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Abstract

This bibliography contains over 550 citations considered relevant to the phenomenon of
freezing and thawing of concrete. Detailed abstracts of studies on the mechanism of
frost action as well as case histories and laboratory investigations are provided.
Peripheral topics such as autogenous healing, which helps explain the delay in
appearance of D-cracking, are included. Work from the fields of Ceramics, Geology,
Physics, and Soil Physics were selected for insight in the roles of moisture movement and
ice crystal growth in frost heave and cracking of porous solids. Entries are alphabetical
by first author (or agency when no author is given). There are author and subject
indexes.

vii



1. AASHTO T 161-86. Resistance of Concrete to Rapid Freezing and Thawing. The
American Association of State Highway and Transportation Officials,
Washington, D. C., 1986.

This method covers the determination of the resistance of concrete specimens to
rapidly repeated cycles of freezing and thawing in the laboratory by two different
procedures: Procedure A, Rapid Freezing and Thawing in Water, and Procedure
B, Rapid Freezing in Air and Thawing in Water. Both procedures are intended
for use in determining the effects of variations in the properties of concrete on the
resistance of the concrete to the freezing and thawing cycles specified in the
particular procedure. Neither procedure is intended to provide a quantitative
measure of the length of service that may be expected from a specific type of
concrete.

2. AASHTO T 277-89. "Standard Method of Test for Rapid Determination of the
Chloride Permeability of Concrete." Standard Specifications for Transportation
Materials and Methods of Sampling and Testing, The American Association of
State Highway and Transportation Officials, Washington, D. C., 1989.

This method covers the determination of the permeability of conventional
portland cement and specialized, e.g.., latex-modified and polymer, concretes to
chloride ions. It consists of monitonng the amount of electrical current passed
through 95 mm (3.75 in.) diameter by 51 mm (2 in.) long cores when one end of
the core is immersed in a sodium chloride solution and a potential difference of 60
V dc is maintained across the specimen for 6 hours. The total charge passed, in
coulombs, is related to chloride permeability.

3. Abdulkarim, B. T. "The Significance of Pore Size Diflzibution in the Freezing and
Thawing of Concrete Aggregate Particles." Ph.D. diss., Pennsylvania State
University, 1971.

This dissertation is based upon a study of quartzite, sandstone and four different
limestone rock cores. The pore size distribution of each core was measured using
a mercury intrusion porosimeter. The freezing and thawing of water in the pore
space of the cores was studied using cold differential thermal analysis and a
mercury displacement dilatometer measured core volume changes.

The study concludes that pore size distribution influences the behavior of rocks
during freezing and thawing. The test results support the operative role of the
dual mechanism proposed by Cady (1967). The study recommends that the
smaller size pores, which it found to intensify pressures in the pore space, be
measured separately. The results of this study indicate that rocks having a higher
absorption undergo a higher volume change depending on a combination of the
absorption and pore size distribution.

4. Abdnn-Nur, E. A., and R. C. Mielenz. "An Unusual Case of Freezing Fresh
Concrete." Journal of the American Concrete Institute Vol. 59, No. 30 (June
1962): pp. 803-813.

An unusual example of freezing of fresh concrete in floor slabs has been observed
in the Platteville Elementary School Building, Platteville, Colo., built in the fall of
1957: Initial evidence of distress was numerous, closely spaced bumps in the
finished surface of the floors. These protuberances are especially disturbing in
areas of tiled floor, where they were fu'st noted.

Resistance to Freeze-Thaw 1 4/13/92



Detailedexaminationof thefloor slabs, both at the site and by microscopical
examinationof drilled cores,showedthat the upper1/2 to 1-1/4 in. of the concrete
had been frozenbefore hardening,causing intense fracturingof the near-surface
portion andproducingbumpsoveroriginallyfrozenlumps of sandandshale
incorporatedin the concrete. It is concludedthat the bumpsformed as a result of
growthof ice lenses within andadjacentto the frozen lumps. The irregularitiesof
the floor surfaces have increasedprogressivelywith time in areasof concentrated
traffic,because of•disintegrationof the highly fracturednear-surfaceconcrete
beneath the floor tile underthe impactof heavyfoot traffic.

