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ABSTRACT

Degradation in concrete arises through many mechanisms which a¡e either physical

or chemical in nature. In this study, two forms of chemical attack are evaluated, late

formation of ettringite and alkali-aggregate reaction (AAR).

The experimental program is designed to develop and evaluate test methods for

expansion due to late formation of ettringite and AAR in concrete. Five cements and

seven aggregates from various regions of Canada are utilized to fabricate cement paste

and concrete specimens. Reactivity is gauged by specimen expansion. Scanning electron

microscopy coupled with energy-dispersive x-ray analysis is utilized in the identification of

reaction products.

The test results show that cement paste specimens made with cements produced in

difterent regions ol Canada exhibit significant dit'terences in expansion when pretreated by

subjecting them to wet-dry cycles. The reason tbl this expansion is late formation of

ettringite in the hardened pâste. Concrete specimens made with reactive aggregates and

stored in 1 M NaOH solution at 80 C expand significantþ. Different morphologies of

alkali-aggregate reaction product are obsewed in the test specimens.

The procedures utilized in this study are proposed as test methods to evaluate

cements and aggregates for their potential to cause expansion and cracking of concrete.
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1. INTRODUCTION

t.l GI'NERAL

Concrete durabiÌity considerations are playing an increasing role in design, due to

the rapid deterioration of many concrete structures in service. Concrete deterioration may

be causecl by either physical or chemical means. Deterioration due to the freezing and

tharving action of water in concrete is an example of physical attack, while deterioration due

to reactions betìveel'ì alkalis in cement and certain types of aggregate is an example of

chemical attack.

There is a t'orm of concrete deterioration caused by the late formation of ettringite

(7). Ettringite is one of the hydration products of portland cement. Its formation during

the early hydration of cement is beneficial because it prevents the flash set of concrete

(9,17). If it tbrms in the hardened concrete, the accompanying volume expansion can lead

to cracking. Precast concrete units that have been heat treated during production are

k¡own to show deterioration due to late fo¡mation of ettringite in those components that

have been subjected to frequent dryìng and moistu¡e saturation (7). This deterioration is

in the tbrm of map cracking and loss of bond between the cement paste and coarse

aggregate. The degree of degradation âppea¡s to be directly related to the composition of

the cement (7). A rapid test method needs to be developecl to dete¡mine if a given cement

is likely to render concÌete susceptible to deterioration due to late formation of ettringite.

Alkali-aggregate reaction (AAR) refers to reaction between minerals in certain rock

types and soluble alkalis in the concrete (9). The alkalis are derived from the cement but
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can also be introduced into the concrete from external sources. There are three types of

alkali-aggregate reaction (2). These are:

(1) A.lkali+ilica reâction (ASR)

(2) Slow/late-expanding alkali-silicate/silica reaction;ând

(3) Alkali-carbonate reaction (ACR)

All three types are encountered in Canada. Three factors which control the reaction

mechanism are the amount of reactive minerals in the aggregate, the amount of available

alkali, and the âvailability of moisture.

Aìkallaggregate reactíon produces extensive map cracking ín concrete, frequently

accompanied by gel exuding tiom the crack. In sevete cases, the reaction can cause

significant reductions in the engineering p¡operties of concrete. Losses in compressive

and flexural strengths can be as high as 40 and 75 percent, respectively (20).

The need for satè and economical concrete structures requires that the potential

reactivity of an aggregate be determined prior to its use in concrete. The curreni CSA (2)

and ASTM (1) tests for evaluating the potential reactivity of aggregates takes six to twelve

months to give results. These tests do not always yield reliable resulis for all aggregates,

A rapid, mole ¡eliable test is needed to better assess the potential reactivity of aggregates.

L,2 OßJECTIVE AND SCOPE

The purpose of this study is io develop test procedures for evaluating deleterious

expansion and cracking of concrete due to (i) late fo¡mation of ettringite, and (ii) alkali-

aggregate reaction.
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Four CSA Type 30 and one CSA Type 10 cements produced in different regions

of Canada ale used in fabricating the test specimens. Coarse aggregates from seven

different sources across Canada are used. ASTM standard sand is used in all the concrete

mlxes. The prirnary variables in the study are the duration of moist curing, the number of

wet-dry cycles, the water-cement ratio, the storage medium for the test specinens, and the

specimen size.

Length rneasurements of the test specimens are used to monitor the extent of

expansion. At the conclusion of the length measurements, representative specimens are

examined using a scanning electron microscope (SEM) equipped with an energy dispersive

x-ray analyzer. Photomicrographs are obtained to show the nature of reaction products in

the test specimens. The chemical composition of the reaction products are also obtained

and used to describe their characteristics.

Test procedures are proposed to evaluate the potential expansion of concrete due

to the trvo tbrms of chemical attack investigated in this study.
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2. PREVIOUS STUDIES

2,1 GENERAL

Various studies have been undertaken to evaluate delete¡ious expansion and

cracking in concrete due to late formation of ettringite and alkali-aggregate reaction

(AAR). Literature pertaining to late formation of ettringite is relatively scarce. Alkali-

aggregate reaction (AAR), on the other hand, is rvell documented.

A summary of relevant research pertaining to deleterious expansion and cracking

in conclete due to late formatio¡r of ettringite and AAR is presented in this chapter. The

hvo forns of chernical attack on concrete are separate entities and will be treated as such.

However, delete¡ious expansion and cracking can be compounded due to the presence of

both reaction mechanisms. That is, it is feasible for both reactions to occur in a concrete

structure.

2,2 EXPANSION O[ CONCRDTE DUE TO I,ATE FORMATION OF EI'TRINGITE

In recent years, precast units made of high strength concrete and having been heat

treated during production have shown considerable reductions in structural integrity due to

the tbrmation of crack and loss of bond between the cement paste and the coarse

aggregate (7). Heinz and Ludwig (7) have shorvn this damage to be caused by the late

tbrmation of' ettlingite.

In their investigation of the mechanism of late formation of ettringite, Heinz and

Ludlig (7) subjected mortar specimens to various treatments. In particular, the effects of
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initial curiug tenìperature, molar ratio ol SO. to Al.O., humidity of storage and water-

cement ratio on expansion rvere exarnined.They found that initial curing temperatures above

or equal to 75 C lcad to expansion, cracking and decrease in strength. Temperatures below

75 C did not bring about any danaging reaction. Furthermore, the induced expansion and

decrease in strength âre related to the for¡natioìr of a new phase in the cement matrix of

the nortar. This nerv phase was t'ound to be ettringite. Molar ratios of SO. to A.lr0. below

0.55 and relative humiclities belorv 95 Vo cause no expansion or strength loss. Water-cement

ratio o[ 0.4 and increase in air void content with the use of air-entraining agent suppress

the ciamage Ìeactiorì.

Heinz and Luclwig explained the mechanism of late formation of ettringite by

suggesting that when concrete js cured rapidly through heat treatment, increasing

temper¿ìtures dec¡ease the lbrmation of calcium suÌphoaluminate hydrâte phases. Aluminate

ar.rd sulphate ions get bound within the hydration products. During subsequent storage of

the hardened concrete under water, these ions become available to form ettringite.

Tepponen and Eriksson (21) examined damage in concrete railway ties. During

production, heat treatment was utilized tor rapid curing of the ties. The heat treatment

consisted of heating the units to 80 C for 2.5 to 4 hours, followed by cooling to 20 C.

During their investigations, Tepponen and Eriksson examined specimens that had been

sarved-olf or cored tioln various a¡eas of the ties. They evaluated the specimens based on

the foliowing: strengthì petrographic examination, including scanning electron microscope

(SEM) analysisl ancl x-ray ditïraction.

Teppolen and Erikson lbund that cements rvith a high SO"/AlrO3 ratio tend to

have larger quantities of crystallizing ettringite comparecl to cements rvith lorv SOJAITO3
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ratios. Microtìssures produced by the heat treatment process facilitate moisture movements

in fhe concrete. If enough moistule and reactive calcium sulphate is available within the

matrix, future reclystallization of ettringiLe becomes possible. Reducing the aggregate grain

size ancl the quantity of cenent greatly reduces expansion and cracking. In support of

Heinz and Ludrvig (7), Tepponen ancl Eriksson also showed that by eliminating high

tenperature heat treatnrent, lâte formation of ettringite is greatly reduced.

Scott and Duggan (14) used a cyclic wetting and drying procedure to evaluate the

potentiâl expansion o[ concrete specimens due to a reaction between the aggregates and

the ce¡nent alkalis. Large expansions we¡e obtained f'or some specimens within six weeks.

HorveveL, no evidence of reaction products \yas obtained in order to determine the cause

ot'the expansion. In the present study, the test procedure developed by Scott and Duggan

is modilìed and used to evaluate expansion of cemelìt paste and concrete specimens. A

scanning electron microscope equipped rvith an energy-dispersive x-ray analyzer is used to

examinc the natule of reaction products in the test specimens.

No standard test is currently available lbr evaluating the potential deleterious

expansion of concrete due to late fb¡mation of ettringite. Such a test appears to be

needed to protect against premature deterioration in concrete structures, particularly pre-

cast units, that are subjected to alternating rvet-dry cycles.

2,3 EXI'ANSION OF CONCRETE DUI' TO ALKALI-AGGREGATE REACTION

Resea¡ch by Stanton irr the early 1940's diagnosed tãilures in concrete structures due

to expansions caused by a chemical reaction between the alkalis contained in the cement

paste and certain reactive fbrms of silica rvithin the aggregate (9).
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There arc three types of AAR: Alkali-silica, alkali-carl¡onate and alkali-silicate

reaction. Stanton detennined that thele exists several factors rvhich control alkali-aggregate

Ieaction: 1) nature and ¿ìmount of reactive silica, 2) pa¡ticle size of reactive material, 3)

anount of available alkali, and 4) amount of available moisture.

Aikali-silica reactive aggregates tend to contain various forms of poorly crystalline

reactive silica. Expansions for this type of reaction tend to occur early and are coupled

rvith a high rate of expansion. Structures suft'ering from alkali-silica reaction usualþ exhibit

cracking rvithin 10 yeals of construction (2).

Alkali-silicate reaction is a much slorver reaction compared to the alkali-silica

leâction. Cracking can be delayed for as much as 20 years after construction. No

colrelation has been t'ouncl between the expansion o[ test specimens and the amount of gel

t-onned (12).

Expansion due to alkali-ca¡bonate reaction occurs much faster than in the case of

alkali-silica and alkali-silicate reactions. Structures undergoing alkali-calbonate reaction can

exhibit sìgnifìcant map cracking within tive years o[ construction (2). The culprit aggregate

is usually coalse dolomitic limestones. The ¡ocks are typically grey, very fine grained,

dense aDd close in texture (12).

The integlity of structures undergoing AAR can be significantly reduced. In the case

ot' alkali-silica reaction, losses in t'lexural strength can be as high as 50 percent for a

corresponding expansion of 0.1 percent (20). However, losses in engineering properties do

not occur at the same rate or in proportion to expansion. Theretbre, as suggested by

Srvam¡, ¿¡14 Al-.dsali (20), a rapid reliable test for potential aggregate reactivity and critical

lirnits of deleterious expansion must be developed according to the type and use of a



concrete str ucture.

2.3.1 Stardard 'l'ests

There are tbur major tests listed in the ASTM standards (1) for evaluating potential

alkali-aggregate reactivity. They are: 1) C 227 mortar l¡ar method, 2) C 289 chemical

nethod, 3) C 295 petrographic examination and 4) C 586 rock cylinder method (alkali-

carbonâte reaction only).

ASTM C 227 mortar bar test is used extensively in the determination of potentialþ

reâctive cenent-aggregate combinations. TIìe test recognizes both alkali-silica and alkali-

silicate reactions. The test is not however recommended for the detection of the alkali-

carbôlrate reaction because expansions in the mortar bars can be much less than expansions

related t<.r alkali-silica reaction.

The ASTM chelnical method, C 289, rneasures the amount of reaction between 1

N NaOH solution and crushed agglegate over 24 hou¡s at 80 C. The amount of dissolved

silica is estimated plus the reduction ìn the original hydroxide ion concentration due to

the reaction o[ alkali rvith the âggregate. A standard curve is then produced relating the

amouut ol'dissolved silica ând alkalinity reduction. Three regions are delineated on the

currr'e to represent inert aggregates, poterìtially deleterious and deleterious aggregates.

Petrographic examinatiolr, ASTM C 295, is used to identi$r potentially alkali-silica

leactive and alkali-carbonate reactive constituents of the aggregate. Further tests can then

be pert'ormed to evaluate the polential reactivity of the cement-aggregate combination.

The lock c¡4inder test, ASTM C 586, determines the expansive oharacteristics of

calbonate rocks ivhile immersed in a solution of sodium hydroxide at room ternperature.
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The test specimer'ì is in the lbrm of a right circular cylinder with conical ends and an overall

length ol about 35 mm ancl a diameter of about 9 mm. Changes in cylinder' length are

lneasured at various intewals, for a period up to 1 year.

ASTM chemical method (C 289), petrographic examination (C 295), and the rock

cylinclel niethod (C 586) are useful prìnarily as screening tests rather than tests for

specification enfolcement. Data obtained tiom these tests supplement data from field

service records and other laboratory tests t'oj: âlkali-aggregate reaction.

The CSA standarcl (2) utilizes concrete prisms for the determination of potential

¿ilkali-aggregate reactions. The procedure, M!2-14^ is recommended for identi$ring the

sloivlate alkali-silicate and the alkali-carbonate reactions.

