MONTANA

STATE UNIVERSITY

Concrete durability studies
by Robert A Wallace

A THESIS Submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree
of Master of Science in Civil Engineering

Montana State University
© Copyright by Robert A Wallace (1952)

Abstract:

Fine and coarse aggregate from nine Montana sources were incorporated in standard State Highway
mix. designs using high- and low-alkali cements. Admixtures of "fly ash" and Protex, an air-entraining
agent, were used in conjunction with the above mixes.

Compression tests were made using 6" x 12" cylinders, outdoor weathering specimens were made
using 6" x 6" cubes, and freezing and thawing specimens were made using 3" x 6" cylinders.

The nine aggregates were known to have varying degrees of "alkali-reactivity", as a result of previous
chemical tests.

The results from the weathering and freezing and thawing tests were correlated with the chemical
reactivity tests of the aggregate and mortar-bar expansion specimens.

The chemical tests showed that some of the aggregates were reactive, however, the mortar-bar
expansion specimens only indicated expansions ranging from 0.002 per cent to 0.017 per cent after
twelve months, After the concrete had been subjected to 73 cycles of freezing and thawing, the
concrete evidenced no signs of disintegration that could be discerned by visual inspection.

The concrete containing the two admixtures, in general, had lower 28 day compressive strengths than
the concrete made with Portland cement, which was expected.
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ABSTRACT

Fine and coarse aggregate from nine Montana sources were incorporat-
ed in standard State Highway mix designs using high- and low-alkali
cements, Admixtures of ®fly ash' and Protex, an alrnentralnlng agent,
were used in conjunction with the above mixes.

Compression tests were made using 6% x 12% cylinders, outdoor
weathering specimens were made using 6% x 6" cubes, and freezing and
thawing specimens were made using 3% x 6" cyllnderso

The nine aggregates were known to have varying degrees‘of "alka11=
reactivityt, as: a result of previous chemical tests.

The results from the weathering and freezing and thaw1ng tests were
correlated with the chemical reactivity tests of the aggregate and mortar—
bar expan51en specimens.

The chemical tests showed that some of the aggregates were reactive,
however, the mortar-bar expansion speéimens only indicated expansions
ranging from 0.002 per-cent to 0,017 per cent after twelve months. After
the concrete had beén subjected to 75 cycles of freezing and thawing, the
-concrete evidenced no signs of dlsxntegratlan that could be discerned by
visual 1nspect10n.

- The concrete containing the two admixtures, in general, had lower
28 day compressive. strengths than the concrete made with portland cement,
which was expected. :

|
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INTRODUCTION

Purpose and‘Importance

Two questions immediately presént themselvés at the beginning of any
investigation. .They ares (1) Why should the investigation be undertaken?
(2) What should the investigation determine?

In answering the above two qﬁestions iﬁ is hoped that the purpose and
intent of this thesis will be made clear.

Why should the investigation be undertaken?

Ever since the discOvefy of concreté the problem of durability has
been manifest. Certain construction projects have been expedited by the‘
use of concrete over another material; however; when in some instances
apparently "good" concrete has failéd to exhibit the expected:dﬁrabilitys
the question arose as to what particular factor might be responsible;

Various state and g0vernment agencies have gpént large sums of money
and considerable time relative to the problem of concrete durability.
Here in Montana, some of the struectures built by the State Highwéy
ﬁepartment have been showing signs'of deterioration. Several of these
structures have shown some deterioration after having been subjected %o
exposure for only five years.

Since it was mnot definitelynknbwn what partidular‘factor‘was respon=
sible for the deteriapation, it was suggested.that an invesﬁigatian
.egoncerning concrete durability be undertaken., It is hbpea that the
results of this thesis may aid in preventing a part of the‘deteriofation _
that is occurring‘in the concrete structurés‘and pavements throughout the

State.
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What should the investigation determine?

Since -the investigation is concerned with céncrete durability, there
evidently could be a considerable number of factors involved. Therefore
it was decided to approach the problem from the standpoint of (1) the
cement and (2) the resistance of concrete subjeéted to freezing and
thawing cycles.
| The investigations were carried en in four parts. They included the
followiﬁgs

Part 1 Chemical tests fo: alkali=réactivity of aggregates and
mortar=bar éxpansién tests.

Part II The use of pozzolanic materials as-an aid in eliminating
éxééssive expansion in concrete resulting from.the cement
aggregate reaction. |

Part IIT The effe@t of pozzolaniec materialé upon the resistance of
concrete o freeziﬁg and thawing,

Part IV  The effect of air-entrainment upon the resistance of
conerete to freezing and thawing.

It was deecided that Part I of the preceding list -would lend itself

to separate research.

The purpose of this thesis was to investigate Parts II, III, and IV
of the precéding list, and to correlate them if possible with the results
from Part I.

A sequent discussion of some of the theories -involved in connection

with the four parts of the investigation is hereby presented.




PREVIOUS- WORK

Alkali=-Reactivity of Aggregate
The chemical interaction between reactive aggregate and high-alkall
cement (over 1% Nag0 + K20} is known to have caused serious disintegra-

tion. A great deal of research has been conducted comcerning this phase

including petrographic and‘physicaiachemical investigationol

According to Hansen:

The expansion and cracking'of the concrete result from pressures
caused by osmosis of water by alkdli-silica gels which form through
the interaction between certain "reactive! aggregates and the alkalis
liberated by the high alkali cement during hydration. These pressures
exceed the tensile strength of cincrete and cause the formation of
fractures, which probably are sufficiently éxteasive,to account for.

: the increase in volume and - decllne in strength.

Based upom results of 1nvest1gat10ns already published the followmng

facts’ are knowno :

(1) deterioration results from interaction between certain aggregates

and high-alkali cements, (2) deterioration can be prevented or retarded .

by . llmltlng the alkali content and ;estrlctlng the perecntage of re-
active aggregates; (3) the deterioration is caused by expansion; (L}
the rate and magnitude of deterioration are influenced by the physical
characteristics of the concrete and by conditions of curing, tempera-.
ture, and moisture; (5) all mortars and concretes affected by this kind
~of deterioration contain impure silica gel within particles of :
aggregate, in voids, §n cracks in the concrete, and as exudations an
the exposed surfaces. ‘ :

There is a possibility that the expansan is motivated by crystal

growth within the cement paste.

1D. McConnell, R.C.. Mielenz, W, Y. Holland and K. T. Greene, "Cement-
Aggregate Reaction in Concreteg“.Jrnl ACT, XIX (1947}, No. 2, 93,

2W‘G Hansen, "Studles Relatlng to the Mechanism by which the Alkali-

Aggregate Reaction Produces Expansion in Concrete," Jral ACI, bv(l94h)9213 _

3bid., p. 215
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Another theory, presented by Rockwood, which might explain the de-
terioration effect of the alkali-aggregate reaction issg

An alkali silicate solution will absorb mere silica than it contains

- Nap0. As the content of silica increases in proportion to the Nas0,
the liquid becomes more and more viscous. At some stage then the
siliceous aggregate and its attacking alkali hydroxide become enclosed
in a film or membrane of viscous alkali slllcate, which serves to
screen oyt the minerals in colloidal solution in the outside water, but
will allow the water itself or an electrolyte such as alkali hydroxides
to pass through, by the chemical process known as dialysis. The solu-
tion of alkali oxides; the hydroxides, have great affinity for water,
which means they will draw water from the outside through the silicate
membrane. Were the enclosing membrane free to expand, like a balloon,
it would constantly grow in size, but it is confined by the walls of
the cavity that the solution of the aggregate particle has made in the
mortar or concrete matrix. The result is that hydraulic pressure is
built up by the water trying to get inside the envelope, or membrane.
If the alkali. silicate membrane is kept sufficiently dilute, that is,
not viscous; it probably does not dialyze the surrounding solutions; L
and that is why 0.6 per cent combined alkali oxides reduce expansion.

_The Bureau of Reclamation evolved five techniques by which they
identify reactive concrete aggregates; They a;es' (1)} chemical tests,
{2} mortar expansion tests, (3} ﬁetting and drying,a(hﬁ-examination of
eohcrete in struciures, and (5} petrographic examination; |
ﬂ The chemical tests are conducted in congunctlon with expansion tests
of mortar—bars made from the same aggregateso Appendix A gives a
description of the procedure used in conducting the chemical tests and the
mortar-bar expansion tests. The Wettlng and drylng technlque was nob used
1n thls research and will therefore not be dlscussedg The examlnatlon of
 concrete in structures is discussed in the results and conclusions of this
thesis, A brief description of the petrographic examination is herewith

‘ presentede

hNathan C. Rockwood, A New Approach to the Study of Concrete " Rock
'Products, LV (May l9h9)g 69,

e p—
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Reports describing petrographic exémihationaof propoéed‘aggregates
to be used in conérete_include tables which summarize aﬁaines‘of coarse
fractions, ‘Actual percentages of eaqh fock type are recorded, an@ brief
descriptions included. Eéch'petrographic t&pe is classified as to |
physical and chemical quality. The physical‘quality is summarized in a
'Separaté tablé. Degrees of cheﬁical qﬁality aré “innocuous“~aﬁd
Fdeleteriqus". These words are defined accbrdiﬁg to‘Rhoadeé and Mielenz
as follows;s-

tDeleterioust méterlals will produce excessive expansions in concrete

through chemical reactions which take place after hardening of the.
cement, Corstituents designated as ndeleterioust because of suscepb=

ibility to attack by alkalies in cement gererally do not yield to
redction if the cement contains less than 0.60 per cent total alkalis

(Nag0 + K50, expressed as soda equivalents),

@ Tnnocuous® constituents do not partlclpate in chemlcal reactlons
harmful to concrete. :

‘Table I shows the rocks and minerals which are deleteriously reactive

-3

with highfaikali.cementso This analysis was conducted by Misglknz,

SRogers Rhoades and.HmC¢ M:elenz, "Petrography of Concrete AggregatesY,
Journal ACL,. Proceedlngs, XVII (l9h6), 581-98.

