactive aggregate in concrete or monars will decrease the pore 

wuater altalinity as OH' ions are consumed dunng the reaction (Diamond et al., 1981; 

Thomas et al.. 1 99 1 ). Similar experience has also been reported with apparently "inen" 

aygregates (Thomas. 1994). 
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Figure 4.3.1 shows that generally a good balance was found between the alkali ion 

concentration and the O H  concentration. Therefore, fiuther analyses were simply 

perfonned using the alkali ion concentration data as determined by flame photometry. In 

the few cases where there was not enough pore solution remaining to detemine the alkali 

concentration, the OH- concentration was employed for data analysis purposes. 

It should be noted that, in a few instances, the hydroxyl content as determined by titration 

and the alkali content as determined by flame photometry difTered by more than 5%. 

Nomally. this would indicate the presence of another significant ion, such as sulphates, in 

the systern. However. in this study, the differences were never consistently to one side or 

the other. It is more likely that the diferences can be attributed to experimentd errors 

such as pipettiny, evaporation of solution between time of titration and flarne photometry, 

and problems that were found to occur with the flarne photometry equipment. In order to 

eliminate some of this error, it is recomrnended in future studies that the flame photometry 

analysis be performed as soon as possible afler the pore squeeze has been perfonned since 

even good sealing techniques did not seem to stop evaporation from the solution 

containers. lt is suggeaed that samples be weighed irnmediately after collection and 

directly before testing to monitor this effect. 

Several broad observations can be made from the fira five plots presented in Appendix D. 

These figures compare the effects of increased levels of silica &me replacement on the 

.Intlmt M. Bd@* M.A.Sc ZikesiS 
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Pore Solution Analysb 
OH- vs. (Na + K) at al1 agas 

O O. 2 0.4 0.6 O. 8 1 

Alkali Concentration (M) 

Figure 4.3.1 : Bdaace bttwecn ionic specicr in pore solution 

evolution of pore solution alkalinity for each fume tested in the varying product form 

senes. Generally, silica fume addition at di replacement Ievels, for al1 product foms and 

ages tested. reduced the alkali concentration wben compared to that of the neat cernent 

paste. The only exception to this trend was found with the 4% pelletized dica hme 

mixture where the alkaii concentration at 90 days was higher than that of the OPC at 90 

days. Also, an increase in the replacement level of silica fÙme resulted in a larger decrease 

in the alkali concentration at 7, 28, and 90 days for al1 series #1 silica fiunes. This trend 

did not hold for data at 1 and 3 days. 

-- - -  

Andrea M. B U & ~  MA.&. m a ~  
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The next three plots compare the dEerent foms of silica fùme at similar replacement 

levels. Figures 4.3.2, 4.3 -3, and 4.3.4 present the results for the 4%, 8%, and 12% levels 

of replacement respectively. Examination of Figure 4.3.2 indicates that at a 4% level of 

replacement, the product form of silica fume does cause diserences in the resulting pore 

solution alkalinity of paste specimens, which confvms the concrete pnsm and monar bar 

expansion results. In contrast, Figure 4.3.3 shows no significant diEerence in the 

concentration of alkaiis in the specimens made with the various product forms of silica 

fume with 8% replacement. Similar results were observed for the 12% replacement by 

silica fume of Ponland cernent mixtures, as is evident in Figure 4.3.4. 

CONCENTRATION OF ALKAUS - PASTE PORE SOUmON 
Vafying Pmâuct Fom -4% Levd of Replacement 

Figure 4.A2 : Effect o f  product rom of  silica fume on pore solution alkalinity with 
timt at 4% level of  replacement 
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Figure 4.3.3 : Effect of' produrt Corn of süica fume on port solution aikalinity with 
time at 8% level of replacement 

Potentially, at hipher levels of replacement such as 8 and 12%. the system is essentially 

swamped with silica tùme to a degree that the difference in the quantity of exposed, 

reactive surface area that eKias between the different forms of silica fume no longer 

matters, at lean up to 1 year. This implies that there could be similar penormance 

obtained by different foms of silica fume at lower replacement levels. For example, a 4% 

undensified SF concrete mixture may be able to control ASR expansion as well as a 6% 

pelletized or densified concrete mixture. Funher work correlating a form of silica fùme's 

performance to the average reactive surface area would definitely be useful. 