Both the ASTM and CSA standards utilize plisms with dimensions in the range

75x75x300 mm to i20x120x450 mm. A minimum of two specimens are recommended for

each cement-aggregate conbination. The specimens are cast, moist cured for 24 hours,

dernolclecl, measured and then inserted into a storage container in which the temperature

is 38 C and 100 % hurnidity. Measurements of the prisms are taken at fixed intervals over

one ye¿ìr. The li¡nits of expanbion fbr the ASTM C 227 test are 0.05 Vo at 3 months and

0.1 Vc aL 6 months. The CSA concrete prism test specifies expansion limits of 0.01 o/o at

3 months and 0.025 Va at 7 yeaÍ t'or the alkali silicate reaction, and 0.04 o/a at l year for

the alkali-carbonate reaction. Any recorded expansion greater than these values suggests

that the aggregate is potentially reactive.
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2.3.2 Recent Developnlents

To facilitate the evaluation of AAR, a single rapid and reliable test is required for

all three reaction types. It rvould be desirable to use such a test to evaluate the condition

of existing conclete stfuctures. The t'ollorving summa¡izes some of the recent work

pertaining to the development ol rapid test methods t'or AAR.

A recentll' proposed test which has received widespread attention is that of

Ol¡erholster and Davies (10). Their test involves the preparation of th¡ee mortar prisms

prepared according to ASTM C 227 procedures. The prisms are stored in 1 N sodium

hydroxicle (NaOH) solution at 80 C. The prisms are then measured everyday over 14 days.

The average expansion of the three prisms after 12 days is taken as the reference value for

assc:sing potential alkali-reactivity.

Shayan et al. (15,i6) utilized both mortar bar and concrete prisms in the evaluation

of potential alkali-aggregate reactivity. The specimens rvere subjected to both the standard

rnortar bar test and the test proposed by Oberholster and Davies (10). With the mortar

bal spccimens in 1N NaOH solution, signitìcant expansions rvere obtained within two

rveeks fbl alkali-silica and alkali-silicate reactive aggregates. While carbonate reactive

aggregates exhibited very little expansion rvith mortar bar specimens, significant expansions

rvere obtained lvith concrete specimens. As such, concrete specimens appeal to be more

suitabÌe than mortar specimcns fbr testing the reactivity of carbonate aggregates when using

the NâOH test. Shayan et al. tbund that alkali-silica and alkali-silicate ¡eactive aggregates

do not ploduce appreciable expansions, when concrete prisms are used.

Chatterji et al. (3) utilized both alkali-hydroxide and alkali salt solutions as storage

media to determine rvhich had the greatest effect on reaction rate. Chatterji et al. (3)
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tbund that alkali salts do not depress expansion capacity like hydroxides and are preferable

t'or use in an accelerated testing prograÌn. They explained that alkali salts take part in the

alkali-silica reaction directly and not through their conversion to corresponding alkali

hydroxides, as is believed by others (3). Chatterji et al. concluded that potassium ions

penetrate the cement paste matrj-x fàster than sodium ions and that a potassium containing

cemcnt ivill câuse a more rapid alkali-silica expansion than a corresponding sodium

containing ceutent. Thus, they suggested that it is preferable to utilize potassium chloride

solution to increase the reaction rate (4). Oberholster and Davies (10), on the other hand,

tbund that a high concentration of alkali-salt solutiorl ât 50 C did not significantly reduce

the time required to obtain expansion lesults for quartz-bearing aggregates. They concluded

tlì¿ìt a 1 N NaOH solution at 80 C was the most et'tective storage medium in accelerating

the alkali aggregate reactiùn.

The ef'þcts ol temperature and alkali concentration rvere investigated by Oberholster

and Davies (10), Châtterji et al. (3) and Srvamy and Al-Asali (19). Oberholster and Davies

detelnlil,ed that expâr.ìsiorìs were highest tbr specimens stored at 80 C in 1 N NaOH

compared to specimens stored at 70 and 90 C. A 1 N NaOH solution produced greater

expansions than concentÌations of 0.5 N and 1.5 N. Chatterji et al. (3) concluded that for

specimens in an alkali-salt solution, expansion decleased with a decrease in concentration

o[ the storage solution. No expansion occu¡red when the alkali-chloride concentration was

belol 0.5 N.

Swamy and Al-Asali (19) reported that under moist conditions both the rate of reaction

and tinal expansion occur much nore rapidly at higher tempelatures, and that expansions

appear to stabilize much ea¡lier. The alkâli corìtent of the cement and the cement content
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of the concrete intluence both the rate and magnitude of expansion. Results indicated that

cement bound alkalinity above 3-4 kgÁn" NaOH equivalent produces a dramatic increase

in expansion. Srvany an Al-Asali also determined that when alkali from sources other than

the cement is present,the resulting expansions are increased beyond those due to the

cement alkalinity alone.

Hudec and Lalbi (8) utilized concrete core specimens with a nominal diameter of

19 mm and a norninal length of 70 mrn, in the accelerated test proposed by Oberholster

and Davies (10). The alkali content of the concrete mixes was increased by addition of

NaOH to the mix rvater. The cores were extracted fiom concrete blocks that had been cast

and subsequently curecl tbr 28 days. The specimens were inrne¡sed in a 1 N NaOH

solution at 80 C. Length measuremen¡s of the cores were recorded every two clays for 30

clays. Cores containing reactive aggregates exhibited large expansions compared to those

containing non-¡eactive aggregates. Significant results were obtained for all three types of

alkali aggregate reactions.

Alkali-aggregate reaction p¡oducts were studied by Davies and Oberholster (5),

Shayan (16) and ChatLe{i et al. (3). This study is important in o¡der to noi only confirm

the existence of reaction pro(lucts but to shorv that the test procedures used only accelerate

the reaction and clo not modily the naturally occurring process. Davies and Oberholster

(5) observed many changes in concrete pats thât had been immersed in 1 N NaOH solution

at 80 C. Gel rvas observed on the aggregate surtàces after only 48 hours of immersion.

The gel continued to grorv throughout the test duration. After 20 days, rvell-defined

microscopic cracks rvere tìlled with a translucent gel. White reaction product was observed

witlìin the air voicls and cracks in the pats. Through SEM examinatíon rvith energy
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dispelsive x-ray analysis (EDAX), Oberholster and Davies observed massive and rosette-

like gels in mortar and concrete prisms which had been imme¡sed in i N NaOH solution

at 80 C. By comparing the morphology and chemistry of reaction products formed in the

accelerated test rvith those products fo¡med in actual concrete structures, they concluded

that the reaction mechanism is not altered by the test conditions, only accelerated. Shayan

(16) conducted SEM with EDAX analysis on reacted aggregate specimens. It was

determined that the gel contained high amounts ot' silica, calcium and t¡aces of potassium.

Micrographs of reaction products depicted rosettes of crystals similar to that observed by

Oberholster and Davies (5).

Oberholster and Davies (10) proposed a critical limit of expansion for their test by

conrparing results obtained in their test with tliose obtained in the ASTM C227 test. 'lhey

proposed a limit of 0.11 % expansion at 12 days to be used in evaluating aggregates for

alkali-silica and alliali-silicate reactivity. Hudec and Larbi (8) proposed limtts of 0.1,7 Vo

after 12 days and 0.33 Va after 24 days for alkali-silica and alkali-silicate reactive aggregates.

For alkali-carbonâte Ìeactive aggregates, they proposed a limit of 0.16 Vo after 24 days.

The test results ol¡tained by Hudec and Larbi (8) show that the proposed test

method by Oberholster and Davies (10) could be moditìed to become a rapid and consistent

procedure for evaluating all three types of alkali-aggregate reaction, utilizing concrete

specimens.



14

3. EXPERIMENTAL STUDY

3.1 GBNEIIAL

The experimental program rvas designed to develop and evaluate test methods for

expansion due to lâte tbrmation ol'ettringite and alkali-aggregate reaction in concrete. The

experiniental wcl¡k tbr the two tbrms of chemical attack are presented separately in Sections

3.3 and 3.4, respectivel)¡. The same cements and aggregates were used in t'abricating test

specimens tbr both forms of chemic¿ìl âttack.

The test specimens consisted of cores with nominal diameters of 25 mm (1 inch) and

57 ntn (2-1,14 inch) and a length-to-diameter ratio of trvo. Length changes of the test

specimens we¡e nleasured and used to determine expansion due to each chemical attack.

Folloiving the length measurenìents, representâtive specimens were examined using a

scanning electron microscope (SEM) equipped with an energy dispersive x-ray anaþzer.

Photomicrographs and chemical composition of the test specimen microstructure were

obtainecì and usecl to determine the nature of reaction products.

3,2 N{ATERIALS

A total of five cements were utilized in the experimental study, four Type 30 and

one Type 10 cements. The cements are designated by letters A to E. Three cements are

tiom easte¡n Canacla: Montreal (B), St. Ma4n (C) and St. Lawrence (E); one f¡om ce¡rtral

Canada, Winnipeg (D); and one from rvestern Canada, Edmonton (A). Cement E is the

Type 10 cenent. The oxide compositions of the lìve cements are presented in Table 3.1.
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Table 3.1 shows that of tlìe five cements used, the eastern cements have higher alkali

conter'ìts than their central and (€stern counterparts. Cement C has the highest alkali

conterìt of 1,.1,7 la while cement A has the lowest alkali content of 0.52 7a,

A total of sever aggregates from active Canadian quarries rvere used in the

experimental study. The aggregates are designated by numbers ranging from 1 to 7. The

seven aggregates used rvere: Nelson (aggregate 1), Spratt (aggregate 2), Pittsburg (aggregate

3), Joliei (aggregate 4), Sudbury (aggregate 5), and two aggregates from Manitoba

(agglegatcs 6 and 7). Aggregates 1 to 5 are tioni eastern Canada, and aggregates 6 and

7 are from quarries located not far äom Winnipeg, Manitoba. Aggregate 1 is a known

non-reactive aggregate rvhereas agglegates 2 and 4 are known alkalì-silica reactive

âggregates. Aggregates 3 and 5 are knowrÌ to be alkali-calbonate and alkali-silicate reactive,

respectively. Aggregates 6 and 7 have good senice records and are not known to be

reactive. These latter aggregates a¡e similar but are obtained from different quarries.

Each aggregate was mechanically sieved. The gradation used passed through 1/2

jnch sieve but was retained on No. 4 sieve. Thus the maximum aggregate size was 13 mm

(Il2 inch). The aggregates were rvashed a¡rd oven dried prior to their use. Bulk specific

gravity, unit weight, and absorption capacily rvere determined for aggregates 1 to 4 using

ASTM procedur es C 127 -84, C 29-'Ì8 and C 127 -84 respectively. The bulk specific gravities

t'or these aggregates were 2.74, 2.69,2.73 aûd 2.70, respectively. The unit weights for the

tbur aggregates were 1,941,, 2008, 2005 and 2033 kglm3, respectively. The absorption

capacities rvere 1.50, 0.85, 1.26 and 0.77 t'or the four aggregates, respectively.

ASTM standard silica sand ivas utilized in all concrete mixes. The bulk specific

glavity ot- the sand rvas detennined to he 2.66, the unit rveight was 2124 kg/m3 and the
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absorption capacity was 0.83 %.

Ordinary tap water at room tenÌperature was used in preparing all the cement paste

and concrete mixes. The cement paste mixes are identified by the cement designations.

The mir designations are shorvn in Table 3.2.

3.3 I-ATE FORMATION OF ETTRINGITE

3.3.1 Test Procedure

The genelal test procedure for evaluating expansion due to late formation of

ettringite consisted of pretreating the test specimens, followed by storage in distilled water

at a temperature of 23 C. Sodiun chlo¡ide solution was also used as a storage medium for

one set of tests, as described late¡ in this section. Pretreatment of the test specimens

consisted of altelnate immersion in distilled water to ¿ttain saturation followed by oven

clrying to a constant weight. One, two and three cycles of wetting and drying rvere

employed. A¡ oven rvith a thermostat contÌol was used. The oven tempel'atule was

maintained at 80 C and checked regularly using a digital thermocouple.

The test specimens consisted of cores with nominal diameters of 25 mm ( 1 inch)

and 57 mm ( 2-114 inches) ancl a length-to-diameter ratio of two. The 57 mm diameter

cores were used in only one set of tests. To cletermine the time required for drying of the

25 nini diameter core specimens, saturated concrete specimens were placed in the oven,

Weight measurements were taken at selected time intervals until a constant weight was

obtained. Conversely, to determine the time to saturation, oven dried specimens were

immersed in distilled wate¡ and rveighed at selected time intewals until a constant weight

rvas obtained. A Mettler PJ 3000 balance rvith a sensitivity of 0.01 g was used in weighing
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the specimens.

Weight gain and rveight loss ¡esults are shorvn in Figures 3.1, and 3.2 respectively.

The lìgures show that the time requiled to achieve satu¡ation is about tbur hours, whereas

at least three days are required to achieve cornplete drying of the specimens. The periods

selected for saturation and drying were two and three days, respectively. T'wo days was

selected tbr saturation to allow for any shrinkage recovery following the drying process.

Thus, one wet-dry cycle consisted of placing saturated specimens in the oven at 80 C for

three days, removing liom oven and allowing to cool to room temperature t'or one hour and

then immersing in clistilled water for two days. This wet-dry cycle rvas found to be

adcquate also for the larger 57 ¡nm diameter cores and for the cement paste specimens.