5. Abrams,D. A. "Autogenous Healingof Concrete."Concrete Vol. 27 (August 1925):
p. 50.

The testing of 8-year old concreteis of itself sufficiently unusualto attract
attention. Recent testsmadeat the StructuralMaterialsResearchLaboratory,
Lewis Institute, Chicago, wereuniquein that the 8-year-old concrete.specimens
had been previously loadedto failurewhen 28 days old. After the ongmal test,
which did notshatterthe concrete, the cylinderswere thrownoutdoors on the
groundexposed to weather. The compressive strengthsof five 6 by 12-in.
cylinders, 1 partcementto 5 partsaggregateby volume are:

28-day strength-lb. per sofm. -- 2330, 2510, 3130,2360, 1580;
Strengthof sameretestedafter8 years-- 5070, 4200,5290,4940, 5980;
Ratio of 2-yr. to 28-daystrength,percent(average 228) -- 217, 167, 169,

210, 379.

The variationin strength was dueto difference in the size and grading of the
aggregates and in the consistencyof the concrete. The cracks which werecaused
by the 28-day test closed.upduring8 years'exposureto weather. This may be
explained by the slight solubility of both hardened cement anctaggregatein rain
water. Depositing of soluble compoundsin the old cracks formed a good bond. It
is probablya new idea to most users of Portlandcement concrete that in the
presence of moisture, small crackswill heal and in fact become muchstronger
thanbefore the break;it is reassuringto know thatconcretepossesses this
remarkableproperty.

6. ACI Advisory Committee,Long-TimeStudy."Ten-Year Reporton the Long-Time
Study of Cement Performancein Concrete."Journal of the American Concrete
Institute Vol. 49 (March1953): pp. 601-616.

Primarily,this studywas undertakento determinewhether any relationshipexists
between the composition,fineness, and conditions of manufacture of the test
cements and the ability of theconcrete in which they were used to resist
disintegration when subjectedto external influences such as water,sulfate
solutions, temperaturechanges, and highway trafficwith or without applicationof
salts for ice removal; andinternal changes dueto instability of the hardened
cement paste.

Most of the test structureshavenow been exposed to weatheringfor 10 years and
this report presents the most importantfacts reg.ar.dingthe cements and their
performance. Conclusionsarepresentedconcerning the lack of correlation
between the behavior of concreteexposed to freezing and thawing and the
chemical content or fineness of the cement.;normaldifferences in manufacturedo

•not significantly affect durabilityof concrete;and the increase of sulfate



resistancewith reductionof potentialC3A contentof thecement. Substantiating
otherstudies,theevidencewas strongthatair entrainmentgreatlyincreasesthe
ability of concrete to endure freezing and thawing without deterio.ration and was
found to be particularly effective in preventing scaling when chlorides are used
for ice control on concrete pavements.

7. ACI Committee 201. "Blast Furnace Slag as Concrete Aggregate." Journal of the
American Concrete Institute Vol. 27 (October 1930): pp. 183-219.

The article deals briefly with all characteristics of blast furnace slag for use as
concrete aggregate, together with many references giving laboratory and field
results obtained by the use of slag concrete. The report includes a bibliography
giving about 60 references to publications, committee reports, and other data
pertaining to the use of blast furnace slag as concrete aggregate. Quotations from
37 authors are also included.

8. ACI Committee 201. "Durability of Concrete in Service." Journal of the American
Concrete Institute VoL 59, No. 12 (1962): pp. 1771-1784.

This report presents recommendations for materials and methods to obtain
concrete with maximum resistance to deterioration, to preserve concrete against

•deterioration, and to restore deteriorated concrete. The report specifically
excludes consideration of erosion in hydraulic structuresand fLreresistance of
concrete that are in the province of other ACI committees. Recommendations are
made with respect to freezing and thawing, the use of chemicals for ice removal,
aggressive chemical agents, abrasion corrosion of steel, reactive aggregates, and
the restoration of deteriorated concrete.

9. ACI Committee 201. "Guide forMaking a Condition Survey of Concrete in Service."
Journal of the American Concrete Institute Vol. 65, No. ll (November 1968):
pp. 905-918.

This guide provides a system for reporting on the condition of concrete in service.
It includes a check list of the many details to be considered in making a report,
and provides •standard defmifions of 40 terms associated with the durability of
concrete. Its purpose is to establish a uniform system for evaluating the condition
of concrete.

10. ACI Committee 201. "Guide to Durable Concrete." Journal of the American
Concrete Institute Vol. 74, No. 53 (December 1977): pp. 573-582.

This guide is essentially an update of the committee report "Durability of
Concrete in Service," which appeared in the December 1962 ACI JOURNAL.
There are a number of major revisions reflecting increased knowledge of the
subject.