M. A. Sc. Thesis 



Figure 4.3.4 : E i k t  of ptoduct form oCsilica fume on pore solution alkalinity with 
time at 12% levd o f  replacement 

Figure 4.3.5 and 4 .36  present plots of alkalinity versus level of replacement for the 

various product foms of silica fume at 28 and 90 days of age respectively. The 

theoretical effect of an inert diluent has dso been plotted on this figure. Ail the product 

tbrms tested at al1 replacement levels cause a significantly Qreater decrease in pore solution 

alkalinity than would an inert diluent except in the case of the 4% pelletireci silica fume 

paste. 
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Figure 4.3.5 : EKect OC SF level o f  replacement and product krm on pore solution 
alkilinity at 28 days 

Figure 4.3.6 : E h t  OC SF level o f  replacement and product rom on pore solution 
dkalinity at 90 days 
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4.3.2 Efllict o f  Silica Content of Sika Fume 

The pore solution anaiysis of the pastes made with the NS dica fume gave fairly 

straightfonvard results. At ali ages tested to date, the addition of the silica fùme lowered 

the pore solution alkalinity when compared to that of the neat cernent paste. Also, an 

increased level of silica fùme replacement of Portland cernent caused an even greater 

decrease in the alkali level of the pore solution, (details in Appendix D). 

The resuits of the pore solution analysis of the iow-siiica silica fume pastes were not as 

clear. An increase in the replacement level of LS dica fume resulted in a larger decrease 

in the alkali concentration for the pastes anaiyzed at 28 days and later ages, (details in 

Appendix D). Also, at 90 days, the alkali concentration of the pore solution from the 4% 

LS paste was higher than the sample Rom the OPC sample at the same age. 

Figures 4.3 -7. 4.3 -8. and 4.3.9 present the pore solution analysis results cornpanng the 

47%. 8%. and 12% replacement mixtures respectively for both silica fumes. It is evident 

from al1 three fiyures that a change in amorphous silica content of the silica fume does 

affect the resulting pore solution alkalinity. This efféa is much more ciramatic at the 4% 

IeveI of replacement. but there is still a significant difference even with the 12% SF 

samples. It may be that silica fumes with lower Si02 do not have the capacity to bind as 

much of the alkalies in the formation of supplementary C-S-H as do silica nimes with 

hiyher amorphous silica contents. However, there may be some point of equivalency 

Andrea M. Bod& M.A.Sc. T'mis 
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Figure 4.3.7 : E f k t  ofSi02 of  silica fume on porc solution alkalinity with time at 
4% level of  replacement 

CONCENTRATION OF ALKAUS -?ASTE PORE SOCUTION 
Varyinq SUlca Content - 8% Ilepkcement 

Figure 1.3.8 : Effect of  SiO: o f  silici fume on pore solution alkalinity with tirne at 
8% levcl o f  nplactment 
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Figure 4.3.9 : EfKtct oTSiOI OC silica fume on pore solution alkalinity with time at 
12% level o f  replacement 

between a higher replacement level of SF with lower SiOl and lower replacement level of 

SF with higher Sioz. Further work should be performed to investigate this possibility. 

Fisure 4.3. IO shows the effect of level of SF replacement on the alkali concentration of 

the paste samples detedned at 90 days. It is of interest to note that the 4% low-silica 

paste specimen had a higher alkaii concentration than that which would be expected to 

occur with 4% of an inert diluent. The use of lower grade silica fumes at low replacement 

Ievels appears to be ineffective. 
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Figure 4.3.10 : Efiect OF SF levd o f  replacement and Si02 content on pore solution 
alkalinity at 90 days 
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4.4 SUMMARY OF RESULTS 

4.4.1 Effcct o f  Product Fom o f  Silica Fume 

In Table 4.4.1. the performance of the various product f o m  of silica fiune is ranked in 

terms of the three nidies pefiormed in this research program. Tbe number 1 indicates the 

best performance and number 6 indicates the worst performance comparatively. The 

numbers in italics simply mean that the results available are not as advanced as the others, 

so those rankings are based on trends to date. 

Table 4.4.1 - Summarv o f  Results 

. . 

Form Concrete Pnsm Expansion Monar Bar Expansion Paste Pore Solution Study 
Of SF (aller 1 80 days) (after 28 days) ( d e r  90 days) 

I - 

4% 8% 12% 4% 8% 12% 4% 8% 13% 
UND 1 1 1 1 1 1 3 1 O 7 

DEN2 3 1 1 4 I 3  3 4 1 I 
SLU 2 I i 2 2 2 i f I 
OPC 4 16 6 6 6 16 5 16 6 

Some issues warrant further discussion in tenns of a combination of the results of al1 three 

studies perfonned in this program. The first issue was mentioned earlier in this report. 

No significant difference in performance was observed in terms of concrete prism testing 

or pore solution alkalinity between the various product forrns used at 8 and 12% 

replacement. whiIe diferences were observed at 4% replacement. However, for the 

monar bar testing, noticeable differences in pertemance were found between the various 
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forms at dl levels of replacement. One possible contnbuting factor to these occurences 

could be the ciifference in mixers used to cast the piiste specimens, rnortar bars, and 

concrete pnsms. The paste specimens were cast in a high-speed, hi&-shear, blender 

mixer which possibly had the ability to break apart and better disperse the silica fùme. no 

matter what fonn was used. Also, when casting the concrete prisms, there is a very short 

dry blend period (Le. 20 seconds) where the silica hme aad cernent are being intermixed 

with the sand and two sizes of coarse aggregate. This blending could help break up any 
- .  

silica fume agglomerations present and better disperse the SF so that performance may be 

more similar. There is no such dry blend period for the monar bar casting and there is no 

large coarse aggregate to provide as strong of a grinding action during mi&. 