The initial length ot'the cores was measured f'ollowing the final saturâtion process

of the pretreatment cycle. During storage of the cores in distilled water, length changes

ol'the cores rvere monitored. Five 25 mm diameter cores and three 57 mm diameter cores

rvcrc used in cach sel of tesls.

In assessing the damage reaction due to secondary ettrilrgite formation, the effect

olì the t'ollowing t'âctors on test specimen expansion were evaluated: specimen drying,

Dumber of wet-dry cycles, water-cement ratio, curing duration, storage medium and

specimen size.

Effect of specirnen drying: In evaluating the effect of specimen drying, two sets of

cement paste specimens which were stored in distilled water at 23 C were monitored for

length change. One set ol'specimens was pretreated by sutrjecting it to a single wetdry

cycle rvhereas the second set was not d¡ied but placed in a distilled water bath and heated

to 80 C for 48 hours.
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Effect of nurnber of wet.dry cycles: To evaluate the effect of the number of wet-

dry cycles, cement paste specimens were subjected to one and two wet-dry cycles. Length

changes of the specimel'ìs rvere monitored when stored in distilled water at 23 C.

Effect of rvater-cement ratio: The ettect of water-cement ratio (w/c) rvas

investigated using cement paste specimens that were pretreated by subjecting them to one

wet-dry cycle. Four values of w/c ratios were employed: 7,0.7,0.5 and 0.3. The specimens

were stored in distilled water at room temperature and monitored for expansion.

Effect of curing duration: To evaluate the effect of curing duration, two groups

of specimens were rnonitored tbr expansion. One group was moist cured for two days while

the other was noist cured fbr seven days. The specimens were pretreated by subjecting

them to a single rvet-dry cycle.

Effect of storâge m€diurn The effect of storage medium was investigated by

comparing the length change of specimens stored in distilled water to that of specimens

stored in saturated soclium chloride solution. The specimens were pretreated by subjecting

them to three wet-dry cycles. Both cement paste and concrete specimens were utilized.

Cements A and B, and agglegates 1 and 2 wele used in fabricating the specimens. Thus,

two cement paste specimens and four concrete specimens were utilized.

Effect of specirrren size: To evaluate the et'tect of specimen size on expansion, two

ditterent core sizes were utilized. The trvo core sizes employed had nominal diameters of

25 nrm (1 inch) and 57 mm (2-114 inches), and a length{o-diameter ratio of two.
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3.3.1,1 Test Specimens

Tivo specimen sizes, 75x75x380 mm prisms and 150 mm cubes, were prepared.

Batching rvas performed at room tenperature. Cement paste specimens were mechanicalþ

nlixed in accordance with ASTM C 305-82 specifications. Sand and coarse aggregate for

the concrete specimens were oven dried and allowed to cool prior to batching. During

batching of the concrete, the cement and sand rvere first dry-mixed manually. The coarse

aggregate was then mixed in, followed by addition of the appropriate amount of water. The

mix water was increased to conect l'or absorption of the aggregates. Thorough mixing was

then pertbrmed manually. The concrete mix design proportions consisted of cement: sand:

coarse âggregate ratio oÌ !:2:2. With the exception of specimens used to evaluate the

et'tèct of water-cement ratio on expansion, all specimens were prepared using mixes with

a water-cemerìt latio ol 0.5.

The steel molds were oiled and sealed with modeling clay. The molds were filled

in three equal layers, with each layer being rodded twenty-five times using a five-eighths

inch diameter Ìod. During the fi¡st twenty-fouÌ hours, the molds rvere stored in a moist

curing room at 23 C 
^nd 

covered rvith a plastic sheet, The specimens were then removed

tiom the molds and stored in the culing roonl. Ail specimens were moist cured for seven

days ivith the exception of those used to evaluate the effect of curing duration.

Alier the specimens were moist cured, they were cored using a Milwawkee model

4099 electric drill. Diamond tipped drill bits of internal diameters 25 mm (1 ínch) and

57 mn (2-114 inch) rvere used to extract the cores iìom the specimens. The 25 mm

diameter cores were obtained from the 75x75x380 mm prisms, while the 57 mnt diameter

cores were obtained tì'om the i50 mm cubes. The cores were cut using a high speed



20

diamond masonly saw to obtain a length-to-diameter ratio of ¡vo. Aside from evaluating

size et'fects, the core size used in this study rvas the 25 mm (1 inch) diameter size with a

nominal length of 50 ¡nm (2- inches).During the coring and cutting process, the specimens

were stored in plastic containers that contained tap water at a temperature equal to that

oI the curing room. Containers fbr cores to be processed rvere removed from the curing

roolì1 one at a time, the cores processed, and then returned to the curing room. Figure

3.3 shorvs the 25 rnm and 57 mm diameter cores.

Five 25 mm diameter cores and three 57 mm diameter cores were used in each set

ol'expansion ¡neasurements. For these measurements, the 25 mm diameter cores were

stored in 174x127x75 mm (4.5x5x3 inch) deep plastic containers, each with a volume of 1

litre. The 57 ¡nm dialneter cores were stol'ed in 2.5 liire circular containers with a diameter

ol 178 nrm (7 inches) and a depth of 127 mn (5 inches). Each core was given a label

designating the core and mix number. For example, a core labelled 1-41 indicates that the

specimen is core number one tiom mix 41.

3,3.1.2 Test Nleasuremenfs

Length rneasurements were carried out on saturated specimens. A specimen was

removed fì'om the container, blotted rvith a damp cloth to remove excess free moisture, and

inserted into the measuring apparatus. A vertical line drawn on the surface of each

specimen enabled the specimen to be placed in the same position each tirne in the

measuring apparatus. Afler three individual measurements, the specimen was returned to

its container prior to measurenent of the next specimen. Latex rubber gloves were worn

at all tines for the handling of test specimens. The room in which the specimens were
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stored and measured was maintained íìt âbout 50 o/o relative humidity and 23 C. Length

measuremeDts rvere taken every three days for the first fifteen days, then every five days

for a minimum of 15 days. In many of the test series, the duration of the test measure-

rnent was extended beyond 30 days.

Figures 3.4 shows the measuring apparatus. A converted drill press acts as the

holding device, a piece of angle fixecl to the base plate maintained a vertical positioning of

the cores. The base on rvhich the core rested and the vertical column fixed to the drill

press had small steel ball bearings to ensure point contacts at the top and bottom of the

core. A linear valiable difl'erential transtbrmer (LVDT) fixed to the drill press measured

the chânge in distance betrveen the trvo ball bearings. A steel calibration bar was used io

¡e-calibrate the system prior to the core neasurements. A 50.800 mm bar was used for the

small core device and a 114.300 mm bar rvas used for the larger core device. Figure 3.4

shorvs a calibration bar in the measuring apparatus.

The LVDT rvas connected to a data acquisition unit which recorded the voltage

dit'ferential. The data acquisitiorr unit is shown in Figure 3.5. A computer program

converted the voltage to a linear core length measurement through application of a

calib¡ation tàctor. During the calibration process, the calibration factor was varied until the

dit'ference between the calibration bar length and the coniputer measurement was within

0.005 mm. The calil¡ration iìactor rvas rarely altered by more than 0.0005 volts/mm. The

computer printout obtained shorved the core number, mix designation, the three individual

Iength measurements (the computer took hvo readings t'or each measurement) and the

average of three measuÌements.
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The length chânge data rvere used to calculate expansion ( or contraction) of the

cores based on the initial length measurements. The average percent expansion of the tìve

cores (thlee for 57 mm cores) was computed tbr each measurement period.

3,3.1.3 Scânning Electlon lVlicroscope Studies

The scanning electron microscope (SEM) equipped with an energy dispersive x-ray

analyzer provides a valuable tool in the identitication of reaction products. A JEOL JXA-

840 SEM in the Faculty ol Engineering at the University of Manitoba was used in this

study. The system is also equipped with an energy dispersive x-ray analyzer which allows

tbr rapid determination o[ the elenental and oxide compositions of materials. A Trecor

Northern computer unit enables the systern to pertbrm semi-quantitative analysis. Figure

3.6 shorvs the SEM and the x-ray analysis system.

For ¡he SEM examination, small fractured specimens, approximately 6 mm (1/4 inch)

thick by 12 mn (1,12 inch) long by 6 mrn (U4 inch) high, were prepared from 6 mm thick

slices. The slices rvere removed tiom selected core specimens at the conclusion ot'the

length measurements using a high speed diamond masonry saw. A typical SEM specimen,

as mounted on a stud, is shoivn in Figure 3.7. To obtain clear photomicrographs, the top

surtìace of the SEM specimens was rendered conductive rvith a layer of gold-palladium

about 0.02 rìicrometers thick. No colrductive coating was used on specimens for the

energr-clispersive x-ray analysis.
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3,3,2 Test Resùlts

Table 3.3 shorvs a typical output obtained from the core length measurement

process. The length ureasurenlents were used to compute the expansion of the cores.

Table 3.4 shows typical results consisting of measurement period, core number, initial length

of cote, measured length, change in length, percent expansion and the average percent

expansion.

A typical photomicrograph of needlelike crystals within the microst¡ucture of a test

specimen is shown in Figure 3.8. The corresponding elelnental energy-dispersive spectrum

of the crystals is shorvn in Figure 3.9, and the oxide compositions of lhe clystals a¡e shown

in Table 3.5.

3,4 ALKALI-AGGREGÀTEREACTION

3,4,1 Test Procedure

In the assessment of alkali-aggregate reaction, both the accelerated and standard

tests wele pert'orned. The accelerated test was based on the method proposed by

Obelholster and Davics (10), while the standard test was based on the CSA concrete prism

test (2). In the accelerated test, the primary storage medium tbr the test specimens was a

one molar sodiurn hydroxide solution. The effect ol a three molar potassium chloride

solution rvas also investigated. One inch diameter cores were used in the test program.

The concrete cores were extrâcted from cubes that had been moist cured for seven days.

The co¡es rvere conclitioned by immersing them in the storage medium at room temperature

and then placing them in an oven at 80 C t'or 24 hours. This conditioning process ensuretl

that the specimens clid not undergo thermal shock. The initial measurement of the
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specimens were taken after the conditioning. Subsequent length measurements were taken

at selected time intervals.

In older to enhance the reaction, the eft'ect of pretreating the test specimens by

subjecting them to wet-clÌy cycles was investigated. The possible enhancement in reaction

rvould be due to tblmation of mic¡oc¡acks in the test specimens to facilitate movement of

the NaOH solution ivithin the specimens. The wet-dry cycle procedure is as shown in

Figure 4.7. Upon the linal oven drying segment of the cycle, the specimens were allowed

to cool, immelsed in 1 M sodium hydroxide solution and placed in the oven at 80 C. A

control batch of specimens from the same mixes rvere used for comparison purposes.

Instead of being immersed in NaOH solution, the control group was imme¡sed in distilled

water, and placed in the 80 C oven.

All the seven aggregates were utilized in the test program. For comparison purposes,

the standard CSA concrete prism expansion test (2) was conducted alongside the

accelerated test. In order to investigate the etlect of cement alkali content only, no alkali

was added to the concÌete mixes fo¡ the CSA prism test.

3,4,1.,1 Test Specimens

Test specimens for the accelerated test were tàbricated in the same manner as those

used in the study pertaining to late formation of ettringite. Section 3.3.1.1 provides a

complete description of specimen ilab¡ication. The concrete mixes were designed for a

water-cement ratio of 0.5.

The mlr dasign t'or the CSA concrete prism test was similar to that for the

accele¡ated test. However, the desired consistency was based on slump, The slump was
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in the range of 70-90 mm, and the water-cenlent ratio ranged from 0.48-0.51. The size o[

the test speciÌnens rvas 75x75x380 mm (3x3x15 inches). ls specified in the CSA procedure,

the test specimens were stored over wâter at 38 C in a tank. Wicks were placed on the

sicles of the tank.

3,4,1,2'I'est Measurements

The specimens in the accelerated test were measured in the 'hot-wet' condition after

being wrapped in a sheet of plastic to diminish the el'iècts of the¡rnal contractíon. The

remaincler o[ the length measurement process was identical to that described in section

3.). t.2.

All test specimens were monitored for a minimum of 30 days. The frequency of

measurement consisted of measurements every two days for the first 14, then every three

days for the next 18 days. Any additional measulements taken were at five to seven- day

intervals. Five test specimens we¡e used for each concrete mix.

The concrete prisms rvere measu¡ecl at the intervals prescribed by the CSA standard.

The measurements were taken at 7, 74,28, 56, 84, 1.12, 168 and 365 days. Additional

nìeasurements ivere obtained at 60-day intervals beyond 168 days. Measurement of the

prisms rvas accomplished using an LVDT apparatus similar to that used for the core

specimens. A netal stand with a tixed base and a spring loaded LVDT attached to the

top of the stand was used. Figure 3.5 also shorvs the prism measuring apparatus with a

calibration bar in place. The computer program used to measure the prisms was the same

as the one used fbr the cores. The program calibration numbe¡ rvas always checked prior

to an1, s9¡is5 of prism measurements. Three independent measurements were taken on
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each prisnì. Three prisms were used for each conc¡ete mlr.

The length clata rvere related to the initial length measurement to obtain percent

change in lerrgth or expansion. Expansion versus time relationships rvere then obtained.

