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b ABSTRACT

A study ef alkali—aggregate reactron in concrete was
carried out on six reactive aggregates from ontario. The. ®
objectives of;the study were to develop an accelerated test “for
screening potentially reactive aggregates and to evaluate the
performance of concrete containing reactive aggregates‘subjected
to various treatmen®¥ processes. .f.W‘ .

o

A statistical ana1y51s of the,rgshlts of the accelerated

tests and standard tests LﬂdlcatEd that hlgh andﬁslgnlflcant

correlations exist between the accelerated tests and the standard-

tests. From the relationships between the*accelerated tests and

the standard tests, critical llmatsfof expansxon were establlshed

for the former. Expansions of 0“17r%_after 1i>days and 0.330%
A?.

'aetlve silica rocks

after 24 days are considered. exce551ve forf.{
v ' , l .ﬂw

tested in 1N NaOH solution. For reactive: carbonaté rotks tested

in 1IN NaOH solutlon the- crltlcal limit is 0.162% in 24 days. ..

PR \ .

-4

When tested in saturated Nacl’ sblutlon, the crltlcal*ﬁlmlts are
e

expanslons of 0.041% in 12 days and 0.061% in 24 dayg'for the

reactlve 5111c§ﬁrocks and 0.071% in 24 days for tzﬁ réactlve
. ‘.- ‘a' N
carbonatgf;ocks. The new accelerated tests are syvglen’to
l‘p
perform, faster, and ‘consequently’ less expen51ve than the

\

Vstandarquzests, the,@ccelerated tests enable suspect aggregates

(both aIkalI—smllca/511£cate apd alkall-carbonate reactive rocks)

TR

to- be screEned wlthln ‘two months. -

Aiqs
sk
r.;‘/:.:.\
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On the Basis _o_f tﬂesults of the‘-treatment tests
performed on the resactive aggregatés, a method of.preventing
alkali-aggregate reaction in concrete is proposed. Treatméﬁt:
of potentially reactive aggregates fof 15 seconds and 1 minute
respectively in 10% (by weight) solutigp of "STP" before use in

concrete 1s considered effective in rendering the reactive

aggregate inert in the concrete. Performance of sych treated
. .

‘aggregate in concrete is comparable to that of a non-reactive

.

I L

expansions in concrete containing reactive aggregateg; the
treatment procedures beiné Yhe same as that of the aggregates.
The "STP", an acidic inorganic salt of moderate to high

solub{}ity at room temperaﬁure has been successf&?ly used to

protect concrete and carbonate rocks from frost damage. The

w0

"IP", an intermediate compound in the production of the "STP" i

-

effective in controlling only‘alkali-silica reactions in

. 'y -

concrete.

-

‘aggregate. The "STP" is also effective in preventing deletefioug;;

.
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CHAPTER 1 4

1.0 INTRODUCTION

-

1.1 Background and problem

-
Alkali-aggregate reaction in concrete is the name given

to a group of chemical reactions bétween some minerals in the .
aggregates and the alkali;e pore solution of the cement paste.
The alkalies inAthe pore sblut}ons are derived from the cement,.‘
but may be augmented by socluble alkalies (Jim'some aggregates for
example, andesite, or by alkaline salts from the envirénment
(Grattan-Beliew, 1981). The reaction occurs in the presence of
moisture, and is generally slow. It may not be recﬁgnized for

many years (Swenson and Gillot, 1960).

\0

One significant consequence of alkali-aggregate rea;tion
is expansion, This_expansion causes cracking of the concreté,
especially if it is restrained._ Craéking of concrete is-
undesirable for a number of reasons. The cracks serve as

channels for movement of water and other solutions, particularly

de-icing salts, resulting ‘in rapid disséiution and leaching of

the cement pasté. The increased wa}ér ingress results in a
higher degree of saturation and.reductién in freeze-thaw
dﬁfability. With reinforced concrete, there ié an increased

. .
tendeﬁp} for corrosion of-reinforcements. The strength of the
concrete is ultimately reducéd, resulting in increased
maintenance costs and reduced sefvice life. 1In the United States

of America, Great Britain, West Germany, Sweden, Denmark, Japan,

and South Africa, there are at least sixteen major dams and ﬁgven

!

™ —
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hundred and sixty-five structures affected (ﬁobbs,.1986; Stark
and DePuy, 1987). The structures include a.number of bridges,
foundatié%‘blbq}s at some electricity.épb-s;ations, car parks,
several. sewerage treatment works, reservéirs; jetties, hospitals,
a multi-storey building, a racecourse sténd and a ventilating
shaft, most of which are in Great Britain.&\In'Ontafio, Canada,
alone, over one @uﬁéred and thirty highwayhgﬁrﬁcturés are
currently sufferingﬁfrom”thesé expansive reactions‘(Rogers, -—
1985).

The alkali-aggregate reaction was first recoghiéed in the
early forties in southern California by Stanton (1940). Until
';lhen, all aggregates were considered inert. Ever since its |
rgébgniﬁion, numerous, studies have been conduéted.to.enable easy
identification of potentially reactive aggreqates.. Other_studies \\\
are still in.progress. The objective of most of the studies is
to establish a critérion for the use of the reactive aggregates
in‘portlénd Eeﬁent concrete. This maqkéd upsurge in reéearch is
related to the increased number of cases of alkali-aggregate
reaction reported worldwide and to the rapid depletion of good
and durable aggregates, especiaily, near urban areas.

Wwhen reactive aggregates cause damage in concrete

structures, the cost of re ovation of such structures often

exceeds the original co of constructién. Where major

.o
e ‘involved, tBﬁfI;;snmay'ruﬁ

structures such as dams or bridges

into milliéns of dollars.

vy
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In Ontario, following the recognition of the concrete )
durability problems due to alkalg-agéregate reactions, an
extensive testing program was carried out in the early sixties
and seventies. The quarries coﬁtainingfégactiVe aggregates were
identified and criteria were developed for the use of these 1/
reactive aggregateé in portland cement concrete {(Rogers, 1986).
In some cases, severe restrictions were placed on the use of. the
reactive rocks. However, in spite of all the investigations
conductéd.and the construction measures devéloped for the use of
these aégregates, theré_aré still numerb&g concrete durability
problems with these aggregates in é&ncrete;- Aé chemically inert
céncrete aggrgaates rapidly bécome depleted, there is ﬁhé‘neéd to
develop more reliable zgsting‘séhemes and t;eaément procedures to

enable .use of the reactive aggregates in concrete.

L]

e

-



.rocks in Ontario, for example, previously thought to be

1.2 Ppurpose of the study

\ " - .
Alkali-aggregate reactivity is complex,&q\nature. Although

research studies have been'going on for the past four decades,
the actual causes and mechanisms of the expansion are not fully

understood at present. -

. Most of these reactive rock aggregates perform very well in
asphalt ‘or bituminous mixes. They are perfectly durable when
used as building stone (Rogers, IEES). .fhey have low porosity;

are tbugh dense, and resistant to abrasion and surface wear.

Normal petrographic examination as performed in many. 1aboratorles
»cr—

’ :
;sometlmes does not fully identify potentially reactive . °  __

aggregates. Recent work by the Ontario Mlnlstry of Transport and

Communications (Rogers, 1983, 1985, 1986) has shown that some

b

unreactive are in fact reactive. -

It is most important that.reliable screening techniques and

gy .
‘rapid testing methods be performed to identify and thoroughly

investigate potentially reactive agyregates before use in
expensive engineering works. Unfortunately; however, the current
testJmethods-are slow, expensive, trﬁe;consuming - requiring
frequent monitoring for up to one year or more, and in most cases
cannot be used for quality dssurance teétiugf

In view of the slow rate of testing, h1gh costs, and the’

unreliability of the current standard testing methods, the

L) . ¢

primary objectives of this study are to:

n>



5 - L

- .
- -

a. (i) develeop a rapid, simple, inexpensive, and reliable -
. new method(s) for screening potentially alkali-']

reactive goncrete aggregates;

(ii) correlate the newly developed test methods with ////
existing standard ASTM and CSA test gethodé:
and
b. ‘ use the new test methods to evaluate the
performance of concrete'con;aining reactive
. aggregates subjected to Q&fious treatﬁent processes. g
¢
Six reactiqg a@d two hon-reactive rock aggregates from
various active quarries in Ontario, Canada, were used for the

study. Three of thé reactive aggregates are carbonate-reactive,

twa are silica-reactive, and one silicate-reactive rock.

-
NS
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CHAPT?R 2

2.0 LITERATURE REVIEW

-

2.1 Concrete aé a composite material

Concrete is a composite material consisting of .a binder,

" which is portland cement and water, and a filler material, called

aggregate. The aggregates - fine and coarse, are normally

composed of sand and gravel or sand and crushed rock and comprise

about threg-quarters of the volume of the concrete; the cement

pasté\together with the air voids occupy the rest (Mindéss and
.
Young, 198l1). Sometimes concretes are made with small amounts of
admixtures and these confer certain benefits to the concrete.
The active constituent in Fhe concrete is the.éement paste and
the performance of the concrete'in service is largély determined
by the properties of the cement éaste'(Neviile, 1981). ¢
Concreté is said to be durablerif both the cement paste and

the~ag§regates are durable and sound; respectively. Since the

. bulk of the concrete is composed of aggregates, any unsoundness

in the aggregate leading to an increase in volume defiqitely
affectq volﬁme stabilify, durability, structural_in}egrity, and
ultimate perfo;manée of the concrete (Dolar-Mantuani, 1985).
Reactivg_gggregates when used in concrete produce volume
expansion;- the éxpansiop increases with increase in
concentration of alkalies in the cement or from the environment.
A portland cement containing less th;n or equai to 0.6% alkalies

expressed as NasO equivalent (%Nag0 + 0.658%K90) by weight of
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cement is considered a low-alkali cement; a éément with;high
alkali incrgases the potential for alkali-aggregate reaction.
Other factors wﬁich influence alkali-aggregate reactivity are
temperature, ‘moisture, and permeability of the cement paste. The
: ’

latter is governed by the water/cement ratio and the degree of
hydration of the cement constituents.

" There ‘are at"ﬁresen; three known' types of alkali-aggregate

s . : . e,
reactions. These are alkali-carbonate reaction, alkali-silica

-reaction, and alkali-silicate reaction. In Canada, and Ontario

in pafticular, ali‘three types have been identified and well

documented (gillot, 1975; Grattan-Bellew and Gillog’~1987).

2.2 Alkali-carbonate reaction and expansion

2.2.1 Mechanism of reaction and expansion

The'reaction between certain fine-grained ddlomitic,
limestone aggregates in concreté and the alkalies in the cement
paste is known as alkali-carbonate reaction. This type of

chemical feaction whiqh was first detected in Canada.by éwengon

(1957) is believed‘to occur when the alkalies released from the

"cement during hydration attack ‘the dolomite crystals in the

reactive rocks (Hédléy, 1961). The reaction can be written as:

CaMg(CO3)" + 2MOH = Mg(OH)y + CaCO3 + MaCOg (1)

Dolomite Alkali ; Brucite Calcite “Alkali.
. +

v

; - ' : . carbonate



where, . i
| M = K, Li, and Na;
This type of reaction in concrete 1s normally referred to
as dedolomitization reaction (Swenson and Elllot, 1867). In
_ concrete, the alkali carbonate produced in Reaction (1) is . .

:soluble and will react with calcium hydroxide cccurring as a

hydration product of the portland cement; for exampie,

Na,CO3 + Ca(OH), = 2NaOH + CaCOg as L (2)
" sodium Calcium . Sodium Calcium ' -
.carbonate hydroxide hydroxide carbonate # .

‘The calcium carbonate (bacos) is insoluble, hence, it

precipitates out-of the solution. As Reaction (2) regenerates.'
the'alkaii hydroxide, the dedolomitization ;eaction continues
until- the dolomite is completely reacted, or until the alkali
d’éggdrqxfde concentration is sufficiently reduced by Se&ondary
e

actions (Hadley, 1961). - T

Many hypotheses have been prdpbsed to éxp%ain the nature of

the expansion encountered with reactive carbonate rocks. These
. include chemical (Walker, 1878}, mechanical (Hadley, 1961; Newlon

and Sherwood, 1964; Swenson and Gillot, 1964), and osmotic

(Hadley, 1964; Swenson and Gillot, 1964) processes. One thing

-

these hypothese§ have in common and perhaps agree upon is that a
chemical reaction calI@d‘dedolomitization occurs. Out of these
hypotheses, however, the osmotic pressure mechanisms{

"



particularly those proposed by Hadley (1364) and Swenson and
Gillot (1964), have so far provided the bést correlation between
hypothesis and observation.

| According to the hypothesis propoéed-by Hadley (1964), there .
is migration of alkalies from the pore solution of the cement
paste to dolomite crystalé in the rpck. The alkalies react-with
the dolomite to cause dedolomitization reaction as 1in Reaction
.(1). Tﬂe products formed éround the dolomite particieq are:
alkali carbonate, MyCO3, calcium carbonate, CaCOjz, and magnesium

hydroxide (brucite), Mg(OH), (Figure 2.1 );

\= f
- -
‘ L,

| =l

\-—f‘"
- e e ® ST o0ucrs

NN/ -
& .

CLAY HAIIIIE\

Fi'gure 2.1: Possible expansion mechanism as proposed by
Hadley (1964) showing dedolomitization products’ "trapped"
around dolomite rhomb and the flow of water toward the
high concentration of ions.

Source: Pagano and Cady (1982 .

1

Brucite Mg(OH)y , is only slightly soluble but the alkali

carbonate M3C03.1is .more soluble and enters solution as in
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Reaction (é). A high concentration of alkali carbonate in
solution will then exist around the dolomite rhombs.

The interstitial clay around each rhomb acts as a
semi-permeable membrane whigh “locks" the highly concentrated
solution around the dolomite, but allows water to pass in the
other direction. This sets up an osmotic pressure arqund the
dolomite rhombs in the matrix of the rock, causing exp;hsion.-
Thus, in the presence of higher dolomite content in the rock and
_higher alkaline solution, expansion 1lncreases.

Swenson and‘Gillot (1964) perfonﬂed tests with dolomit;c
limestone aggregates from a quarry near Kingston, Ontaria,
Canadé. This rdék type is described 1in Seég?on 2.2.2. 1In their
hypothesis, there is initial dedolomitizégign reaction as in

- : .
Reaction (l1}. However, according to them, the dolomite crystals
in this reactive rock weré formed under conditions qf great -
presshre and zoned with inclusions of cloudy clay material
"consisting essentially of illite. The included clay is'initially

. ~

free of water but easily swells:and exerts expansive forces when
the.unwette¢ surface, which is iﬁ.an "active" étate, is exposed
to water. Thué, the large pressures‘developed by-the swelliné of
the clay cause expansion, ahd cracks aré formed. The cracks and
channels- open up the dolomite rhomb, permitting more water to

reach the clay mineral. Thus, in the presence of water,” the

expanding clay lattice pgoduces excess swelling pressures which

physically break down the rock and concrete.

o
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2.2.2 Nature of reactive carbonate focks

The majerity of the rodcks that cause expansive
alkali-carbonate reactions are dolomitic, argillaceous, and
extremely fine-grained limestones with rhombs of dolomite
dispersed in the matrix of the clay and finely disseminated
calcité (Swenson, 1957; Gillot, 1963)5 The small rhombs of
dolomite which occur in the microstruéture of the
alkaii—expansive carbonate rocks are generally under ﬁsum 1n
diameter. Hand specimens are noted for their fine -rain,
conchoidal fracture and are freguently dark 1in colc The
matrices appear darker 1in standard-thickness (30um) petrographic
sections {(Walker, 1974).