Cornparison of Figures 4.1.1 and 4.1.2 lead to further possible explanations. The other 

factor that could have influenced these results is the severe test conditions (80°C, 1.0 M 

NaOH) which are employed in the monar bar test. These extreme conditions could force 

an observable difference in performance between different mixtures, even when comparing 

different high-performance mixtures. This is in contrast to the conditions used in the 

concrete pRsm test (3S°C, moia aorage). The potential does exia, however, that 

differences may be noticed at 8 and 12% replacement levels with the conmete pnsm 

results at later ages. Le. approaching 2 years or more. In other words, possibly the trends 

observed in the accelerated monar bar test results have not yet had t h e  to manifest in the 

concrete prism test. Aitematively, it could be that product form may never cause 
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F ipn  4.1.1 : E f k t  of SF levd of replacement and product form on 14 dry mortar 
bar e~pansion 

1 yerr Concraîe Pr im trplnsion VB. k W  d S l l b  fume Repîrcemmnt 

am 

Figure 4.1.2 : Effcct o f  SF level o f  replacement and product form on I year concrete 
prism expansion 
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differences in the concrete prism test results at 8 or 12% replacement. In the concrete 

prism test there is a fiaite, intmal supply of alkalis available for ASR to occur. In 

contrat, the monar bar test conditions give a nearly unlimited extemal source of alkalis 

available for reaction. It could be that there are SF agglomerations present in both the 

mortar bars and the concrete prisms. and the degree to which these clusten are present is 

linked to the form of silica fime used. In the case of the monar ban,  there is a sufficient 

supply of alkali available to cause these agglomerations to react and cause ASR expansion 

to varying degrees for the various produa foms studied. For the concrete prism test, the 

alkalis may have been exhausted. and as nich, no dinerence in performance at 8 and 12% 

replacement for the varying product forms was observed. A final possible explanation 

could be the influence of cross-section size. An agglomeration present in a monar bar 

would have relatively more significant effects on expansion results than an agglomeration 

of the same size present in a concrete prism, since monar bars are significantly smaller in 

dimensions than concrete prisms. 

It is interestins to compare the performance of the two densified fumes in the three 

siudies. DEN2 was better at controlling mortar bar and prism expansions than D M  1, but 

DM 1 consistently had lower pore solution alkalinity than DENZ. DEN1 had a hiyher 

bulli density than DENI. As such, it could be harder to disperse evenly thou& a mixture, 

and thus not be able to control expansion as weîi as DENZ. In the paste pore solution 

audy, a high-speed, high-shear mixer was used, which would help better disperse even a 
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SF of high density. Also, DEN1 has a much lower Na20, than DEN2 It is most likely 

that the higher alkali content of DEN2 explaias why the paste samples made with DEN2 

had hi~her pore solution alkalinities than those made with DEN 1, even though DEN2 was 

better at controlling the ASR expansion of Spratt aggregate. 

The pelletized silica fbme consistently perfonned poorly. At times, its inclusion in a 

mixture gave results no better or worse than those found with the OPC control samples 

(Figures 4.1.1. 4.3.2, 43.4. and 4.3 S). It should be reiterated that unground pelletued 

silica fume is not marketed for use in industry, nor is it recommended for use as an SCM 

in concrete in AC1 C234R-96. It was simply included to evaluate an extreme case. It is 

interground with cernent clinker to form blended siiica fume cements. These results do 

emphasize thouyh the importance of svingent grinding techniques and quality control 

monitoring of the resulting grain sizes. If many pellets of SF go through the intergrinding 

process without oetting broken down, the properties of the concrete in which the blended 

SF is used could very well be equal or even worse than those of an OPC concrete in ternis 

of controlliny ASR. To add SF without any improvement in performance would be an 

inefficient use of materials. It could also result in large repair coas later on if the mixture 

does not have as p o d  durability as was desired for the exposure conditions. 