A separate chapter is devoted to each of the main types of concrete deterioration.
Their mechanism is described and the requirements for materials, design, and
construction procedures necessary to prevent damage to the concrete are given. A
selected bibliography is included with each chapter.
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11. ACI Committee 212. "Guide for Use of Admixtures in Concrete."Journal of the
American Concrete lnstitute VoL 68, No. 56 (September 1971): pp. 646-676.

This guide outlines the purposesof and factors to be considered in the used of
admixtures. One chaptergives informationof the preparationand hatching of
admixtures. Other chaptersgive information on the properties,effects, and use of
various classes of admixtures. Informationis included on: (1) air-enwaining
admixtures; (2) accelerators;(3) water-reducingand set-controllingadmixtures;
(4) finely divided mineral admixtures,including relatively inertpowders,
cemcntitious materials,andpozzolans;and(5) miscellaneousadmixtures,
including gas-forming,grouting,expansion-producing,bonding, coloring,
flocculating, fungicidal germicidal, insecticidal, dampproofing,and permeability-
reducing admixtures; admixturesto reduce alkali-aggregate reaction expansion;
and corrosioninhibitors.

12. ACl Committee 226. "Silica Fume in Concrete."American Concrete Insatute
Materialsdournal VoL 84, No. 2 (1987): pp. 158-166.

Silica fume is a by-product resulting fromthe reduction of high-purityquartz with
coal in electric arc furnaces in the manufactureof silicon and ferrosiliconalloys.
This reportbriefly describes the physical, chemical, and pozzolanic propertiesof
silica fume. Methods of using silica fume in concrete are mentioned, and the
propertiesof fresh and hardened concrete incorporating it are described. The
durabilityof silica-fume concrete is discussed, and the limitations of its use in
concrete are outlined. The reportis concluded by listing researchneeds.

13. ACI Committee226. Use of Fly Ash in Concrete, American ConcreteInstitute,
Detroit,MI, Repon 226.3R-87, 1987.

The synthesis discusses the use of fly ash in concrete from the standpointof its
use in the constructionof transportationfacilities. Early developments relating to
the use of fly ash from bituminouscoal (Class F) are reviewed and the advantages
anddisadvantages as they apply to use by transportationagencies are discussed.
The use of fly ash can improveworkability of the fresh concrete and result in
concrete of higher strength and lower permeability with consequent improved
resistance to sulfate attackand ingress of corrosiveliquids that might lead to
corrosion of reinforcing steel. Unit costs per cubic yardof such concrete wiU
usually be less than similarconcrete without fly ash.

A brief overview of the fly-ash marketingprocedures is provided, and a summary
of the amount of fly ash now being used is included. The synthesis reportsthe
replies to a questionnaire concerning the status of the use of FACin each state of
the United Statesand theprovincesin Canada.

14. ACI Committee 306. "Cold WeatherConcreting."Journal of the American Concrete
Insarute Vol. 7S, No. 18 (May 1978): pp. 161-183.

The generalrequirementsfor producingsatisfactoryconcrete duringcold weather
arediscussed, as aremethodsfor achieving these requirements. Formany
structuralconcretes,protectionconsiderablyin excess of that requiredto ensure
freedom from damageby early freezing is requiredto assure safe developmentof
strength. Accelerators, keepingof temperaturerecords,heating of materials,
subgrade preparation,protective insulatingcoverings, heated enclosures, curing,
maturity concept, and formremoval arediscussed. Supplementarymaterials on
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the effect of curingtemperatureson concretestrengthis referencedin
authoritativesources.A listofselectedreferencesisincluded.

15.ACI Committee306."ProposedStandardSpecificationforColdWeatherConcreting
(AC1306.1)."JournaloftheAmericanConcreteInstituteVoL 83,No.95
(November-December1986):p.1043.

ThisStandardSpecificationgivestherequirementsforcoldweatherconcreting.It
includescoldweatherrequirementsforpreparationspriortotheplacementof
concrete - the correcttemperatureof concrete and the protectionof concrete.

16. ACI Committee 311. ACI Manual of Concrete Inspection, AmericanConcrete
Institute,Detroit,SP-2, 1975.

The ACI InspectionManualsupplementsspecificationsand is intended as a guide
in mattersnot covered by specifications. It describes methods of inspecting
concrete thataregenerallyaccepted as good practice andis based on information
from many sources,organizations,andindividuals.