6& Co. Mlelenz, ‘tPetrographic’ Examination of Concrete Aggregate"
Geologlcal Socletvﬁof Amerlca, LIX (l9h6), 309=18
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TABLE I

ROCKS AND MINERALS WHICH ARE DELETERIOUSLY REACTIVE
WITH HIGH=-ALKALI CEMENT :

ot L DT —— : ——.

[Reactive Minerals | Chemicéi Compositicm Physieal Character
Opal . s;og n H20 Amorphous
Chalcedony ‘ 8102 ‘ Cryptocrystalline flbrousF
Tridymite: Si0p . : Crystalline

Reactive Rocks - - . | Reactive Component

Siliceous Rocks

Opaline therts ! Do | Opal

Chalcedonic cherts - A Chalcedony ‘

Siliceous limestones ‘ Chalcedony and/or opal
Volcanic Rocks (Volcanic glass, devitrified

Rhyolites‘and rhyolite tuffs glass, and tridymite)
Dacites .and dacite tuffs : o :
Andesite and andesite tuffs

Metamorphic Rocks ‘
Phyllites 1 Hydromica

Miscellaneous Rocks
Any rocks containing vemnlets,
inclusions,; or grains.of the
reactive rocks or mInerals
listed above, : -

Effect of Pozzolanic Materials on Concrete Durability

Definition of pozzolan: Pozzolans are siliceous materials whlch,
though not cementitious in themselves, coritain constituents which at
ordinary temperatures will combine with lime in the presence of water
to.form compounds which have a low solubility and possess cementlng '
propertles¢7 S

The use of pozzolans in conciéte result dn distinct advantages: .*

7F M. Lea, “The Chemlstry of"Pozzolang* Proceedlngs Symposium on the
Chemistry of Cements, (Stockholm; 1938}, L60.”

™ - T
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The reactive substances of pozzolan, sugh as amorphous silica or
siliceous compounds,:are converted by the reaction with the‘Caicium
hydroxide réleased by hydration of portland cement, into stable substances,
many of which are‘cementitious;

Fly ash is one of the numeroué pozzolanic materials available and was
the material‘uséd'in this researchs. ‘Flyfash is a very fine flue dﬁét‘pre—
cipitated from the stacks at some steam power plants burning pulverized
coal. | | | .

Cne Qf the advantages‘ofiflyrash’as an admixture in concrete is its
ability.td éliminate; or at'leaét greatly\reﬁard progress of reaction
between cement alkalies énd‘aggragétés.-

It has been shown that fly ash inhibits the ceméntmagéregate reastion
Cin éoncréte by‘combination ﬁith thevalkali'released by the hydrating
cemente. fhe‘alkalies thus rétained‘gfg unable to abtack the aggregate.

"The reduétion'in,élkalinity aqhieved‘b& fiy;aéh in the‘chemiéal te§t~“
-is high. -ItSalso ekhibité~go$d reduétioﬁ in exparisive reaction in the
Pyrex_élasS‘testa The reduction being gXpressed as a percentage between
the test miX'andta'reference mixrﬁhich‘uses Pyréx glass as the aggregaﬂeo
These tﬁb'factors reflect that fly ash will be beneficial in reducing
excessive expansioh in connectioﬁ with glkéli—éggregétecfeactiviﬁynv |

'Freezing and thawing durébility is usually decreased by use of a
pdzzolaﬁic material, however; this'iS-ﬁot always trues ”

- Lean mixes poséeSthhe undesirable,éuaxities of harshness and a

tendency to segfegaté;.Jbut they do produce concrete of high permeability. -

By adding fine-pozzolanic materials to an otherwise lean concrete i£ is
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el
possible to eliminate these undesirable qualities , which would be a
 distinct-advantage with reépect to fféézing and thawiné durability,
. The physipal’efﬂect of-pozzolans'upon‘conorete'are,related;parﬁicular="
1y to the low specific gravity (from 2.3 to 2.8); és a resuit of which the
pozzolan occupies a greater vqlumé than the weightJeQuiValent.of portland
cement. If the ratio of éement to aggregaie by weight 'is held constant,
use of a pozzolan effectively increases ﬁhe volume of cement in the -
concfete,:giving-increaséd workability aﬂd pl§stigity.-

A summary of some of the cyaracteristics énd advantages of fly ash
as a pozéblan;‘fOund by H. S. Meissner, ave hereby presented@a'

| If used in judicious proportions fly ash will contribute equally with
portland cémeﬁﬁ to the later strength of concrete and improve its durah
bility., Concrete containing a 30 per cent replacement of the cemént with
_‘fly ash'has only.two=thirds‘of the strength of portland cement concrete
"at 28 days, iﬁugains strehgth moré_rapidlyﬂafter 28 days and at 180 dajs
' haé almost 90 per cent as much strengﬁh and.apparently’will;eﬁpal the
‘strengﬁh of the portland cement conérete 5y the end 6f the year.

That fiy‘aéh:imparts great‘workability to concrete may be appreciabted
by considering its particle shape. Being minute spheres; each of the
grains'of'fly ash act eéSentially as small ball béariﬁgs between aggregate
particles, reducing friction betﬁeén‘them and impartinévgreat freedom to
their‘mbvement during mixing and placing of the concrete.

Effect of Air-Entrainment on Concrete Dﬁrability,‘

‘ 8H9 Se Méissﬁer,‘“szzélan§;gsed in Mass Concrete,® Copy of a paper
-presented at the National Meeting of the ASTM, (San Francisco, 19L49).

=TT
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A brief descriﬁtion of the part played by air-entrainmént in concrete
durability is hereby presented.
Ai#Qentraining materials are classified by the Portland Cement |
Association according té the following general tyﬁe-of materia15°9

(l} Natural wood re31ns, such as r031n, Vinsol resin, and N‘talro

(2) Animal or vegetable fats and oils such as tallow, fish oil and
fatty aclds, such as stearic and oleic acid.

(3} Variotis wetting agents such as alkali salts of sulfated and
sulfonated. organic compoundsa‘

(L} Water-soluble soaps of resin acids and animal and vegetable

. fabby acids,

(5} Miscellaneous materlals such as sodium ‘salts of petroleum
sulfonic acids, Naceéonal, hydrogen perox1de, dluminum powder, etc.

The alr-entralnlng agent used in this’ thesis was Protex; a sulfonated
hydreéarbon (Type 3).
Lerch says, regarding the nature of air-entrained concrete thats

. The presence of the intentionally emtrained air bubbles materially
alters the propertles of ‘both the plastic mixture and the hardened
concrete. The air bubbles serve as reservoirs that accomodate the
expansion resulting from the freezing water within the concrete. As
the freezing of the water within the capillaries progresses, the
éxpansion pressure is relisved by foreing the excess water into the
air bubbles where the expansion during freezing ¢an occur withoub
disrupting the concrete. When thawing occurs the air compressed in
the bubbles forces the water back into the capillaries. Thus the
bubbles continue to serve their purpose durlng repeated cycles of
freezing and thawing.

Air-entrainment reduces the compressive strength of concrete- some=
what however, it also.haS‘several beneficial properties. Air-entrainment
increases‘theﬁworkability'andtcoheéiveﬁeséﬁéf ﬁhe mix: it reduces =
segregation and bleeding; it increases the resistance of hafdened{coﬁcrebe

to the aggfessive‘éction of sulfate waters; it reduces the tendency of

9W1111&m Lerch, "Basic Pr1n01ples of AlraEntralned Concretes" Research
Taboratory Bulletln, Portland Cement Association, P. 2a
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hérdened concfete:to sCalé; and‘it increases the resistance of copcrete to
freezing and thawing cycles. |
. Specimens containing aireentréining agents wﬁen subjécted to scaling
tests showed only slight scaling after 375'cf§lés, while companion
speciniéns without air~entrainment showed severe scaling,

Concrete containing a ndnimﬁm‘éir content of 3 per cent showed
excellent reéistance to freezing and thawing, with aggregates,of 1% to 2
inches. With air contents only slightly below 3 per cent, the resistance
to freezing and thawing decreases rapidly.. Cbncretes with 3 per cént air
showed ébout<as gdod—resistance as those with higher‘air content.