A particular'kind of such reactive rocks found near

Kingston, Ontario, is of Middle Ordovician age (Dolar-Mantuani,

1975;: Swenson, 1957), has low porosity, and good physical

properties (Swenson ang Gillot;, 1967). Hadley (1961) reported

similar aggregates in Iowa, Illinois, and Indiana. Newlon and

~a -

Sherwood (1964), algo found expansive alkali-reactiﬁe carbonate
rocks of the same type in Virginia. Desbite their widespread
geographié occurrence; one rémggzable aspect of these reactive
carbonate rocks is_that they have the same texture, that is,
rhomﬁs of dolomite "floating" in a silty and clayéy'micrite-sized

calcite matrix, with high amounts of acid-inscluble residue and

approximétely equal amounts of calcite and dolomite (Walker,
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1974). The dedolomitization rate is found to be highést when the

calcite to dolomite ratic in the reactive rock 1s nearly or equal

to one {Hansen, 1964).

2.3 Alkali-silica reaction and expansion 1

2.3.1 Mechanism of reaction and expansion

Alkali-silica reactioﬁ is a chemical reaction between the
hydroxyl ions (OH ) in the pore solﬁtion of the cement paste and
certain forms of siyéca'which occa§ionally occur as part of the
concrete aggregate (Hobbs, 1878). The reébtion product is a gel,
containing silica, soﬁium, potassium, calcium, and‘water‘
(Gutteridge and Hobbs, 1980}. The gel which is colourless but
white when dry, imbibes-water and occasionally induces.internal
stresses of such magnitude that extensive cracking occurs (Hobbs,
1978) . .

There is a controversy over the actual mechanism of the
alkali-aggregate reaction. One group of researchers, for example
Hansen (1944) and Dent Glasser and Kataoko'(lQB}) consider that
the expansion is associated with osmotic presshres generated by
alkali-silica reaction products'confined within an effective |
membr;;e of the cement paste. Other investigators, for example,
vivian (1950) and Hobbs (198l1) argque that the expansion is méinly
caused by a mechanical pressure exérted py'thé growing volume
concentration of the reaction products. 1In each of these schools
of thought, there is a common aggreement on the steps proposed by

Hansen (1944), which lead to distress in the concrete. The four

distinet steps are as follows:
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(1) initial alkaline depolymerization and dissolution of

reactive silica; .

(ii)  formation of a hydrou% alkali-silica gel;

(iii) attraction of watér by the gel;

(iv) formation of a fluid sol (a di;ptéfﬁﬁspénsion of
colloidal particles); ‘“ J

The.first step depends on the ;ikalinity of the pore

solution. Alkaline hydroly51s opens up the structure of the

aggregate and allows the pore fluld to further hydrolyze the.

/
reactive silica (Chalken and Halstead, 1960). s

In the second .and third steps, the gel, as it takes up
water, expands and fills the ¢£;ds present in the concrete. This

reduces the permeability to some extent but creates expan51ve

stresses in the concrete (Stark, 1980). The fourth step takes

-_—

place when expansion has occurred and further absorption of water
by the gel turns the solid gel into a fluid sol which in some

cases escape lnto surrounding cracks and vcids as exudatlons

(Tuthill, 1982).

2.3.2 Nature of reactive silica rocks

The rocks and minerals involved in the deieﬁerious
alkali-silica expansive reaction include the vitreous, poorly
crystalline, and strained forms of silica which occur in
sedlmentary, igneous, and metamorphic &qcks in the form of opal,
chert, chalcedony, crlstoballte, and trldymlte (Mxelenz, 1958;

Buck, 1983; Hobbs, 1986; Grattan-Bellew and Gillot, 1987).



-

‘occurred as

“

—

Others arg cryptocrystalline rhyolites, dacites, latites, opaline
concretions, fractured, strained, and inéfusion—filled guartz and

guartzites, as w as andesites (Mielenz, 1954).

Table 2.1 lists rocks, minerals, and Synthetic substances
known to be pofentially deleterious concrete aggregates. In
concrete strugtures where serious expansion and cracking have
result of. alkali-silica reaction, the 'aggregate 1is
frequently foﬁn to contain opaline silica. For this reason,
opal is considered 6 be the most alkali-silica reactive mi;eral
(Mielehz, 1958a). Op liﬁe silica i;-a common constitueﬁt of
cherts, volcanic rockg and tpffs, some shales, Sandstones,'
liﬁestonés, coating'materials on aggregates, and weathered rocks.
Table 2.2 is a_summary of‘reSults of reactivity of various

forms of silica at room temperature by Gaskin et al., (1953).

2.4 Alkali-silicate reaction and expansion

2.4.1 Mechenisms of reaction and expansion

A kind of reaction between some metamorphosed sedimentary
rocks and alkalies in the pore solution of the paste of concrete
is termed. alkali-silicate reaction. The reaction is ex;remqu;*/
slow but expansive. Alkali-silicate reaction was first
recognized in Nova Scotia, Canada (Duncan éﬁ al., 1973), but
currently, there are reported cases of such :eéctions in Sudbury,
Northern Ontario (Grattan-Bellew, 1978), Ellesmere Island,
Northwest Territories {Gillot and Swenson, 1973), South Africa,

and New Zealand. _-:- -
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The A&phanism of reaction is similar to that of alkali-
silica reactlion except that it is much slower. The attack of the
reactive constituents in the aggregate by the cement alkalies
results in the formation of a coiourless silica gel. This gel

imbibes water and expands. The expansion leads to c¢racking and
u}timate deterioration of the concrete (Gillot, 1975).

One distinguishing feature o£ tﬂe alkali-silicate reaction
from the alkali;silica reaction islthap, the expansion of the
individual rocks suggests adsorption of water on the previously
"dry" alumino-silicate surfaces in the microcrystalline poftion
of the rock (Rogers, 1985). In addition, the fesults of some of
the diaénostic tests used'for detecting the alkali-silica
reaction are misleading when used fon‘suspected alkali-silicate
rock aggregates. Both the guick chemical test (ASTM C 289) and
the mortar bar test (ASTM C QZtL, if not.well controlled and
properly monitbf?d'give unreliable results (Grattan-Bellew,

1981).

2.4.2 Nature of reactive rocks

The rocks in this category are essentially argillites,
phylliﬁes, greywacﬁe#, schists, gquartzites, and some glassy
cryptocrystalline volcanic rocks (Giliot, 1986). The greywackes
are composed of Quartz and feldspar with accessory rock'fraghents_
(Grattan-Bellew and Gillot, 1987). According to Gillot (1986),
séme of the éreywackes contain significant amount of clayey

material which gives them a'dark_appearance.

e

+
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The other types of rocks are générally'sheared and the

Pl .

crystals are found to be commonly strained; the mica-type

4

minerals and argillaceous constituents occur in the matrices.

The phyllites and argillites usually contain minerais showing

-

varying degrees of crystallization, shéar, and ,preferred

orientation (Duncan et al., 1973).

2.5 Factors affecting alkali-aggregate reactions

2.5.1 Introduction

All alkali-aggregate reactions are affected by a number of

common factors. The most important of them are: the type and

concentrat%pn'qf_alkalies, moisture or relative humidity of the

environment, tehperéture, and’admixtures (Gillot, 1975).

’ Wt
-

2.5.2 The alkalies in cement and their concentration in pore

solutions of cement paste

..+ The term "alkali", as useq in connection with alkali-
aggregate rea&;ions, is sometimes a subject of qontrSVersy.
Chemidally épéaking, the alkalies are those elements occupying
ﬁhe first column of the periodic table, for example, lithium,
sodium, potassium, ;ubidium, and the rest. Of these, only éodium
and potassium are common in cements (Lea, 1970). The others
occur as insignificant amounts and are usually ignored.

Sodium and potassium are effective in causing distress in
concrete {(Davis, 1958; Swenson and Gillot, 1960), however,
lithium tends to inhibit distress (McCoy'and Cadwell, 1951).

Results of studies of the compar&tive effects of high.sodium
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versus high potassium contents, carried out by Davis (1958)

suggested that the expansion is better cg;related with the total
alkali content expressed as eguivalent dércent Nas0O than to
individual contents of sodium or potassium.

Desplte its name, howeﬁeg, the fundamental reaction is not
between alkali ions and the reactive aggregates, but between

hydroxide ions (OH-) and aggregate (Diamond, 1975). Vivian

(1951) showed that attack on opal (and presumably on other
reactive aggregates) depends on a high concentration of hydroxide
iona in the solution and does not require a high concentration of
alkali metal cations themselves.

It is widely believed that pore fluids in cement pastes of
concrete are saturated with calcium hydroride, Ca{OH)y, formed as
a hydration pgoduct of the calcium silicates.in the cement. This

opinion leads one group of investigators to believe that removal

-

of lime, Ca(OH)p, from the pore solution will.ﬁre}ent alkali

~aggregate reactivity (Chatterji, 1979; Chatterji et al., 1986).

v

This concept is, however, misleading in that the COncentratlon of

the calcium hydroxide in the pore solution 1safar less than that
required for promotion of the reactlon. In fact, pure saturated

;calcium hydroxlde solutions at room temperature have hydrox1de
i

concentrations of 0. 04 moles/litre which is not enough to }

&

initiate the chemical reaction (Diamond, 1975) -ReSgarch
studles by Greenberg and Mehra (1963), Lawrence (1966), and
Roberts (1968) on fresh and hardened cement pastes 1nd1cated that

the hydroxlde concentration ranged between 0.04 to 0.15

‘moles/litre for low-alkali cement and 0.08 te—0.70 moles/litref

< R
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for high-alkali cements after the 28-day-old testing. It is
. therefore obvious that the alkalies NaOH and KOH in concrete pdre

solutions are principally responsible for the attack upon

alkali-expansive rocks and minerals. A high amount of these
- * y v . . . ‘ .

alkalies in the cement will therefore increase the hydroxide

concentration in the pore solution causing greater reactivity and

consequent,expansion in.the c¢oncrete., - -

2.5.3 Effect of moisture,

Moisture has been sﬁown to be a requirement for expansion
in all varieties of'alkali-aggregaté reaétion. Tests hage Showﬁ
that concrete and mortar specimens containiﬁg potentially highly
reactive.aggfegétes, stored at low relative humidity, showed

little or no expansion (Gillot, 1986). Field observations shows

that boncgete distress is most common in locations where there is
availability of moisture, such as footings, bridge decks, dams
_ahd sidewalks (Gillot, 1975). o
.Inflow of ggte: into concrete is_depepdent primarily on the

permeability of the cemamt paste, -and the factor which ‘controls

" the permeability is the water/cement ratio ,(Neville, 1981).

/A high water/cement ratio increases water ingress into the #
concrete. Expansion of concrete and mortars can therefore be

r

reduced by decreasing the water/cement ratio. However, this is
. s;.‘.’ B ' ¢ e
rd

RS
not always the case. Grattan-Bellew (1983), reported dan increase:
in expansion of mortar barg containing reactive pggregate“withl
decreased water/cement ratio. He attributed this to an increase

\ +
in concentration of alkali hydroxide ions in the pore solution.
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Figure 2.2 shows the influence of water/cement ratio on expansion

———

of alkali-silica reactive aggregates. Expansion in this case was

found to be maximum at a water/cement ratio of about 0.42,

0.8
o6

o4, |-
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Figure 2.2: Influence of water/cement ratio upon :
expansion.. . - ’

Source: Hobbs (1980). "

2.5.4 Effect of temperature

e bl

Increases in température accelerate alkali-aggregate
reacﬁions as it does in all chemical feactioﬁs‘(cillo;, 1975). —
Initial expansion iqsgggség(;iﬁh increasing temperature, howevér:
there have been reports-of decrease in expansion wifh ihcreésing

_téhperature (Lerch, 1

46; Swenson and Gillot, 1950). \3

In the alkali-silica reaction, the greatest expansion'was

at first reported to occur at 380C, minimum expansion occurred

-
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‘divided form and in the presence of moisture,. chemically feact
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at 109C, and-no significant expansion occurred at 60°Cc - .

(Gudmundsson, 1973 in-GiIlot, 1975). However, recent work by

.

Oberholster and Davies (1986} shows thatqhighést expansion. occurs

in the neighbourhood of 800C with reactive silica aggregates.

Higher temperature conditioning has therefore been used as a

means of acceleratlng expan51on in test procedures (Chatterji,

'1979; Ming-shu et al., 1983: Gogte, 19735 Oberholster and Davies,

-

1986) . | _ ot

2.5.5 Effect of admixtures

Some mineral admixtures which include natural pozzolans;

flyasﬁ' pulverised blast furnace slagf and silica fume have been

——

found to reduce expan51on due- to alkalt-silica and

' a1kali—silicate-reactlons (Stanton, 1949). A pozzolan 1s a

,

. "siliceous or siliceous and’aluminous material which ln 1tself

W ; /!

' possesses little or no cementitious value but will, in-finely

-

.with calcxum hydrox:de at ordinary temperatures to form compounds

1

possessing cementitious propertles (ASTM, '1986). Fly ash is a
finely d1v1ded re51due that results from the compustlon of ground

or powdered coal'(ASTM, 19867).. ondensed 5111ca fume is a

py-product of ferro-silicon Tndustry. It is very finely divided

with a high°specific surface - about thre# times that of ordinary
.l Y-‘-— ) > .
portland cement. ‘ ' o "

.

The pozzolans are generally used to replace part of the

.gehent - about 25- -65% by welght of the portland cement (Glllot,

1975). Experimental evidence (Gaze and Nixon, 1983) shows that
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pozzolans 1is that of a refiction between calcium hydroxide in the

23

reduction in expansion is not simply due to reduction in alkali

content of the concrete which may result from cement replacement.

In fact, the alkali content of some pozzolans far exceeds that of

the cement replaced (Grattan-Bellew, 1983). The action of the

a

4

‘ ' ,
paste at ordinary temperatures to form compounds possessing

cementitious properties, thereby reducing the hydroxide
£

céntentration and the permeability of the cement paste (Urhan,
1986). The effectiveness of this method of control, however,

varies greatly with:the type of pozzolans and with the type of

‘chemical react®on. Mineral admixtures have not .as yet proved

effectiveness with alkali-carbonate reactions.

Some'organic admixtures as well as calcium chloride (CaCljy)

and tommon salt (NaCl) have also been reported to affect

expansion'due to alkali-aggregdte reaction. Alkali-aggregate
A .

.

-~ L . ) . . . .. .
reaction is found to increase with increased chloride content -

(Chatterji, 1978; Gillot, 1986).