17. ACI Committee 544. "Measurementof Propertiesof FiberReinforcedConcrete."
Journal of the American Concrete Institute Vol. 75, No. 30 (July 1978): p. 283.

Laboratoryand field experience in the testing of fiber reinforcedconcrete (FRC)
has indicated the need to review existing test methods and to develop new
methods wherenecessaryto determinethe propertiesof fiber reinforced concrete.

This reportoutlines the suggestedproceduresfor specimenpreparationin general,
and discusses in detail testing for modulus of rupture.

New testing methods aresuggestedfor (1) toughness-energyabsorption,(2)
impact strength,and (3) workability.

The applicabilityof the following test methods to fiber reinforced concrete are
reviewed: aircontent, yield, unit weight, compressive strength, splittingtensile
strength,freeze-thaw, shrinkage,creep, modulus of elasticity, cavitation, and
erosion and abrasionr_sistance.

18. Adkins, D. F. "LaboratoryDuplicationof SurfaceScaling." Concrete International
(February1986):pp. 35-39.

This article presents a newlaboratoryprocedurewhichclosely mimics the
deterioration of concrete in the undermoderate to severe freeze-thaw conditions.
This researchinvestigated the process whichoccurredand resulted in surface
scaling of saturatedconcreteslabs subjectedto complete freezing andpartial
thawing in such a mannerthat the bottoms remainedfrozenwhile the upper
portionof the slabs was thawed and refrozenfrom the topdownwards. Freezing
and thawing in this manneris believed to have concentratedice into lenses below
the surfaceof the concrete and, in turn,caused failureby spalling the surfaceoff
in sheets, orin some cases causing popouts. The availabilityof thisprocedure
should help in resolving the differences betweenconflicting theories on
deterioration andprovide insight into the relative importanceof the factorsand
combinationof factors whichcause scaling.

5



19. Adk_ns, D. F., and V. T. Christiansen. "Freeze-Thaw Deterioration of Concrete
Pavements." Journal of Materials in Civil Engineering VoL 1, No. 2 (May 1989):
pp. 97-104.

Under winter exposure conditions, solar radiation effects along with the presence
of de-icing salts have a pronounced impact on the deterioration of concrete
pavements. The rapid changes and differences in temperature between the
pavements dry surface and saturated subsurface can cause both thermal and
hydraulic stress. As subsequent cycles of freezing and thawing occur, a
subsurface plane of cracks will form in which ice lenses can grow parallel to the
surface and eventually cause failure of the subsurface paste. Once the subsurface
has failed, the surface will spall off in sheets. This thin, brittle layer will then
crumble under traffic, and leave the aggregate exposed. By using both laboratory
and field data this paper discusses concepts of how de-icers and freeze-thaw
cycles limited to the upper portion of the concrete pavement contribu_ to scaling
by setting up thermal gradlents and lowering the immediate surface moisture
contenL

20. "'Admixtures and Ground Slag for Concrete." Transportation Research Circular
No. 365, Transportation Research Board, National Research Council,
Washington, D. C., December 1990.

This report was prepared by the Transportation Research Board Committee on
Chemical Additions and Admixtures for Concrete (A2E05). It is intended to
provide practical information on admixtures and slag to practitioners dealing with
concretes in the transportation field. The report supersedes information in Special
Report 119 published in 1971 on accelerating, air-entraining, water-reducing, and
pozzolanic (Type F fly ash) admixtures. In addition, it includes information
concerning latex, high-range water-reducing, corrosion inhibiting, Type C fly ash,
and silica fumepozzolafiiC _u/res and slag. The summary table in Chapter I
provides a quick reference concerning major expected advantages and possible
deu'imental effects but should not be construed as being all inclusive.

21. Ainsworth, D. L., and A. M. Alexander. Method of Test for Concrete Dilation, U.S.
Army Engineer Waterways Experiment Station, Vicksburg, miscellaneous paper
no. C-69-18, November 1969.

•A system has been developed to study the effects of the physical environment on
concrete. This system is designed to continuously measure the total length change
in a concrete specimen due to wetting and drying, temperature change, and
freezingand thawing. Dilation is the increase in length of concrete as it is cooled
into the freezing range of contained water. Dilation in a specimen exceeding 50
micToin.fm, is considered critical and may damage the specimen... The system,
therefore, was designed to have a sensitivity of at least I0 microin. Numerous
dilation tests were conducted on moist specimens to determine the magnitude of
dilation and to proof test the system. These data arc included in this report.