REVIEW OF LITERATURE

Numerous inVestigations have been conducted concerning the problem of
conerete dur;bility and certain valuable results have been disgovered?;
however, a considerable amount of work reméinslto‘be ﬁonéo

At thé beginning of any study of this nature it is necéssary to’
-ascertain what particular factors may causgjconcrete to‘disintegratgb
Liéted below ére'some of the major factors involveds

(1) GOmposition Qf the‘cémehto
(2) Minéralogi¢al composition of the aggregateo
(3} Effect 'of moisture and ab;éfption“of ihe aggregate.
(L) Aggregate gradétiOn in the concrete.
(5) Curing of hardened concrete,
(6) Rate of-freezing and thawing of concrete,
A br&éf‘summary of several reéent investigatidns, concétning concrete

durabiiity, and directed along the'linés suggested by the ‘above menbioned
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factors are presented here,
, .10 . '

Mattimore found as a result of tests on the freezing and thawing
durability of concrete that cements having the‘highér ratio of A1203/Fe303
were more resistant to freezing and thawing than lower ratios of these
oxides. Gements high ih tiri-calcium sulfate (038) were the most resistant.

It was also disCovere&‘that‘too fine a cement caused internal
cracking.

Aggregate is a major constituent of concrete by bulk. It wbuld=
appear, therefore, that concrete investigations should include as
elaborate a study of lithologic variations in aggregates under considera-
tions a8 any other part of the concrete.

Rhodes and Mﬂienzll conelude that the éurest way of determining the
properties of the individual particles constituting an aggregate is by
petrographic methodss - The above referenced article!states:

Properties of aggregate are numerous .and complex; and they originate
in seéveral ways. The original nature of the rock may control its
concrete making qualities. Thus, rock centaining gypsum are always
somewhat soluble, opaline materials react chemically with alkaline
solutions, and shales are usually soft and absorptive. Convergely,
many properties are not direetly related to the rock type, but were
induced by ground waters; by fracturing and jointing related to the
geologic history of the region or by some other natural. alteration,
Thus, granites may be either hard or disintegrated, and sandstones may -
either Be friable or tightly cemented, with resulting variations in
strength and porosity. Therefore, petrographic study of concrete
aggregates must be duals . (1} properties inherent in the rock must be

interpreted in relation to.(2) the natural alteration which it may

have experienced.
Few, if any, rocks or minerals are chemlcally inert while enclosed

in portland cement. There are four main ways an aggregate may be -

10 He. S. Mabtimore, "Durability Tests of Certain Portland Céments,
Proceedings Highway Research Board, XVI (1936}, 135-166.

LlRhoades, Roger and RiC.Mielenz, "Petrography of Concrete Aggregates,t
Journal ACI, XVII (19&6))9 581=598

™ il o i £
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chemlcally deleteriouss -

(1) It may contain water-soluble constltuents which can be
leached. Leached material may form unsightly efflorescence
or indirectly lead to surface scaling.

(2) Soluble constituents or. products of oxldaulon may‘retard or
modify hydration of cement. T

(3} Certain aggregates are attacked by high-alkali cementsu The

. reactions lead to internal expansion, external cracking, and
decreased elasticity and strength.

(4} Certain minerals are capable of base exchangeo The alkalies
in the minerals are therﬁfore released to attack susceptible
aggregate part:..cles°

Some of the other considerations of the quality of the aggregates.
are; surface texture, porosity; internal fractures, particle shapey
thérmal expansivity, surface coatings, properties affecting drying and
shrinkagé; strength and elasticity, specific gravity, and specific heat,.

Petrographic methods represent a useful approach toward these and
other objectivess The pr1nc1pal values of these methods ares (1) wnique
fundamental information not derived from standard tests is‘obtained; (2)
quick preliminary,estima£esvof-quélity can be made; (3} théy permit inﬁern

pretation and amplification of the results of other acceptance tests; (L)

-petrographic‘idéntification of chemicélLy‘deléﬁerious substances is the
only reliable means by which chemical instability of new aggregates can be -

quickly estimateds énd‘(S) new aggregates may be cémpared with other

aggregates for whlch service data are avallable°

 Another characterlstlo of aggregates that is related to concrete

‘,durablllty is the effect of moisture and:absorptlon of the aggregate°

F. N, Wray and H. J. Lichtefieid12 madé a serieslof‘préliminarj tests

lgF N. Wray and H. J. Lichtefield, "The Influence of Test Methods on
Moisture Absorption and Resistance fto Freezing and Thawing,"
Proceedings A.8.T. Mns L (l9bo), 876.

S — .




=19~
in 1938 on gravel obtaiﬁed‘ffom its natural sources and frozen while in a
stream wet condition. They showed severe deterioration. Some disagree=
ment was found as compared with the usual testing procedufes; Because of
this disagreement, a definite program of testing was initlated and
numerous methods of preparing the aggrégate for freezing and thawing were
compared.

The relative effects of oven drying and air drying on moisture loss
and the increases in the raté and amount of absorption induced by vacuum
treatment of the aggregate prior to soaking were investigated. The
relation between the degreé of moisture saturation and the résiStance of
the material to freezing and thawing was studied.

~One of the outstanding results of the invéstigation was that the
. A S. T. M. tentative methods for freezing and thawing produced less
deterioration than other methods.

Some Of - their results and conclusions weres

(1} It was found that a 2l hour soaking period for the aggregate,
which previously had been oven driesd, was sufficlent only to saturate
it to sbout 70 per cent of its original moisture content.

(2} Evacuation of samples prior to soaking proved to be a very
effective means of attaining a high degree of saturation.

(3) The moisture content of the smaller particles when stream-wet-
was greater than that of the coarser sizes; also the absorptive
capacity and the rate of absorption were greater for the smaller sizes.

(4) Stream-wet gravel, which contained the greatest amount of
- moisture, ghowed .the greatest failure on freezing and thawing, while

samples prepared according to A.S.T.M., which produced only partial
saturation, showed a minimum of disintegration.

(5) After freezing and thawing, the fragmenis resulting from the
failure of the original particles contalned considerably more molsture
than the sound materlal.

After the material constituénts have been combined to form the

concrete there are several factors that present themselves as criteria

L . . - ~ — | T n“ - T
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for the durability of the hardened concrete.

One of these factors is the gradation of thé aggregate.

Mattimorel3 found that: (1) Neither very large or very small
aggregate -is best. A lesser overall volume change is obtained with the
use of large aggregate, but at the expense of greater internal stresseées
and cracking and (2) one gradation is probably better than any oﬁhéro
Present indications are'that.the best gradation is such that the sieve
analysis plots as a smooth curve.

Another factor is the curing methods used. Accofding to B. G. Long
‘and Ho Js Kurtzlh a comparison of the rates of décrease in dynamic moedulus
of two groups of fog cured specimens during freezing and thawing showed
very definitely the effects of varying moisture in concrete. Those
specimens which were fog cured for 17 days contained about 1% per cent
more moisture at the beginn?ng of freezing and thawing than did the
specimens that were fog cured for 1l days and air dried for three days.
The specimens that contained the greatest amount of moisture were:thé
least resistant to freezing and thawiﬁg.: |

‘Of the compound=cured specimens-those which lost the most moisture‘
during laboratory air expoéure, and absorbed the most moisture during
-_freeziﬁg and thawing; showed the least resistance to freezing and thawing.
The reason the specimens absorbed m01sture during the freezing and thaw1ng

cycles was because they were frozen 1mmersed in water and were thawed at

13Ib:Ld

1AB G. Long and H° J. Kurtz, "Effect of Methods Upon the Durability
of Concrete as Measured by Changes in Dynamic Modulus of Elasticity,%
Proceedings A.S.T.M., XLIIT (1943), 11L0.
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room temperature in the laboratory.

The no-cured SpecimenS'losﬁ abéut 3% per cént of their total weight
(approximately 57 per cent moisture} during laboratory air exposure‘bﬁt
ébsorbed an equal‘amount during the first few cycles of freezing and
thawing and theif resistance was inferior to all others (except those
continuously fog cured to time of test). No=cured specimens began to
spall at lO‘cy;1es. The specimens continuously fog cured for 17 days
exhibited little or no spalling, although these specimens gained h.l_per
cent moisture in addition to original gaging water during this period and
continued to absorb moisture throughout freezing and thawing cycles; The
resistance of this group was 1cwef than the no=cured specimens. |

A third factor that has a pronounced effect on resistanée‘of concrete
to freezing and thawing is the rate of freezing. ‘Mattimorels‘discovered
that the number of c&cles required to produce a damaging effect is
materially increased if the time interval between 32° and 15°°F exceeds
seven hours. The method of freezing and thawing concrete prisms halfl
immersed 'in water~and allowed to thaw in air at room temperature appears

t0 have produced somé of the most debrimental effects,

5 Ibia 1145
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| EQUIPMENT
Mixer
The mixer used in the laboratory wés a 2 cu. ft., 3 blade, Homart
mixer capable of handling a 1% cu. ft. qoncrete batch. The mixer drum was
driven by a Dunlap 1/3 h.p. split phaSehmoﬁbf, The ﬁétor-ﬁas geared down
so that the drum operated at 25 r.p.m.

Freezing Cabinet

The freezing cabinet used in the laboratory was manufactured locally
by the Inter-Mountain Industries Company. The inside dimensions‘of the
box ares depth 19%, width,BQR;-and height 60%., The walls are 6" in
thickness diid are insulatedgwith‘spun‘glass fibere‘ fhe temperaﬁufe is
‘controlled by a mercﬁry type piressure swiﬁcho A York compréssors using
freon refrigerant, is powered by a Century 1/3 h.p. single phase cap#ciﬁor
motor. The freezing coils afe incorporated into li separate shelves which
divide the box into approximately 5 equal compartments.