3.4,1.3 Scanning Electron Microscope Studies

To determine the nature of reaction products, SEM examination and energy

dispersive x-ray analysis rvas perlbrmed on selected specimens at the end of length

measurements. The SEM procedure is as described in Section 3.3.1,.2.1.

3,1,2 'I€st Results

Table 3.6 shorvs typical expansion results for test specimens stored in 1 M NaOH

solution at 80 C. A typical photomicrograph of alkali-silica gel within the microstructure

oi'a test specimen is shorvn in Figule 3.10. The corresponding elemental energy-dispersive

spectrum of the gel is shorvn ìn Figure 3.11 and the oxide compositions of the gel are

shorvn in Table 3.7. The molar ratio of calcium oxide to silica (CaO/SiO") for the gel is

0.22. This value is much lorver than the values of between 2 and 3 for the normal cement

paste matrix, indicating the high silica content of the reaction product.
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4. EVALUATTON AND DISCUSSION OF'TEST RESULTS

4,I GENERAL

In this chapter, the test results desc¡ibed in Chapter 3 are used to evaluate and

discuss the potential of the diftèrent mixes to undergo chemical attack due to either late

tbrmation of ettringite ol alkali-agglegate reaction. Test specimen expansion and the effect

of diftèrent factors on the magnitude of expansion are discussed. Photomicrographs and

chemical compositíon of the test specimen microstructure are used to evaluate the nature

of the reaction products. Test plocedures are proposed for evaluating cements for late

f'ormation of ettringite, and aggregates for alkali-aggregate reaction.

4,2 EXPANSION DUD TO I,ATE IORMATION OF ET'TRINGITE

A plot of expansion versus time for cement paste specimens made with the five

cements is shown ilr Figure 4.1. The average results for five test specimens are shown in

the lìgule and in subsequent figures. The expansions for Mixes B and C are much larger

thiìn those t'or Mires A and E. The expansion tbr Mixes B and C is about 1.2 o/o after 30

days cornpared to 0.2 a/o Lbr Mixes A and E anrl 0.1, lo for Mix D. For all test series, the

Type 30 cements produced in eastern Canada exhibit much larger expansions than those

produced in central and western Canada. Mixes B and C specimens exhibited extensive

cracking rvhereas lvfixes A, D and E specimens were uncracked. Figure 4.2 shorvs a cross-

section of an uncracked specimen, and Figures 4.3 and 4.4 show cross-sections of cracked

specimens at the conclusion of the tests. As tvill be discussed later in Section 4,2.7.2,
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cemen! paste specimens which exhibit large expansions contain massive formations of

ettringite.

,ds discussed earlier, Heinz and Ludrvig (7) t'ound that cements rvith molar ratios of

SO" to Al,O. belorv 0.55 shorved little or no expansion. Of the cements used in this study,

A, B, C and D have SO. to AlrO. ratios greâter thân 0.55. The ratios are 0.83 l'o¡ cement

A, 1.03 t'or cement B, 1.21 for cement C and 1.18 for cement D. However, only cements

B and C produced large expansions. This seems to suggest that the ratio of SO" to Al.O"

is not the only factor' rvhich controls the degree of expansion.

It is interesting to note that cements B and C rvhich ptoduced the largest expansions

also have tlre highest alkali contents, 0.99 Vo and L.17 o/o rcspectively (Table 3.1), Cements

A and D have alkali contents oÌ 0.52 o/o and 0.57 o/o, rcspectively. In the cement clinker,

the alkalis occur prefèrentially in the tbrm oI sulphates (17). Since the alkali sulphates

dissolve readily rvhen in contâct with water, sulphate ions are released to react with

tricalciurn aluminate in the ceme¡rt to form ettringite. This implies that higher alkali

cenents rvould release mo¡e sulphate ions into the pore solution for ettringite fo¡mation

than lorver alkali cements. As such, Iarger quantities of ettringite, and accompanying larger

expansions, could be obtained ibr high alkali cements than for lorver alkali cements. This

conclusion is supported by the results obtained in this study. It seems therefore that low

molar ratios ot' SO" to 41,O. and low alkali contents are required in cements to avoid large

expansions due to late formation of ettringite.

Large expansions o[ cement paste specimens can also occur due to slotv hydration

of uncombinecl lime which may be present in large cement particles and is not detected by

current tests (22). Vivian (22) showed that the uncombined lime content of re-ground
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large ccmerìt particles was higher than that of the bulk cement. Specimens made rvith 20-

40 micrometer ând greater than 40 micrometer size particles expanded by significant

anounts, whereas those made with the bulk cement expanded by negligible amounts. To

determine if signilicant quantities of undetected uncoml¡ined lime were present in the

cements used in this study, diftèrent size fractions of the cements were anaþzed. The

uncombined lime contents of the clilferent size tiactions were approximately the same as

that of the bulk cement. The uncombined lime content of the cement particles larger than

44 micrometers was slightly lower than that of the bulk cement. This indicates that

hyclration of'uncombined linie did not contribute to the expansions neasured in this study.

4.2.1 Effect of Dryinq

Figure 4.5 shows the expansion-time plot for Mix D cement paste specimens

subjected to one wet-dry cycle and tbr specimens subjected to a distilled water bath heated

to 80 C tbr 48 hours. The specimens show expansion when subjected to the wet-dry cycle

and no expansion rvhen subjected to heating in the water bath. The difference in

expansion shows that drying is required to induce the expansion.

4,2,2 Efiect of Number of Wet-Dlv Cycles

Expansion versus time results for specimens subjected to one and two wet-dry cycles

are colnpared in Figure 4.6. The figure shows that the expansion for two wet-dry cycles

is larger than that fbr one cycle. For both cycles, Mix B specimens exhibit larger

expansions than MLx A specimens. Increasing the number of rvet-dry cycles beyond two

caused rapid disintegration of Mix B specimens. Two weldry cycles are theretbre
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recommended tbr evaluating cements, as illustrated in Figure 4.7.

4,2,3 Efl'ect of Water-Cement Ilatio

The eflect of water-cement ratio (w/c) on cement paste expansion is shown in

Figure 4.8. The data points are expansion values for specimens subjected to one wet-dry

cycle and immersecl in distilled water i'or 15 days. Similar relationships are obtained for

other periods of immersion in the distilled water, For all water-cement ratios, Mix B

specimens exhibit larger expansions than Miy A specimens. The expansions are larger for

a w/c of 0.5 than t'or ivic of 0.3, 0.7, and 1.0. The lower expansions for the higher w/c

pastes (w/c= 0.7 and 1.0) could be att¡ibuted to the highel porosity of these pastes. The

high porosity could enable these materials to deform into voids with little or no changes

in the external dimensions of the specimens. The lower expansion for the lower øc paste

(rv/c: 0.3) could be explained by the lo'rver permeability of this paste. The low

permeability reduces the amount of water absorbed by the specimen and could therefore

reduce the extent of the reaction which induces expansion. A Vc of 0.5 was theretbre

used throughout the renajìrder of this study.

4,2,4 Effbct of Curing Duration

The results obtained fol the eft'ect ot'curing duration on expansion are shown in

Figure 4.9 for Mix B specimens. The figure shows thai specimens cured for seven days

expand more than those cured for two days. The lower expansion of specimens cured for

two days could be attlibuted to the higher porosity of these specimens. As explained in

Section 4.2.3, a high porosity could enable the specimen material to deform into voids with
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little ol no change in external dimension. A.curing duration of seven days was used

throughout the remainder of this study.

4,2,5 ElTect of Storaqe Medium

The etTect of storage medium on expansion is shown in Figure 4.10 for cement

paste specimens and in Figure 4.11 fbr concrete specímens. The specimens were stored in

distilled water and in saturated sodium chloride (NaCl) solution. For both cement paste

and concrete, specimens stored in rvater expand whereas those stored in NaCl solution

cont¡âct. The large expansions of Mix B and Mix 82 specimens stored in distilled water

contrast sharply with the contraction of the same specimens stored in NaCl solution.

Expansion of the specimens is attributed to tb¡mation of ettringite, as discussed in

Section 4.2.7.2. Contraction of the specimens in NaCl solution is therefore not surprising

since ettringite is soluble in the presence of chloride ions (i7). Alkali ions in NaCl solutio¡r

enhance expansion due to alkali-aggregate reaction (AAR) fbr specimens made with

reactive aggregates (3). As such, the contraction of concrete specimens made with reactive

aggregates and stored in NaCl solution suggests that ett¡ingite and not AAR is the cause

of the expansion of concrete specimens stored in water. While massive formations of

ettringite are t'ound in photomicrographs presented in a subsequent section, no AAR

products are t'ound in any of the concrete specimens.

4,2,6 Ilffect of Specirnen Size

The ef'fect of specimen size on expansiotl is shown in Figure 4.12. TtLe figure shows

a comparison of expansions fo¡ 25 mm and 57 mm diameter cores. The fìgure shows that
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the s¡¡aller specimens exhibit larger expansions. Figure 4.13 shotvs the coefficient of

variation lbl the 25 nlm and 57 mnl diameter cores. The coeffìcient of variation generally

decreases rvith increase in specimen inmersion time. Altet 32 days immersion, the

coef'fìcìent of va¡iation values are 8 Vc Ìor the 25 mm diameter core and 13 Vo for the 57

mrnìiameter core. The smaller coetÏicient of variation, in addition to the larger expansions

(FiguLe 4.12), suggest that the small cores are preferable to the lârger ones for evaluating

cements.

4.2,7 Cement Pasf€ vs Concrete Specimens

4.2,7,1 Iìxpansion

Expansion ¡esults obtained t'or concrete specimens are shown in Figure 4,14. Figure

4.15 shoivs the results tbr mires B1 and B2 only. Figures 4.1, and 4.14 show that the

cement paste specimens expand more than the concrete specimens. The ratio of cement

paste to concrete core expansion is at least two. This indicates that the aggregate provides

a restraining el'tect on expansion. Concrete mlxes made with cement B exhibit large

expansions, regardless of the aggregate type. Concrete mixes made with cement A, on the

other hand, exhibit very little expansion. These tesults are similar to the results in Figure

4.1 which shows tha! cenlent B specimens exhibit very large expansions whereas cement A

specimens exhibit very small expansions. The expansion of the concrete specimens

therelb¡e seems to depend solely on the cement used. As rvill be díscussed in the next

sectiolÌ, both cement paste and concrete specimens rvhich exhibit large expansions contain

massive fo[mations of ettringite.
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Cement B concrete mixes shorv dif'lerences in the magnitude of expansion. As such,

the question arises as to the role tlìe coafse aggregate plays in the observed expansion.

As statecl earlier, aggregate 1 is a knorvn non-reactive aggregate, aggregate 2 is alkali-silica

reactive, and aggregate 3 is alkali-carbonate reactive.

The large expansions tbr Mix 81, the non-reactive aggregate mix, cast doubt on

aggregate reactivity as the cause of the diftèrences in expansion of the cement B concrete

rnlxes. This obseryation is supported by SEM examination and analysis which revealed no

trace of gel due to alkali-aggregate reaction. To understand the eftèct of aggregate on the

observed expansion, the lengths of selected concrete specimens were measured at the end

of each phase of the pretreatment process. Figure 4.16 shows that cement paste

contractioÌr due to drying is approximately five times that of concrete specimens, reflecting

the restraining ef'fect ol' aggregate. Figule 4.16 also shows that there is a difference in

contraction of mixes 81 and B2 specimens. Since both mixes are made with the same

cement, the dit'ference in contraction is attributed to difference in restraining effect

proviclecl by the aggregates. The fact that the test specimens exhibit diffe¡ences in

contraotion at the end of pretreatment seems to explain the diffe¡ent expansions obtained

for the concrete specimens made with the same cement. Thus it is concluded that

aggregâte reactivity does not contribute to the expansion of the concrete specimens.

Since the expansion of the test specimens depends solely on the cement used,

cement pâste specimens are preferred to concrete specimens in evaluating the potential

expansion of a mix made with a particular cement.
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4,2,7.2 Scanning Electron Microscope (SDM) Analyses

Micrographs: Photomicrographs of features found within the nicrost¡ucture of

test specimens ale presented in Figures 4.17-4.26. These features are found within the

paste matrices and voids in cemenf paste and concrete, on crack surface in cement paste,

and at the paste-aggregate interface in concrete. The photomicrographs shown in Figures

4.L7 -4.21, ivere obtained flom cement paste specimens while those in Figure 4.22-4.26 were

obtained fron concrete specimens.

Figure 4.17 shorvs needlelike t'eatures within the paste matrix and Figure 4.18 shows

globular needlelike features within a void. A higher magnification micrograph of the

lleatures in Figure 4.18 is shown in Figure 4.19. Figure 4.20 and 4.21 are micrographs of

globular needlelike tèatures found on a crack surface in cement paste. Needlelike features

within the paste nlatriy of concrete are shown in Figure 4,22. Figure 4.23 and 4.24 show

features rvithin a void in concrete and their morphology at a higher magnification. Figure

4.25 ts a micrograph shorving the paste surface of a paste-aggregate interface. A higher

magnil'ication micrograph of the paste surLàce, Figure 4.26, shows needlelike features.

These l'eatures appear to be flattened, compared to those located ín a void (Figure 4.24),

probably due to pressure imposed by the interface aggregate.

The microstructural tèatures shown were found priniarily in those mixes which

exhibitecl large expansions. These mires were made with cements B and C. Mixes made

rvith cements A, D and E contained very little or no visible amounts of these tèatures.