22. "Air Entrainment and Concrete." Concrete Construction (March 1976): pp. 105-II0.

In the area of concrete consu_ction, where much depends on know-how, patience
and careful workmanship, it was only natural that short cuts should be offered in
the form of admixtures. Of all the many products put on the.market in the last
few decades, one has risen head and shoulders above the others-in its
effectiveness. It is, of course, the air entraining agent. Even this admixture is no
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wonder worker, however. It is not intended m replace correct procedures in mix
design or concreting. Rather, it complements these quality concrete practices to
produce a finished product that will be more durable and satisfactory to all
concerned. Let's take a closer look at this pre-eminent admixture.

23. "Air Entrainment for Concrete." Concrete Construction (July 1970): pp. 241-244.

Purposefully entrained air is in much of the concrete produced today. Virtually
all concrete exposed to weathering should benefit from the improved durability
that it provides. Many other applications where air entrainment is desirable are
also being recognized. Air enwahunent enhances concrete by achieving the .
following: improved resistance to freeze-thaw cycles and de-icing salts; increaseo
workability; improvement in cohesiveness and reduction in likelihood of
segregation; lessened permeability;,minimization of bleeding; slightly better
resistance to certain chemicals and.increase in resistance to sulfate attack. By
controlling the uniformity of such plastic concrete properties as workability,
cohesiveness and bleeding, a mix designer or inspector will be able to get clues to
the uniformity of the air content. (Other factors, of course, can also affect these
concrete properties.)

24. AJtcin, P, C. "Freezing Behavior of Grouts Containing Granulated Slag." Journal of
the American Concrete Institute Vol. 67, No. 26 (May 19"/0):pp. 413-417.

Grouts containing granulated blast furnace slag of melilitic type present a
particular behavior with respect to a succession of freezing and thawing cycles.
Such grouts become surrounded with a thin fdm of particularly resistant finely
crystallized calcite, which results from the presence of granulated slag in the
grout.

This fdm layer increases notably the values of tensile and compressive s_engths
at the ruptureof these grouts.

25. Aitcin, P. C., and M. Pigeon. "Performance of Condensed Silica Fume Concrete Used
in Pavements and Sidewalks." Durability of Building Materials Vol. 3 (1986):
pp. 353-368.

There is very tittle data related to long-term performance of condensed silica fume
(CSF) concrete exposed to fieezing and thawing cycles in the presence of deicing
salts. This paper presents the results of a laboratory investigation of CSF concrete
cores taken from different sidewalks and pavements around Montreal. Some of
the CSF concretes are four to five years old and are still in excellent condition,
while others were severely damaged after their first winter of exposure. The
compressive slrength, microstructore, and air-void system of these concretes are
discussed. It is shown that, in order to have good freezing and thawing durability
in the presence of deicing salts, condensed-silica fume concrete must contain an
adequate volume of entrained air, together with the correct bubble-spacing factor.

26. Aitcin, P. C., andD. Vezina. "Resistanceto Freezing and Thawing of Silica Fume
Concrete." Cement, Concrete and Aggregates -ASTM (Summer 1984): pp. 38-42.

The resistance to freezing and thawing of a concrete containing silica fume that
was used during the consu-uction of an experimental section of highway A25 in
Montreal was done according to ASTM Test for Resistance of Concrete to Rapid
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Freezing and Thawing (C666). The original mix was modified so that silica fume
replaced three times its weight of cement.

The use of silica fume did not create any particularproblems as far as the air
content and slump were concerned except perhaps that slightly higher losses were
observed during the wansportation in comparison to the regular mix. The 28- and
91-day compressive strength results proved that silica fume has been more acdve
than three limes its cement weight.

The test showsthat the resisumceto freezingand thawing of the silicafume
concretewas far superiorto theplain concreteusedfor the completionof the
project. The length increaseand the absorptionof the silicafume concretewere
about or less than half of those observed with the regular mix. The durability
factor of the silica fume concrete was 83 at the end of the test whereas the regular
mix durability factorwas only 68.

27. Albala, J. A. L., and S. A. RosseUo. "Concrete Impermeability Study." AshTech '84:
Second International Conference on Ash Technology and Marketing, London,
1984, pp. 38%389.