2.6 Fiéld evidence of alkali-aggregate reaction

Concrete which has been affected by alkali-aggregate
reaction commonly dévelqps a distinctive form of cracking often

referred to as "pattern cracking" or "map cracking" (Figures 2.3

' _and, 2.4) (Swensdn, 1957; Hadley, 1964). Its appearance is the

;ame all over the world and similar regardleés of the type of .
alkali-aggregate reagtion. Sometimes the developed cracks are

visible only when the surface is moistened with water (Gillot,

1975).
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Figure 2.3: Portion of the Beahurnois Dam, Quebec,

constructed with reactive alkali-silica aggregate

(Potsdam sandstone) showing pattern and map cracking.
(Photo by Dr . Peter Hudec, 1986) .,

Figure 2.4: Pattern and map cracks in a sidewalk in
Cornwall, Ontario, constructed with reactive -

alkali- carbonate rock aggregates from Cornwall, Ontario.
- (Photo by Dr. Peter Hudec, 1986).

o

K *
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There may also be evidence.of expansion such as increase in
dimensions of concrete elements; closing of joints and squeezing
out of joint-filler materials; buckling of adjacent members and
the crushing of weaker cohcretes {Walker, 1974). A colourléss
gel is a product of alkali-silica and alka}i-silicqte reactions,‘
and when dry, th:s appears as white deposits on external surfaces:
and may be seen on internal surfaces filling—rn cracks and void

_ spaces (Hobbs, 1978).

) During fhe initial stages of ekpansion, larger aggregate
particles, particularly carbﬁnate reactive ones, tend to show
dark rims, which, when split open, show growth towards the
interior of the particle. The rims soﬁetimes serve as primary
indicatic;s of reacgions between the aikéfies of the cement paste
aﬁd the aggregate. Presence of the rims alone does not -

‘necessarily provide indication of alkali-aggregate reaction. '

1

This is because rims could also surtround the gravel particle in
the field prior to their use as dggregate. Rims“also form in
concrete owing to non-deleterious reactions batween aggregates

and concrete pore solutions dUring hydration of "the cement : J

" {(Gillot, 1986). Absence of the rims, however, does not imply

[

absence of reactian.
In less resistant concretes, pop-outs and cracked aggregate
particles serve as further indications of alkali-aggregate

- . L
reaction.’ v
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i discussed further.
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2.7 Standard test methods for alkali-aggregate reactions

2.7,1 Introduction

_ The standard test methods for potential alkali-aggregate

‘reactivity include: The.Petrographic Examination, ASTM C 295;
14

The Mortar Bar Method, ASTM C 227; The Concrete Prism Expansion

1

' Method, CSA A23.2 .- 14A; The Chemical Method, ASTM C 289: and

The Rock Cylinder ﬁxpansion Method, ASTM C 586.

The test for potential reactivity of aggregates (Chemical

Method, ASTM C 289) 1is specifically designed to detect the amount
of silica from the reactive rock which reacts with cement
alkalies,:and.for this reason, it is not a suitable test for
carbanate reaétive rocks. The rock cylinder expansion test

me thod is used fo measure the change'in length of small right
3 N '

circular cylinders by soaking them in 1M NaOH solutioq for 28
days. The method is not suitable, eapecfally{ for late or slow
e;baasive rgcks which require long periods  of immersion. For
this reason, this test method as well as tha chehical method,

ASTM - C 289, were not employed'ih this study and will not be

4 - . .
- - . . v, ! ' .

2.7.2 Petrographlc Examination - ASTM C 289

e L] a
Thls test method 1s designed to- determlne the phy51cal and

a®

'chemlcal characterlstlcs of the aggregates '‘that may be observed

[

by petrographlc methods. It is used to determlne the relative
amounts of the reactive constltuents in the sample, and, if

possible, to predict the perforﬁance of the reagtive  aggregates.
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This is done by comparison with test data or service record of a
known sample. The test is essentially a preliminary or screening
test.

The basic procedure in this teét method involves taking a
representative sample of the suspect rqck aggregate. -With a
stereoscopic microscope the particfES are noted for features such
as coatings or encrustations. The rock particles are then
separated inté groﬁps depending on the rock type and guality,
This is done with-the aid of a hand lens, a pen knife, and a
bottle of weak acid usually after Qashing the particles,

The relevant features normaily'notqd include: particle
shape; particle surface, texture, grain size, internal structure,
packing and cementation of grains, colour, mineral composition,
significant heterogeneities,>general physical conditions of the
rock types in the sample such as hardness, whether fractured of
strained, and presence of constituents known to cause deleterious
chemical reactions. Sometimes pafticlé_couﬁﬁs and |
quantification, if possible, of the varidus types of rock”in the

.sample are also done.

2.7.3 . The Mortar Bar Test - ASTM C 227

This is the -standard test;méthoa used to determine the
suséeptibility of cement aggfegate co@binations to Expahsive
‘reaction$ involviﬁg hydroxyl ions. The change in length of
mortar bars containing the reactive aggregate is the vériable

measured for.
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The épparatus, sample selection and prepargtion, grading
requirements of the suspect aggregate, and details of the test
vrocedure have been fully described in the Annual Book of ASTH
Standards, Section 4 C 227. In this test, 25mm x 25mm X 300mm
mortar bars contaihing the suspect aggregate are made; . The
maximum size of tﬁe aggregate is usually 4.0mm. .The alkali
c;ntent of the cement is usually raised to about 1.25% Nag0
equivalent. After casting, the bars are kept in the moulds at
380C for 24 hours. The bars are then brought to room temperature
{abo;t ZBQC) and the initial length measured. Following the
initial length measurement{ the bars are transferred into sealed

containers or a moist chamber at a temperature of about 389C.
Leﬁgth changes of the mortar bars are monitored with a suitable
comparator for a period up to one year or more. Expansion
greater than 0.05% at three months or 0.10% at six months 1is
considered excessive. The mortar bar test is found to be too
slow for alkali-carboﬁate reaction; the expansion produced after
a period of one year is found to be insufficient for suspect
carbonate rock aggregates to be classed as reactive (Swenson,
1957). For this reason, the test method is confined to '

alkali-silica reactdon. When used for alkali-silicate reactive
!

rocks, the temperature is usually elevated.
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2.7.4 Concrete Prism Expansion Test - CSA 23.2 14A

The concrete prism expansion test method is suited to
alkali-carbonate reactive ;ggregates. When used for -siliceous
and silicate aggregates, the expansion is best manifested at é
temperature of about 38°C instead of the usual testing
temperature of 239C. —

In this test, concrete prisms 120mm x 120mm X 450mm are made
with suspect aggregate and normal portland cement. The prisms,
after demoulding, are stored in a moist cabinet or a room for a
period of at least one year and the associated expansions are
measured with a suitable comparator.periodically. The alkali
content of the cement is usually inc;eased to about 1.25% Naz0
equivalent ($NagO +r 0.658%K;0). Sometimes the.prisms are exposed
to de-icing salts. Details of sample selection, preparation,
gradation, and storage conditions have been described in the
€anadian Annual Book of Standards, CSA A23.2 1977. Expansion of
.

the prisms greater than 0.025% at one year is considered

excessive.

.

2.8 Methods of preventing alkali-aggregate reactions

2.8.1 Introduction

Once an aggregate has been identified as potentialiy

.. . v . B
expansive, there are various precautlons. that can be taken to

arregt or'suppress its reactivity in the concrete. The
traditionally employed methods of preventing, or at least
minimizing expansion due to alkali-aggregate reactions, include:

(i) . use of an alternative source of aggregake (Smith, 1964);
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i

{ii) dilution of“éggregate with a non-reactive rock
- 1

(Newlon and Sherwood, 1964; Walker, 1978);

-

(iii) Dbeneficiation of aggregate (Swenson, 1572);
(iv)  use of low-alkali cement (Swenson, 1972);
(v) ~ protection of concrete from mortar and design

considerations (Walker, 1978);
(vi) use pf‘ﬁ proven pozzolan or other mineral admixtures
(Mather, 1974);

(vii) and use of chemical additives  (Newlon et glﬁ.l971).

2.8.2 Use of alternative source of aggregate

The most obvious solution to potential durability problems
due to alk;li-aggregate reéction ig the use of aﬁ alternative
source of aggregate. ‘Owing to the high cdst of transportation,
howeve;,ighis option is not always feasible unless the
alternative source is close to the concrete plant (Gillot, 1986).
The method is also suitable in instances such as bridge
construction, where the cost of the aggregate is only a small
fraction of the total cost (Grattan- Bellew% 1983).

t.;!,

2.8.3 Dilution of aggregate with non-xgactive rock

Dllutlon of potentlally reactlve aggregate with a

L
non-reactive rock is sometimes employed if it is not economlcally

feasible to avoid the use of the potentially reactive material.
The dilution is udually up to about 80% of the coarse aggregate
(Wwalker, 1974). The dilution method is seldom practised owing to
cost of transportation.of the non-reactive rock and cost of

a
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blending. In addition, tests need to be performed to determine
the optimum blend for reducing deleterious expansion. The
dilution method hés, howeQer, 5een applied to carbonate
aggregates in the United States where dilution of 50% or more was

used to reduce the expansion to acceptable levels (Newlon and {//"_

Sherwood, 1964).

2.8.4 Beneficiation of reactive-aggregates

Beneficiation of reactiv;‘aggregates is a process whereby
the potentially reactive rock is removed, rendered inert by use *
of a protective coating, or prevented from contaminating durable
aggregates in a stockpile-of a quarry. There are various mgfhbds
employed which include crushing iechniques, coating of reactive
aggregates with wateriproof aéents, or satisfying internal
charges of aggregates (Hudec, Personal Communication). However,
the-swo most commoniy employed methods are selec%ive guarrying
and density separation_(Grattan-Bellew,-1983).

Selective quarrying is the most common method used in all

beneficiation techniques, but it is restricted essentially to
ekl

horizontally layered beds of limestone and to igneous deposits

with reactive dykes, where reactive dykes cut across durable

aggregateé. ’

Density separation can be used only when there is a

<

significant difference between the reactive component and the

good aggregate. This method was employed to remove opaline

grével by heavy media separation for the construction of the



C
/ : 32 -

/

iSaskatchewan Riwver Dam (Price, 1961). The main drawbacks in this

~

method are the cost involved and the need ﬁor a marked difference

in density between the reactive and non-reactive aggregates.

2.8.5 Use of iow—alkali cement

This is the most commonly applied method of preventing
deleterious expansions due to alkali-aggregate reactions.
Unfortunately, the method is not always Spccessful {Woolf, 1952;
Stark, 1978). The ‘reasons include difficulties in ensuring that

low-alkali cement is actually in the concrete delivered at the

construction site (Rogers, 1985). Another reason is that highly

reactive rocks, such as those at Kingsteon and Cornwall, Ontario,

may cause expansion even with low-alkali cement, especially at
ﬁigh températures (Swenson and'Gillot,‘l964)- Furthermore, even
if row-alkali cement is used, addition of alkaline earth salts
(NaCl and Nazso;) to.the concrete from groundwater or through the
use of de—icgng salts can still cause expansion. The sodiup ions
{(Na+) from the NaCl and NaySO4 for example, pick the hydroxyl
ions (OH-) from Ca(OH)y in the pore solution to fégm NaOH, which

increases the alkali hydroxide concentration and initiates the

- reaction. (Ming-shu et.al., 1983; Chatterji,.1978).

2.8.6 Protection from moisture and design considerations

Laboratory_studies conducted by Ludwig_ (1981} shows that
the critical ﬂumidity above which expansion occurs in mortar is
85% R.H. The alkali-carbonate reaction has also been shown to

produce expansive forces only when water is available (Swenson;
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1957): If concrete is therefore kept dry, no damage will occur
even though react;ke aggregates may be used with high—alkali.

a .Y . :
r - s
~ b i

cements. s -«

The degreé of saturation and rate of flow of water into..°*

Lo

concrete or mortar is governed by the- physical properties of'tﬁé:

concrete, namely, the permeability and porosity of the paste, and

the properties of the aggregate ( Verbeck and Landgren, 1960;
Powers, 1956). The permeability of the paste is controlled by
the water/cement ratio of the concrete. All things being equal,

a low water/cement ratio will produce a low permeability cement:

paste (Neville, 198l). Because expansion takes place only ir the

presence of moisture, the poténtially reactive rock used with a

moderately low-alkali cement will produce no appreéiable

deleterious expansions if a suitably low water/cement ratio is
7

used (Walker, 1978). ~ - | —

-

In addition, if a known potentially reactive aggregate is to

be used, the concrete structure or pavement could be designed to

accommodate small amounts of expansion by providing expansion

Jjoints.

-

2.8.7 Use of a pozzblan

v -

The effect 6f pozzolans on alkali-silica and alkali-silicate’

reaction has already been oqgftped in Segtion 2.5.5. The

preventive effect of natural aggregates for example, tuff,, as

well as cementitious materials such as fly ash, pulverized blast
s

furnace slag, and recently, silica fume has been investigated.by

many researchers (Staéﬁggyat949r Chatterji and Clausson-Kaas,

Y

N
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1974; Dunstaﬁf 1%?1; Gaze andé Nixon, 1983;'Miﬁg—shu et al, 1983;
Hobbs, 1986; Davies and Oberholster, 1987; Diamond, 1981; Perry
ané Gillot, °1985; Collins and Bareham, 1987).

The mechanism of suppression of the expansive reaction
involves reaction of the active componentlof the pozzolans with

i

Ca(OH)p in the concrete to produce a C-3S-H gel similar to that

formed,bj hydration of the é;ment paste (Mindess and Young,

léél). This ?eaction reduces the akalinity which consequently
inhibits further alkali-aggregate reaction. The C—Q-H gel
pfoduced also fills some of the voids in the“paste, which reduces -
the permeability ofitbe paste, hencé ingress of water. Pozzolans
are usually used in amounts of up to 25-65%. The extra gel-
préduced by the pozzolan reac;ion, coﬁpled.with the removal of
poroﬁs Ca(OH)y has pgén found to reduce bth‘the porosity and

permeabilty in the ¢ement.péste {Bakker, 1981).

.
S

2.8.8 Use of chemical additives

Other preventlve measures by use of chemical addltlves have
bgen proposed. Many of these have been tested for their
effectiveness (McCoy and Qadwell, 1951). Salts of- lithium were
found to be the'mogzﬁéffeciivé. “fhe addition Qf‘0.72% Li2C03 \'
caused a markedlreductibﬁ’in the expansion of test bars but, .
bééause of thé hiéh cost, it haégnot.been used in préctice.

Recgntly, thé addition 5flfecl; aas béeélprOposed as a me£hod of
reducing‘expénsion due to alkaliécarbOnate reactivity (Pagano and
: Cady, 1982a). Reducgd expansians were observed but, in the case

r“‘, . . b
of the most expansive aggregate,\ll% FeClaz had to be added to
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" reduce expansions to safe level (Pagano and Cady, 1982b). This

quantity, if used, can affect the setting of the concrete and

possibly cause corrosion of reinforcing steel.

2.9 Use of the chemicals "IP" and "STP"

ReSearch findings and‘résults of worklperﬁormed with the
"STP" and "IP" are currently ip Ehe reviewing process for
patenting. For this reason the chemical name and other
properties of the "STP" and "IP" will not be disclosed. It ié
hoﬁed however that the patent will be granted sdoﬁ?énd when that
is @6ne the identity of these two chemicals will be'disclosed,

The "STP" is an inoréanic salt of moderate to hiéh C

solubility at room temperature. It is acidic. Concentration of.

about 10% (by weight) solution of_the "STP" has a pH of about

\

2.8-3.2. 1In the presgncé of a hydroxide ion {(OH ) as for example

in a solution of sodium hydroxide (NaOH), there ig§ precipitation

of_ an insoluble inorganic material - the chemistry of which is
still under study.
The "IP".is the intermediate prbdu¢t in the produc®ion of

the "STP". In the raw form it occurs as granules. It is

insoluble in water but in the presence of a hydroxide, it reacts.

to form a precipitate (Schingariol, 1986). Both the “STP" and
the "IP" have been successfully used to prevent damage to
carbonate rocks and concrete by frost (Schincariol, 1986). .