Specimens containing the undensified or slumed silica fiimes consistently perfonned better 

in the accererated monar bar tes. as well as at a 4% replacement level in both the concrete 
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pnsm and pore'solution studies. These forms of silica fwne are simply more conducive to 

adequate dispersion throughout a mixture and make it easier for all the benefits of silica 

fùme to be realized 

4.4.2 Effect of Silica Content o f  Silica Fume 

To summarize the results in ternis of the effect of SiOI content on silica fbme's ability io 

control alkali-silica reaction is quite simple; the research work perfiomed in this propram 

indicates that mixtures containing lower grade silica fbmes will be susceptible to ASR 

expansion. This was tnie for the three levels of replacement tested in this study. namely 

4%. 8%, and 12%. Ali three levels of replacement failed the acceierated mortar bar test 

expansion cnterion. Aiso. the long-term alkali concentrations in the pore solution of the 

cement pastes were quite hi&, even with 12% replacement by low-silica silica fume of 

OPC. (0.40 M aAer 1 par). As mentioned previously. concrete prisms should be cast and 

monitored to confinn these results. It would also be of interen to test lower grade silica 

fumes at higher levels of replacement, such as 15%; however, even if expansion due to 

alkali-silica reaction c m  be controlled by low-silica silica fumes 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 pmblem would be the fa* 

that many organizations have limits on the maximum allowable silica fume replacement in 

concrete due to the increased potentiel for placing problems during construction. It 

should aiso be considered that low-silica silica fume would perhaps be effective when used 
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in combination which other suppiementary cemenhg materiais. In a& more research will 

have to be done of the use of low-silica silica h e s  in t m s  of control of ASR, as weil as 

other durability issues, before it is considered for use in practice. 
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5 CONCLUSIONS 

The following conclusions are drawn fiom the results obtained to date in this study. ln the 

case of the concrete prism expansion results, these conclusions are indeed prelirninary as 

the prisms mua be monitored for at least another year according to the recommendations 

of the CSA. 

5.1 EFFECT OF PRODUCT FORM OF SILICA FUME 

With a11 forms of silica fume tested, 4% replacement was not suficient to control ASR 
expansion of Spratt aggregate with high-alkali cernent. At a 4% level of replacement, 
the product fom of silica fume does cause diffaences in the concrete pnsm expansion 
up to I year, the accelerated monar bar test results, and the resulting pore solution 
alkalinity of paste specimens. At this level of  replacement, the undensified and slumed 
forms of silica fbme consistentîy perfomed the best, while the pelletized fom of silica 
fume penormed poorer than the other mixtures. 

Concrete ptisms containing 8% or 12% silica fume expand similarly up to 1 year, 
regardless of the product fonn of silica fume. In addition, the alkalinity of paste pore 
solutions containing 8% or 12% silica fume replacement by mass were similar. 
reyardless of the product form of silica fime. 

The product form of silica hme caused differences in results of the accelerated rnonar 
bar test ai al1 levels of replacement. The undensified and slurried forms of silica fbme 
were best at mitigating the expansion due to ASR The pelletized fonn of silica fume 
perfonned poorer than al1 other mixtures, as was expected. 

All monar bar mixtures failed to control deleterious ASR expansion of Spratt 
aggregate. with the exception of the 12% replacement with undensified and siurried 
silica firme mixtures. 
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5.2 EFFECT OF SUICA CONTENT OF SILiCA FUME 

Mortar bar mixtures containhg low-silica silica fuw at levels of replacement up to 
12% failed to control ASR expansion of Spran aggregate. 

Pore solution alkalinity of paste specimens containhg 4% low-silica silica fume were 
comparable to those ofthe OPC paste specimens at al1 ages, up to 1 year. 

The long-tem alkali concentrations oflow-silica silica fume paste specimens remained 
high at both 8% (z 0.600 M at 1 year) and 12% (z 0.400 M at 1 year). 

Based on the prelirninary results of this study, it appears that, at typical rates of 
replacement. the lower sitica content does affect a silica fume's ability to control 
expansion due to alkali-silica reaction. 

Andrea M. Bo&&) M.A.Sc Th& 
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RECOMMENDATIONS 

Continue monitoring concrete pnsm expansion to a minimum of 2 years. 

Perfom 2 year pore solution anaiysis of paste specimens. 

Examine samples of monar bars and paste specimens, which have been saved and 
stored under vacuum, using scanning electron microscopy. 

Perfonn thenno-gravimetnc analysis on samples of paste specimens that have been 
saved and stored under vacuum. 

Repeat this study using blended silica fume cements made with different forms of silica 
fiime. 

Test concrete prisms at 4%, 8%, and 12% replacement of OPC by mass of silica fume 
using the low-silica and convol silica silica fumes. 

Test monar bars made with higher replacement levels (Le. >12%) of the low-silica 
silica fume to see if higher levels of replacement of Portland cernent would be 
sufficient for the mixture to pass the ASTM expansion limit criterion. 

Test monar bars made with the Iow-silica silica fume in combination with fly ash 
and/or slag to see if these temary blends pass the ASTM expansion limit criterion. 

Perform flame photometry anaiysis as mon as possible after a pore solution sample has 
been coilected since even good sealing techniques did not seem to stop evaporation 
fiom the solution containers. It is suggested that samples be weighed irnmediately 
afier collection and directly before testing to monitor evaporation. 