Moist Room | A

The moist ioom'is 18 £t. in length, 5 £t. deep, and 9 £t. in. height.
The room is constructed in one end of the laboratory that originally had a
glasquldckISkylight. A two inch layer of Vermiculite (expanded mica) was
placed as an insﬁlatioh on top of the skylight and covered with a H“.
‘concrete slébe A woddén_door is'madevmoiéture proof by lining the inner
side with galvanized iron énd‘theﬁ treating the entire door with o
coats of oil sealer and a final coat of clear varnish;

Three oﬁerhead‘fog nozzles are utilized for maintaining‘a relative

humidity of 100%. The temperature is controlled at 70°F by coupling the

Tt 7 3T
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‘hot and cold water‘tap through a single manual control values Wooden
racks are used for storage of all specimens.,

Thawing Tank

The thawing tank is 27" wide, 75" long, and 9n deépa It is con=
structed of car flooriﬁg and lined with sheetmetal ﬂo make‘it waterproof,
A drain is loéated’at one end to permit cleaning. The water is tap water
maintained at approximately room temperature.

Molds

Thé 3r x 6t cylinder molds were cut from 3 in, monel seamless tubing.
& longitudinal Cut‘was made in. each mold which permitted easy femgval of
the speéim,en° Radiatér hose clamps were used for tighﬁening the molds.

The 6" x 12" cylinder molds were a commercial cast iron type with
machined base plates that fastened directly to the mold.

The 6% x 6" x 6" molds were constructed from existing beam molds made
. from 11 gage steel, The bottom of the mold and the two side pieces were
fastened together by four stove bolits equipped with wing nuts. Two ridges
of metal:plate.ﬁere welded to the inside face of the side piecces; at |
either end, to act as stopé for the end plates.

Ali‘aggfegates and the cement were weighed oﬁ‘a F#irbanks ﬁorse plat=
form scale, calibrated to the nearest one-quarter pound. Thé water was.
,wéighed~on‘a Fairbaﬂks.scale accurate to the‘nearest ten‘gfamso' |

Air contents wefe measured with an Acme Air-Yield determinator in -

accordance with the standard test for air content; pressure method, ASTM




' Designation C231-49Te
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Specimens

| The 6% x 12w compressioh‘épecimeﬁs ﬁere cast according to A.S.T.M.
Designation Cl924h95 The specimens subjected to ffeezing and thawing were
30 x 6" gylinders., In molding the specimens the: molds, lightly oiled,
were placed'in‘small_meﬁal pans. They were filled in two layere and each
layerfrodded fifteen times,with'a 3/8 in. round bulle£ nosed steel rod,
The 6" cube speeimens, whiéﬁ comprieed the ﬁajority of the weathering
specimens, were cast in two equal layers and each 1ayer rodded twenty-five
times with a 5/8 in, round bullet nosed. steel rod.

For each of_the 27 different mixes that were used, two 6% x 12
qylinders Wene east”fOr compression tests at 28 days. Four 3% x 6%
cylinders were cast; two to be used for outdoor weathering specimehsn
Approgimatelyﬂhalfway"through the tests the procedure Was»alﬁered-from
casting four 3" x 6" cylinders to casﬁing‘tﬁo 3t x 6t cylinders and two 6
‘eubes,.the latfer to be substituted for the outdoor weathering specimens.

| Mixing of the concrete was carried out in accordance-with AS.TalMo
De31gnatlan Cl92~hhT, for a period of three mlnutese It wés noted that
approx;mately ten per cent of the mortar remalned in- the drume. . Beceuse of
the lack of materlals it was adv1sable to redeem as much of thls marbar as
possible by hand scraping rather than attempt to’ "butter" the mlxer before
each test. .

Slump tests were conducted according to A.S.T.M. Designatioﬁ 6143=39.

Air content was determined using the Acme Air Yield Determinator dccording
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0 A.S.T.M, Designation C231-y9T,

All concrete wasnvisﬁally inspected for segregation, workability,
trowelability, and harghness.
Curing

Immediately upon casting; the specimens were covered with moist
burlap and‘allcwed to‘remain in the laboratory for 24 hours: The
epecimens'were then placed in the moist room-for 26 days.

The Weathericg specimens were‘moiet cured for 90 days‘before being
placed outdoquo" | |

Freezing and Thawing

After the freezing and thawing specimens had been moist cured for
28 d#Ys, they wefe then removed and air dried .at rOOmrtemperature for

2ly hourss The speclmens were then weighed to- the nearest L. O gram and .
placed in the water -bath and allowed to soak for 2l hours. The specimens
~were then removed frcm the thawing tank and placed, in’ alr, in the .
freezing cabinet at tempefatures'ranging between 5° F and‘lOo F, for

2, hourss The samples were then removed and‘placed in‘the‘thawing tank
as before, This.freezing and thawing operation was repeeted for five
-cycles-and'then the_ specimens were again dfied'andhweighede -

After approx1mately Lifty of these free21ng and thaw1ng cycles had
been conducted, M, Swenson and the author determlned the temperature of
the concrete whlle ‘under testo - | .

Results of these tests show that the spe01men reached a temperature
of 28° p lntfour hours and was completely thawed in 20 mlnuteso

From this information it was decided that two cycles of freezing and
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thawing could be conducted in 2l hourse16

The specimens were interchénged
at 8500 A.M. and hsOO‘P.M, This resulted in an 8 hour and a 16 hour
freezing cycle every 2l houroo ‘This procedure was followed throughout the
balance of the tests. The specimens were alternated between the long and

sﬁort cycle so as toogive all samplées an equal exposures

Compression Tests

The 6% x 12" compression specimens were tested in accordance with

A.S.T;M, Désigna%ion‘039~b93'and caﬁped_with_plaster of paris, -A Baldwine-

‘ Southwark; 260;000 pound capacity, hydraulic testing machine was used,
The prescribed loading was applied by‘méans of the automatic pacing diso
attached to the machine,

WEatherlng Tests

The weatherlng specimens were placed outdoors in single tiers on
wooden racks protected by chicken screening, and in such a locality so as
to receive an'average'exposure'to sunlight and average snowfall,

Chemical Reactivity and Mortar=bar Expansion Tests

Previous investigations ‘carried out by Hugh Jeffries at Montana State

College were concerned with chemical reactivity tests and mortar=bar
‘ expansions,tesﬁs{ The same nine aggregates used in the concrete dura-
bility-studies Were-used'by Mr. Jeffries. A brief summary of the

techniques used in discussed in Appendix A of this thesis.

16F D. Swenson, "Durability of Concrete as Affected by Low Air
Temperature at Time of Placing,"’ Thesis submitted in partlal fulfiliment

‘of the requirements for the degree of Master ¢f Science in Civil Engineer- -

ing at Montana State College, August 1951

Ty T T
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. MATERTIALS
No specific data for the type iI cemént Wa.s a#ailable, however, none
of the samples of thiS‘typé of cement checked by the ‘Ideal Cement Co.
chemists at Trident, Montana ever showed more than Oaé% total alkalies
reperted as soda equivalents.
The high alkali cement. was recéi&ed from thé Portlaﬁd Cement

~ Association and designated as 1ot number 15698, with the following

characteristicsz
Nag0 = 1.13%
K00 =" Qolly
C3S = Ll.30
CoS = 28,60
CzA = 9.80
CLAF % 7.60
 Qypsum = 3,00 :
SeA. = 1855 sg. om. (ASTM method)
Admixtures . | H

The fly ash was sent to the laboratory by the Bureau of Reclamation
concrete laboratory aﬁ tﬁe:Camjoh Ferry Dam projecty near Helena, Monbana.

The air-entraining agent used was a commercial product called Protexh




_ Aggregates

e el e .

w2 Qe

The following is a list of aggregates used in this study.

- ‘lc”

2.
3.
be

. 5°
‘60
Te
8.
9

Belgrade (Gallatin Valley)l

Havre (Milk River)

Billings (Middle Yellowstone Valley)r
Logan (Upper Missouri River) ,
Missoula (Big Blackfoot River)
Judith Gap (Sweetgrass Rlver))
Livingston (Upper Yellowstone Valley)
Ashland (Tongue River)

Great Falls (Middle Missouri River)

All of the aggregates used in the tests were in an air-dry condition.

The per cent absorption ranged from Oolili to 3463 per cent. The water

content was adJusted for absorptlon in all mixes.

The sieve analysis and phys:.cal characteristics of the aggregates

" were furnished by the Montana_ H:.ghway Depar.tmen‘t and are shown in

‘ Table II. -

Mmeral compos:l.tlons of the aggregates were determlned by

Dr., C. Cs Bradley, oi‘ the Montana State College Geology Department. The

‘results‘oi‘ these determmatlons are shown in Table III,

it |}
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TABLE II

VPHISICALVEH&RAQ$3R$$TIC$ OF -SANDS

e
-Belgrade

o
Havre

3

“Material Source and Lot Number

T

rs

Missoula

T
-Judith Gap

T

Livingston

iE

padéing 3/8 inch %)

100

100

Billings

100

| doo |

100

160

100

100 .

Passing .l mesh ®

98

5 |

“

o

100 -

27

99

“

W 0

8

1

~e

-86 .

92

83

9

73

88

-_az'

1w ®

16 ..