The mechanism of suppresion of damage to rocks and concrete
with "STP",is viewed to be more a physical than a chemical

reaction., When'a porous material, .-for example, rock or concrete

-
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containing scme _adsorped/absorped hydroxide, ioﬂs is brought into
contadt with a solution of the "STP", an insoluble brecipitate_is
formad in the suf{ace layer within the permeable pores of the
mdterial. The accessible outer porés become blocked or clogged,
apd since the pores are blocked, ingress of water into’thé
material (the'primary cause of mdst‘physicai damage to porous
materials} is prevented. Baéed on this principle, the "STP"
could be applied t§ either the potentially reactive rock

aggregate before its use in concrete or te the concrete : .

Pl
-

containing reactive aggregates. In the latter case, application

should be done immediateiy after the concrete is‘emplaéed.
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. 3.1 Sampling

CHAPTER 3

- SAMPLING AND GEOLOGY

.

Three of the reactive rock samples {(SUD, STT, KIN) for the

study were supplied from the Materials Division of -the Ministry

-

of Transport and Communications in Torontoﬁthgddgh Dr. Peter
Hudec Bf the Dépaftment of Geology, University of Windsor. Dr.
Hudec also prbvided three of the reattive éggregafes. These were
the alkali-;arbonate reactive rocks Erom the McLeod Quarry in -
Cornwall and the alkali-silica reactive chert from the New .f
1Bigging Pit near Putnam, Ontario.’ The two non-reactive

.

aggregatés used as controls were obtained from the Civil

Engineering Laboratory of the University of Windsor.

) The saﬁd used in‘castinélthe mortar bars, concrete prisms
-and blocks was supplied.pf George White and Sons from the
Leamingtop Séhg And Gfavel Pit in Essex County, Ontario.

All. the aggregate samples used in this study were collected
froﬁ dﬁarries with known service records and their descriptions
have been given in.Appendix A.‘ Thei} locations are shown in

Ao
Figure 3.

3
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3.2 Geology

There are four groups of reactive rocks used in this study.

¢

The first'group of reactive rocks is alkali-silicate reactive.
They consist of argillites, greywackes and Quarti arenites (or
gdarzitic sandstones) of ‘the (luronian Supergroup which is of
Middle Preéambrian Age (Magni et al., 1986); These rocks are
found in northern Ontario from Blind River through Sudﬁury to New
Liskeard {Figure 3). The percentage of reactive rock types in

the gravels of the Sudbury area i1s between 65 and 90 péréent.

The second group of alkali-reactive rocks are argillaceous

" dolomitic limestones. These rocks are alkali-carbonate reactive
~and belong to the Gull River Formation and the Otéawa Limestone
which are.OrQOvician in age. Only certain beds-are reaétive.
They are beds of fine-grained.doloﬁit?c limestone with
' significant clay minéral content {Dolar-Mantuani, 1969;
Grattan-Bellew, 1981).

Near Stittsville, certain siliceous limestone";;-the

Bobycaygeon Formation which is‘part of the Simcoe Group and

Ordovician in age have been identified to be alkali-silica

¥

reactive. Tﬁe“reactive beds of the formation are ﬁedium—po
fine-grained limestone. The colour is‘mgdium dark grey. The
rocks. are mediuﬁ.bedded with intercalations-of.slightly éhaiex.
and cherty. limestone. The minerals involved ;ith-the alkali-
silica reaétion\gfé Qitreous, poorly crystalline, and strained

forms of silica‘suchtas opal, chalcedony, and tridymite.

7o
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In southwestern Ontaric near Putnam, cherts of Middle to

Lower Devonian age have been identified to be alkali-silica

reactive (Gillot and Swenson, 1973; Douglas, 1968}). The colour
of the cherts are. dark.blue, light blue and white. They are
nodular and cryptocrystalline in‘texture. The reactive minerals

are chert, opal, cristobalite, and chalcedony.



CHAPTER 4

-

4.0 ' .. EXPERIMENTAL PROCEDURES

4.1 Outline 4

In all, six different series of tests were performed during
the one year study period. These tests could broadly be classed
into two types of tests: screening tests and treatment tests;_

The screening tests were designed to disciiminate betweep
potentially reactive and non-reactive aggregates. )
They included: T

C.

{A) Standard Tests: ’

(1) ° ASTM C 227: Mortar Bar Test

(ii) CSA A23.2 -~ 14A: The Concrete Prism Expansion Test

3 —

(B} Accelerated Tests: .

:

(i) Elevated Temperature (809C % 50C} Test

(ii) Ambient,Témperature'(23°C!:2°C) Test

.The principal accelerating condition was fortification oé
the concrete alkali with sodium hydro#ide (1N NaQH) solution.
‘Saturated salt (NaCl) solution was also used as a comparative
‘reagent with sodium hydro§ide solution. .

The treatment tests were designed to evaluate the

performance of concrete containing reactive aggregates subjected

to various treatment processes.,

gy

41
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They included:
(A) - Partial replacement of sand used in casting concrete with
“IP" (5% by weight of sand);
~(B) Treatment of concrete containing reactive aggregates with
15% by weight solution of "STP";
(C) Treatment of reactive aggregates with 10% by weight solutioniyy
of "STP" prior to use in cdgzing concrete,
The details of the treatmentlprocessgs are outlinéd '
in Section 4.2.5. |
A single bag of cement was used throughout the entire
study and after chemical-analysis, its alkali content was. found
to be 0.781l% Nay0 equivalent. The sand used in casting all the
concrete and mortar was analyzed for its particle size |
distribution by d}y sieving on the coarser fractions down to the
portion retained on 75um sieve size.
'Petrographic analysis, was carried out on all the rock
samp;es. The standard ASTM and CSA tests employed in-Fhis study
were, Petrographic Examination (ASTM.C 295/MC), Morta; Bar Test

ASTM C 227, and Concrete Prism Eipansion Test CSA AZ23.2 - .14A.

—

4.2 Description’ of procedures

4.2.1 Characterization of concrete components

4.2.1.1 Petrographic'anglydis of coarse aggréggtes (MTC)

About 600§ of each aggregate were examined using a hand
lens. The particle size of the aggregates ranged from 19.0mm

©.(3/4") to 6.3mm (1/4"). A pen knife and a small bottle
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of weak hydrochloric acid were used to aid in separating the rock

particles into:groups depending on the rock type and quality.

Four gquality categories were recognized: .
(1) Good aggregate, (Factor of 1l);
{ii) Fair aggregate, (Factor of 3);

(ii)- Poor aggregate, (Factor of 6);

{iv) Deleterious agéregate, (Factor of 10);

The manner in which the gquality categories and factors were
derived has been explained by Hudec (1982). |

A petrographil number (P.N.) was calculated for each of the

rock aggregates by multiplyinglthe percentades of each group by
the appropriate factor. The higher the petrographic number, tﬁe
'poorer the guality of the rock aggregate:u.The results have been
.presented in Appéhdii B. Tor concrete paving, tﬁe limiting
petrographic number for aggregéfﬁgiis 125 or less and for

structural concrete, the maximum allowable petrographic number is
‘ -

140.

/xiiz:l.z ‘particle size distribution of sand

About 800g of ‘the sand wére dried overnight in an oven
maintained at 105°C. The sand_ﬁés allowed to cool, the?krun
through a series of well-cleaned. sieves (4.75mm, 2.36mm, 1.18mm,
0.60mm, 0.30mm, 0.15mm, and D.075mm), by sieQing in a mechanical

shaker according to the procedure outlined by Lambe (1951).

]
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For.the purpose of this study, the finer clay-sized fraction
passing 0.075mm sieve and retained in the pan was not firther -
analyzed. The particle size distribution and the parameters of
the sand are shown in Figure Bl of Appendix B.

4.2.2 ASTM / CSA standard test methods

4.2.2.1 Sample preparation (ASTM/CSA)

All the rock éamples described in Section 3.1, with the
exception of the sand were initially crushed, washed, and

oven-dried at a temperature of about 1059C for 24 hours in

accordance with/}STM 14 C 227-81. After cooling,. each sample .

was passed th- ugh a “stack of sieves :aﬁging from 19.5mm (3/4")
to 0.60mm (0.024"), and sieved in a manner described in Section

4.2.1.2. The various sizes obtained from the sieve analysis

' b A

were separately put into plastic bags and labelled. |

e

4.2.2.2 . Concrete Prism EBxpansion Test *

In this test concrete prisms were ﬁade with the reactive
cérbonate aggregafes previously men;ioned in Section.B.l and
portland cement; - The sizes of the prismé were mgdified slightly
to suit the availablellaboratory facilities, The dimensiéns of
all the prisms were the same and werefapproximately 150mm x 50mm
X Soﬁm. Sta}nless‘steel studs of Smm in diameter ana 30mm in
length ﬁé}e cast in the test prisms at the centre of each ggd

-

s
(Figure 4.1).
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CRAY Ry N CORCFETE PRISMGS Cineetin) -

i

Figure 4.1: Concrete Prisms used for the standard test
CSA A23.2 14A showing -stainless steel studs at centre of
prisms. '

‘ .

.The aggregate/ce;;;t and water/—cement ratiﬁs,for all the
concrete prisms were 4,00 and 0.42 respectively. Thelalkafi
conte@ﬁ of the cement was fortified by ad@ition.of sodium
hydroxide to give a cement alkali content of 1.25% NasO
equivalent. The soaium hydréxide {NaOH) was dissolved in the
mixing.water prior to casting of the concrete prisms. Fqllqﬁing

casting, the prisms were labelled and cured for 28 days in water

L

at a room temperature of about“230C + 20C,. ’
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The dimensional changes of thg;priéms were monitored every
other week for a period of one year. Three prisms‘were cast for
each sample ancd the average expansion for the set of three was
used in calculating the percentage change id length after every

measurement.

4.2.2.3 Mortar Bar Test

jlortar bars for this test were prepared in accordance with.

ASTM C 227-81, however, the dimensions were modified for the

[
[ -

available measuring devices. The size of each prism was 150mm x

50mm x SOmm, and stainless, steel studs were embedded at the
centre of the end of each prism. After 24 hours of casting, the

prisms were demoulded and cured in water for 28 days. _The alkali
. N Y - : .

* content of the cement was raised to about 1%25% NagO eguivalent

by dissolving sqdium'hydroﬁide”(NaOH) in the mixing water. The
ment ratio of the mortar was 4.0 and the water/cement

L

aggregate

.
v

ratio was 0 42, ,
uring, the injtial lengths pf the prisms were

measured hnd ;he-prisms were kept saturated and sealed in plastib

“

bags at.a r 6m temperature of about 230C + 20C. Lengths of thé
prisms were recorded every two weéks for a period 6f_one year. &S
Three prisms were used for each sample and‘the average change:inf} R
length of the triplicate was calculated aftgr every meaéurehent{

The test megthod was applied to the alkali-reactive silica and -

- .

slicate rocks as well as the non-reactive agg{égates.

~
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4.2.2.4 Length measurement of prisms

The length changes of the prisms of mortar and concrete were
measured with a digital caliper comparator. The caliper operates

on an electrostatlc capa01tance detection principle. The caliper

© ey

measures absolute length directly with a resolution of of 0.01lmm

(Flgure 4.2).

L

1A mensnng jives ——i' Siuctar (=] wrew LCO duplay S .
. ] .
' * J . Dutowt connector
" [om—— -

Step meswring tece )

. - .
— =
— ’
(I . T
Masrs biashe Scale’ ) Dopth massuring bisde
. .
ROPR
)
« POWER ON/ZERO RESET -

INCH/MM changirvey } -

Figure 4. 2. The digital caliper comparator uséd in
- measuring the length of the mortar bars and concrete
prlsms in the standard ASTM and' CSA standard test
.methods
Source: Mltoyo (198s6).

To ensure'accurate,measurements, two suppo:tihg frames were
designed and constructed for the mortar bar test and concrete
. . . . . -

‘prism expansion tests respectively. The frames have “free sliding



+4,2,3 LVDT comparatot.

N e

spaces in which the prisms could be moved to make contact with

" .
the securely fixed caliper at the studs. The measuring face of

the prisms were labelled and marked clearly as shown in Figure

4.3 to ensure constant measuring spot on the studs.

t' .

Fl

Figure 4!3: Concretle prisms fixed into suppeorting frames
an@ caliper used for measuring langths of concrete
prisms, ° ‘ '

! . =

Il
+

"The concrete and mortar.cqres used'in this studi‘iéquired-
Ebntinuous monitoring during the experimentation period. This
was carried oﬁt with the Linear Variable Differential.Transformér
(LVDT) ét a room tempéqaéure of 230C + 20C. This measuring
device which-was desigﬁed by Dr. Petér Hudec of thé‘De#artment of -

i .

',-”, . . B
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’

geology and constructed by the Central Research Laboratory of the

University of wrndsor,‘is based_on a similar device designed by
Lama and Ventukurir(197&).' T

The LVDT is an electromechanical transformer which produces.
an electrical output proportional‘to the displacement of a
moveable magnetic rod. It consists of FhrEe coils equally spaced
on a cylindrical coil form,rwith one coil® forming the secondary-
circuit {Figure 4.4).{'h cylindrrcal moveable magnetic rod ingkde

this coil creates the magnetic flux linking the.coils. The

. secondary c01ls are connected in Opposlte serjes so that the jwo

voltages in the secondary circuit are in opp051te phase and the
net output of the transformer is the difference of the two

voltages.(Hudec,‘l986). When che"rod is in'a centred position

_ the net outﬁut_is zero. This point is the balance point or null

poiht. As the rod moves on either side, the voltage within the

coil towarqs which it moves 1ncreases, giving a dlfferentlal -

ML}

output w1th the correspondlng 51gn (Ravina, 1987). This outpdt ~

-varies linearly with the displacement of the rod (Figure 4.5).

,Loom condltlons, the output is also con51derab1?'affected by

The movement of the rod_require*small driving force.

; The LVDT is highly sensitiv 0, temperature variation above

g [

presenfe of magnetic materlals. A drastic temperature rise

during the test could . result in a shift of the null point and a o
change in sen51t1v1ty.

" ™o in-line LVDTs attached to an alumlnlumvboard served as

a

the comparator. The LVDTs are extended with'brass_rods anto

® ‘ ot
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L £ STimery coil
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. ‘Figure .4
1978).

. ——

Figure 4.5: LYDT output as a function of rod position,
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{dn terence volitcge
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rod displacement

e
rod at O "pod atB
: (nuliposition)

| inear graph (Lama and vVutukurl, 1978).
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which hemispheric sample helders are attdched (FYgure 4.6). Each
of the LVDTs is connected to a voltmeter which converts the:
voltage output to a dlsplacement in units of mllllmetrns or

micrometres equ1valent (Figures 4.7 and 4.8).

. A}
- -

Flgure 4,.6: Coarse and Fine LVDT with connectlng brass
rods used -in the study.

The scales of the LVDTs were calibrated with a 60.000mm low

expansion ceramlic core with a coefficient of thermal expansion’

(CTE) of 8.0 x 10-6 oc-1 and this was used as the standard core

" throughqut the experiment. The scale of the coarse 'LVDT is

’

ﬁillimetrid and calibrated to 0.00lmm. The fine LVDT scale is

linearly related to a scale of micrometres ard is calibrated to

.0.0001mm equivalents. The regreséion ggﬁgtion obtained from the
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Figure’d.?: LVDT comparator used in the study for

measuring core lengths.