- - - - - - - - - -  

Andrea M. ~ ~ I I I &  64 M.A.Sc. Thesis 



The Effect of F m  a d  Sioz Content on S i I h  Funil's Abiliry to Conhd ASR 

7 REFERENCES 

AC1 Cornmittee 234, 1994, Guide for the Use of Silica Fume in Concrete, Amencan 
Concrete Institute, Detroit. 

CSA A23.1-94, Appendix B: Aikali-Aggregate Reaction, Concrete Materiais and Methods 
of Concrete Construction, pp. 1 12- 13 5. 

AitQn, P, 1983, Silica Fume, Les Editions de L'University de Sherbrooke, Canada, pp.52. 

Barneyback Jr., RS. and Diamond, S., 1981, "Expression and analysis of pore fluids from 
bardened cernent paste and mortars", Cernent and Concrete Research, Vol. I I .  pp. 279- 
285. 

Berra, M., De Casa, G., Mangialardi, T., 1996, "Evolution of chetnical and physical 
parameters of blended cernent monars subjected to the NaOH Bath Test", Proceedings of 
the 10'~ International Coderence on Alkali-Aggregate Reaction in Concrete, Melbourne, 
Auaralia, ed. A. Shayan, pp.483-49 1. 

Berra. M., Mangiaiardi. T., and Paolini, A.E., 1994, "Application of the NaOH bath test 
method for assessing the effectiveness of mineral admixtures against reaction of alkali with 
anificial siliceous aggregate". Cernent and Concrete Composites, Vol. 1 6, no. 3, pp. 207- 
2 18. 

Berra. M., Mangialardi, T., Paolini, A.E., and Tuniziani, R., 1993, "Effect of fly ash on 
alkali-silica reaction". Proceedings of the 9* International Coderence on Alkali-Aygregate 
Reaction in Concrete. London. Published by the Concrete Society, Slough, Vol. 1. pp. 6 1 - 
70. 

Berube, M.A., Duchesne, J.. and Frenette, J, 1998, "influence of storage conditions and 
concrete composition on the effectiveness of different silica fbmes against ASR", 
Proceedings of the 6' CANMET/ACI International Conference on Fly Ash Silica Fume, 
Slag & Natural Pouolans in Concrete, Bangkok, Thailand, ed. K M .  Maihotra, pp. 1127- 
1147. 

Berube. M. A.. Duchesne, J. and Chouinard, D., 1995, "Why the accelerated monar bar 
method ASTM Cl260 is reliable for evduating the effectiveness of supplementary 
cementing materials in suppressiny expansion due to alkali-silica reactivityT', Cernent 
Concrete Aggeyates. Vol. 17, no. 1. pp. 26-34. 

Andrea M. M t &  65 M.A.Sc. mesis 



The Effect of Form and SiOI Content on Siiica Fume's AbiIity to Control ASR 66 

Bleszynski, R F., 1997, "Study of the effects of fly ash on aikali-silica reaction in 
concrete", M.A.Sc. thesis, Depanment of Civil Engineering, University of Toronto, 
Ontario. 

Bonen, D., and Diamond, S., 1992, b b O ~ ~ e n c e  of large silica &me-derived particles in 
hydrated cernent paste". Cernent and Concrete Research Vol. 22, pp. 1 05% 1 066. 

Cheng-Yi, H., and Feldman, R.F., 1985, "Infiuence of silica fiune on the rnicrostnictural 
developments in cernent rnonars", Cernent and Concrete Research, Vol. 15. no.2, pp. 285- 
294. 

Cohen, M.D., and Oiek, J., 1989, "SiIica fùme in PCC: the effects of form on engineering 
Perfomance". Concrete International, November, pp. 43-47. 

De Larrard F., 1992, "Ultrafine particles for making very high performance concrete", 
High Performance Concrete, ed. Y. Malier, London, Spon, pp. 34-47. 

Dent Glasser, L. S.. 1 98 1, "The cheminry of alkali-aggregate reaction". Proceedings On 
AAR, Cape Town, South Africa, March 30-Apnl3, S2W23. 

Dent Glasser. L. S.. 1 979, 'bOsrnotic pressure and the swelling of gels", Cernent and 
Concrete Research, Vo1.9, pp. 5 15-5 17. 

Dent Glasser. L.S.. and ,Kataoka, N., 198 1, 'The chemistry of alkali-aggregate reaaions", 
CJrt~cerdi,~g.s of the 5" fttten~utiotta/ Cotrference on A /kali-Aggregote Reactiw. Cape 
Town, South Afnca, S2SU23. 

Detwiler. R. J.. and Mehta, P.K., 1989. "Chemical and physical effects of silica fume on the 
mechanical behaviour of concrete", AC1 Materials Journal, Vol. 86, no. 1, pp. 609-6 14. 