Thus, the extent to rvhich the features tbrmed within the microstructure of the test

specimens correlates very well rvith the degree of specimen expansion.
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Energy-dispersive analysis: As the photomicrographs shorv, all the microstruciural

t'eatures are made up of needlelike crystals, suggesting that they are ett¡ingite products.

This observation is supported by the composition oi'the features as shown by the energy-

dispersive spectra plesented in Figures 4.27-4.32. A typical spectrum for the microstructural

tèature in Figure 4.17 is shorvn in Figure 4.27, while that for the feature in Figures 4.18

and 4.19 is shorvn in Figure 4.28. Figure 4.29 is typical for the fèature in Figures 4.20 a¡d

4.21,. The spectrum in Figure 4.30 is typical t'or the needlelike t'eature in the paste matrix

of concrete (Figure 4.22). A typical spectrum lbr the feature in Figures 4.23 and 4.24 is

shown in Figure 4.31, while that tbr the featu¡e in Figures 4.25 and 4.26 is shown in Figure

4.3¿.

The elemental spectra show that the microstructural features are predominantly

composed of calciu¡n (Ca), sulphur (S) and aluminum (Al). This confirms that the features

aLe calcium sulphoaluminate or ettringite ptoducts.

Stoichiometric oxide compositions of the microstructural features as obtained from

the enelgy-clispersive analysis are presented in Table 4.1. A.lso shown are the stoichiometric

oxicle ratios, CaO/SO. and CaO/AlrO.. The theoretical values of CaO/SO" and CaO/Al"O.

1'or ettringite are 2 and 6, respectiveþ. In general, the oxide ratios obtained for the

microstructural tèatures in both cement paste and concrete specimens compare well with

the theoretical ratios tbr etttingite. The high oxide ratios obtained for the feature on the

crack surtace o[ a cement paste specimen indicate that this feature has a high calcium

content, probably due to leaching onto the crack surface.

The source of ettlilìgite formation in the test specimens could be due to one or

both of the following nechanisms:
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(i) reaction between aluminate and sulphate ions that are bound within the hydration

products when moisture becomes available;

(ii) dissolution of previously formecl ettringite by rvater circulating through the specimen

and its subsequent precipitation from solution.

The ditlerent morphologies of ettringite observed in the test specimens could have been

tbnned from both of these mechanisms. The tb¡mation of ettringite due to the second

mechanism is not likely to give rise to excessive expansion and cracking (11,18). It is

therefore believed that the tbrmation of ettringite in accordance with the first mechanism

is largely the cause of the expansion and cracking of the test specimens.

The formation of' ettringite in the test specimens due to the first mechanism implies

that the expansion and cracking phenomena could be described as internal sulphate attack,

rvhere sulphates ale supplied by the cement paste itself.

4,2,7.3 Proposed Test Method

The procedure utilized in this study is proposed as a test method to evaluate

cements t'o¡ their potential to cause expansion and cracking due to late formation of

ettringite.

A summary of the proposed test method is as follorvs:

1. Fab¡icate cemerìt paste specimens with a water-cement ratio of 0.5 in accordance

ivith ASTM C 305-82 specification.

2. Moist cure the specimens for seven days.

3. Obtain co¡es rvith a nominal diameter of 25 mrn (1 in). Saw cut the cores to obtain

test specinens rvith a length of 50 mm. Use iìve corcs to evaluate each cement.
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4. Pretreat the test specimens using the trvo rvet-dry cycle procedure shotvn in Figure

4.7. Each rvet-dry cycle consists of two days saturation, three days drying, and a

tìnal trvo days saturation.

5. Measure the length of the test specimens at the end of the pretreatment. Store the

specimens in distilled water at ¡oonì temperature for one to trvo weeks and measure

their lengths every two to three days.

6. The critical limit of expansion, based on the limited results of this study, is propcsed

to be 0.2 pelcent after seven days in distilled water. The expansion limit may need

to be refined after more cements have been evaluated.

4,2,8 Srrrnnary of Findings

1. Cement paste specimens made with cements produced in ditt-erent regions of Canada

exhibit significant difterences in the magnitude of expansion when pretreated by

subjecting them to wet-dry cycles. Specin.rens for some cements expand by neglígible

amounts, rvhereas those ibr other cements expand by very large amounts.

2. Cernent paste specimens expand more than concrete specimens made with the same

cement. The magnitude of expansion in both types of specimen depends upon the

cement used.

3. A water-cement ratio of 0.5 appears to be the optimum water-cement ratio for

expansion under the test procedure used in this study.

4. Expansion and cracking of test specimens inc¡ease with iltcrease in the number of

rvet-dr1' cycles. Pretreatment involving two wet-dry cycles is recommended for

evaluating cements.
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5. The durationof cur'ìng atTects the magnitude of test specimen expansion. Specimens

cu¡ed tbr seven days expand more than those cured fo¡ two days, probably due to

the higher polositl' 6f the latter specimens.

6. Based on the magnitude ot' expansion and the coefficient of variation of the

expansion data, the small test specimens, 25 mm diameter, used in this study are

pretèrable to the larger 57 mm diametel ones for evâluating cements.

7. Both cement paste and concrete specimens which exhibit large expansions contain

massive formations ol ettringite, lvhereas those which exhibit very small expansions

contain little or no visible amounts of ettringite. This strongly suggests that late

I'o¡r¡ration of ettlingite is the cause of expansion of the test specimens.

8. Fo¡ concrele specimens, SEM analysis indicates the absence of alkali-aggregate

reaction, even in concretes made with known reactive âggregates.

9. The ditTerent magnitudes of expansion for concretes made with the same cement

but dit'ferent coarse aggregates appears to be due to differences in the length

change of the test specimens ât the end of pretreatment.

10. Test specimens storecl in sodium chloride solution contract, in contrast to expansion

of simila¡ specimens stored in water.

11. The contraction ôf test specimens in sodium chloride solution and the absence of

visible ettringite in these specimens are attributed to the high solubility of ettringite

in the presence of chloride ions.

12. The contraction of test specimens in sodium chloride solution tlurther suggests that

ettringite is the cause of expansion of the test specimens stored in water.
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Expansion and cracking of concrete due to late formation of ettringite could be

prevented by using cements with low molar ratios of SO. to AlrO. and low alkali

contents.

The procedure utilized in this study could be used as a test method to identify

cements that could cause expansion and cracking due to late formation of ettringite

rvhen concrete is subjected to alternate wet and dry conditions.

EXPANSION DUE TO ALKALI-AGGREGATE REACTION

Figure 4.33 shorvs an expansion versus time plot comparing expansion results of test

specimens tàbricated rvith aggregate 2, the alkali-silicâ reâctive aggregate, in two different

storage media. Ír the figure and in subsequent fìgures, each data point is an average of

results tbr lìve test specimens. One set of specimens was stored in a 3 M KCI solution,

and the other set ilr a 1 M NaOH solution, bÕth at 80 C. The figure shows that a NaOH

storage medium is more eftèctive in accelerating expansion in concrete cores. Thus, a 1

M NaOH solution at 80 C rvas utilized as the storage medium for ihe remainder of the

accelerated tests.

4.3,1 Specimens in Sodium l'Iydroxide Solution

Figures 4.34 and 4.35 shorv expansion versus time results for test specimens

subjected to two diftèrent conditioning media. Each figure shows the results for a

particular concrete mix subjected to the two different conditioning media. One set of

specimens rvas conditioned in distilled water at 80 C, whereas the second set was

conditioned in NaOH solutiorÌ at 80 C. The figures show that specimens conditioned in

4,3
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NaOH start expancling imrnediately, whereas those conditioned in water have a 4-6 day lag

prior to expansion. .,Reaction products rvere obsewed on the surface of the NaOH-

conditioned specimens within 2 days, whereas it took 4-6 days before any reaction products

were seen on the wate[-conditioned specimens.

The reason for the expansion lag in water conditioned specimens is probably due

to a dilution of alkalis by water in the specimens. By conditioning in NaOH, the alkali is

able to imniediately penetrate the matrix and instigate the reaction. Conditioning in NaOH

wâs theretbre utilized in the remainder of the study.

Figure 4.36 shorvs expansion versus time results for specimens made with aggregate

2, ancl diiterent cements. The cements had different alkali-contents ranging ftom 0.52 Va

ß L17 a/c, as shown in Table 3.1. The figure shows that the expansions do not correlate

rvith the alkali content of the cements. The NaOH solution appears to override the cement

alkalis. Thus, expansion appears to be independent of cement alkali content for the test

method used in this study. The magnitudes of expansion obtained for the test specimens

clearly shorv that the test method is suitable for evaluating aggregate reactivity, utilizing

concrete specimens.

Figuie 4.37 shows expansion versus time results for test specimens made wiih alkali-

silica and alkali-carbonate reactive aggregates. The magnitudes of expansion for both types

of reactivity are essentially the same.

Figure 4.38 shorvs expansion versus tine results for specimens made with reactive

and non-reactive aggregates. The magnitude of expansion for Mixes A2 and 82

specimens is approximateþ 0.3 Vo in about one month, Mixes A1 and Bi specimens on the

other hand, contract, clearly shorving that the test method used in this study discriminates
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between reactive and non-reactive aggregates. Figure 4.39 shows the expansion results for

Nfix A2 and 82 specimens over a period of 68 days. The figure shows that expansion

continues to inc¡ease even after trvo months. The expansion-time relationships are

e,ssentially linear.

Figure 4.40 shorvs expansion versus time results for specimens made with aggregate

4, an alkali-silica reactive aggregate. Figure 4.40, when compared to Figure 4.38, shows that

expansion levels, though signitìcant, are markedly less than those obtained lor aggregate 2,

the othe¡ alkali-silica reactive agglegate. SEM examination, as discussed later in Section

4.3.1.2, revealed smaller amounts of reaction product inside the aggregate 4 specimens than

in the aggregate 2 specimens.

Figure 4.41 shows expansion results 1'or specimens fabricated with aggregate 6, which

is ol¡tained fiom a quarry near Winnipeg, Maniioba. Expansions for Mix 82 specimens are

also plotted for comparison purposes. The fìgure shows that virtualþ no expansion

occurred in the Mix B6 specimens. Aggregate 6 has a good service record with regard to

AAR.

Fígure 4.42 shorvs expansion versus time results for specimens fabricated with

aggregate 5, the alkali-silicate reactive aggregate, and for Míx B2 specimens. The figure

shorvs that no expansion was obtained tbr specimens fabricated using aggregate 5. This

result contrasts sharply rvith that obtained by Hudec and Larbi (8), in which large

expansions rvere ol¡tained for specimens fabricated with the same aggregate. Hudec

lecorded expansion levels as high as 0.6 qo within 30 days. These ditferent results could

be due to the faot that in Hudec and Larbi's work, additional alkali was added to the

concrete mix rvhereas no alkali was added in this study. In addition it was determined from
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Hudec (telephonc conversation) thât not all specimens made with aggregate 5 expanded and

that only the results tbr speciniens which expanded rvere published. The test method may

nee(l to lle modified foÌ the evaluation of alkali-silicate reactive aggregates.

The appearance of the test specirnens at the conclusion of the tests is represented

in Figures 4.43-48. Figures 4.43 ancl 4.44 show closs-sections of uncracked specimens for

aggregates 1 and 5, respectively, Cracked specimens for aggregate 2 are shown in Figures

4.45 ancl 4.46, while that tbr aggregate 3 is shown in Figure 4.47. White spots of gel are

obserued on the surtäce of an aggregate 3 specimen in Figure 4.48.

4.3.1.1 Effect of Wet-Dry Cycles

Figure 4.49 shoivs expansion versus tirne results t'or specimens which were pretreated

by subjecting them to two wet-dry cycles prior to their immersion in NaOH solution. In

comparison rvith expansion of specimens that were not pretteated (Figure 4.38), it is

âpparent that the wet-dry pretreatment does not enhance the expansion, The expansion

values after 30 days immersion for nlixes A2 and B2 specinens that were not pretreated

are 0.30 antl 0.27 o/a, rcspectively. Expansion values for similar specimens which were

pretreated are 0.26 and 0.22 Vo, respectìvely. Specimens made with aggregate 1 showed a

contlaction of about 0.06 to 0.08 Vo with and, without pretreatment. Thus, no apparent

advantage exists tbr incorporating pretreatment in the test procedure.

Figure 4.50 shorvs the results for speoimens placed in distilled water at 80 C instead

of in NaOH solution. The figure shorvs that the pretreated specimens contract. The

NaOH bath is therefore necessary to induce AAR expansion in the pretreated specimens.
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.1,3.1.2 Photomicloglaphs and Microstlucture Composition

Photomicrographs of reaction products and their elemental spectra obtained from

the SEM exanlination and analysis are presented in Figures 4.57 to 4.79. The oxide

compositions and the molar ratios of CaOiSiO" are given in Table 4.2. NI the ratios are

less than the values of between 2 and 3 fol normal cement paste matrix of concrete (6),

indicating high silica content of the reaction products.