FINE COARSE
Lvot ‘e voT
SCALE . SCALE
'
: Lvort
ﬂ. [
e » RIS LUV«
* =TT SAMPLE ROD -
wvor DiaL
L

Figure 4.8: Schematic confi urati |
. : ion
comparator. ’ ' of the LVPT
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AT
.

{

relationship between the two scales is used to convert the fine

scale output to millimetres (Figure 4.9). The range of the fine

LVbT is +0.200mm. WEqn the fine LVDT is out of range, the

o

display flashes.

L]

o

' / = 67338X + 9633

- 0 25 S50 7% 100 125 150 130 200

. A COARSE  LvDI (um)

' Figure4.9: Regression of fine LVDT scale on coarse LVDT
scale, o B . '
.. Source: Ravina “(1987). - . . . .

4.2.4 . Concrete cores testing

4.2.4.1 - Preparation of cores-

In both the screening and the treatment tests, eight

——

separate blocks of goncrete and mortar were cast for each set of

experiments. Seven different sets of experiment were performed.

-

Hence in all, 56 plocks of concrete were cast. 8Six of the
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concrete blocks contained reactive aggregates from different

sources, while the remaining two were made with nén-reactive

'aggregatee.‘ The fine aggregate usedé was sand previously'

described 1in Sectien 4.2.1.2. The maximum size of the coarse
aggregate 1n each case was l0.0m@ (3/hl), with the smallest size
as that retained on 0.60mm (0.024") sieve size.

To ensure homogeneeus mixes, the cement apd the aggregates
were mixed dry prior to addition of tﬁe“water. After casting,
cﬁé blocrs were stored for. 24 hours in plastic containers,
demoulded and cured in water at a room temperature of 239C % 20C
fork>ﬂ days. At the end of the cur\ng period, each OEL;he blocks
was cored to produce three cores- for each set of experiments.

The .cores were then trimmed and dimples made at the centre

of each end;to‘produce a length of abproximately 70.0mm and a

diameter of about. 19.0mm. The dimples enable the samples to be

held in place between the brass rods on the LVDT during

‘neasurement. There were thus 8x3 or 24 samples for each set of

experiments.. Figure 4,10 is the sequence of experimentsf

performed in the study. t

4.2.4.2 Accelerated method of testing on cores

(A) Ambient temperature testing
Prior to testing, each of the three aamples representing a

partlcular aggregate was labelled and the measurlng end points

carefully.marked.» The samples were then allowed to benech- dry at

" room temperatures for 24 hours. - The initial lengths of . the cores

were meas(Qred. Following this measurements, the cores were

o
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immersed in 1N NaOH and saturated NaCl solutions separately in
plastid’gsh&ainers (Figure 4.11) at a rooﬁ temperature of about
230C # 20C. Additional readings were taken every two weeks for
the entire six month period of testing: The length measurement
of each set of of three cores were averaged and the percentage

change in length éaldulated.

V
cENTHE Tid hd

' Figure 4.11: Cores of concrete immersed in solutions in
plastic containers. '

(B) Elevated temperaturé testing

The conditions under which the elevated temperature testing
were carried out were the same as the ambient temperature method

-except that, in this instance, the samples were kept in.an oven
‘ Vo
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{Figure 4.12) maintained at a temperature of about 80°C + 50C,

The duration of test was only one month. Initial core lengths

» - . L)

”‘_".
H

Figure 4.12: Concréte\coreé.stored in. plastic containers
in the oven used in the study. )

were taken prior to immersion in the two previgQusly mentioned
solutions. For the next 28 days, core lengths Qere,recorded

every two days.
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4.2.5 Preventive treament and testing
4.2.5:1 Background

The treatment methodé performed in this study were not
strictly 'prevéntive' methods of alkali-dggregate reactivity as
the name may imply. They were, however, measures employéd to
reduce the reactions in the concrete, thereby bringing any
associated expansions within acceptable limits. In fact, they
were treatment methods aimed at suppressing the the reactiv;ty of

4
the aggregates (in other words rendering them inert) by

preventing ing;ess of aggressive sélutions into the mortar or
concrete. - ' )
Three methods of treatment were adopted in this study (see
Figurte 4.10); The first method involved treatment of cores of
concrete prepared in a manner previously outlined and treating
the cores with "STP" solution before testing. 1In the second
techniqug, ali the aggregates (both reactivé and non-reactive)
were treated ;iﬁh the “STP" solution'prior'to their use in
casting the concrete and mortar blocks. The third method
involved repiacing part of the sand with the granulated “IPh.
The use‘of these chemicals stemmed from their previous
performance in breventing corrdgion in reinforced concrete and

increased frost resistance of bothrrock and concrete (Hudec,

1986; Schincariol, 1986).
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4.2.5.2 Treatment of cores with "STP" and testing

In the concrete core treatment technique, 9 cored samples

from each concrete block were grouped into three groups with

1
[

three cores each (see Figure 4.10). Two sets of three cores were
immersed in 10% (By weight) solution of "STP" for 1l minute and 15
seconds respectively;l The treated cores were then bench-dried at
room temperature for 24 hours. The above treatmen£ was repeated
for a total of 5 cycles.: At the endwof the «£ifth cycle, the
dimples at the end of the cores were cleaned and initial length
of* the cores taken with the/}ﬁbT. The samples were then immersed
in 1N NaOH solution in p%pstic containers for six hours. The
plastic containers with the entire contents were then placéd in
an oven maintained at a temperature of about 80°C + 50C.' Length
chaggfs of the qores were fecorded aevery £wo days fdf a period of
one month. “

"The remaining set of cores was initially immersed in_the'lO%
h; .weight) "STP" sglution fpr 1 hour and bench-dried. fzfs
cycle was repéated four morg;times - each immersion followed by

bench drying. o . -

-

4.2.5.3 Treatment of aggregates with "STP" and testin

One set each of all thé aggregates was immersed in 10% (by

weight) "STP" solution for 1 minute and I5 séconds;respectively.

+

The immersions were done five times, each immersion followed by
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-

a 24-hour Eehch-drying at room temperaﬂﬁre. At thé end of the
cycles, the treated aggregates were used to caét blocks of
concrete and mortar with the same mix- design as described in
Section 4;2.4}1. Following curing, 19.0mm x 70.0mm cores were
obtained and tested in 1N NaOH solution for 28 days.

Tn each of the two test methods, the results of length
changes of cores wefe averaged and the percent change in length
calculated.

4

4.2.5.4 Partial replacement of sand with "IP" and testing

The "IP" is a granulated raw material of the'“STﬁ". The
grain sizes are nearly uniform - passing 1.18mm (0.046") sievé
size and retained on 0.60mm (0.024") sieve size. Since the gfain_
sizes are similar to that of the sand, 5% by weiéht-of sand was
-replaced by "IP" and used in casting concrete blocks with -the
reactive aggregates. lThe mix propd?tions were the same as

r

before. . .
»
Coreé samples of 19.0mm x 70.0mm were later Pbtained from the
o .
blocks after 28 days of curing. JAccelerated testing (ambient v
temperature) in both saturated salt solution, NaCl and 1N NaOH
solution were performed_.on the cores.

4.2.6 Measurement on concrete cores ' .

The p;epared'cored samples. of concrete O mortar were
placed between the two LVDTs. While in place, the core specimen
was turned round a few times untgl it was within the range of

measurement of thE’E;DTs. The LVDTs "were then adjusted to fall
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within the reguired range and the scale output displayed
representing éhe length of the cdre'reéo;ded. From the recorded
output from the two LQDTS, the true length was obtained and
percent change in length of ‘the éores were calculated. This
procedure was repeated for each of the three sets of cores
. ‘ -

representing a particular reéctive aggregate.

The routine measurement of.the length of each set of cores
was always preceded by measurement of the standard ceramic core.
The,temperature and relative humidity of the room were also taken

during every measurement. Figure 4.13 is a sample of the

laboratory sheet ‘used.

4.2.7 Precision procedures

There were some inevitable sources of errors as in many

similar laboratory experiments.  However, in ,order to reduce

. , . . hy
these errors to the barest minimum, the fq}l;aing meagures were

'adoﬁted: ‘

(1) fhg length reading for a particular core was taken five
times; the average of the four.closest readings was used
as the iength of the core; if none of the values differed

by more than 5% tﬁé repeatability was considered

v o
0 p

satisfactory;
(2) the standard length of the ceramic core was redetermined
after meéSuring every two samples;at’the beginning of every
set of core samples; a change in reaéing‘of thé fine scéle
greater than 1 microﬁ réquiied recafibration to 0:00:.
(3) ‘Qet samples removed from soiutions &ere surfade-driéd and

-



Figure 4.13: Laboratory sample sheet

for recording
lengths in the study.
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the dimples at the core ends carefully cleaned prior to

taking further readings.

o



CHAPTER 5

5.0 ' RESULTS AND DISCUSSIONS

I3

5.1 -~ Experimental results

.

5. 1 1 Sources of error »

In addltion to the sources- of error which have been

-discussed 1in Secticn 4.2.7, the other errors may be ﬁue to the

slight fluctuations of the room and the oven temperatures. To

.-

reduce these errors and to,ensure constant temperature of the
oven, a thermometer wae‘inserted into the oben chamber from the
top portion of the oven to monitor the fluctuations. In all

" cases. the fluctuations were an increase in temperature ‘

(about 50C) above goec. Since thre'increase in Eempeéature

appized to all the samples in the oven, this error was con51dered

.

mingr and insignificant. The usual fluctuations.in room .
o . ' - . * * ’

temperature was “£20C. This fluctuation was considered

acceptable.' ‘
/--m—-' - ) ,
Another possible source of error was the drop in temperature

. ) .
of the concrete.cores (from 80PC in oven bo room temperature of
about 23°C) durlng the measurement of the the core lengths on the

LVDT. However, since thlS procedure was. the same for all tnei e}.

cores tested under this condltlon, thq errpr was cons:dered

insignlflcant " Any resrdual expansxon associated Wlth any oﬁ the

- 1 * ._.

elevated temperature tests are attrlbutable to thermal expan51on

-1

. - N
' . . . N :

.

in the oven. ' . L
oo S S St R
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5.1.2 #:::;;tical analysis

—
" Eight aggregate types were used 1n all the tests.

-

Statistical analydes were performed on the six reactive

aggregates. The analyses included:
(1) a simple linear regression of the results of.the
accelerated tests (elevated temperature) on the results of

Ay
the standard tests;

, »

(i1). a simple linear regression of the results of the
accelerated test (eleuated temperature, 1N NaOH) on the

results of the accelerated test (ambient temperature,

' ‘. n * I"-"--'"_ .
1N NaOH): : :

(iii9 a simple linear regression of the results ¢f the

~ accelerated test (elevated temperature, 1N NaOH) on the
. . . :

results of the accelerated test {elevated temperature,

. saturated NaCl);

(iv)} tests (and'le;;higpf signiﬁicance of all the values of the

Pearson's correlation coekfficient, R’ obtained in (i), {(11)

and (1ii)s .

- .. .

(v) comparison-of the 15 seconds treatment results and the
P . =,
5_ 1. minute treatgent results for both the treated concrete
” / * ' .

and aggregates u51ng Student's t test and F test;

rl .
Avi) comparison of the performance of the treated COncrete with

. R :
the treated aggregag% in concrete. this was done u51ng
ob " ’ .

Student s t~test and F-testr

*

C(wv) comparlson of - the treated concrete and aggregate with the

. untreated concrete and aggregate using Student 5 t- test

.
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and F-test,

All the statistical analyées were done using an IBM-
compéﬁible computer. The results of the statistiqal gnalyses and
other parameters are tabulated in Tables 5.1, 5.2, 5.3, 5.5 and

5.7 to 5.15.

5.1.2.1 Linear correlation and regression analysis

) . . o . L]
The Pearson's 'R' correlration coefficient was used to

calculate the correlations between measured variables. This
coefficient measures the strength of the linear relationship

. between ordered pair of varjables. In other words, the’
'best=-£it! line describing the destribuéion of the two variables
is ; straight line. The Qefihition cf the Pearson's_co;relation
coefficiént 'R' according to Davis (1973) is.’he rat;o gf the
covariance of two variables to the product of their standard

deviations. That 1is,

(- ‘ Reyy = _Covaridhce (Cov xy) : | rs.;)

Sx 5y s ' -~

. '7;3 where, ' . . : o
, .

ny = gcorrelation cééfficient of variables x , ¥y
Sx” s+ Sy = sténda:d.deviations of the variables x , ¥y
//' .;)
P . - . L] L. - .
L The Pearson's 'R' correlation coefficient lies between +1

-~
»

and -1. A value of +1 describes a perfect direct relationship
between two variables. A value.of -1 indicates a perfect inverse

S -

-
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(negative slépe) relationship, that is, one in which one variable
"decreases as the other increases. Other relationships that are
not pérfect range between these two extremes.

A line of 'best-fit' or regfeSsion was determined fpr
cogrelation of the accelerated tes;s (elevatéd temperature) and
the'standagd tests. The objectives of the regression were:

{1) to détermine whether any significant relationship existed

bhetween the accelerated tests (elevated si:ggrature) and the

standard tests; R

and
(ii) to use the relationship between the accelerated tests
and the critical expansion limits of the standard tests

to establish limiting values ci expansion for the
accelerated tests, ®

L]

5.1.2.2 Accuracy and significance of carrelation coefficients

The one-tailed Student's t-test was used to establish
whether the correlation-coefficient of each of the regression

lines was sighifidant. The calculated values of t, were used to

a
-

test whether or not the sample mean—correlation coefficient R
(the calculated R) differed significantly from the popylation

mean correlation coefficient of R=0. 1In this test, a very small
- ) .

value for the significance-lgvel (e ) indicates that the

L
regression parameters.c¢ontribute significantly to the model.

With-large samples and moderately small correlations, the
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correlations obgalned from Z sample of N pairs of values 1is
distributed normally about the true value R', with variance o2

" given as,

T2 (1 -r2p? ) O (5.3)
n -1 ' ) ‘
.where,
R' = true value .of the correlation coefficiént, R
n = number of degrees of freedom availabie for

/ estimating the correlation coefficient.

In such a case, it is therefore ygsual to attach to an observed

&

value. R, a standard error given as,
SN )
. (1 - r?) - (5.4)
’ ) n = 1

This procdeduge is only valid under the restrictions stated above.

However, for small sample size (N < 100), Fisher (1970) showed

.that the distribution ¢is not close enough to the normal °

dlstrlbutlon to justify the use of a standard error to test the’

51gn1f1cance of R. For this reason a more” accurate method was

..
N

proposed by Fisher based on the distribution of t, For a /

-

' corrélation coefficient R, the value of the test statlstlc to

is given as,

L " to ¥ _Ri/n ; . : \;5)
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The degrees of freedom n, is always taken as (N-2) where, N is
the sample size. This is because there is a Tbss of one degree

of freedom for each test statistic calculated from the sample in

-

order to obtain R.
The above idea was used to test the significance‘of"all the
calculated values of R. For samples up to 100 pairs of

observations Table G.l of Appengix G allows this test tc be

applied directly from.the value of R.

3

5.1.2.3 Comparison of means

A two-tailed Student's.t=test waS'pefformed to determine
,whether there was a significant difﬁérence between the two
treatgent techniques w;fh.the “SfP"'— treatment of the concrete
cores and treatment of the aggregates.' The value of t (that is
to} was used to test;for significance between the mean expansions

of the treated concrete and the mean éxpansions of the treated

.

aggrbgatesl This tesgfand:ihe F-test Were applied to both the 15
T s »
seconds treatment as ‘well as the 1l minute treatment for all--the

_reactive aggregates.