Diamond. S.. 1989. " ASR - Another look at mechanisms". Proceedings of the 8" 
lntemational Conference on Alkali-Aggregate Reaction, Ed. K. Okada, S. Nishibayashi, 
and M. Kawamura, Kyoto, Japan, pp. 83-94. 

Diamond. S., 1983, "Effects of microsilka on pore solution chemistry of cernent pastes", 
Journal of the Amencan Ceramic Society, Vol. 66, no. 5, pp. 82-81. 

Diamond. S.. 1975, " A review of alkali-silica reaaion and expansion mechanisms 1. 
alkalies in cements and in concrete pore solutions", Cernent and Concrete Research, Vol. 
5. pp. 319-346. 



The Effect of Furm and Sm Conte~t on Silica Fume's Abüity tu Coiitrol ASR 67 

Diamond, S., Bameyback, RS., and Struble, L.J., 1981, "Aikali-aggregate reaction in 
concrete", Paper S25222 CSLR, Pretoria 

Duchesne, J. and Benibe, M.A., 1994% "Evduation of the validity of the pore solution 
expression method fcom hardened cernent pastes and mortars", Cernent and Concrete 
Research, Vol. 24. no. 3, pp. 456462. 

Duchesne, 1.. and Benibe, M.A., 1994b, 'The effectiveness of supplementary cementing 
materials in suppressing expansion due to ASR: another look at the reaction mechanisms. 
Pan 1: Concrete Expansion and Portlandite Depletion'', Cernent and Concrete Research, 
Vol. 24, pp. 73-82. 

Durand, B., Berard, J.. and Roux, R, 1990, "Alkd-silia reaction: the relation between 
pore solution characteristics and expansion test results", Cernent and Concrete Research, 
Vol. 20, pp. 419-428. 

Fidjestoi, P.. 1992, "Sait-scaling resistance of silica fume concrete", presented at By- 
Product Utiluation Symposium, Milwaukee. 

Fournier, B.. and Malhotra, V.M., 1996, "Inter-Laboratory Study on the CSA A23.2-14A 
Concrete Pnsm Test for Alkali-Silica Reactivity in Concrete", Proceedings of the 1 0 ~  
International Conference on Alkali-Aggregate Reaction in Concrete, Melbourne, 
Australia, ed. A. Shayan, pp.302-309. 

Gjon., O.E.. 1997. "Micro silica in concrete structures - an o v e ~ e w " ,  Norweyian 
University of Science and Technology, Trondheim. Norway. 

Gudmundsson, Ci., and Mollet, J.. 1997, "lntermiiled silica tùme in cernent and concrete", 
Proceedinys of the 19" international Conference on Cernent Microscopy, Cincinnati. 
Ohio. pp. 86-9 1. 

Hansen, W.C.. 1994, " Structure relating to the mechanism by which the alkali-aggregate 
reaction produces expansion in concrete", AC1 Journal, Vol. 1 5,  no. 3, pp. 2 1 3-227. 

Hobbs, D.W., 1988. "Hiaory, the reaction, cracking and pessimum behavior in alkali-silica 
reaction in concrete. Thomas Telford, London, pp. 1-32. 

Hooton. R. D.. 1995. "Review of Detenoration Mechanimil. University of Toronto 
publication. 



The Effkct of F o m  andSiU* Content on S k  Fume's Abitio to Contd ASR 68 
Hooton, RD., Bleszpski, RF., and Boddy, AM., 1998, "Issues related to silica fùme 
dispersion in concrete", Material Science of Concrete: The Sidney Diamond Symposium, 
ed. M. Cohen, S. Miiidess, and J. Skalny, pp. 435-446. 

Homain, H., Thuret, B., Guedon-Dubied, S., Le Roux, A., 1996. "Mluence of aggregates 
and mineral additives on the composition of the pore solution", Proceedings of the 10' 
International Coderence on Aikali-Aggregate Reaction in Concrete, Melbourne, 
Auaralia, ed. A. Shayan, pp. 5 14-521. 

Isabelle, H.L., 1986, "Development of a Canadian specification for silica fume", 
Proceedings of the znd International Conference, Madrid, Spain, AC1 SP 9 1 -77, Vol. 2, 
pp. 1577- 1587. 

JelenicBezjak, 1., 1983, "Kinetics of hydration of cement phases in advances in cernent 
technology", ed. by S. N. Ghosh, Pergamon Press, pp. 397-440. 

Koldenip, H.. 1977, "Particle size distribution of b e s  formed by ferrosilicon 
production", Journal of the Air Pollution Comrol Association, Vol. 27, no. 7, pp. 127- 
130, 

Kropp, 1.. 1995, "Relations Between Transport Characteristics and Durability", RILEM 
Report 12. pp. 138. 