‘nt

il

76 |

7

17

78

63

L

3.

T2 -

I e

145,

Ty

AN

21

27

1|

21

.22

100

i

9 .

5

105

16 |

' P ~F

S8k

NEQUS

= eSL!. ._.

INFORMATION. . .. -

h;,....

3.0

Specific-Gravity. .

2463

. 2062

295}4 |

2057.

T 255

2,58 |

lcolor Metric Test -

#1;

. ‘#l;'~“.'

i Por.ou. Fbo©

1070 |

980"

wlOlaSA [T T

99:0.

103.0

Great Falls)

—ot~




_ TABLE II - Continued
PHYSICAL CHARACTERISTICS OF COARSE AGGREGATE

- _

,Maﬁerial Sourée éhd:th'Nﬁmber e

Do

SIEVE NUMBER
, _{Belgrade

1

3
Billings

)
Logan

5-.

Missoula

Gap 6

Judithi-

[

Liviﬂgstdﬁ

-} 8=Coarse

Ashland

'BHMédium
Asbland1

9=Coarse
GtsFalls

I=Medlumi
Gb.Falls

Passing 13t %

100

1100

100 |

100"

o7 |-

100

100

-

00 |

Ly

1

®

62

10

1

"

‘62

&

bk

98

3/

33

kg

31

o

11

‘100

10- ¢}

86

1/20

17

27

51

1l

36

é?v.

G

ﬁui

52

3/8u

10

16

20

29

2

2

;?'

"I

#

1 3.5

3,0

7:6 .

o

0.2

o5 |

5;0: |

0.5.

MISCELLANEQUS INFORMATION -

Fineness

Mudu-lg’s T

. 7%36

7o2§

Tol2

7.69. |

}73121;2‘

7,88 .

76,66 -

. 788"

6.79

Gravity

Spééific'

2.65

2,60

. ; 2 o‘é:o

| 2’0 60

260 -

Wt. per
Gu- ° Ft,{o

2,63

1106.0

20L,0

2,53

109.0

107.5

! 1100

89,0

865

' No

data available on Havre Coarse.

htgé‘
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TABLE IIT

MINERAL, COMPOSITION OF COARSE AGGREGATE

10%

-Aggregate _ Mineral Composition
i0% Quartzite and metamorphic argillites
: - - 30% Lava-andesite
Great Falls Medium -10% CGnheiss and syenite
10% Limestone and dolomxte
:10% Serpentine
o Veny little lime coatlng, ‘no clay
| 503 Lava«gnd651te and trachyte
: ‘ , 30%‘ puartzite and metamorphic argillites
Great Falls ‘Coarse - . & arkoses (sandstone not all quartze-
féeldspar)
10% Syenite
5% Gneiss
5% Limestone
. Very little coating, no clay
35% Gneiss
o : 50% Lava-andesite
Bmigrant Coarse 10% Quartzite
: ' 57 Sandstone -
Lava unweatheredo Sandstone connected
with small amount of lime & essentially
5 no clay.
[i0Z Gneiss
0% Lava-andesite
Belgrade Coarse 10% Limestone
: 104 ‘Sandstone with lime cementation
- Some clay & medium coatlng of lime -
R - Log Gnelss and Granlte'
Billings Coarse 1 50% lLava-andesite - -
e f“_lﬂ%' Quart21te T S
{oo o Some llmé coatlng & clay
: e 80%"Quart21te or s1m11ar metamorphlc rock
Logan Coarse 10% .Lava—ande51te & thollte
' Gneiss

Slight amount of lee coating
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'TABLE III - Continued

MINERAL COMPOSITION OF COARSE AGGREGATE

e T ———— 2 =
e S e o e e e e e

Aggregate - | .. Mineral COmpositién |

60% Gnelss & fine. graln Dlorlte
Blackfoot Coarse 104 Chalcedony ‘
30% Quartzite _

Coating negligible

Clay negligible

- ‘ '98% Limestone & dolomite
Judith Gap Coarse 2% Chert (Chalcedony)
A1l pebbles lime coated

15% And651te or Basalt, Rhyolite

25% Chalcedony

Ashland Coarse -~ 25% Limestone Dolomite

10% Sandstone

25% Shale (Clay)

: Trace Gneiss
Lime coating, high clay & iron oxide
‘content

TTTT T— T




TABLE III - Continued

- MINERAL, COMPOSITION OF FINE AGGREGATE

-

Aggregate _ Minéral Compogition .

Limestone & dolomite
: Carbonaceois shale
Judith Gap { -Chalcedony, quartz, feldspar

Very little clay, poorly sorted

Massively cemented by lime & with lime coatingo.

| Much same as coarse with higher percentage
Blackfoot { of quartz.
: 1 (Gneiss,- diorite, chalcedony, quartzite)

Essentially same as coarse

(Gneiss, lava, quartzite, sandstone)-

Emigrent Gneiss is broken up into constituent minerals
{  Fine grain lava pebbles

804 Quartz

. 5% Magnetite

Billings | 10Z Lava-andesite

5% Feldspar

" .. Trace of lime, essentially no clay,
well sorted -

90% Quartz
Logan ‘104 Quartzite & lava
. Medium sorting very little clay or lime

h0% Quartz
40% ZLava~andesite
.. -] 5% Magnetite
" Belgrade .. | 5% Gneiss oo
: ! 5% Feldspar. ° -

-+ . 5% Mica - ' e : e

. - Trace, of chalcedony & llmestone,
' ',.j. 1lt'ble Cla.y R < S .

" Lo% Quartz & Quartzmte
: 25% Lava = mainly andesite
Havre - 20% Chalcedony :
15% Limestone, sandstone & metamorphic rocks
Poorly sorted - medium coating of lime =
some clay present

T i

Ti 1
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MIX DESIGN DATA

Records concerning the particular structures that tere evidencing
deterioration were not available. It was decided, therefore, to select
aggregates for the tests that were belng‘used durlng the constructlon of
nine different structures throughout the state. |

The nine samples of aggregate were 1pcorporated in the mix design
data as 1ndlcated by the Montana State nghway Department for class AR
concrete, This particular class of concrgte was used in the nine
.structures that incorporated the aggregates used for study.

‘The mix design'data for class "A® (2400 psi) concrete taries slightly
for the different aggfegates, The reason for this, according to
R. Ha Gagle, Eesearch'Engineer, Montana State Highway Department, is that
the mix design was based on the Duff A. Abramsgmethod, and varied as the
fineness modulus of the different aggregates‘tariedo Also the trial
laboratory mixes and the field mixes were adjusted until a suitable mix
was obtained by visual inspection. | |

Since no data was available as to the W/C ratio used in the field,
the authior endeavored to select a'water.cOntent sufficient to produce a
workable concreteo | -

. Mlxes were made u51ng the nine aggregates w1th the follow1ng cement

and admlxture comblnatlon3°‘

: ”(1)1~Type II cement, no admlxture (nlne aggregates}a' MarkeA

.EZ) Type II cement, Protex alr-entralnlng agent (nlne aggregates)
' Mark-AT _

(3) Highakikali cement, no admixture (three aggregates). ‘Mark=-AH

ih)‘ ﬂighqklkali cement, fly ash (six aggregates). Mark-HP
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The reason all nine aggregates were not used in all four combinations

was because of the smill supply of materisl available. The aggregateé
that were shown to be highly reaétive, from the chemiéal tests, were
conbined with the high alkali cements wherever possibles

The concrete mixtures that were used for the field étructﬁres did not

contain either the high-alkali cement or the admixtures that were used for -

the labbratery'mixes;‘however;”as mentioned under the purpose of this

research, it was hoped that some information could be obtained as to their

effect under the conditions of the tests.
The air-entrained concrete has 1% oz. of Protex per sack of cement,
as recommended- by the manufacturer, The only adjuétment in the miX'waé in

. the water content which was made in an effort t0 maintain a normal slump.

In the concrete coniaihing the £1ly ash the quantity was debermined by‘subm |

stituting 15 per cent of the weight of the cement with fly ash.
Bécahse‘of the small volume Of.éll'bétches; the measured yield was

not used because of ihaccﬁrac&; however, the C/F was calculated from the

computed yield and the‘air cqntenﬁ from the airFmetér determinations. -

Table IV lists the summary mix design data.




TABLE IV = SUMMARY MIX DESIGN DATA

“Mark

Source - -

Permini®

;Daie

Cast

| 1951

Size
of

Batch,

o/

W

_{Slymp

Adr
Con-

tent

Propqrtions

By Weight

Cement

Types

Admix,

Remarks

- |Belgrade

M.S.C.

| campus”

1/12

1.33

5.23

6 gals/
[sk

BRTS

2%1%_

1810903)4&112 .

1I

None -

Harsh

Hayre

City Sew.
Plant ~

1715

1.33

5.28]

3

-

0.

R

181090 3)4-0_:)4,,2

T

None

3

Billings

Huntley
Bridge

1/22|

1,25

.10

- ON
; WOl

s

L1

Ti1.95:0.38

T

None

Logan"

. Madlson

1/23

1,25

5,26

Bﬁ

o

1819983}4-? 35

T

None

oA

Tissoula

Milltown

?Brudgg

7%

1,25

501

'5ﬁ

1.1

|Ls1e73ske59[

11

None -

6A

fjudith‘égp

G N‘RORG
Bridge

1/25]

1.25

538

T an

1:1.7384.59

II

None

A

Livingston

Emugrant
Bridge "

1/30

1.28

1n

}élg?@éyéhi

II

None

“Ie-

88

Ashlandf

GrowaAgehcy
Broadus-Rd.