L L S
In the Student's t-test, the test statistic which'ls used to

esta®lish whether there is a significant difference between the

ﬁeans.according td Walpole ‘and Myres (1978) is given by

4

to = (R - F )" =A)/(spd(1/mg + 1/ny)) - (5.2)



A

. where, -
X = mean of variable x i
Y = mean of variable y
-A = difference between means .
sp = square root of the pool variance ) f
Ng, Ny = number 6f sample size.for variables x and y
— The teét statistic, to 1is uspd to test for the following
hypothesis; , ) ' '
. . : ‘
Hig: X =9 - no significant difference between the means
Ha: X # ¢ - sigéificant difference b;twéen the means
. D.F. {dejrees of freedom) = ng + ny = 2 o

' . _ L . . \

)

A confidence level of ¢ and the degrees of freeddm are used to
obtain.ﬁalueé-from standard tables. Baséd on the values from the
tables'and the calculatéd'value of_to, the hypothesis is accepted“
or rejected. iﬁ order to use ;he‘Studené's t-test it is N

necessary to establish whether the variances of the two variables

. are the same or differ.

The F-test is used for such -;est’ _The

‘test statistic for the F-test is given as

- . . -, N

&
. Y . R
F o= - 2 ' " {5.3)
2,
K .
. wﬁire,; -
» . 2 2 r \
5 > 5



A confidence level ¢ and degrees of freedom,*D1andfb, are used to

*

cbtain a value from the standaré F-tables. The value obtained

from the ‘tables is used to establish whether the variances are,

. the same or not. ' '

5.2 Results of standard tests

The results of the ASTHM C 227 Mortar Bar Test and CSA 14A
Concrete Prlsm Expansion Test were used to plot a graph of
percent llnear expansion against tlme in months. Figures 5.1
and 5.2 show plots of results of alkali-reactive silica rocks

(ASR) and those of alkali-reactive carbonate rocks {ACR),,

i

respectively. In each case, there is a clear distinction between
the behaVLOur of theyfeactive rocks and the two non-reactive
rocks NRl and NR2. The crltlcal limits of Expan510n- 0.05% 'in

. three months and 0.10% in six months for the alkali-reactive
silica aggregates have been shown. For the alkali-reactiye

+

carbonate aggregates, the limit is 0.025% in one year.

~

From the qraphé, Putnam chert (PUT) and the fine grained

L . .
dolomitic limestone from Kingston (KIN) are the most reactive

. rocks in the two groups. On the other hand the gravel aggre@qtes

from Sudbuiy CSUD)} and the dolomitic limestonle}om the 4th .Lift

. of the ﬁacLeod‘Quarry in Cornwall (C4) show less reactivity.

- . - - .

5.3 Comparison of standard and accelerated tests
_Figures 5.3, 5.4, 5. 5 and 5.6 show plots of the measured
11near expan51ons as a functlon of time (in days) for the

accelerated tests (elevated temperature, lN NaOH. and saturated
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NaCl solutions). The plots cover both alkali-rfeacdtive silica

and carbonate rocks. Results of the non-reactive rocks NR1 and'

.

NR2 used as controls have also been plotted alongside the

‘reactive ones. With the exception of Putnam chert (PUT) all the
: . . _ :

-
r

curves show simi}arity in shdpe with. the graphs of the standgrd

tests (ASTM and CSA). The slight increcase in the expansiong of .

the non-reactive rocks compared-to those of the standard tests is

attributed to thermal expansion as mentioned alre¢ady in Section
S-l.l- ! T B ’

w

-

¥

5.3.1 Standard tests versus accelerated test (elevated‘

v . ‘ '

temperature (NaOH))

-

N Figures C.1 to C.6 of Agbendix C show plots of the

expansions for the accelerated test in (1N NaOH) égainst the

. . te. .
expansions measured for the standard tests - ASTM C 227 and CsSA -

14A for the same reactive aggregates. Linear regression analys;s
yereAperfo;med‘qﬁ the expansion data for the accelerated and
-standard tests. The boundary condition was zero expaﬁsion (%) at
zero time for the two. tests.. Tab;e 5.1 gives ther values for the
fegression.equatiohs and parameters for the reactive aggfeéatos,
All the‘siiﬁi/éhow good linear correlation (correlation |
_céefficiént,-R:>O.§lO) between the accelerated test and the
étandard teéts for the individqallaggrééatesi "The slopes of the
regression‘equations indicates that the expansioés for the

L

acgelerated test (elevated temperatu}e, NaOl) 1is at-loést,three

" times that of the same &aggrégate in the standard ‘tests. The )
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i

expansions in the case of reactive carbonate aggregates being

nearly six times as much as the expansions of the same aggregates

‘ : . - -
in the standard tests. - N

Figure 5.7 shows correlation between accelerated test
{14 NaOH) aﬁd the standard test_for the a;kali-react;ve silica
rocks as a group. Figure 5.8 shows a similar relationship for
the elkali—reactive carbonate rocks. ‘Like the individual rbcks,
the linear-correlatieb for the'group is aleb good (correlation
ceefficient,'RI>0.§00) and highly significant. There is nearly
.a perfect lineaf eo;relation between the two tests. ‘This

. 'S
encouraging result suggests that the newly developed accelerated

. test can in fact be confidently substituted for.any of the
standard tests. However, this is possible only if the testing
procedures for the accelerated test are 'strictly followed.

5.3.2 Standard tests versus accelerated tést (elevated
: — T

temperature (NaCl)) T

Figures D.l to D.6 of ﬁﬁﬁeﬁdix D show plots of results of
accelerated test (&aCl) against the standard tests. Similarly,
Eﬁgures'S.Q and S}lQ show plofe of thﬁ same results for the group
of reactive silica rocks and reactive nate rocks '
respectively.‘Table 5.2 shows the regression ‘equations and
.parameters for the reactive aggregates. In all cases} for the
.group and the 1nd1v1dua1 rqcks, there is a good linear
‘correlatlonl(correletlon coefficient, R:>0 900) between the

v

"accelerated test (elevated temperature, NaCl) sand the-standard

»

. tests. : : v
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Table 5.3 shows the critical expansion limits for both the

standard tests and the accelerated tests {elevated temperature,

taOH and NaCl). The critical limits were obtained by '

substituting the limiting expansions of the standard tests
{ASR: 0.05% per 3 months; 0.10% per 6 months; and ACR: 0.025%

)
in one year) into the corresponding regression equations. This

".criterion was develoged for the alkali-reactive silica rocks as

a group and the alkali-reactive carbonate rocks as a group

separately. The reference value used to obtain the critical

limitiki; the agéelerated test is the 24-day expansion. Table
5.4 is a comparison of the standard tests and the accelerated

tests. i

The length of testing'ig shorter in the accelerdted tests.
In addition, the accelerated tests are suitable for both
alkali-reactive éilica/éilicate rocks and alkali-reactive
carbonateé rocks. Thus one test alone if performed according to
the accelerated methods outlingq in this study can screen all
types of alkali-aggregate reaegiqﬁ; i@be small size of the

concrete cores enable the hydroxide solution to penetrate the

.
¥ 4

paste and the reactive aggregate}eps}

f§ and; is one of the

& .
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;;“5;4 Results of accelerated tests (ambient teﬁggrature)

5.4.1 Ambient. temperature versus elevated temperature (NaOH)

ey TR E

: 5 I
Figures}ﬁ.l ;é“ﬁ.ﬁ of Appendix E show regression curves for

. R - . 3 "‘?:.\ .
J;elat;nshxpsg?etween accelerated. tests - elevated temperature
(13 HaCH) versus ambient temperature (1N NaOH)., Figures 5.11

ar? 5.12 show the_ragqgss;gp curves for the rock groups. In

2 e

g = ) . .
Table 5.5 the reggssion equations and the relevant correlation
i e ' '
‘parameters for the curves are presented. The results show

excellent linear correlation (correiation coefficient, R>0.930)

4

between the elevated temperature test and the ambient temperature

test. A test of significance of the correlations shows that the

-

correlation cofficients are all signifiéangzat the 95% level of
siénificance. This means fgﬁt the performance of theygeaggﬁgg%

T s Ry
aggregates in the elevated temperature test is almost the Same as
that of the ambient temperature test conditions.

1

5.4.2 Accelerated test (ambient temperature (NaCl})

-,
i

Fiéure 5.13 shows a graph of percent linear expansion as a
function of time (in months) for the ambient temperature test
(NaCl). This graph covers all the reactive aggregates. Plots of
the results of the two non-reactive aggregates NR1 ;:E NR2 are

also shown alongside with' the reactive éggregates. .

Table 5.6 shows the chemical composition of all the rocks

(percént silica (SiOy}, lime (CaO), magnesia (MgO), and alumina

f(Alzoa). The significant feature about Figure 5.13 is that it .
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Fig'ure 5.12: Regression curve showing. correlation betwée}r
accelerated test (NaOH): elevated temperature versus '
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Figure 5.13: Expansion curves for rock aggregates:
accelerated test: ambient temperature (NaCl).
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tends to discriminate between concrete containing alkali-redctive
iy o

silica/silicate rocks and concrete containing alkali-reactive

carbonate rocks.

4
The carbonate rocks KIN, C3, C4, and the non-reactive

carbonate rock NR1 have low silica conténts. They tend to cause .
the concrete to expand while concrete containing the high silica

rocis PUT, SUD, STT, and NR2 all show contraction under the same

te conditions. The results of the graph show clear " iy

inction between the-performance of concrete containing the
. twWO roék groupg in a saline or brackish envirénmené? f;p other .
" B { i
words, the !ésults suggest that alkali-reactive silkca‘?ock
aggregates when used in maritime concrete strqctures‘}éeawalls,
bulkheads, groins, jetﬁges, etc.} could cause contractions of the

structures. If such contractions happen to be intolerable, the
v |

structure could fail,. Reactive carbonate ,rocks, however, when

-
.

used in a similar manner, could.cause undesirable expansions of
the concrete structure. In a saline environment where there is
" reason to suspect that a concrete structure will' undergo

" undesirable elastic shrinkage{ a reagtive carbonate rock could be

L

. e *

used as coarse aggregate in the concrete structure to counter the
/ ' :

effect of the shrinkage.

\

- Y o
Although the number of the rock samples used in the study is

e .
o ' - . . . . . ) " N . _" - ) "
.too small to suggest immediate conclusion the results are ‘very

suggestive and further work is re ired. N

1= - o | l

+

v



5.5  Accelerated tests felevated temperature): NaOH versus NaCl

Figures . F.l to F.2 of Appendix F show plots of accelerated

test (elevated temperature (1IN NaOé%) against accelerated test

(elevated temperature (saturated NaCl)). Figure 5.14 and 5.15
- - . 1 '

" . show plots of the same results for the rock groups. Table 5.7

L2
PO

w4, 15 a summary of the regression constants, equations and test of’

significance for all the line of 'best-fit'. The correlation

factors are high (R:»O.QOO) and, the significahce test shows that

-

there is a good lineaw® correlation between these two tests. The
level of 51gn1f1cance is as high as 99% . Thus, since these two
© +  tests individually correlate very well with the standard tests

(ASTM C 227, CSA 14A) (Section 57372), this suggests that- either

1N NaCH or saturated NaCl' can be used .in the accelerated test to
screen potentlally reactlve concrete aggregates. The slopes_of
the l;near_regre551on equatlons show that expansions of reactive
aggregatee.in 1N NaOH.solution are;much greater than in saturated
ﬁaCl solution: this suggests that the hydroxide (OH-) ion is more
effectlve in contributing to atkali-agyregate reaction than the

chloride (C1-) ion. An explanatibn for this is th#t, since the

two solutions were each concentr:ted and contained the same-

cation (Nat), theronly majoy contributors to the reaction were

tgt_;ﬁ ‘the hydroxyl ion {(OH-) and the Xﬁloride ion (X1=). ‘Thus it is
' Eg“ fundamentally thé hydroxyl iqggﬁoﬁji_whicﬁlpromotes

L”alkali-agg;egate rédaction and not the metallic alkali ion. This
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Figure '5.14: Regression curve showing correlation between
v accelerated tests: (NaOH} versus (NaCl): ASR group.
iy _ S .

ACR .
Y =1431X + 0363

&

R =0918

-
: 4

B

r

Bxparsion (X)-Acd.  {NoOH:  Elev. Temp }

Q

- o 01 02 - 03 04 os
- . é _ N i Exparion (X)- Accl.  [NoCl ; Elev. Temp)

’ . . R ' ——

. Figure 5715: Regression curve showing correlation between
. accelerated tests: (NaOH) versus (NaCl): ACR group.

{



92

e opiQ; . — O¥SO; ; . .
eze 'z = 20 Gp9t = )
. . NP.S NFumo . wof3 eIy ajpuoqaed-1 (ALY N
188°¢ = 1 8L’ = 1  uopioeay S11IS-FITATY usy
: . [okwd) woysvwdxy Iwaayl
$000° res'y eTL” (4] RilS 1Ce°1 €91°0 ¢ XTCP°Y = A {vdeg) uoysuwdry Iwauyl L~
A - Po . (sdwg) wojeuwdnyg IWauyl
£000°, €9 11 11N , L tos0et- GEF'S  900°0 - X6ER°S = A {vdeg) voisusdxy Iwauyl usy
. .. . (sAeq} uvoysuwdxy 183U§T
so0q” Il Couse " vei - 96y az1td - xs96'y = & (edkeq) uojsuedxy 13Uy L
' . (nkeq) woysuwdrd Iesuyn
1000° et {1% 't T~ €591 ZLTTo - XESPTT - i (wkva) uoysuwdzm Jwauyn €0
- -
. ' ‘ {sdwg) votsuwdxy Iwauy1l
c000" PLL ST (419 LA - (Le*t Lo XELS'E = & (sdwa) voysuwday 1RaUYT Hia
. ) (sdeg] vorsuedxy awau]
Lo0o* el L 696" 't oonet- €ez'6 112°0 - XELT°6 = K (sdwg) woysuwdxg Iwauyl LS
-
=t _.; . (shwg) uoysuedzg zwau
fooo- ...w ul sfe°e es” LA y00° SLZ’y Fo0°0 X9 CZ°y = & (ehwq) voysundyy aeaug ans
. ) .n _.\I h
A ({sdkeq} voysumdxz Jeaul1
11T . YLL BT SE&” ¥l $S0°- £0L°9
{12A F I I QR IVA .
sauwofjrubig) anyea-3 a3 J0 sijea  dacaajul adais uoyenby - i'x aydeesg
Ay11119=903d w, Juapnig uogje[aiio] O Iequny o uoysssibay sajquyawp
:US&; (HOwM} sainieiadmal pIivAR|d - 9IS3L uu..n.-n-.ouu: saywbaabby .
. 253093y 10) S1a}2Wwiwg puw sucjienbg ucissaabay v
, 2'S 11avl
. . v )
- ‘l\ -



confirms earlier work by Diamond (1%75) which showed that the — —
basic alkali-aggregate reaction aespite 1ts name 1s not between

the alkali 1ons but between the hydroxide ions {QH™).

.