Figures 4.51 to 4.61 are photomicrographs and elemental compositions obtained for

specimens made rvith aggregate 2, an alkali-silica reactive agg¡egate. Figures 4.57 and 4.52

are lorv and higher magnification micrographs of a rosette-like morphology at a paste-

aggregate interlàce. This morphology is identical to thât obtained by Oberholster and

Davies (5), both lìom their lests and f¡om concrete structures undergoing AAR. The

rosette morphology rvas lbund only in test specinens made rvith aggregate 2. Figures 4.54

and 4.55 show ¿r dit'ferent morphology obtained at the âggregate-paste interface, near the

same area as the rosettes. The higher rnagnilìcation micrograph in Figure 4.55 shows the

tìbrous texture of this morphology. The morphology rvas found only in test specimens made

with aggregate 2. Figure 4.57 shows a spongeJike morphology also at the paste-aggregate

interlàce. Figuie 4.59 and 4.60 shovr' low and higher magnification micrographs of a

reactiorì product within the paste matrix adjacent to the paste-aggregate interface. This

morphology appears to be o¡iented in a particular direction and was found only in

specimens made with aggregate 2.

Figures 4.62 and 4.63 are micrographs for specimens fab¡icated with aggregate 3, the

alkali-carbonate reactive åggregate. Figure 4.62 shows a lorv magnification micrograph of
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a reaction product within a void. Figure 4.63 is a higher magnification shot of the same

area. The morphology ìs spongelike, as in the case of Figule 4.57 for ASR. A sponge-

like morpholog¡, is also observed ât the paste-aggregate interlàce, as shown in Figure 4.65.

Figure 4.67 is a microglaph of a reaction product scraping obtained tì'om the surt'ace of a

test specirnen. The reaction product has a plateJike structure. No brucite (MgOH)

reaction products were obsen/ed in the test specimens for the alkali-carbonate reactive

aggregate. Râther, reaction products which are very high in silica are obtained, as shown

in Table 4.2. The source of the silica may be the clay minerals which are present in

rcactive carbonatc aggregatcs.

Figure 4.69 and 4.70 are micrographs of reaction products obtained from specimens

made with aggregate 4, an ASR aggregate. Figure 4.69 shows a feature with wormlike

ridges at the base of a void rvhere an aggregate appears to have been pulled out. Figure

4.70 shorvs a higher magnification micrograph of the same feature. These ridgeJike

t'ormations rvere found only in specimens made rvith aggregate 4. Figure 4.72 is a

micrograph of a sclaping obtained 1i'om the surt'ace of a test specimen. The spongelike

nrorphology is very similar to those shown in Figure 4.57 and 4.65. A ¡eastion product rvith

sponge-like morphology was also ol¡se¡¿ed in the matrix of the test specimens. Smaller

quantities of reaction product were observed in the aggregate 4 specimens than in the

aggregate 2 specimens. This seems to explain the lower expansion of the aggregate 4

specimens compared to the aggregate 2 specimens.

Figures 4.74 and 4.75 are gel scrapings obtained tiom specimens made rvith

aggregate 5, the alkâli-silicate reactive aggregate. Figure 4.74 is a low magnification

micloglaph, while Figure 4.75 ís a higher magnitìcation micrograph of the area shown in
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the bottom centre of Figure 4.74. No gel rvas observed in the matrix of the test specimens.

This seems to correlate rvith the lack of expansion obtained tbr these test specimens.

Figure 4.77 and 4.78 are micrographs ol a test specimen made with aggregate 6, a

local aggregate. The gel has a morphology not unlike dried mud. Very small amounts of

this gel rvere obsen'ed, correlating well with the lack of expansion obtained for the test

specimens.

The SEM examination and analysis therefore reveal the formation of different

morphologies of reaction product due to AAR. The spongeJike morphology appears to

be the most comrron. Specimens fabricated liom aggregates 2 and 3 which exhibit large

expansions contain massive amounts of gel ivith various morphologies. Specimens fabricated

from aggregate 4 rvhich exhibit smaller expansions contain smaller amounts of gel.

Specimens made with aggregates 5 and 6 which showed no expansion yielded very little gel.

Thus, the niagnitr-rde of' expansion appears to be an excellent indicator of the

qua¡ìtity of gel ['onned. The presence of reaction products does not necessariþ result in

the deleterious expansion of the test specimens.

4,3,2 Expansion Results for the Standard 'Iest

Figure 4.80 shows expansion velsus time results for Mixes A2 and B2 prisms. The

average lesults t'or three prisrns are shown for each nrix. Afær 112 days, Mix B2 specimens

made with high alkali cement expand by 0.02o/o. Mix A2 made with low alkali cement, on

the other hand, showed no expansion. Figure 4.81 shorvs the expansion versus time results

tbr Mir 82 prisms up to one year. The prisms initially expand and then contract by the

end of the test. This result is typical of the behaviour of the prisms in the test.



46

Closer examination of the re.sults tb¡ individual prisms indicated that specimens

located close to the moisture wicks expanded the least and those located furthest away from

the wick expânded the most. This phenomenon is illustrated in Figule 4.82 and is

attributecl to the leaohing of alkalis from the test specimens. Rogers and Hooton (13) have

also lbund that wicks tend to cause alkalis to be leached from the test specimens, resulting

in lou,er expansions. These results suggest that the use of wick in the concrete prism test

should be discontinued.

4.3.3 Proposed Test Method

The procedure utilized in this study is proposed as a test method to evaluâte

aggregates tbr their potential to cause expansion and cracking due to alkali-aggregate

reaction.

A summary of the proposed test method is as follows:

1. Fabricate concrete specimens with a water-cement ratio of 0.5.

2. Moist cure the specimens for seven days.

3. Obtain cores ivith a nominal diametel' of 25 mm. Saw cut the cores to obtain test

specimens with a length of 50 mm. Use five cores to evaluate each concrete mix.

4. Condition the test specimens in sodium hydroxide solution at 80 C t'or 24 hours.

5. Measure the length of the test specimens at the end of the conditioning period.

Store the specimens in the sodium hydroxide solution at 80 C for two to three

weeks and neasure their lengths every two days.

6. The c¡itical linlit of expansion, based on the limited results of this study, is proposed

to be 0.1 percent atier two weeks in the sodium hydroxide solution. The expansion
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limit may need to be refined after more aggregates have been evaluatecl.

4.3.4 Sunlnarv of Findings

1. A one molar soclium hydroxide solution (1 M NaOH) at 80 C is more effective than

a 3 M potassium chloricte (KCl) solution at 80 C in accelerating expansion due to

alkali-aggregate reaction.

2. Conditioning of test speciniens in NaOH solution instead of distilled water prior to

storage in the NaOH solution at 80 C expedites the reaction process.

3. Specimens made with reactive aggregates and stored in the NaOH solution at 80

C expand signitìcantly rvithin 30 days. Reaction products are observed on the

surface of the specimens rvithin 2-6 days of the start of the test.

4. The test method is sensitive to both the alkali-silica and alkali-carbonate reactions.

5. The test method does not appear to be sensitive to the alkali-silicate reaction.

6. The alkali content of the cement does not seem to affect the magnitude of

expansion of the test specimens. The NaOH bath appears to override the cement

alkaìis.

After a period of more than two months, specimens made with an alkali-silica

reactive aggregate do not shorv any declease in the expansion rate.

Pretreating the test specimens using two wet-dry cycles does not seem to enhance

the reaction. Expansion levels for pretreated specimens are about the same as those

t'or specimens rvhich are not pretreated.

Pretreated test specimens stored in distilled water at 80 C contract. The NaOH

bath is therefore necessary to induce alkali-aggregate expansion in the pretreated

8.
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10.

71

12.

speclmens.

SEM examination and analysis reveal that the alkali-aggregate reaction products

have many morphologies. A spongelike morphology appears to be the most

common.

A rosette morphologr was found in specimens made with an alkali-silica reactive

aggregate. The same morphology was observed by Oberholster and Davies (5) in

concrete structures undergoing ASR.

There is an excellent correlation between the magnitude of expansion and the

arnount o[ gel observed in the test specimens.

The use o[ wick in the stot'age tank for the concrete prism test affects the

magnitude of expansion of the test specimens. Specimens closest to the wick

expand the least, rvhile those furthest from the wick expand the most.

The et'tèct of the rvicks on expansion is attributed to leaching of alkalis from the

test spccimens.

The accelerated test utilizing 25 mn diameter concrete cores and a 1 M NaOH

solution at 80 C is more eft'ective than the concrete prism test for identi$'ing alkali-

silica and alkali-carbonate reactive aggregates.

13.

14.

15.



49

5. SUMMARY AND CONCLUSIONS

5.1 SU},INIARY

Many concrete structures ale not surviving through their expected litè span due to

premature deterioration. Degradation arises through many mechanisms which are either

physical or chemical in narure. In this study, hvo forms of chemical attack, late formation

of ettringite and alkali-aggregate ¡eaction (AAR), are evaluated.

The experimental program is designed to develop and evaluate test methods for

expansion due to late formation of ettringite and AAR in concrete. Five cements from

various regions of Canada are used in the experimental program. Seven aggregates from

various Canaclian quarries are utilized. The aggregates varied in reactivity, ranging from

innocuous to highly reactive. Cement paste and concrete specimens are fabricated. The

test specilnens consist of cores rvith nominal diameters of 25 mm and 57 mm and a length-

to-diameter of trvo. Reactivity is gauged by specimen expansion. The effect of various

thctors on specimen expansion are evaluated. For the experimental program pertaining to

late t'ormation ot' ettringite, those tâctors include: specimen drying, number of wet-dry

cycles, water-cement ratio, curing duration, storage medium, specimen size and the effect

of aggregate on expansion. Regarding AAR, the tàctors evaluated include: storage medium

and wet-dly cycles. The CSA standard concrete prisn test is also conducted for comparison

purposes.

Scanning electron mic¡oscopy coupled with energy-dispersive x-ray analysis is utilized

in the identitication of reaction products.
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The results obtained in the experimental program are used to propose test

procedures tbr' (i) evaluation of cements that could cause concrete expansion due to the

late formation ofettringite, and (ii) evaluation of concrete expansion due to alkali-aggregate

reaction.

5,2 CONCLUSIONS

Late Formation of Ettringite: The conclusions drawn from the test results

pertaining to the late formation of ettringite are as follows:

1. Cernent paste specimens made with cements produced in different regions of Canada

exhibit significant cliftèrences in the magnitude of expansion when pretreated by

subjecting them to wet-dry cycles. Specimens for some cements expand by negligible

âmounts, wheÌeas those t'or other cements expand by very large amoùnts.

2. Cement paste specimens expand nrore than concrete specimens made with the same

cement. The magnitude ol'expansion in both types of specimen depends upon the

cement used.

3. A water-cement ratio of 0.5 appears to be the optimum water-cement ratio tbr

expansion under the test procedure used in this study.

4. Erpansion and cracking of test specimens increase with increase in the number of

wet-dry cycles. Pretreatment involving hvo wet-dry cycles is recommended for

evaluating cements.

5. The duration oll curing aft'ects the magnitude of test specimen expansion. Specimens

cured for seven days expand more than those cured for two days, probabþ due to

the higher porosit)' of the latter specimens.
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6. Based on the magnitude of expansion and the coefficient of variation of the

expansion dâta, the small test specimens, 25 mn dianeter, used in this study are

pretèrable to the larger 57 mm diameter ones for evaluating cements.

7. Both cement paste and concrete specimens which exhibit large expansions contain

massive l'ormations of ettringite, rvhereas those rvhich exhibit very small expansions

contain little or no visil¡le amounts of ettringite. This strongly suggests thai late

fbrnìation of ett¡ingite is the cause of expansion of the test specimens.

8. For concrete specimens, SEM analysis indicates the absence of alkali-aggregate

reaction, even in concretes made rvith knorvn reactive aggregates.

9. The dit'terent magnitudes of expansion for concretes made with the same cement

but diftèrent coarse aggregates appears to be due to differences in the length

change of the test specimens at the end of pretreatment.

10. Test speci¡rens stored in sodium chloride solution contract, in contrast to expansion

of similar specimens stored in water.

11. The contraction of test specimens in sotliur¡ chloride solution and the absence of

visible ettlingite in these specimens are attributed to the high solubility of ettringite

in the presence of chloride ions.

12. The cont¡action o[ test specimens in sodium chloride solution further suggests that

ettringite is the cause of expansion of the test specimens stored in water.

13. Expansion and cracking of concrete due to late formation of ettringite could be

prevented by using cements with low molar ratios of SOo to AlzO3 and low alkali

contents.
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1,4. The procedure utìÌized in this study could be used as a test method to identifj/

cements that could cause expansion and cracking due to late formation of ettringite

wlìen concrete is subjected to alternate wet and dry conditions.

Alknli-Aggregate Reâction:

1. A one molar sodium hydroxide solution (1 M NaOH) at 80 C is more et'fective than

a 3 M potassium chloride (KCl) solution at 80 C in accelerating expansion due to

alkali-aggregate reaction.

2. Conditioning of test specimens in NaOH solution instead of distilled water prior to

storage in the NaOH solution at 80 C expedites the reaction process.

3. Specimens rnade with reactive aggregates and stored in the NaOH solution at 80

C expand significantly within 30 days. Reaction products are observed on the

surl'ace of the specimens within 2-6 days of the start of the test.

4. The test nrethod is sensitive to both the alkali-silica and alkali-carbonate reactions.

5. The test method does not appear to be sensitive to the alkali-silicate reaction.

6. The alkali content ol the cenent does not seern to aft'ect the magnitude of

expansion of the test specimens. The NaOH bath appears to override the cement

alkalis.

7. After a period of more than two months, specimens made with an alkali-silica

reactive aggregate do not show any decrease in the expansion rate.