275

1, 25

5;h0~'

~foo o oy oy

13 2 ° ,49 373“9 78

I

- None

Very Poor
| No work-
”abllltv

O

Tt Falls

Gt. Falls
Brldge

2/12]

1,25

5.36]

T1ow

0.3

[FeLe98:E.38

I

None

vy

[Belgrade

‘Gampus )

M. Se C.

12/6

1.33

1e90

{9

7“

[3-8

1éi399;héh2

Ir

110 cc

Protex

Equlv.
l-l/ 3 OZ ®

Havre .

'Clty Sew.

2/27

1.0

5+25

T 12

o9

1s1,90:L.L2

2AT | 63 II | 8 ce
i . | Plant R DERNIRSE M B D , — | Protex

3AT |Billings | Huntley 3/2 | 1.0 |5.19] 6 . 3¢ 6.0 |1:1.95sh.38] IT | 8 cc

: _ .. . IBridge | - | - """ 1 , _ 1 |Protex
LAT |Logan Madison = {3/5 | 1.0 |5.25] 6 2% 2.7 Jlslo983L.35] II | B cc
. |Biidge” © }° MR S : — __ IProtex]

SAT MiSSOUIa, Milltown |3/8 laO‘ 5425¢ 6 5t | 1.9 Lele?32h.59] II | 8 ce |

L

, Brldge .

Protex

Protex/sk | -

*Termmni refers to the structure that contalned “the" aggregate

_ correspondlng to the mark number for the laboratory tests.




TABLE IV .~ SUMMARY MIX DESIGN DATA (Continued}

Date |Size Air Mix
Cast| of Con= [Proportions|Cement
" - |Mark|Source Termini  |1951|Batch|C/F | W/C | Slump|tent| By Weight |Types |Admixs|Remarks
6AT |Judith Gap|G.N.R.R. |3/12| 1.0 [5.35 | 6 3t 1268 [Lsl.73sLs59f II | 8 cc '
, . Bridge | .. ' _ : § _ Protex
TAT |Livingston|Emigrant 3/13| 1.0 [5.,27 | 6 2% 13,5 |Lsle90:hok2l II | 8 ce
, Bridge - S I _ , Protex
8AT |Ashland |Crow-Agency|3/lli| 1.0 [5:66 | 17 1% L5 [152.5033.,00] II | 8 cc |50/50
Broadus-Rd.: ‘ Protex|Split on
— : i — - - —1C. A,
1987 lGt. Falls |Gts Falls [3/15| 1.0 [5.25 | 6 8- 13,7 |1:1.98:he35] II | 8 cc
| . iBridge - S . _ , Protex| _
3AH |Billings |[Huntley 2/22] 1.0 |5.35 6 2n " 13,6 |1:1.95:4:38| High | None
M N Bridge _ ' - , ] Alkali|
TAH |Livingston|Emigrant 2/26| 1,0 |5.1L | 63 551 15.3 |1:1:905k.k42| High | Hone
| Bridge | R S - Alkalil &
84H |Ashland Crow-Agency [2/19] 1.0. [5.10: | 7 0 == |122.5053.00{ High | None @
. , Broadus—Rd.|. . . Alkali| '
2HP |Havre JCity Sews [3/17] 0.8 [Le52 T 3zt |== [1:1.90:h.L2| High |FiyAsh
, - Plant : S , " |Alkali|15% by
o X Wto Of
_ . . N e . _ Cen,
3HP |Billings |Huntley 3/23| 1.0 [h.66 | 6% 6% f-= |151.95:4.38| High [Flyash
2 L Bridge o . . _Alkali
LHP | Logan ‘|Madison 3/2L) 1.0 |Loko | 6% 3% pe— |1sle983hs35| High |FlyAsh
, ____|Bridge : L . Alkali
6HP | Judith Gap|G.N.R.R. 3/271 1.0 [ho57 63 It Je=  |Ls1e735Le59| High |FlyAsh
Ll T " 7 lpridge 4 , , , ladkalil .
THP | Livingston |Emigrant {3/28| 1.0 [L.57 | 63 | 3t 1:1.90sheh2| High |Flyash|
S S _{Bridge | o I . Alkali
9HP | Gt. Falls |Gt. Falls - [3/29] 1.0 {L.66 | 6 61 131.985L.35] High [FiyAsh
. . |Bridge ' ' - |Alkali} - |
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RESULTS AND CONCLUSIONS

Chemical Tests and Mortar Bar Expansions

Table V shows the values for.Sc, Ros and the ratiﬁs of Se/Re for the
'agg;egates resulbing from the chemical tests. Tdble VI gives the results
of morﬁarmbar expansion tests at the end of lzfmonths for these same-
aggregafes‘using thé high-alkali cement described previously.

Details of the procédﬁre for conducting these tests are comﬁiled in
Appendix A.

In discussing the results of the chemical tests the term Sy expresses

the concentration of dissolved silica in millimole per liter and R

expresses the reduction in titratable hydroxyl ion in millimoles per liter..

Results of chemical investigations summarized in previous investiga-

17

tions™' prove that deleteriousness“of"aggregaﬁes is not a simple function
of any oné aspect of chemical instability. However, the general relation.
between certaln types of reactivity and deéleteriousness suggests that
comblnatlon of several properties may prove to be diagnostic. Study of
the data confirms results of earlier tests in ﬁhat the amount of silica
dissolved is related only in general to deleteriousness; and reduction in
:alkallnlty alone is no clue to deleterlousness.

The degree of deleteriousness should correlate with the qpantlty of
‘gelatinous 31llca adherent to the aggregate material in the chemical test.
This accumulatlon of gelatlnous silica effects a reduction in the

alkalinity of the N OH solution, consequantly, the magnitude of the

- ATg.6. Mielenz ; and Ko T, Greene, "Chemical Tests for Reactivity of
Aggregates’ with Cement Alkalies; Chemical Processes in Cementhggregate
Reaction, Journal ACI, XIX, No. 3 (1947), 198,
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TABLE V

RESﬂLTS OF CHEMICAL TESTS FOR ALKALI REACTIVITY .

| Sa | e -
Aggregate Silica Dissolved | Reduction in Alkalinity | Sg/Re-
- owi/n) | (/L)
Belgradé ‘ , _ ‘
Coarse 95 o o 80 ' L2
Medium 120 , | ' 67 1.8
Fine | 130 : 7 56 2.3
Havre ' ‘ -
'~ Coarse : 225 ‘ 121 1.0
Fine ‘ 75 ‘ 151 : 0.5
Billidgs | - |
Coarse. . | .. 700 : 107 3 - 6.6
Fine 365 . S 118 ' 30l
Liogan ' x _
Coarse 98 108 : 0.9
Fine i 660 ‘ 168 3.9
Missoula ‘ '
Coarse - . 53 . 109 0.5
Fine 113 V‘ZOh 0.5
Judith Gep
Goarse . ! 006
Fine | ‘ 0‘95
Livingston ‘
Coarse 668 102 6.5
Fine 760 . 182 ‘ Lol
Ashland - | |
Coarse ' 6T 125 o 5e38
Medium 620 ‘ 130 o L 76
Fine ‘ 82.5 122 ' 0.7
‘ Great Falls : i C
Coarse 101 158 0.6
Medium 50 205 0.2
Fine L2 | 153 2:9

™ ™11
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TABLE VI
MAXIMUM EXPANSION AT 1 YEAR OF MORTAR BARS:

Aggrégate  'Expansion - in Per Cent

‘Belgrade = Coarse . | 0.016
Medivm | . 0,01
- Fine) | 0.012

‘Havre "déarse‘ R | 06008
‘Fine g} 0,016

Billings - Goarse - SR | ',05002
 Fine | . 0,003

Togan ~ Codrse : No Resulés

Missoula . Coarse - - 0,010
-Fine : 0 0016

Judith Gap~  Toarse 0,017
©~  ‘Fine | 0,016

Livingston Coarse & . 0,015

Ashland - Coarse | ' : 0,005
' . Medium : 04003
’ Fi‘ﬁe . L 1 00016

‘Great-Falls erarse o 0,016
- Medium | 0,008
Fine " 0,010

T
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qu#ntity‘Rc shduld éérrelate with the nortar expanéidnfcauSed‘by
deléterious aggregatess |

Since the.ratio of released silica to alkalinity reduction dppears to
be significant the factor S, has been plotted againét R. (Fig. 1)s On
this basis the innecuous can be separated from the deieterious‘maﬁerials
by a line whose locus approximates Se¢/Re = 1. For innocuous materials,
So/Re is less than 1 for deletérious materials,géc/Rc is:uéualiy greatér
than 1; il.e., deleterious materials are éharacteristically'those which
utilize the alkalies more efficiently in liberation of-siiicaa' The
materials represented by pointé‘in the upper left corner. are those which
'wduld be least deleterious to concrete because they releasé little silica,
but greatly réduce the alkalinity. The materials indicated in the lower
right theofétidall& would be very dangerous te concrete because they
utilize the alkalies efficiently ahd the reactions are long continued.
The field at the lower left comprises those materials which are compar-
étivély stable énd inmocuous, yet small amounts of silica are liberated
progressively at moderately efficient rates. The materials at thevupper
right are the‘least‘stable, releasing'large quantities of‘silica at‘
high iates. | |

This method of aﬁalysiéldemopstrates that‘not?only the ratio SO/RG,'
‘but also the magnitude of the éuantitiés Se and R, are necessary fér fulll_
interpretation of the1delé£erious Qr iﬁnocuous characte} of the”aggregateo

Several data pbints fall very‘closé‘td the line separating
deleteriéus from innociuous matérials, and it appéars probable that some

aggregates of unusual GOmpOSition may be diagnosed erroneously by this

T et — ™ T T
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teste Sueh a circumstance is most likely for those deleterious'aggregates

- containing substances which reduce alkalinity by reactlons othér than

those through which 8111ca is liberated, thus shlftlng the data’ po;nts
upwardly into the field in which Sy/Rs is less than 1.
The complete range of values for the mortar-bar expansion specimens

for l2'months,-made with the high—alkali cement, was between Oa002 per'

jéent and 0,017 per cent.