Layerblad, B. and Utkin, P., 1995, "Undispersed granulated silica fume in concrete - 
chernical synem and durability problems", Materials Research Society Symposium 
Proceedings, Vol. 370, pp. 89-97. 

Lagerblad, B. and Utkin, P., 1993, "Silica granulates in concrete - dispersion and 
durability aspects", Swedish Cernent and Concrete Research Innitute, CBI repon 3 :93. 

Lane, D.S., 1987, "Long-term monar bar expansion tests for potential alkali-aggregate 
reactivityw. Proceedinys of the f International Conference on Alkali-Aggregate Reaction 
in Concrete, ed. P.E. Grattan-Bellew, pp. 336-34 1. 

Lewis, R.. 1996. "Microsilica", Concrete, laflet,, pp. 23-25. 

Li. Y. .  Lanyan, B.W.. and Ward, M.A., 1996, "The strength and microstructure of hi@- 
nrength pane containing silica fime", Cernent. Concrete, and Aggregates, CCAGDP, 
Vol. 18, no. 2, pp.112-117. 

Malhotra V. M., 1997, "Roie of SiIica Fume in Enhancing the Durability of Concrete'. 



The Effect of Form and Si02 Content on Silica Fume's Abil& to C'ontrol ASR 69 

Malhotra, V.M., 1993, "Fiy ash, slag, silica fume, and nce-husk ash in concrete: a 
review", Concrete International. Vol. 15, pp. 23-28. 

Malhotra, V.M., Rarnachanàran, V.S., Feldman, RF., and Aitcin. P.C.. 1987, Condensed 
Silica Fume in Concrete, CRC Press. . . 

Marsh, D., 1994, "An alternative to silica fime?", November, Concrete Products, 

McGowan. J.K., and Vivian, H.E., 1952, "Studies in cernent-aggregate reaction. XX. The 
correlation between crack development and expansion of monar", Aumalian Journal of 
Applied Science, Vol. 3, pp. 228-232. 

Neville, A.. 1996, Properties of Concrete, Fourth Edition, John Wiley and Sons Inc. 

Nixon, P.J., and Paye, C.L., 1 987, "Pore solution chemistry and alkali-aggregate 
reaction", K. and B. Mather Int. Cod. on Concrete Durability Proceedings, AC1 SP 100- 
94. 

Oberholster. R.E., 1992. "The effect of diferent outdoor exposure conditions on the 
expansion due to alkali-silica reaction", Proceedings of the gL International Conference on 
Alkali-Aggregate Reaction in Concrete, Vol. 2 Published by The Concrete Society, 
Slough. 1992, pp. 623-628. 

Oberholster, R.E., and Davies, G., 1986, "An accelerated method for testiny the potential 
alkali reactivity of siliceous aggegates". Cernent and Concrete Research, Vol. 16, pp. 
181-189. 

Page. CL.. and Vennesland. O., 1983, " Pore solution composition and chloride bindiny 
capacity of silica fume cernent pastes", Materiaux et Constructions, Vol. 16, no. 9 19, pp. 
19-25, 

Pettersson. K.. 1992. "Effects of silica fume on alkaii-silica expansion in rnortar 
specimens". Cernent and Concrete Research, Vol. 22, no. 1, pp. 15-12. 

Powers. TC., and Steinour, H.H., 1 955, "An investigation of some published researches 
on alkali-aggregate reaction. 1. The chemicai reactions and mechanism of expansion". 
Journal of the Amencan Concrete Institute, Vol. 26, no. 6, pp. 497-5 16. 

Ramlochan. T.. 1997. "The effect of hi&-reactivity metakaolin (HRM) on alkali-silica 
reaction in concrete". B.ASc. thesis. Department of C i d  Engineering, University of 
Toronto, Ontario. 



The Effecf of  Form and Si02 Content on Sifica Fume's Abifitv to Control ASR 70 

Rogers, C.A., Dec 1999, "Multi-laboratory study of the accelerated mortar bar test 
(AS'IU C1260) for alkali-silica reaction", Cernent, Concrete, and Aggregates, Vol. 21, 
no.2, In Press. 

Shayan, A., Quick, G.W., and Lancucki, C.J., 1994, "Reactions of siiica fime and alkali in 
stearn-cured concrete*', Proceedings of the 16' International Conference on Cernent 
Microscopy, I C W  Duocanville. Texas. pp. 399-4 10. 

St John, D. A., and Freitag, S.A., 1996, "Fi@ years of investigation and control of M R  in 
New Zealand, Proceedings of the 10Ih international Conference on Alkali-Aggregate 
Reaction in Concrete, Melbourne, Australia, ed. A. Shayan, pp. 1 50-1 57. 

St. John, D.A., 1994, "The dispersion of silica fbme", prepared for The Foundation for 
Research Science and Technology, pp. 1-29. 