A test method capable of quantifying the impermeability of concretes accurately
is presented in this paper. The methodolo .gyand the apparatus for measuring
impermeability are described. A comparauve study is made of the impermeability
of concretes with various types of cement for equal strengths, slumps, and
maximum quantity of dry materials. In addition, the impermeability of concretes
with a Spanish fly ash (Ceres) is investigated. The authors conclude that, with the
remaining characteristics such as type of cement and consistency being the same,
dry concretes are found to be the most impermeable, and concretes made with
Cercs fly ash are found to be more impermeable than any other type of concrete
tested. ......

28. Almond, D. K., and D. J. Janssen. "The Washington Hydraulic Fracture Test for
Concrete Aggregates Exposed to Freezing and Thawing." Second CANMET/ACI
International Conference on Durability of Concrete, Montreal, Canada, August
9, 1991, pp. 265-293. Ottawa, Canada: CANMET.

A new test method for identifying concrete aggregates that are non-durable when
exposed to freezing and thawing is presented. The test is rapid, req.uiring
approximately one hour per day for five days per sample. The equipment costs
less than $10,000, and the test does not requtre a highly skilled technician.
Results in the form of perceritage of fractures and percentage of mass change are
presented for a durable and a non-durable aggregate.

29. Ammar, C., and M. Longuet. "'Belgian Requirements About Buildings Service Life."
Durability of Building Materials and Components, ASTM STP 691 (1980):
pp. 77-90.

The service life requirements of main dwelling components are determined
through an inquiry among building specialists and among owners; this inquiry
alsohasbeenextendedtoofficebuildings,schools,andhospitals.The required
servicelifevariesbetween45and60yearsforthebuildingitself,30 to40years
fortheexternalenvelopeand25to35yearsforinternalpartitions.The studyis
completedwithaninquiryonactuallyobservedservicelife.
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30. Anderson, S. M., and R. L CarrasquiUo.The Effects of Withholding Mixing Water
and Retempering on Properties of Concrete, Texas State Dept. of Highways and
Public Transportation,Austin,Texas, H-IWA/TX-88-1117-1,February1988.

The effects of withholdingmixing waterat initialbatchingfonowed by
retemperingof the mix at thejobsite on thepropertiesof the concreteproduced
for highway applicationswas examinedin an experimentalprogram.
Additionally, the effects of redosagewith waterabove andbeyond that called for
in the specified mix design was examined. Tests were performedto determinethe
effects on slump, aircontent,unit weigh.t,compressive strength,flexuralstrength,
abrasionresistance,and freeze-thawreslstance.

The effects of varyingthe withholding amount,withholdingtime, and cement
content on the fresh and hardenedconcretepropertiesmentionedabove were
examined. The concreteexaminedwas producedat a ready-mixedconcrete
facility in orderto duplicateas closely as possiblejob-site conditionsarising in
typicalconcreteconstruction.

The results of the study showthatsignificantdetrimentaleffects occurwhen
mixing water is withheldand concrete is retemperedat a latertime. Slump,air
content, abrasionresistance, and freeze-thawresistance are all adverselyaffected.
The effects were found to varywith variationsin both withholdingtime and
cementcontent. The strengthwas notaffectedwhen waterwas withheldand
concrete was retempered,but a reductionin strengthaccompaniedan increase in
water-cementratioabove design values at redosage. The propertieschangedlead
to concrete of reduced qualityand questionableperformance.

31. Andrews, L. E. "Recent ExperienceswithAir-EntrainingPortlandCementConcrete
in the NortheasternStates.'"Journal of the American Concrete Institute Vol. 42
(June1946): pp. 621-624.

Describes preliminarystudiesand currentpractice in the NortheasternStates in
the reductionof frost actionon concretepavingand otherprojects(roads,streets,
airportpavements and hangars,bridges,and buildings);mix proportioning,
methods of determiningaircontent,and field control. Specifications tend to limit
aircontentto 3 to 6 percentrather than fix amountof air-entrainingagentused.

32. Ansari, F. "A New Method for Assessment of Air Voids in Plastic Concrete."Cement
and Concrete Research: An International Journal Vol. 20, No. 6 (November
1990):pp. 901-909.