8. Pretreating the test specimens using two wet-dry cycles does not seem to enhance

the ¡eaction. Expansion levels 1'or pretreated specimens are about the same as those

for specinens rvhich are not pretreated.
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9. Pretreatecl test specimens stored in distilled water at 80 C contract. The NaOH

bath is ¡herelore necessary to induce alkali-aggregate expansion in the pretreated

specirnens.

10. SEM exarnination and analysis reveal that the alkali-aggregate reaction products

have many morphologies. A sponge-like morphology appears to be the most

con.lmon.

11. A rosette morphology was found in specimens made with an alkali-silica reactive

aggregate. The same morphology was observed by Oberholster and Davies (5) in

concrete structures undergoing ASR.

12. There is an excellent correlation between the magnitude of expansion and the

amount of gel obsewed in the test specimens.

13. The use of wick in the storage tank for the concrete prism test affects the

magnitude of expansion of the test specimens. Specimens closest to the wick

expand the least, rvhile those furthest from the wicks expand the most.

1,4. The et'tect of the wicks on expansion is attributed to leaching of alkalis tiom the

test specimerìs.

15. The accelerated test utilizing 25 mm diameter concrete cores and a 1 M NaOH

solution at 80 C is more effective than the concrete prism test for identifuing alkali-

silica and alkali-carbonate reactive aggregates.
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5.3 RECONINIENDATIONS FOR FUTURE STUDY

Late lbrmation of ettringit€:

1. The proposed test procedure shoukl be used to evaluate a wider range of

cements.

2. The limit of expansion may need to be retìned based on the additional tests.

3. The test results indicate that the role the aggregate plays in the expansion

process is physical in nature. Additional tests should be pertbrmed to veri$r this

observation.

4. There rnay be a cornection between late fornation of ettringite and AAR. This

connection needs to be explored.

Alkàli-AggÌegate Reaction:

1. The accelerated test method may need to be modified for the evaluation of

alkali-silicate reactive aggregates.

2. The limit of expansion may need to be refined based on additional tests.

3. The etfect of water-cement ratio on expansion should be investigated.

4. The actual role cement alkalis play in the test should be determined.
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Table 3.1 Oxide cornposition of cements

Oxide Composition
Cement Designation

DA C

sio,
A"O.
Fe,O"
CaO
Mgo
So.
Na"O

ço
Alkali Total
Na"O Equiv

20.80 27.47
4.33 6.11
3.06 2.44
61..06 62.00
4.19 2.72
4.01. 3.1.4

- 0.29
- 0.90

0.57 0.88

20.80
4.65
3.70

62.60
3.22
3.04
0.21

0.48

0.52

20.01.
5.11

2.34
for.4 /
2.28
4.1.3

0.34
0.99

0.99

20.24
4.62
2.46

61.30
4.25
4.39
0.56
0.93

1.17

Table 3.2 Cement paste and concrete mix designations

Cement Aggregate

Name Designation Name Designation

EdmÕnton
Montreal
St. ìVIarys

Winnipeg
Sf. Larvrence

A
B
C
D
E

1

2
3
4
5
6
7

Nelson
Spratt
Pittsburg
Jolliet
Sudbury
Manitoba-1
Manitobâ-2

Cement paste designation:
Concrete mix designation:

same as cement designation
xy, wherex = cement designation

Y = aggregate designation
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Table 3.3 Typical computer output obtained
from data acquisition system

Mlx #M
Specimen 1

50.630 50.630
50.630 50.630
Avg. Length : 50.630

M)x #42
Specimen 2
50.736 50.731

50.736 50.731

Avg. Length = 50.730

Mx #42
Specimen 3

50.063 s0.060
50.063 50.060
Avg. Length : 50.059

Mx #M
Specimen 4
50.893 50.891
50.893 s0.891
Avg. Length = 50.890

Mtx #42
Specimen 5
50.571. 50.557
50.571 50.5s7
Avg. Length = 50.562

50.632

50.631

50.723
51t.72?

50.054
50.053

50.886
50.886

50.557
50.557
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Table 3.4a Representative data tbr Cement A specimens

Time Specimen No. Initial
(Days) Length (mm)

Measured Expansion
Length (mm) (Percent)

i-A

4-A
5-A

50.3960
50.6710
50.0510
50.7480
50.8800

50.4244
50.6970
50.0760
50.7820
-50.9090

0.0556
0.0513
0.0499
0.0670
0.0570

Avg. =9.6562

1-A
2-A

4-A
5-A

50.3960
50.6770
50.0510
50.7480
50.8800

50.4500 0.7072
50.7270 0.1105
50.1030 0.1039
50.8020 0.1064
50.9360 0.1101

Avg. =9.1676

1-A
2-A

4-A
5-A

50.3960
50.6710
s0.0s10
50.7480
50.8800

50.4700
50.7480
50.1140
50.8200
50.9550

0.1468
0.1520
0.7259
0.7479
0.1.474

Avg. =9.1423

t2

1-A

3-A
4-A
5-A

50.3960
50.6710
50.0510
50.7480
50.8800

50.4790
50.7590
50.1300
50.8240
50_96-50

0.1647
0.1737
0.1578
0.1498
0.1.677

ltvg. = 01626

t)

1-A
2-A
3-A
4-A
5-A

50.3960
50.6770
50.0510
s0.7480
s0.8800

50.4870
50.7660
50.i340
50.8380
50.9750

0.i806
0.1875
0.1658
0.1't73
0.1867

Avg. =61796-
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Table 3.4a (continued)

Time Specimen No.
(Days)

Initia I

Length (mm)
Measured Expansion
Length (mm) (Percent)

20

1-A
2-A
3-A
4-A
5-A

50.3960
50.6710
50.0510
50.7480
50.8800

50.5050 0.2163
50.7810 0.2171.

50.1520 0.2018
s0.8510 0.2030
50.9880 0.2123

Avg. = 9.216i

25

1-A
2-A

4-A
5-A

50.3960
s0.6770
50.0510
50.7480
50.Íì800

s0.5160 0.2387
50.7930 0.2406
50.1650 0.22't8
50.8660 0.2325
51.0030 0.2417

Avg. =U2362

30

1-A
2-A
3-A

5-A

50.3960
s0.6710
50.0510
50.7480
50.8800

50.5270
50.80i0
s0.7740
50.8670
50.0080

0.2s99
0.2566
0.2457
o.2345
0.2516

Avg. =9.2497
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Table 3.4b Representative data for Cement C specimens

Time Specinren No.
(Days)

Initial
Length (mm)

Measured Expansion
Length (nm) (Percent)

1-C

J-U
4-C

50.990
50.835
50.871
s0.765
50.755

5i.099
51.014
51..017

50922
50.907

0.214
0.352
0.287
0.309
0.300

Ãvg. =9.292

1-c

.t -t-
4-C

50.990
50.835
50.871
50.765
50.755

51..222

57.41.5

5't.246
57.224
51.1',76

0.455
1.147
u- t3I
0.904
0.829

Avg. = 9.913

1-U

J-L
4-C
5-C

50.990
50.835
50.871
50.765
50.755

s7.324
51.535
51..393

51.391
5r.346

0.655
i.380
7.026
1.233
1.1.64

Avg. = 1.691

12

1-c
l-L
3-C
4-C
5-C

50.990
s0.835
50.871
50.765
50.755

51..36',7

51.530
51..434
57.436
51 .404

0.739
r.36 t
1,.107

1..322

7.279

Avg. = 1.163

15

1-c

3-C
4-C
5-C

50.990
50.835
50.871
50.765
50.755

57.399 0.802

51..469 i.30r

sr.q+s t.qsa

Avg. = 1.114
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Table 3.4b (continued)

Time Specimen No.
(Days)

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

aî
z0 3-c

4-L
{-a

50.990
50.835
s0.871
50.765
50.755

51..451. 0.904

51.533 1.301

sisos t.qsø

Avg' = 1'236

25

1-c
2-C
.J -L

4-C
-5-C

50.990
50.835
50.871
50.765

50.755

51..475 0.9si

5L.564 1.362

st.s4 1.287

Avg. =1.297

30

1-C

J-L
4-C
5-C

50.990
50.83s
50.871
50.765
50.755

51..479

51.568

si.ssz

0.959

1..370

t.slo

Avg. = 1.366
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T.rl¡le 3.5 Oxide conrpositions obtained from energy-dispersive
x-ray anaþsis (EDAX)

Composition
(Percent)

CaO 64.3
SO. 27.1.

ArO. 6.6
sio, 1.6
FerO. 0.4
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Table 3.6a Representative data l'or Mix A2 specimens

Time Specinen No.
(Days)

Initial
Length (mn)

Measured Expansion
Length (mm) (Percent)

T-¡¿
2-42
3-/J
4-1'2
5-é'2

51.146
s0.944
50.730
50.069
50.672

57.764
50.9s0
50.738
51..072

50.683

0.0352
0.0118
0.0158
0.00587
0.0277

Avg. = 6.6131

1-È2
2-A-2
3-42
4-é'2
5-42

57.146
50.944
50.730
50.069
50.672

5r.769 0.0450
50.964 0.0393
50.743 0.0256
51.086 0.0333
50.688 0.0316

Avg. =0.0349

1-¡'2
2-42
-i -A-i
4-1^2

5-42

51..146

50.944
50.730
50.069
s0.672

51.181
50.981
50.754
57.092
50.703

0.0684
0.0726
0.0473
0.0450
0.06t2

Avg, =6.9599

1-1'2
2-42
3-1'2
4-1'2
5-M

51..1.46

50.944
50.730
50.069
50.672

51.199
50.997
50.764
51.095
50.71.6

0.104
0.104
0.0670
0.0509
0.0825

Avg. =6.6925

10

1.-1'2

3-1'2
4-N2
5-N2

51.746
50.944
50.730
50.069
50.672

51..207

57.01,2

50.777
51.106
50.725

0.1i9
0.133

0.0788
0.0725
0.105

Avg. = 6.162
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Table 3.6a (continued)

Tine Specimen No.
(Days)

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

L2

1.-1.2
2-1'2
3-N2

5-.q2

57.1.46

50.944
50.730
50.069
50.672

51..218
51..072
50.780
51.103
50.725

0.741
0.133
0.0986
0.0666
0.105

Avg. = 6.169

14

T-42

3-é'2
4-AJ
5-1'2

51..146
50.944
50.730
50.069
50.672

5r.221 0.7470
51.035 0.1768
50.794 0.7262
51.109 0.0783
50.'748 0.150

Avg. =9.136

t7

1-N2
2-X2
3-M
4-42
5-r'.2

51.146
50.944
50.730
50.069
50.672

50.223
51.038
50.799
51.111

50.767

0.151

0.185
0.136
0.0822
0.i87

Avg. = 6.149

20

1-ê'2

3-1'2
4-1'2
5-1'2

57.746
s0.944
50.730
s0.069
50.672

51..250 0.203
51.067 0.247
s0.835 0.207
57.142 0.143
50.790 0.233

Avg. =ù206

l-t

1-H2
2-é.2
3-N.
4-M
5-42

57.146
50.944
50.730
50.069
50.672

51..275

51.096
50.860
51.158
50.815

0.252
0.298
0.256
0.1'74

0.282

Avg. = 6.253
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Table .1.6a (continucd)

Time Specimen No
(Days)

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

¿l't

1-é.2
2-H2
3-1'2
4-N.
5-42

51.1.46

50.944
50.730
50.069
50.672

51..276 0.254
51.105 0.316
50.865 0.266
51.165 0.188
50.872 0.276

Avg. =01260

29

t-1'2
2-N.
3-1'2
4-42
5-1'2

51.1.46

50.944
50.730
50.069
50.672

<1 'toll

51..132

s0.887
51..1',77

50.843

0.289
0.369
0.309
0.271.
0.337

Avg. = 9.363

32

1-N2
2-r''2
3-1'2
4-N2
5-M

51..1.46

50.944
50.730
50.069
50.672

51.300
51..r37

50.894
51.189
s0.849

0.301
0.379
0.323
0.235
0.349

Avg. =6.313
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Table 3.6b Representative data for Mix B2 specimens

Time Specimen No.
(Davù

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

r-B2
2-B2
3-82
4-B2
5-B.2

50.779
51..209

50.932
51.128
50.8s3

50.793 0.0276
5r.223 0.0273
50.938 0.0118
51.133 0.00978
50.862 0.0177

Avg. = gm188

'1-B2

2-B2
-t- 17¿

4-82
5-82

50.779
51.209
s0.932
51.r28
50.853

50.796 0.0335
51.230 0.0410
50.938 0.0118
51.135 0.0737
50.872 0.0374

Ãvg. =91275

1.-82
2-B.2
3-B2
4-B2
5-B2

50.779
51..209

50.932
51.128
50.853

50.8ió
51..247

50.949
51..1.42

50.878

0.0729
0.0742
0.0334
0.0274
0.0492

Avg. = 6.6514

1.-B2
2-F2
3-82
4-82
5-B2

50.779
51..209

50.932
51.128
50.853

50.841 0.122
57.262 0.103
50.956 0.0477
51..152 0.0469
50.890 0.0728

Avg. =6425

10

7-82
2-82
3-F2
4-B.2
5-82

50.779
57.209
50.932
51.128
50.853

50.838
50.270
50.961
5i.158
s0.904

0.116
0.119
0.0569
0.0587
0.100

Avg. =6.9962
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Table 3.6b (continuecì)

Time Specimen No.
(Days)

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

12

r - lJ.¿.