The result also shows that NaCl when applieﬁ as de-icing

"salt promotes alkali-silica and alkali-carbonate reactions in
concrete containing alkali-reactive aggregates,

-

5.6 Results of treatment tests

3.6.1 Treated concrete cores

Figures 5.16 to 5.21 show graphs of expansion verSus time in

days-for‘treatea concrete cores in "STP" solution as described in

@«

Section 4.2.5.2. On each of the graphs, curves of untreated

-

concrete core containing the aggregate, curves of treated

concrete core containing the aggregate (15 seconds and 1 minute}),

—

and a curve of a corresponding concrete core containing a
non-reactive aggregate have been plotted.
In all the graphs the treated contrete cores show similar

expansion behaviour ,as the non-reactive rock aggregates, This

means that- after treatment, the reactive aggregates were rendered
inert and behaved as the non-reactive aggregates.

-

The performance of the 15 seconds treatment is almost the

same as that of the 1 minute treatment. 1In fact, the results of

’

the Student's t-test presented in Table 5.8 shows that, there is

no significant difference between the 15 seconds treatment and 1
minute treatment.broges%és. Both lengths of treatment are
equally effective in preventing alkali-aggregate reactions in

concrete, Tables 5.,%a and 5.9t show the reduction in expanéion
a

a
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after treatment of the concrete cores containing the reactive

aggregates for both 15 seconds and l mlnute. A statistical

analysms of the results of the untreated samples and the results

of the treated samples shows that there is a 51gn1f1cant
reduction 1in expansion (>50-90%) .after treatment for all the
reactive aggregates. The results from the graph, howevef, show
ﬁhat the treatment shows much more promise with the carbonate
rocks than the silica/silicate rocks.

EE LN

Flgures 5.22 to 5.27 show‘graph§“pf 1. hour treatment
résults. The curves in each case are plots of results of aéﬂieﬁ;
temperéture testing for sf® months. In each of these graphs
thére is guite a significant reduction in expansion (in the range
of 50-90% - except C4) of the concrete cores after the 1 hour
treatment (Tab1e 5.10}.

In the case of the reactive silica aggregates PUT, SUD,
and STT, the behaviour is similar to that of the non-rea;tive

L]

. the eated concrete could become inert and perform well in

aggﬁ:;gte. This result suggests that under ~ambient conditions,

service over a,long.perlod of time just as the non-reactive

" aggregates. -~

N
L

5 6.2 Treated aggregates S o -~
.. In order to determlne the performance of the treatred

aggregates in concrete, the results of the 28-day testing were

roy

ﬁiottea against time in days. The plot for each aggregate was

‘done together with results of untreated aggregate and a

1

non-reactive rock. Figures 5.28 through to 5.33 show the
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individual graphs. In all the graphs (particularly the reactive

silica aggregates), the treatments show considerable reduction in
expanéion (60-95%) compared to the untreated aggregates
" (Tables 5.1la and 5.11b).

In the case of PUT. there is even some amount qf contraction
for both the 15 seconds treatment and 1 minute treatment. The

_reactive aggregates, after treatment behave like non-reactive
1
aggregates. They become inert after treatment. The trea‘menp"
" 13 ‘ . .
process, shows more promise with the alkali-reactive silica

rocks (ASR) than with the alkali-reactive carbonate rocks (ACR).

. £ *
A statistital comparison of the results of the treated and the

+

untreated samples shows that there is a significant reduction in
expansion afterxﬁfeatment'of the aggregates. The trgatment-
process 1is hencé suitable for &ld the reactive aggregates. A
comparison of thé 15 seéénds treatment and the 1 minute treatment
shows that there 1is no significant'diﬁference between the two
treatment times at Lhe 95% confidence level (Table 5.12) ‘ -
The .mechanism by whigh the "STP" solution protects
concrete contaiﬁing_reactive aggregates from chemical
deterigration could be viewed as a physico—ché&{cal phenomenon.'
Eacﬁ tlhe that ‘the aggregate or concrete is immersed in the fSTP" .
‘solution a precipiﬁate }orms whi;h hardens upon drying: This
pre;ipitate blocks the accessible outer pores of the aggregate.or

-

concrete. Furtherftreatment of the concrete or aggregate
increases the amouft and layer of precipitate within the pores.
Eventually a tough resistant surface layer forms within the outer

pofes, This  layer prevents any alkaline or salt solution and

——
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water from penetrating the conc.et. Or aggregate. The relat. ve. -
nigh acidity of the "STP" also neutralizes any hydroxide present
in the concrete. The concentration of the hydroxide necessary to

promote the alkali—aggtegate reaction 1s reduced. The reaction

is therefore prevented and the reactive aggregate becomes inert.

5.6.3 Comparison of treated concrete cores and treated aggregates

Tables 5.13 and 5.14 show a statistical comparison of the
treated concrete cores and theltréated aggregates. The results
indicate*‘that there is no significant difference between the
perfbrmance of the treated concrete and the performance of the
treated aggregate in concrete. With the exception of STT, C3,
and C4 for the 1 minute ttreatment, the results of the two
treatment proéedure; are the samg for all the reactive
aggregates. This means that ;f one treats a reactive aggregate
with "STP" before use in concrete there will be very little
variation (if any) betwéen the performance of such concrett and
treated concrete containing reactive aggregate for the same

period of time.

5.6.4 Effects of "IP" on alkali-aggregate reaction

‘

Figures 5.34 to 5.3%9 show graphs of linear expansion versu;
time in weeks.for'uhtreated concrete, csncrete cOntaining-"IP",
and a non-reactive silica éggreqate: The treatment proceéure is
described in Section 4.2.4.1. From the graphs and statistical
analyses, treatment of the reactive silica aggregates with “Ip"

shows significant reduction in expansion {>50%) (Table 5.15). 1In
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Figure 5.34 Expansion data for reactive aggregates treated
with "IP": PUT. '

. . t -

Figure 5.35: Expansion data for reéctive aggregates treated
with "IP": SUD. ' '
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‘fact, 1n the c¢ase of PUT and SUD, there 1s even some amount of
contraction. On the other hand, the rgactive ca
>

nate rocks
show poor results; the amount of expansion of the

eated
. - - .
concrete containing KIN, C3,

and C4 are almost the same as the
corresponding untreated concrete.

Treatment of the concrete with

"IP" does not seem to work with the alkali-reactive carbonate
rocks.

The treatment shows more pagpise with the alkali-reactive

.’

s1lica rocks than with alkali-reactive carbonate rocks.



CHAPTER 6

6.0 SUMMARY AND RECOMMENDATIONS

6.1 Summary

The regression analyses indicate‘that good correlations

, exist between the standard tests and the two accelerated testé -

that is, accelerated tests (elevated temperature, 1N NaOH) and _ _ _  _
accelerated test (elevated temperature, satgrated NaCl}. Reéults
also show a good linear relationship between the acgelefated test
{elevated temperature, iN NaOH) and the accelerated test
(elevated temperature, saturated Nqu); and between"the
accelerated tegt {elevated temperature, 1IN NaOH) and the T

accelerated test (ambient'temperature; 1IN NaOH). 1In all cases,

the Pearson's R (correlation coe{ficient) obtained for the

correlations were high and statistically signifdcant.
- L]

Re?ults of the study also indicated that alkali-aggregate

18

reaction is manifested much better in alkaline-'environments than

- s . ' . » .
in alkali salt environments. . Expansions were greater in 1IN NaOH

solution than in the saturated NaCl solution. This was confirmed

by the slopes of the regreséion curves for the standard tests and

- .
" g

the two accelerated tests as Qell as the slopes of the regression
curves for the accelerated (LN NaOH) and the accelerated

(saturated NaCl) test. : : - oo

 J
It was noted that‘the-expapsionS'for the accelerated test

’

{elevated temperature, 1N NaOH) - ‘for the 28-day testing period

1l

were greater ‘than the expansions associated with the I—year—long

-

standard tests {see slpbes of regriession curves Figures 5.7 and,

-

120
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5.8). This result was noted for all the:reactive aggregates.
The des:®n of the mix for the accelerated tests was the same ;s
the standard tests. Thelconséituents of the concrete (with the
exception of the reactive aggregates) were also the same. The
only parameter apart from the accelerated condltions which could
have caused the wvariation in expansion was the size of the test
prisms and the cores. The smaller size of the cores in the
accelerated test_énabled the hydroxide ions (OH™) to penetrate
~through .the cemeﬁ; paste.to the reactive aggregates easier than
“through the larger sizes of the prisms. The difference was ]
greater 1in éhe (CSA 148)‘copcrete prism expansion test in.which
the prisﬁs were much bigger than thé prisms of the (ASTM C 227)
morté} bar test (ngures 5.2 and 5.8)., The smaller core size in
the accelerated tests promoted a faster raté of reaction in the
aikali-aggrega@e reactiori. The smgll core size provides a be{tér
means for screening pqteﬁiially reactive agéregates.

It was observed in the study that concrete containing
alkali-carbonééé reactive'r0cks expanded while c@ncrete -
containing alkglifsilica reactive rocks contracted in saline
environmeft aﬁﬁahbient tempe}atufe conditions. Conéréte
containingﬂalgali-siLica reactive rocks, hpwever, expanded. in
saliﬁe solution at_elgbated temperatures.

Results showed that the "STP" treatment could be_used'to..:-
.considerabLy impfove the pérforménce of réaétiye‘aggrégates in
concrete, LnLother wqrds the "STP" enabled the reactive

aggregates to-'become inert and performed. in the same way in

' concrete 'as non-réactive aggregates. The shortér periods of

-
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treatment (15 seconds and 1 minute) were found to be better than
the 1 hour treatment. A-statistical comparison of the two

methods of treatment - treated concrete ancd treated aggregates -

indicated that there is no significant difference between the two

treatment methods at the 95% confidence level. Therefore one

would expect to find very little variation between_the——

[}

performance of reactive aggregates treated with "STP" before use
in concrete and treated concrete containing reactive aggregates. .
The "IP" was found to be suitable.for treating alkali-silica

reactive aggregates only. :

e
"
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6.2 Conclusion

In a study of alkali-aggregate reactions in concrete, the

following conclusions which are believed to be of importance to

the use of reactive aggregates in ‘routine concrete works can be

drawn:

The newly developed accelerated tests in this. study could

be used to screen all reactive aggregates 1in preference to
' -~

~the standard tests ASTM C 227 and CSA 14A which are

currently in use. This stems from the good and significant

linear reiaplonship between the accelerated tests (elevated

'temperature)‘and the standard tests. Two inferences could

be made from the high étrength of linear relationship
between the accelerated test (elevated temperature) and the
standard tests. First of all the results obtained suggest
that the accelerated tests (elevated temperature) could be.

substituted for the standard tests used in this study.

. Thus, instead of spending ope year carrying out the standard

test, the accelerated test could be used to screen the same
aggregates within a matter af two months. The accelerated
tests, in other words, are time=-saving and cost effective.

Secondly, the accelerated tests have additional-advantage of

. screening almost all ﬁoténtially reactive aggregates -

silica/silicate and carbonates. This is possible even ire
the case of late-expanders (reactive rocks which show slqw

initial expansipn) such as the“gravels of Sudbury (SUD),




124

which the standard test ASTM C 227 is not suitable for in
most cases. The acgcelerated tests are therefore not
aggregate-specific; they are better discriminants and less

laborious than the standard tests.

Between the two accelerated tests used, the accelerated

test (1N NaOH) gave better screening results than the

accelerated test (NaCl), although the two tests correlated
: P, )

4

very well.

The fundamental reaction in alkali-aggregate reaction in

+
1

concrete is between the hydroxide ion from the pore sclution
and the reactive aggregate and not the alkali ion as already
shown by Diamond (1975).

4

In a saline environment at ambient temperatures; concrete
\

containing alkali-carbonate reactive rocks will expand while
concrete containing alkali-Silica reactive rocks will
contract. At elévated temperatures, however, concrete
containing alkali-silica reactive rocks will expand.
Reactive aggregates could perform as non-reactive
aggregates when properly treated with "STP" and "IP".

.2 .
The performance of reactive aggregates, when treated with

"STP" before use in concrete is the same as treated concrete

containing reactive aggregates. In the latter case the
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performance is more effective if the "STP" is applied

immediately after the concrete is emplaced.

6.3 Recommendations.-

In the construction industry, if an aggregate is to be used

for concrete works and the aggregate is suspected to be reactive,
any one of the newly developed accelerated tests could be used to
evaluate it. The accelerated.test using 1N NaOH is much
recommended.

Reactive aggregates to be used in construction of any
concrete structure should first be pretreated with "STP" solution
-in a manner outlined in this stué; before use. After placement
of the concrete further treatment is highly'recommended.

If initial petrographic énalysis identifies the suspect
aggregate to be silica-reactive, then the "IP" could also be used
to arrest the reaction. |

Although the results presentéd in this study are
enéouraging, the data cover only six reactive aggregate samples.
A large number of samples is needed for further investigation.
Such investigation should be focussed on the following aspects:
(i) The effects of the acrcelerated tests on a largg number of

reactive aggregate samples from varying localities.
(ii) The effects of saturated salt soldtionnon a larcge number of
both reactive and non-reactive roék samples. | '
(iii) The effec;; of different "STP" concentrations on reactive-

aggregates in concrete.

(iv) The effects of various treatment periods (that is different

v -




(v)

{vi)
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length of immersion of concrete/aggregates) in "STP".

The long term effect of the "STP" and the "IP" on
alkali-aggreagte reaction in concrete.

Other mechanisms {chemical, physiochemical, etc.) involved
in the prevention of alkali-aggregate reactions in concrete
with the "STP". ’ i

In addition a study of the relationship between the pore

characteristics of the aggregate and the "STP" treatment would be

worthwhile to augment the information presented in this study.

Results of such investigation would assist in solving other

durability problems in concrete.
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SAMPLE LOCATIONS AND DESCRIPTIONS

1

SEEEle
PUT

5SUD

STT

KIN

Location and Descrlptlon

Located at New Bigging Pit near
Putnam, 15km off 401 North on
Putnam Road. '

Cobbles of chert of Middle to
Devonian in age. Colour of chert
is dark blue, light grey, and
white. The texture is
cryptocrystalllne and nodular.

Pioneer Construction Pit near
the Airport of Sudbury, Ontario.

Pit contains 75% rocks from the
Huronian Supergroup. "Aggregate
composed of sandstone and
arkosic sandstone, argillite and
greywacke, quartzite and quartz,
granite and diabase.

Spratts Quarry, owned by Spratts
Sand and Gravel Company Limited,
Stittsville, Ontario. Reactive
aggregate from the 2nd Lift of

‘the gquarry.

Limestone of the Bobycaygeon
Formation in the Simcoe Group.
The limestone is hard, medium
dark grey in colour, medium
bedded, and calcarenite. Outcrop

- consists.of few intercalations.

of slightly shaley limestone and
cherty limestone.

Pittsburly Quarry of McGinnis and

O'Conner Limited, located near

- Pittsburg Township on Highway 15

south of Highway 401.

Limestones and dolomites of the
Gull River Formation ({Black
River Formation, Unit A) Middle
Ordovician in age; brownish
grey, fine-grained, dolomitic
limestones or calcitic deolomite,
aphanitic calcite crystals,
wackestone, biomicrite.

Ay
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5 : c3
~r
6 ‘c4
7 _ NR1

8 : NR2

The MacLeod Quarry of Cornwall
Gravel Company in the Township

of Cornwall, about 2.5km east of
Eamer. '

Ottawa Limestone of the Middle
Black River Formation, Unit CC2
and CC3; Middle Ordovician in
Age. Limestone, medium grey,
medium crystalline to aphanitic;
massive bedded; alternating
calcarenite and calcilutite;
calcite crystals and shaley
partings, .