Development of a new apparatusfor in-situdeterminationof air void
characteristics,particularlythe distributionof entrainedairsystem in freshly-
mixed concreteduringmixing, pouring,and placement is described. Air content
is measuredby a fiberoptic probe. Reflected light intensities determinethe
distributionof airbubblesin freshconcrete. The system has the ability to rapidly
sample aircontentat differentlocations or depths in plastic concrete improving
existing quality controlprocedures. Air content measurementsaredirect, and not
influenced by the type and amountof aggregates,cementitious components, and
admixtures.
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33. Ami, H. T. "Resistance to Weathering-- HardenedConcrete."Significance of Tests
and Properties of Concrete and Concrete-Making Materials, ASTM,
Philadelphia,STP-169A, 1966. pp. 261-274.

Resistanceto weatheringandthe somewhatsynonymous termdurabilityhave
been used bydifferentauthorswith meaningsvaryingfrom very narrowto very
broad. In the paperon Resistanceto Weathering-- GeneralAspects, published in
the 1955 edition of this special technicalpublicationC. H. Scholer presented a
detailed outline of the variousfactors that may influence concrete durability.

34. ASTM C 457-90. "StandardTest Methodfor Microscopical Determinationof
Parametersof the Air-Void in HardenedConcrete."Annual Book of ASTM
Standards, ASTM, Philadelphia, PA. .....

This test method describes procedures for microscopical determinations of the air
content ofhardened concrete and ofthe specific surface, void frequency, spacing
factor, and paste-air ratio of the air-void sysfem in hardened concrete. Two
methods are described:

Method A, the linear traversemethod, and
Method B, the modified point-count method.

35. ASTM C 666-90. "Resistance of Concrete To Rapid Freezing and Thawing."In
Annual Book of ASTM Standards, 1984.

This test method covers the determinationof the resistance of concrete specimens
to rapidlyrepeatedcycles of freezing andthawing in the laboratoryby two
differentprocedures: ProcedureA, Rapid Freezing and Thawing in Water;,and
Procedure B, Rapid Freezingin Air and Thawing Water. Both proceduresare
intended for use in determiningthe effects of variationsin the propertiesof
concreteon the resistance of'heconcrete to the freezing-and-thawingcycles
specified in the particularprocedure. Neitherprocedureis intended to provide a
quantitativemeasure of the length of service that may be expected from a specific
type of concrete.

36. ASTM C 671-86. "'StandardTest Method for CriticalDilation of Concrete Specimens
Subjected to Freezing.,'Annual Book of ASTM Standards, ASTM, Philadelphia,
PA, 1984.

This method covers determinationof the test period of frost immunityof concrete
specimens as measuredby the lengthof time of waterimmersion requiredto
prO_euce critical dilationwhen subjectedto a prescribed slow freezing procedure.

significance of the results in termsof potential field performancewill depend
uponthe degree to which field conditionscan be expected to correlatewith those
employed in the laboratory=

37. ASTM C 672-91. "Scaling Resistanceof Concrete Surfaces Exposed To Deicing
_. Chemicals.".InAnnual Book of ASTM Standards, 1984.

This method covers determination of the resistance to scaling of a horizontal
concrete surface subject to freezing-and-thawingcycles in the presence of deicing
chemicals. It is intendedfor use in evaluating thissurfaceresistancequalitatively
by visual examination. The test can be used to evaluate the effect of mix design,
surface treatment,curing,or other variableson resistance to scaling. It is not
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intended to be used as a testmethodfor durabilityof aggregatesor other
ingredientsof the concrete.

38. ASTM STP 169B. Significance of Test and Properties of Concrete and Concrete-
Making Materials, AS'I'M, Philadelphia, PA, 1978.

This volume is an update to ASTM STP 169-A, which was published in 1966.
This volume presents the point of view of the 1920s. Part I contains chapters
dealing with general considerations. In Part H of Tests and Properties of
Concrete, there are newchapters onaccelerated strength testing and
nondestn_ctive testing of hardened concrete. In Part 111,there _snow an entire
chapter devoted to alicali-carbonatereactions. The introduction of new chapters
on admixturesis found in PartIV.

39. Backstrom,J. E., R. W. Burrows,R. C. Mielenz,and V. E. Wolkodoff."Origin,
Evolution, and Effects of the Air Void Systemin Concrete. Part2 -- Influenceof
Type and Amountof Air-Entraining Agent." Journal of the American Concrete
Institute (August 1958): pp. 261-375.

Air-entraining agents of differing chemical composition produce air voids of
different size, distribution, and spacing. The amount of agent also has an effect
on these parameters, in general, reducing the air void size and spacing when used
in increasing amounts. Air, entrained by an effective agent, in the amount
recommended by ACI Committee 613, or greater, will usually provide a
satisfactory air void system and satisfactory resistance of concrete to freezing and
thawing. In general, the factors which tend to reduce spacing also tend to increase
freezing-thawing resistance of concrete.