2-B.2
3-B.2
4-B.2
5-82

s0.779
51.209
50.932
57.1.28

50.853

50.849
51.276

50.963
51.i59
50.903

0.138
0.131

0.0609
0.0606
0.0983

Avg. =9.9977

t4

1-82
¿-ji z
3-F2
4-B.2
5-82

50.779
51..209

s0.932
51.128
50.853

50.853 0.1.46

51..294 0.766
s0.972 0.0785
51.184 0.110
50.91.4 0.120

Avg = 9.124

t7

1.-82
2-B.2
3-82
4-82
5-B.2

50.779
5r.209
50.932
51.128
50.853

50.859
51.300
50.970
51.169
50.912

0.158
0.178
0.0746
0.0802
0.116

Ãvg. = 9.121

')n

1-B.2
2-B2
3-B.2
4-82
5-82

50.779
51".209

50.932
57.128
50.853

s0.884
51.341.

50.997
57.199
50.948

0.207
0.258
0.776
0.139
0.187

Avg. = 9.131

1-82
2-B2

23 3-82
4-P.2
5-P2

50.779
51.209
50.932
57.128
50.853

50.901
50.368
50.008
51.22?
50.955

0.240
0.310
0.1,49

0.186
0.201

Avg. = 9.277
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Table 3.6b (continued)

Time Specimen No.
(Days)

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

26

1-B.2
2-B2
3-B2
4-B.2
5-B.2

50.779
51..209

50.932
57.1.28

50.853

50.905
51.385
51.013
51..218
50.965

0.248
0.344
0.159
0.176
0.220

Avg.:9.229

29

1.-B2
2-82
3-B.2
4-82
5-82

50;779
51.209
50.932
5'r.728
50.8s3

50.921
57.41.1,

5r.024
57.230
50.988

0.280
0.394
0.181

0.199
0.265

Ãvg. =9.264

1-B.2
2-B2
3-B.2
4-P.2
5-B.2

50.779
51.209
50.932

51.128
50.853

50.937
51..434

51.030
51228
50.982

0.311
0.439
0.192
0.796
0.254

Avg.:9.279
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Table 3.6c Representative data for Mix B3 specimens

Time Specimen No.
(Days)

Initial
Length (mm)

Measured Expansion
Length (mm) (Percent)

i-83
2-83
3-83

5-B3

50.637
50.712
50.952
50.631
50.788

50.646
50.727

50.947
50.629
50.799

0.0178
0.0777

- 0.0098
- 0.0040
0.0217

Avg. =9.669633

1-83
2-B.3

3-B3
4-B.3

5-83

50.637
50.712

50.952
50.63i
50.788

50.667
50.743

50.968
50.656
50.822

0.0592
0.0611
0.0374
0.0494
0.0669

Avg. =6.653619

1-83
2-B3
3-83
4-B3
5-B3

50.637
50.712
50.952
50.631
50.788

50.677
50.744
50.959
50.657
50.828

0.0790
0.0631
0.0137
0.0514
0.0788

Avg. =9.9571tt

1-B3
2-83
3-83
4-83
5-83

50.637
50.772
50.9s2
50.631
50.788

50.69
50.759
50.975
50.667

50.844

0.1047
0.0927
0.0451
0.0711.
0.1103

Avg. =6.9347tt

12

i-83
2-83
3-83
4-B.3
5-B3

50.637
50.712
50.952
s0.637
50.788

50.776
50.794
50.992
50.682
50.881

0.1560
0.7677
0.0785
0.1007
0.1831

Avg. = 6.136311
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Table 3.6c (continued)

Time Specinlen No.
(Days)

Inirial
Length (mm)

Measu¡ed Expansion
Length (mm) (Percent)

1.4

I -tl--t

2-B3
J-l]J

4-83
5-83

50.637
50.71.2

50.952
50.631
50.788

50.713
50.792
50.986
50.679
50.877

0.1501
0.i578
0.0667
0.0948
0.1752

Avg. =9.1299r,

20

1-83
2-F.3
3-B3
¿+- tJ-t

5-83

50.637
50.71.2

50.952
50.631
50.788

50.74L 0.2054
s0.81 0.7932
51.013 0.7797
50.702 0.1.402
50.925 0.2697

Avg. =¡.135666

23

1-83
2-B3
3-83
4-83
5-83

50.637
50.712
50.952
50.631
50.788

50.764
50.798
51.002
50.705
s0.939

0.2508
o.7696
0.0981
0.7462
0.2973

Avg. =6.192399

1-83
2-83
3-B3
4-83
5-83

50.637
50.712
50.952
50.631
50.788

50;776
50.815
51.01
50.727
50.963

0.2745
0.2037
0.1138
0.1778
0.3446

Ãvs. =O.2m5t

29

1-83
2-B.3
J-l)J

4-83
5-B3

50.637
50.712
50.952
50.631
50.788

50.813
50.819
51.018
50.721.

s0.979

0.3476
0.21.10
0.1295
0.1'778
0.3767

Avg. =¡.249336



Table 3.6c (continued)

Time Specinien No. Initial
(Days) Length (mm)

Measured Expansion
Length (mm) (Percent)

1-83
2-B.3
J -t:'--t

4-83
5-83

50.637
50.712
50.952
50.631
50.788

50.837
50.842
51.03
50.732
51.006

0.3950
0.2563
0.1531
0.1995
0.4292

Avg. =9.2g66rO
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Table 3.7 Oxide compositions obtained from energy-dispersive
x-ray analysis (EDAX)

Composition
(Percent)

CaO
sio,
Na.O
FerO"
Mgo

74.72
71.85
i3.04
0.28
0.11
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TabIe 4.2 Oxide composition of leaction products obtained from energy-dispersive x-ray
analysis (EDAX)

Oxide Composition
Type of' Reaction Figure Showing

Reaction Product CaO SiO,
lùIeight Vo Weight Vo

Molar Ratio of
CaO/SiO,

Alkali-Silica
(Aggregate 2)

Fig. 4.s1. - 4.s2
Fig. 4.s4 - 4.s5
Fig. 4.57
Fi,s. 4.59 - 4.60

74.7

15.8

30.8
34.4

17.9

67.0
59;7

50.1

0.22
0.25
0.55
0.74

Alkali-Ca¡bonate
(Aggregate 3)

Fig. 4.62 - 4.63
Fig. 4.6s
Frg. 4.67

38.6
41..5

35.i

50.s
47;7
45.2

0.82
0.93
0.83

Alkali-Silica
(Aggregate 4)

Fi,s. 4.69 - 4.70
Fis. 4.72

42.9
32.0

42.4
43.1

1.08

0.80

Alkali-Silicate
(Aggregate 5)

Fí9. 4.74 - 4.75 37.2 50.1 0.80

Aggregate 6 Fig. 4.77 - 4.78 18.2 48.8 0.40
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Figure 3.3 25 mm and 57 mm diameter test specimens



Figure 3.4 Length measurement apparatus



iWW.wi

Figure 3.5 Data acquisition unit



Figure 3.6 Scanning electron mic¡oscope (SEM) and energy-dispersive x-ray anaþis
(EDAX) system



Figule 3.7 SEM specimen as mounted on stud



Figure 3.8 lvficrostructutal t'eature within cement paste matrix



Co - Colcium

S - Sulphur
AL'- Aluminum
Si - Silicon

Co

S

AI

^si
Co

Figure 3.9 Elemental energy-dispersive spectrum tbr featu¡e in Figure 3.8



Figure 3.10 Rosette morpholory of alkali-silica gel in specimen made with Aggregate 2



Co - Colcium
Si - Silicon
No - Sodium

Figure 3.11 Elemental energy-dispersive spectrum for feature in Figure 3.10
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Figure 4.2 Cross-section of uncracked specimen at end of test (Mix A specimens)



Figule 4.3 Cross-section of cracked specimen at end of test (Mix B specimen)



Figule 4.4 Cross-section of cracked specimen at end of test (Mix C specimen)
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Figure 4.17 Microstructu¡al feature rvithin cement paste matril



Figure 4.18 Microstructural feature in void of a cement paste specimen



Figure 4.19 Microstructural feature in a void of a cement pâste specimen (higher
magnification of Figure 4.18)



Figure 4.20 Microstructural feature on crack surface of a cement paste specimen



Figure 4.21 lvficrost¡uctural feature on crack surface of a cement paste specimen (higher
magnification of Figure 4.20)



Figure 4.22 Microstructural feature in paste matrix of a concrete specimen



Figure 4.23 Microstructural feature in void of a concrete specimen



Figwe 4.21 Microstructural feature in void of a concrete specimen (higher magnification
ol Figule 4.23)



Figure 4.25 Paste-aggregate interface in a concrete specimen
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Frgtre 4.26 Mic¡ostructural lèature at paste-aggregate interface in a concrete specimen
(higher magnitìcation of Figure 4.25)
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Figure 4.27 Elemental energy-dispersive spectrum ibr feature in Figure 4.i7
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Figure 1.28 Elemental energy dispersive spectrum for feature in Figures 4.18 and 4.19
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Figure 4.29 Elemental energy-dispersive spectrum tbr feature in Figures 4.20 and 4.21,
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Figure 4.30 Elemental energy dispersive spectrum for feature in Fígtre 4'22
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Figure 4.31 Elemental energy-dispersive spectrum tbr t'eature in Figures 4.23 and 4.24
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Figure 4.32 Elemental energy dispersive spectrum tbr feature in Figures 4.25 and 4.26
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Figure4.43Cross-sectionoluncrackedspecimenforAggregatel(non-reactive)aterrcl
of test



Figure 4.44 cross-section of unc¡acked specimen foÌ Aggregate 5 (alkali-silicate reactive)

at encl of test



Figure 4.45 cross-section of cracked specimen for Aggregate 2 (alkali-silica reactive) at

encl of test



Figure 4.46 Longitudinal vierv ol cracked specimen lbr Ag gregare 2 (alkali-silica reactive)
at end ol test



Figule 4.47 Longitudinal vieiv of cracked specimen for Aggregate 3 (alkali-carbonate
lcactive) at end of test



Figure 4.48 Cross-section of specimen for Aggregate 3 (alkali-carbonate reactive) with
white spots of gel
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Figure 4.51 Rosette morphology of alkali-silica gel in specimen made with Aggte9ate 2



Figule 4.52 Rosette morphology of alkali+ilica gel in specimen made with Aggregate 2

(higher magnification of Figure 4'5i)
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Figure 4.53 Elemental energy-dispersive spectrum for rosette morphology of gel in Figure
4.51 and 4.52



Figule 4.54 Fibrous morphology oI alkali-silica gel in specimens made with Aggregate 2



" \";

tåi

Figure 4.55 Fibr-ous rnorphology of alkali-silica gel in specimen made with Aggregate 2
(higher magnitìcation of Figure 4.54)
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Figure 4.56 EÌemenral energy-dispersive spectrum t'or tìbrous morphology ot' gel in
Figures 4.54 and 4.55



Figure 4.57 Spongelike morphology of alkali-silica gel in specimen made with Aggregate

2
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Figure 4.58 Elemental energy-dispersive spectrum for spongeJike morphology of gel in
Figure 4.57



Figure 4.59 Alkali-silica gel with oriented morphology in specimen made with Aggregate

2



Figure 4.60 Alkali-silica gel rvith oriented morphology in specimen made with
2 (higher nagniiìcation of Figure 4.59)



149

Figure 4.61 Elemental energy-dispersive spectrum for gel in Figures 4.59 and 4.60
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Figure 4.62 SpongeJike gel in void of a specimen made with Aggregate 3 (alkali-
carbonate reactive aggregate)



Figure 4.63 Spongelike gel in specimen made with Aggregate 3 (higher magnification
of Figure 4.62)
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Figure 4.64 Elemental energy-dispersive spectrum t'or spongelike gel in Figures 4.62 and

4.63
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Figure 4.65 sponge-like gel at paste-aggregate interface in specimen made rvith

Aggregate 3
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Figure 4.óó Elemental energy-dispersive spectrum for sponge-like gel in Figure 4.65



Figure 4.67 Gel on surt'ace of a specimen made with Aggregate 3



Si

Co - Colcium
Si - Silicon
No - Sodium
Al - Atuminum

Co

No
AI Co

Figure 4.68 Elemental energy-dispersive spect¡um tbr gel in Figure 4'67



Figure 4.69 Gel at base of void in a specimen made with Aggregare 4 (alkali-silica
reactive aggregare)



Figure 4.70 Gel at base of void in a specimen made with Aggregate 4 (higher
magnil'ication of Figure 4.69)
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Figure 4.71 Elemental energy-dispersive spectrum tbr gel in Figures 4.69 and 4,70



Figure 4.72 Sponge-like gel on surface of a specimen made with Aggtegale 4
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Figure 4.73 Elemental energy-dispersive spectrum for gel in Flgxe 4'72



Figule 4.74 GelonsurfaceofaspecimenmadewithAggregate5(alkali.silicatereactive
aggregate)



Figure 4.75 Gel on surface of a specimen made with Aggregate 5 (higher magnification
of Figure 4.74)
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Figure 4.76 Elemental energy-dispersive spectfum for gel in Figure 4.74 and 4.75



Figure 4.17 Mu<llike rnorphology of gel in specimen made with Aggregate 6



Figure 4.78 Mudlike morphology of gel in specimen made with Aggregate 6 (higher

nragnitìcation ot Figure 4'77)
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Figure {.79 Elemental energy-dispersive spectrum for mud-like gel in Figures 4'77 and
4.78
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