Stark D., 1980, "Alkali-siiica reactivity: some reconsiderations", Cernent, Concrete, and 
Aggregates, Vol. 2, no.2, pp.92-94. 

Stark, D.. 1978. "Alkali-silica reactivity in the Rocky mountain region". Proceedings of 
the 4' lntemationai Conference on Effects of Alkalies in Cernent and Concrete, 
Publication No. CE-MAT-1-78, Purdue University, W. Lafayette, Indiana, pp. 235-243. 

Stark, D., and Bhatty, M.S.Y.. 1986. "Alkali-silica reactivity: effect of alkali in aggregate 
on expansion", Alkalies in Concrete. ASTM STP 930, Amencan Society for Testiny and 
Materiah, Philadelphia, pp. 16-30. 

Thomas. M.D.A, 1996. "Review of the effect of fly ash and slag on alkali-aggregate 
reaction in concrete", Report BR34, Bailding Research Esrahlishmenr. Construction 
Research Communications Ltd., Watford, U.K. 

Thomas. M. D. A., 1 994, "The effect of fly ash on alkali-aggregate reaction in concrete". 
Building Research Establishment, Garston, U.K. 

Thomas, M.D.A. and BIeszynski, R.F., 2000, "The use of silica fbme to control expansion 
due to aikali-aggregaie reactivity in concrete - a review". Materials Science of Concrete, 
Vol. VI. ed. S. Mindess and J .  Skalny, Amencan Ceramic Society, Weste~lle. OH 

Thomas. M.D.A.. and Imis, FA.. 1998, "Effect of slag on expansion due to alkali- 
asgregate reaction in concrete': AC1 Materials Journal, Vol. 95. no. 6. pp.7 1 6-724. 



The Effect of Fomi and Si02 Content on S i lh  Fume's Abil@ to Conbd ASR 71 
Thomas, M.D.A.. Blackwell, B.Q., and Pettifer, K, 1992, "Suppression of damage fiom 
alkali-silica reaction by fly ash in concrete dams", Proceedings of the 9"' tnternational 
Conkence on Alkali-Aggregate Reaction in Concrete, Vol. 2, Concrete Society, Slough, 
pp. 1059-1066. 

Thomas, M.D.A., Nixon, P.J., and Pettifer, K., 1991, "The effect of pulverized &el ash 
with a hi& total alkati content on alkali-silica reaction in concrete containkg natural U.K. 
aggregate", Proceedings of the 2"6 CANMETfACI International Conference on Durability 
of Concrete, (Ed. V.M. Mahoua), Vol. 2, American Concrete Institute, Detroit, pp. 9 19- 
940. 

Van Aardt, J.H.P., and Visser, S., 1977, "Calcium hydroxide attack of feldspars and clays: 
possible relevance to cement-aggregate reactions", Cernent and Concrete Research, Vol. 7, 
pp. 643-648. 

Wang, H., and Gillott, J.E., 1992, 'Combined effect of an air-entraining agent and silica 
fume on alkali-silica reaction", Proceedings of the 9' laternational Conference on Aikali- 
Aggregate Reaction in Concrete, pp. 1 100-1 106. 

Way, S.J. and Cole, W.F., 1982, "Calcium hydroxide attack on rocks". Cernent and 
Concrete Research, Voi. 12, pp. 6 1 1-6 1 7. 

Wolsiefer, J.,  Sivasundararn, V., Malhotra, V.M., and Carette, G.G., 1 995. "Performance 
of Concretes Lncorporating Various Foms of Silica Fume". Proceedings of the 5" 
International Conference on Fly Ash, Silica Fume, Slag and Natural Ponolans in 
Concrete. ed. V. M. Maihova, Vol. 2, pp. 591-655. 

Young, J.F., 1992, "Dense high strength, low permeability cement-based materials for 
containment", Proceedings, Cernent Industry Solutions to Waste Management, First 
international Symposium, Calgary. Canada, pp. 13-22. 

Zhongi, X., and Hooton, RD., 1993, "Migration of alkali ions in mortar due to several 
mechanismsTT, Cernent and Concrete Research, Vol. 23, no. 4, 1993, pp. 951-961. 



The Effect of Form and Sioz Content on Silica Fume's Abilitv to Contro(ASR A 

APPENDAX A 

CHEMICAL ANAL YSIS OF CEMENTITIOUS MATERIALS 



Chmical Analvsis of Cementitious Materials 

CIO 
62.72 

4.57 

0.84 

0.44 

0.94 

0.52 

0.30 

0.39 



The Effet of F o m  Md SiO2 CunîeM on Silica Fume's Abiüty !O CPnbd ASR B 

CONCRETE PMSM EXPANSION DATA AND PLOTS 
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MORTAR BAR EXPANSION DATA AND PLOTS 
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