The MacLecd Quarry of Cornwall
Gravel Company in the Township
of Cornwall, about 2.5km east of
Eamer.

Ottawa Limestone of the Lower
Black River Formation, Unit CC1l:
Middle Ordovician. Limestone and
dolomite; medium to dark grey;
medium crystalline to aphanitic.

Inland Lime and Stone Quarry .
owned by the Inland Steel .
“Corporation. Quarry located _
9.6km east on US4l from junction
of M95 near Humbolt dnd 1.12km
west on Marquette County Road,
in the State of Michigan.

**Limestone, whitish-grey, medium

crystalline to aphanatic; hard

‘with few crystals of calcite;

biomicrite.

Sand and Gravel Pit of Geo. E.
White and Sons Company located
2km northeast of Leamington.

Medium- to fine-grained
Quatrenary sand; glacial deposit
interstratified with sand
granules and pebbles.

Information Supplied by the Materials Division 6f the
Ministry of Transport and Communications, Toronto.

”

Formation unknown.
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COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Source New Bigging Pit, Putnam, Ontario. Lab No. . 1
Type Crushed Rock (PUT) Size Fraction = Date June, 1987.
LITHOLOGIC DESCRIPTION MTC Weight Percent
Type g of total
: »
Chert - cherty carbonates, dark blue,
light grey, nodular; Fair 252,50 25.51
Carbonétes - cherty limestone, light grey,
whitish in colours; Fair | 612.30 | 61.84
Carbonates - crystalline, white, medium-to )
’ fine-grained, hard; Good 125.20 12.65
r 1
&) of
‘ 3
- TOTAL 990.00 | 100.00
percent Good.12:82.% 1 ... 12.65
Percent Fair??!??.?.?.{.... 262.05 100.00

Percent crushed

|

Percent Poor“...‘llill...‘l.

Percent Flats

Percent Deletetiougessecses and Elongate...

- : PETROGRAPHIC NUMBER

BASIC--ou---‘--a-o-uoh--tooo '274'70

CONCRETE & HOT MIX.........

GRANULAR "A" & 5/8" Cr....._=—
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COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Source Pioneer Construction Pit, Sudbury, On lab No.

Type Gravel (SUD) Size Fraction

1 .

Date June, 1987

LITHOLOGIC DESCRIPTION MTC Weight | Percent

Type g of total
Sandstone - medium hard, medium-grained, Good 99.00 9.90
Gneiss, schist - hard; Good 75.30 7.40
Quartzite - hard, medium-grained; Good | 141.00 14.10
Greywacke, arkose - medium-grained, hard; | Good | 328.00 32.80
Volcanic - hard and slightly weatliered; Good | 120.00 12.00
Granite, diabase - hard; Good 140.00 14.00
Argillite - light grey, fine-grained; Pair{ 99.00 9.90

.\ -
TOTAL 1002.00 100.00
Percent Good..?Pf}P.?.}.... 90.10
- 9.90 x 3 29.7 100.00

Percent Fair.... . it essse

Percent POOX.....cceopversve

1

Percent Deleteriog'so esesvesn

Percent crushed

Percent Flats
and Elongate...

PETROGRAPHIC NUMBER

‘l BASIC....l...ll'....-....-'

CONCRETE & HOT-MIX....eovwa_ =

GRANULAR "A" & 5/8" Cr....._

ro.

120.60
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COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Source Spratts Quarry, Stitisville, Oontario Lab No. 1
Type Crushed Rock (STT) Size Fraction =~ ~ . Date June, '1987.
LITHOLOGIC DESCRIPTION . MTC Weight Percent
] TYpe g of total
Carbonates - hard, medium dark érey. good,
medium-grained limestone; Good 425.43 42.29
)/
Carbonates - hard, sandy, medium dark greyj
limestone; Good 501.50 } . 50.25
. Carbonates - slightly shaley limestone; Fair 65.54 6.52
Carbonates - cherty limestone:' Pair 5.32 ° .0.592
Carbonates - shaley limestone; Poor | . 7.40 ' 0.74

?

TOTAL .. 1005.00 | 100.00

Percent Good.S2.54.x. 1. .... 92.54

~

N

Percent Fair..J.95.x3..... 21.15 percent crushed _ 100.00

Peroent Poor..90.74.X 6 4.40 .

N
aes st maeesssaw . .

- Percent Flats

ffsizfnjiijij:frlouso------0 and Elongate... =

PETROGRAPHIC NUMBER

BASIC..........'.....-:...l. 118.09
.CONCRETE. & HOT MIX....cv... -

GRANULAR "A" & 5/8" Cr..... -
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COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Source Pittsburg Quarry, Kingston, Gntario

Lab No.r 1 1
Type Crushed Rock (KIN) Size Fraction - Date_ _Juype, 1987
/!
LITHOLOGIC DESCRIPTION MTC Weight Percent
Type g of .total
Carbonates - brownish grey, hard, fine- .
grained, dolomitic limestone; | Good 691.00 69.30
. 4
Zarbonates - wackestone, s&n&y, hard; Good 155.09 18.60
Carbonates - medium grey, fine-grained, : '
‘ slightly-shaley limestone; Fair 121.10 12.10-
L
Iy ' , TOTAL 997.00 1100.00
87.90 7. - .
Percent GOOd..--.g...x..lt...-fs 90
12,10 x 3 36.30 100.00

Percent Faxr...............

Percent POO!-..-:’.-’.J..-...

Percent Deléterious------f-

8

-
f

PETROGRAPHIC NUMBER

Percent crushed

Percent Flats '’
and Elongate...

E

1]

124.20.

BASIC.--.---.lllcn..o.---.’

CONCRETE & HOT MIX.........__ =

GRANULAR "A" & 5/8" Cr.....__ =

————————e——
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COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Sourcé MacLeod Ouarry, Cornwall, Ontario Lab No. S q 9 -
Typp=Crushed Rock (3rd Ljf;]Size-Fractioﬁ - Date yune. 14987
' LITHOLOGIC DESCRIPTION Mrc | Weight' | Percent

Type g of total

sy st

Carbénates - good, hard, medium grey,
: - medium crystalline limestone; | Good 800.00 84.20,

L3

-

Carbonates - sandy, hard, dark grey . N .
' limestone; . 9 Good 53.00 5.60

Céfbbnates -'sandy,-medium hard, dolomitic
- limestone; =~ . _ Good 3l1.00 3.30

Carbonates

slightly shaley, grey. - . . _ _
limestone; Fair 66.00 6.90

g TOTAL. 950.00 | 100.00

4

————————

- percent Good..23:10.%1.... 93.10
3

Percent Fair....ﬁgp;f. 20.70 Percent crushed 100.00

=

‘\

Percent POOY.....coecasssss

Percent Flats
and Elongate... -

Percent Deleteriouseseesses

PETROGRAPHIC NUMBER

BASI‘C..Ill.l‘.'ll..l.....l. 113.80

CONCRETE & HOT MIX...... ...

GRANULAR ."A" & 5/8" Cr..... : o -

S
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"COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Source MacLeod Quarry, Cornwall, Ontario.

Lab No.

1

Type Crushed Rock (4TH Lift) Size Fraction - pate June, 1987
LITHOLOGIC DESCRIPTION . |Mrc | weight |Percent
' S Type g of. total
Carbonates - good, Hard, grey, medium s
crystalline, limestone; Good 800.00 85.11
Carbonates - hard, sandy, grey limestone; |Good | 71.00 7.55
Carbonates - slightly shaley, dark ‘grey _
limestone; . Fair 69.00" 7.34
; Y
. : )
f - .
; .= <
|
l |
| . . ‘ - K
f o TOTAL | 940.00 | 100.00
-: j . .Percent mod. '9.2I '6.6. .x‘ -1. > e s & 92 .66 - d.'
| Percent Fair... 34 x 3..... ~22.02 Percent crushed 100.00
Percent Poor....-.....,...... - :
' - Percent \Flats -

' percent Deleterious..o:-o.o

PETROGRAPHIC NUMBER

and Elongate...

N

3

114.68

' -’ ’ B‘ASIC.VIODIOOIIUI...--.?ODI'I )
~ , -

GRANULAR "A"

CONCRETE ‘& HOT MIX....c.cs--
‘& 5/8" c‘r.....-

—————————
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COARSE AGGREGATE PETROGRAPHIC ANALYSIS

Source Inland Pit and Gravel, Humbolt, MichrLab No. 1
:TypeCrushed Rock (NR 1) Size Fraction - Date June, 1987
LITHOLOGIC DESCRIPTION MTC |¢Weight |Percent
- : Type ‘g .|of total|
Carbonat hard, lifht gre , medium ) o
arbonates - i rey, medium-—
gratned rmestone., G°°d_ 993.50. 9.13

Carbonates - sllghtl ueathered, medium- - )

- ¢ .. graine 'limestone; Good 158.60 [14.55
Carbonatgé‘- sandy, hard, 11mestone, { Good 186.70 {17.13:
Carbonates -~ sandy, medium hard, medlum- . '

B . .grained, llght.grex, . .
' llmestone. : Good 554.00 | 50.83
Carbonates -~ soft, slightly shaley . '
. limestone; ' Fair . 91.20 8.37
> - -
B %j:' - " v
. F t
‘ " TOTAL 1090.00 | 100.00
Percent Good.??LFf.fH&..... 1.64 »
Percent Fa:.r.. .8. .3.7. X 3 cenes 25.11 Percent crushed -100.00

PeXcent Poor....,..,....;..

Percent Deleteridugeesecsss

-

Percent Flats

and Elongate...

PETROGRAPHIC NUMBER )

'BASIC.ooooo----.....o-----.

- 116.75

CONCRETE & HOT MIX...e0oveee =

GRANULAR "A;'h"S/S?.Cr..... -
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- APPENDIX C ' . .

Y

' RESULTS OF CORRELATION AND REGRBSSIOR ANALYSIS
'BETWEEN STANDARD AND ACCELERATED TESTS °
. (BELEVATED TEHPERATURE, NaOH)

(INDIVIDUAL ROCK AGGREGATES) z
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Figure C.2
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APPENDIX D

RESULTS OF CORRELATION AND REGRESSION ANALYSIS
BETWEEN STANDARD AND ACCELERATED TESTS
(ELEVATRD TEMPERATURE, NaCl)

(INDIVIDUAL ROCKS AGGREGATES)
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Figure D.1
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0.05 o
Expansion (%] — ASTM C227

suD

015 .



Y

Expansion 96 - Accl INaCl; Elev. Temp. |

156

sn/
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APPENDIX E

RESULTS OF CORRELATION AND REGRESSION ANALYSIS’
BETWEEN ACCELERATED TESTS:
(ELEVATED TEMPERATURE VS AMBIENT TEMPERATURE: NaCH)

(INDIVIDUAL ROCK AGGREGATES)
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. APPENDIX F =,

' RESULTS OF CORRELATION AND REGRESSION -ANALYSIS

BETWEEN ACCELERATED TESTS: . .

ELEVATED TEMPERATURE: ' (NaOH) VS (NaCl)

(INDIVIDUAL ROCK AGGREGATES) A

c
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Fa
APPENDIX G
EXPANSION' DATA FOR ALL TESTS IN THE STUDY
\ .o
- 1
. ;
- - - Tt L]
o
!
- . 4
/
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TABLE G.l1

Results of standard test - ASTM C 227
- Mortar Bar Test

Linear expansio
Lad

(%)

Time Mlortar bars containing rocx samples
{Months) PUT SUD STT HR1 NR2
0 0 0 0. o 0
1 .0416 L0137 .0225 ©.0010 .0007
2 .0730 .0240 .0432 .0026 .0016
3 .1022 .0325 .0621 .0034 ,.0020
4 .1300 .0533 ..0755 .0043 .0025
5 .1477 .0670 .0932 .0058 .0031
.6 .1638 .0804 .1236 .0079 . -0049
7 .1756 .0855 .1320 .0094 0065
g .2037 .1082 -1531 .. .0098 .0070 -
9 .2134 .1183 .1623- .0103 .C075
10 .2235 .1332 .1689 .0112 .0082
11 .2390 .1447 .1857 .0119 .0087
12 .2447 21508 .2033 .0122 .0092

7y
: ..
TABLE G.2
Results of standard test - CSA A23.2 1l4A :
Linear expansions (%) - Concrete Prism Expansion Test..
Time . Toncrete prisms containing £ock samples .
(Menths) KIN C3 C4 NR1 NR2
0 0. 0 0 0 0
-1 . .0!2 ' L0127 .0122 - .001G .0007
2, 7..0#73 .0226 .0I76 .0026 .0016
3 .0582 .0251 | .0232 .0034 + 0020
4 .0764 .0345 . 0271 .0043 ™" ,0025
5 .1014. .0459 .0346 .0058 7 .0031
6 .1152 L0577 - .0485 0079 » .0049
7 .1286 .0781 .0501 .0094 - .0065
8. .1345 .0843 .0667 .0098 .0070
9 .1463 ' .0868 .0806 .0103 - .0075
10 .1571 .0987 .0855 .0112 .0082
11 .1782 ° | .1068 L0971 . .0119 .0087
12 -.1878 1172 .1145 - .7 0122 .0092
»
e r /
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APPENDIX H

'TABLE OF VALUES OF THE CORRELATION COEFFICIENT POR
DIFFERENT LEVELS OF SIGNIFICANCE
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TABLE H.1.;.
VALUES OF THE CCRRELATioN COEFFICIENT
FOR DIFFERENT LEVELS CF SILNIFICANCE
= P=u ci c: <.
t L §STne -agbat; -9993296 6593700
2 _‘-Eccc: -g3t2o -gScco ‘9Qcoc2
3 - 8oy 8733 93433 | 03373
4 ., P83 311y 882z foQr7zo
5 6604 > 7343 8329 8743
& - brorg -jan7 ¢ 7887 -3513
7 . 532z 6664 P +7498 7977
8 | 5494 6319, 7153 to-7048
9 | 5714 6ozt ; 68351 23438 :
IEECIR T 5760 ‘ 6531 ST
! 1 } 4702 '5329 6339 6833 i
! Iz 48753 3323 b1z20 6614 ‘
i 13 1 4400 5139 r-5923 6ytt %
I 4759 LT I YR 6236
. 15, 4rcd 3321 . 55377 -bogs = 1
16 | -3c00 14033 V5428 . 3897 "
I & B A - A L F 5285 ;5751
.18 3783 . v 4438 5155 | 5614 \
C19 3637 -43%9 *5034 {5487
i 30 3593 4227 4921 L 5368
. I
25 3233 ’ -3809 a5t 7| 4869 |
30 1 reee D 3aas 4093 3387 |
. 35 2745 ' .34 I -3810 | 4182 I
|49 2573 3045 3578 Po3932
. 45 2428 : 2873 3384 o 3T
| 5° 2326 boasse -3218 b 3541
6o 2103 -23%0 2948 3248
1 7o 1634 2319 2737 3oty
So ‘1829 SN S 2565 2830
Qo ‘1720 - ] 422 2673 !
1eo 1033 1oL 2301 <2540 '
| 1

For 1 to11l corredation, A 15 ¢ 'eas than the numbder of pairs in the
sample ; for a par:ai correlation. 1ae number of eliminated variates also

should be suotraced,

Source: Fisher (1970)}).
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