_Accordiﬁg tg Miélen2183 aggregates causing mortar expénsion in excess
of'O,2 per cent linearly in ome year in tests using high alkali cement
(Le3% Ng20 + 0,12% K20) should be expected to cause rapid, integée,“and
readily identifiable exfansive‘deterioration of concrete. if used with

highnaikali cement in eipoéed'situatiqns@‘ Therefore, it is suggested that

aggregates causing mortar expansion in excess of 0.l per cent linearly in

one year should be used only with cements low in alkalise
The fact that all of the mor tar~bar specimens had exceptionally low
values of linear ekpansion;fwhereas a number of the aggregatée samples used

showed values of SG/RC as high as 6,55, might be explained in light of the

"pessimum“l9 proportion, The so=called Hpegsimum? proportion has long

been the subject of conjec%ufé and discussi_dn° It would appear to be

entirely possible that the phenomenon of the "pessimum" proporition might

represent the operation of the opposing'characteristips of cement-aggregate

reaction; namely: ‘tﬁg_ﬁendency fér increased expansic of the mortar as

WB1bid., p. 22

19A word used by T. B« Stanton to de51gnate the proportlon of reactive
substances in-an aggregate at which maximum mortar expansion occurs.
T. E. Stanton, “Expan510n of Concrete Through Reaction Between Cement and
Aggregate," Proceedings ASTM, LXVI (1940}, 1781,
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progressively more reactive particles are made available for atbacks and
the tendency for decrease in thelsilica—producing reaction as the avail-
'éble'alkalies'arefmofe and‘more rapidiy.depletgd by adsorption and
liberation of silica oVer‘the greater and greater surface area exposed to
attack., If these deductions are correct then the‘p'es'sinmm pfoportién
should be low for those aggregate ‘materials which considerably reduce the
alkalinity of the solution durlng the chemical tests- and 1t should be
large if the reduction 1n alkalinity 15 small.

Highly reacﬁive aggregates may cause a smaller'expénsion than
considerably less reacﬁive aggregates because the content of reactive
constituents exéeeds the ‘pessimum proportion. The best method is to add
‘ﬁafious percentagesfof a suspected aggregate to one that is innocuous and
deterﬁine the pereentage at which maximum expansion occurs. It is
possible that in the tests performed as part of this research the
percentage may have exceeded the pessimum proporticn.

Mineralégical Analysis

From numerous petrographlc examlnatlons correlated with chemical
reactivity tests and mortar expan81on tests it has been possible to llst
some of the reactive minerals,20 As can be noted from Table VII, the
minefals that are known to have caused excessive expansions with high‘
alkali cements have been des1gnated as react:we° All of : the aggregateé
are seen %o contaln some material that is react:uve° The detefmination of

the exact amounts wa.s not p0331ble because the examlnatlons were made

20R C, Mielenz and L. P, Witte, "Tests Used by the Bureau. of
Reclamatlon for Identifying Reactive Concrete Aggregates," Proceedlngs
Aak)nT Mog EVIII (19)48»3 128)4.0

T T Tn Tkl & \.7 1
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‘meégascopically. |

If suitable petrograbhic equipment had been available, thin sections
would have been.made.and‘e more comprehensiveﬂstudy could have been
.conducted.

The chemical tests for the coarse aggregates were fairly well
correlated with the mlneraloglcalAdetermunatlonso‘ The fine aggregate did
not show the same degree of correlation.

| Table VII is a summary of the chemical tests and the mineralogical
examination for the aggregates, which is presented here to show the degree
of correlation; |

Compression Tests

Table VIII lists the results of the 28 day compression tests.

Because of the fact that a constant mix ratio and water content were not
. maintained between the different mixes it'wes not possible to obtain any
correlation to the other tests.- The original intent tas to use the same
mix, as nearly'as poss1ble, as was used in the field strucdures.

It can be observed that in general all the cyllnders tested complled
with the de51gn strength of 2100 ps:L° From the results of the compress;on
tests the values were so scattered that no deflnlte conclu51on could be
drawn as to the effect of the admixes on the compressive strength.

In general 1f the W/C remains. constant the addition of an air-
entralnlng avent to a concrete le‘Wlll result in a lowerlng of the 28 day
compressive strength,'

The specimens corrtaining the fly esh had lower 28 day strengths, as

wa.s eipectedu

pv———ata ™ T . T
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TABLE VII

o GOMPARATIVE 'SUMMARY ‘DATA
BETWEEN CHEMICAL TEST AND MINERALOGICAL EXAMINATION

‘JLocation

Livingston

Aggregate

Type

Goarse
Fine

or

vy |

| Deleterious:| i
7 ’{ Mineralogical Examination
Innocuous | -

| Essentially same as

Reactivefconstitﬁehts‘from 

50% Laﬁé&Andesite

coarse

Billings

Coarse
Fine

50% Lava=-Andesite
10% Lava=-Andesite

{Ashland

Coarse

Medium

HY :E{fVCﬁdih‘

| 15% Andesite & Rhyolite
| 25% Chalcedony

s et s g vt

{Havre

Coarse
Fine

H

25% LavasAndesite
20% Chalcedony

‘Great Falls

Coarse

Medium
Fine

K]
e 9

50% Lava-Andesite and
Trachyte: '
30% Lava=Andesite

Logan

Coarse -

e

- 10% Lava<Andésite

10% Lava=Andesite &
Rhyolite

Missoula

| 10% chalcedeny
| 20% cnaLoedony

Belgrads

e e

o. B @
W | Wi o Ao [N\

o

pvEploo|w o

OED [ HH |8 H|OH A

0% -L_ava.-:.-Ande-site

0% Lava-Andesite

Trace of Chalcedony

|Judith Gap

OO
o .8
Uil on

H [ ]

| 5% Chaleedony

2% Chert (Chalcedony)

™ a7 .5 11 I N

i
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TABLE VIIT

28 DAY COMFRESSIVE STRENGTHS

| average of two 28 day | - we : |
|Mark | tests = psi | ‘Mix Propertiens :j Gal./Sack | Admixture |

e

| I=A 3280
2+4 | L1ooo
3=A - 2700
L= 2065
| 58 "} - 2735
6=, 3590
1=A . 3050
8= : 1550
9=p . | 2550
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Field Structures

Photographs were taken and visuel ek&minations‘uere made‘of all nine
- of the field structures COntaiming the aggmegates under.test,‘during field
- visits to each structure. | |
No sign of any disintegration was noted in any of the structures.
The age of the oldest structure in the group is about three years.
The location of the photcgraphsuheve ceen recofded and at some future date
similar field inspections will be made and photographs taken.of the same
locations to use as a criteria for estimating the degree of‘deterioratiOno

Freezing and Thawing Cycles

AL this time a maximum of 75 freezing and thawing cycles have been
performed on the concrete specimenso

The original intent was to measure thevdegree of durability of the
concrete by determining the loss iu weight of the‘specimemso Ncne of the
specinens have lost any meight whatsoever. There 1s no visual evidence
of any deterioration of any kind.

At one time it was suggested that the degree of durability could be
determined by measuring the loss in the dynamic modulus of elasticity by
the sonic method. After making a thorough 1nvestigation of the
equipment necessary-for making the dynamic medulus determinations by sonic
vibration it was decided that the meﬂnod would not be suitable for the

3% x 6" cylinders because of the high frequencies necessary°

It has been estimatedzl that 20 freez1ng-and thawing cycies~are“

le B. Young, “Concrete Durabilitys; 25 Years of Progressq"
A.C.I. Journal, XLX (April 19487, 732-hl
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épproximately equal in effect to 5 years of actual ﬁéathering of tﬁe
concrete in the field, On this basis, the'freézing and théwing specimens
have‘been‘Subjected to the equivalent of over 15 years of weathering in
the field.. | | |

From information sééured from an article by F. H. Jackson22; it has
been suggested that cqncfeté capable of withstanding 200 freeiiﬁg and,
théwiﬂg cycles, without showing any deleterious effects, should be
classified as being of good durabiliﬁy.

There .1s one factor canefning freezing and thawing cycléswof"
concrete made with aggregates that have bé§n termed deleteriouS‘that.seems‘-
to need further investigation, and that is the effect of the freezing
cycle on the chemical reactioﬁ‘that tékes‘glace with a high«alkali'cemémt;
-It would appear that the.chemical féaction migh£ 5e~slowed_d§wﬁ éoméwhét
By the cold temperatures. : | | | |

- Aggregates that form‘thg silica gels when in combination with high- .
alkalivcemenbs do not necessarily need‘to be rejected for use with low
alkali cements. In other words, -even thOugh the aggregate méy bg
chemically ﬁnétéble with high-aikali cements, it is no assurance that the -
aggregate would'not produceé a durable concrete when used with‘low=élkali

cement, whether or not it was sﬁbjected to freezing and thawing.

22F° H. Jackson, "Use of Admixtures to Increase Resistance to Freezing
and Thawing,® A.C.I.. Journal, XXII (Sept. 1950}, 26-31,
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APPENDIX A |
OHEMICAL TESTS FOR REACTTVITY AND MORTAR-BAR EXPANSION TESTS S

Chemlcal Tést to Determine Reacthlty of Concrete Aggregate with
C Cement Alkalies

'érocedure

Screen sufficient aggregate_ﬁo provide at least the folléwing‘quané
tities of the various size fractionsi 1000 g each of the 1% to 3/L ine,
3/L to 3/8 in., and 3/8 to 3/16 in., and 200 g. each of the 3/16 in. to
No. 85 No. 8 to Nos 16, No. 16 to‘NQ» 30, No, 30 £6 No. 50, and No. 50 to
No. 100 sizes. Prepare a gample of éoafée'aggrega£e to be testeg by
‘combining 1000 g. of each of the thrée indicated coarse aggregafe sizéss
then crush and repeatedly séreen the composite sample over the No. 50 and
Néa lOO s¢reeﬁs until vir#Ually all of the maﬁerial passes the‘No;‘BO
sereeno"wash‘the material fétained on'thé No;'ioo screen to remove the
dust and undersize méﬁerialo ‘Prepare, similarly the sample of -fine
aggregate for uée in‘the chemical tgst, exeept that the composite may be
 prepafed bj‘cémbinaﬁion of 200 g, each of the five sand Siéesbv Dry the
sample to constant weight at 110° C. _ |

" Weigh out iu dupllcate 25°O ge of the dry No° 50 to No, 100 materlal

into small stainless steel or other nonreactive metal containerso -Add

25 ml.. of freshly prepared 1,000 * 0,010 N NaOH solution. Stir the mixture

to remove entrapped air;fthen‘seal the containers. Immediately thereafter
place the camtainers in a liquid bath or oven capable of maintaining a

temperature of 80 £ 19C. for 2 hr, After 2l hr., remove the containers

2:ﬁielenz and Witte, op. cit., pp L3-L7
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from the oven or bath, cool foér 15 min, in water maintained at 2500, and
as quickly as pqssible‘filter the solution from the aggregate materiai by
the following px"oceduree Use a porcelain Gooch érucible {Coors Size E |
No. L) with a disk of filter paper (equivalent to Schleloher and Schuell
Co, No6.. 60L) cut to £it the bottom of the cruclble in a fllter tube fltted
with Gooch tubing. With aspirator in operat;on or‘vacuum'llne open decan@
a small quantity of the solution onto the filter‘paper so that it will |
seat properly in the crucibléo’Pour the remainder of the free=flowing solu-
tion into the crucible. Wiihﬁa steel spaﬁula rémQVe és much as practicable
of the aggregate sample'ffbmjthétcqntainer‘éhd.paék into‘thé crucible, Conf‘
tjnue'the filtration‘untilfallﬁéf the filtrate.extractable by tﬁistﬁgthod
‘ has'beén.ebtainéd?vDo-ﬂo£~flﬁéh sample“iﬂ any way o eitract the residﬁum ‘
ef solubion absorbed w1thnn or adherent o the aggregate partlcleuo

Immediately followlng completlon of flltratlon stir the solutlon o
assure homogenelty, then take an allquot oﬂ 10 mla of the filtrate and
dilvte to 200 ml, in a volumetrlc flaske Determine‘the concentration of
silica in thevsolutlon@ Take an allquot of 20 ml. of the dlluted solubtion
and titrate against 0,05 N HCL to the phenolphthaleln end po;nto

Calculate the silica concentratim and reduction in alkallnlty of the
NaCH solutlon flltered from the aggregate materlal as’ fOllGWS° Re = N=50v
and Se = 2OC, where Rc equals reduction in alkallnlty 1n mllllmcleb per
llter, Se equals concentratlon of silica in mllllmoles per llter, v
equals volume in mllllliters‘of‘HCl solution used in the titrationy C
equals concentration of‘silica‘in the diluted sblution, expregsed in

millimoles per liters and N equals the concentration of the original

_— = e U T
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NaOH solutlon (lOOO + lO), expressed in millimoles per 11tero

Mortar Bar Test to Determlne Beact1v1ty of Aggregate With Cement Alkalles
Materials

Use a cement/ground:toza fineness of 1600 Sge CMe per gram or greater

(Wagﬁer Turbidimeter‘method);rcontaining 1 per cent or more total alkalies

(Nag0 and K»0) expressed as soda equivalents, and a second cement contain-

ing‘iess than 0,2 per cent total alkalies. The very low alkali cement

Dbeing used td'es’tablish whether expansive actions other than alkali-

aggregate reaction might occur. - In addition, cements which may be used in
construction might be ineluded in the program to evaluate the significance
of marginal degrees of reactivity.

EN

For testing fine aggregaﬁe; grade the aggregate 19 per cent by weight

for each of the sizes Nos L to No, 8 No.: 8 to- N’o° 163 No, 16 to No. 303

No. 30 to No, 503 and NO@ 50 to Nb. lOO, with 5 per cent of: material
passing the No. 100 s:Leve° Crush coarse aggregate to fine aggregate sizes
and grade the aggregatee.for the mortar 20 per cent by weight for each ef‘
the five size59 omitting”the ﬁaterial passing‘the'Nea‘lOO ecreeno To
evaluate the react1v1ty of aggregateg contalnlng abundant . deleterlous
constituents, prepare 51mllarly graded aggregate in Whlch ~the test
material is replaced by 255 50, and ?S,per cent, respectlvely, of an
innocuous aggregateo | |

Preparation of Specimens

Prepare in triplicate specimens- 1 by & by 11% in, in size for each
cement-aggregate combination, using a mix composed of 1 part cement to 2 7

parts aggregate by weight., The net waﬁeredemeﬂt'ratio is maintained at
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0.40 by weight. Some adjustment of this ratio is required for testing of
lightweight'aggregates‘to maintain aureaSthbly censtant volume relation
of cement to aggregatea ' | |

Ordlnarlly, 450 go of cement, 900 g, of aggregate, and 180 8o of

water are sufficient to fabricate the necessary specimens. Mix the ingre-

._dieets in a bowl (enamelware or other noﬁab§orbentshnoncorreding‘material)
of aboub l-gal. cepacitjﬁby vigorous and coqtinueus‘Stirringgjsqueezingg

- and kneading with one hand protected by a rqbber glove. . Introduce the
materials.in”the followingﬂmanner: (1) Plaee the water in the bowl; (2)
add the cement to the water and‘mix for 30 §éc;; (3) edd approximately
one~half of the aggregate and mir for 30 see.3 and (h) add the remsinder

of the aggregete and mix for l% min,

Immediately after mixing, introduce tﬁe mortar into the mold in one

layer and compact the layer with the forefinger by pressing the mortar

nnto the corners around the reference points and along. the surfaces of the

. mold, untll a-homogeneous speclmen hasbeen‘prepared° After compactlon i3 "

completed, cut off thé mortar flush with the top of the mold with a.

straight-edged trowel,; usiﬁg'a sawing motion, and smooth the surface With

not more than two strokes with the trowel lylng flat across the top of the e

mold. Exceéssive trowellng will form a dense and 1mperv1ous section of the
specimen, which will cause warping if the aggregate‘ls deleteriously

reactive.

Guring of Specimens
After fabrication of the specimens, immediately place the molds in a

moist closet or moist room maintained.at 70° Fj where they are permitted

ry— et | mah T T T
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to remain for 7 dayss Strip molds from. the specimens after 24 hr.

Storage of Specimens

After the curing period, detérmine the length'between outer ends éf
the terminal referenCe‘pqints in a cgmp%ratof and place tHe specimens
vertically‘in a storage‘cbntainer in which 8 small amount of water hés
beenipoured to occupy a portion of the space below the‘platform supporting
‘the specimens.  Seal the container and place it in a ‘cabinet or room
maintained at 100° F. | |

Periodic Measurement of Speciiiens

Determine the length of specimens bétween outer ends of ‘the terminal
reference points'at monthly interﬁals_for 2‘yf°, or until rquired data
are obbained. If desired, dynamic modulus of elastiéity is determined
. also, The specimens are examined for exudafions, crackés;pOpoutsg or |
warping, and if observed, notation is méde on the data sheet. The

containers are cooled to the temperature of the room in which‘réadings. 
are made (in Burjeau practice 70° F)‘ before they are opened. Immediately
‘gfter théﬂreadings have been ﬁade; the specimens are returned £0‘the

conbainers, and the containers sealed and stored again at 100° F.,

106737
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