40. Backstrom, J. E., R. W. Burrows, R. C.Mielenz, and V. E. Wolkodoff. "Origin,
Evolution, and Effects of the Air Void System in Concrete. Part 3 -- Influence of
Water-Cement Ratio and Compaction."Journal of the American Concrete
Institute Vol. 55, No. 22 (September 1958): pp. 359-375.

Size distribution, frequency of air voids, spacing factor, and freezing and thawing
resistance of concrete are influenced by many factors, among the most significant
being water-cement ratio and degree of compaction. Increased freezing and
thawing resistance generally reflects a reduction in void size and spacing factor.
Such reductions are obtained, other factors being equal, through reduced water-
cement ratio, increased amount of air-enwaining agent, and in the case of void size
through increased periods of vibration. Reduction of water-cement ratio increases
the proportion of air-entraining agent necessary to produce a given air content but
the air content required for maximum durability is decreased as the water-cement
ratio is decreased. Increasing periods of vibration reduce the total air content and
increase the specific surface of air voids, but have relatively,little effect on
spacing factor. For any one concrete there is an optimum mr content and void
spacing factor for optimum resistance to freezing and thawing. Spacing factor
which obtains at optimumfreezing and thawing resistance of a single concrete
variously vibrated may or may not be the smallest in magnitude.
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41. Bager, D. H., andE. J. SeUevold."Ice Formationin HardenedCementPaste, PartI
m Room TemperatureCuredPastes with VariableMoisture Contents." Cement
and Concrete Research VoL 16 (1986): pp. 709-720.

Ice formation in room temperaturecuredmaturehardenedPortlandcement paste
with differentmoisturecontentshave been measured. The measurementswere
carriedout continuouslyin the temperaturerange from+20° C to -60° C. For
moisturecontents higherthan thatcorrespondingto approximatelythree
equivalentBET-monolayers, the initial freezing temperatureincreases with
increasing moisturecontents. Moisturecontents below approximatelythree
monolayersis not freezable. Forspecimens containingfreezable water, there is an
increase in the amountof non-frozenwatercontent with increasing moisture
contents. Further,there is a slight increasein the amountof non-frozenwater
content with increasing moisturecontents. Further,there is a slight increase in the
amount of non-frozen waterwith increasing water/cementratios for specimens in
equilibrium with the same relativewatervaporpressure. It is postulatedthat frost
problemsonly can be expected in specimenscontainingmore water than
correspondingto a relative watervaporpressureof about0.9.

42. Bager, D. H., andE. J. SeUevold."Ice Formationin HardenedCementPaste, Pan H
Dryingand Resamrationon Room TemperatureCuredPastes." Cement and

Concrete Research Vol. 16 (June 1986):pp. 835-844.

Ice formation in partlydried andresaturatedroom temperaturecuredmature
Portlandcementpaste has been measured. The measurements werecarriedout
continuouslyin the temperaturerangefrom +20° C to 60° C. The results
demonstratethat thedrying-resamrationtreatmentincreases the volume of large
pores and the continuityof the pore system. The increase in the volume of large
pores occurs at the expense of small pores and necks in the pore system. As the
relative wateFvaporpressureat Whichdryingtakesplace is decreased to 0.58, the
number of continuous largepores is increased. Dryingat lower relative water
vaporpressuresdoes notfurtherincrease the effect. The present findings point
out the importanceof the moisturehistory of concretebefore testing such
properties as waterpermeabilityand frostresistance.

43. Bakr,T. A. "The Significance of PoreSize Distributionin the FreezingandThawing
of Concrete Aggregate Particles."Ph.D.diss., PennsylvaniaState University,
1989.

q

This study was intended to supportthe hypothesis that the behaviorof an
aggregateparticle in freezing andthawing is a function of its porosity and pore
size distribution,and that the freezing and thawing modes and the pore size
distributionwill influence the modes of dilation and relaxation of the particle.

The scope of this studycan best be summarized in four pans:

1. Selection of test aggregateto cover a wide rangeof porosity and mineral
composition.

2. Determinationof the pore size distributionof these study sampleswith a
60,000 psi mercuryporosimeter.

3. Determinationof the modes and magnitudeof freezing and thawing of
water in the rockpore space by means of a differential thermalanalysis
technique. .
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4. Determinationof the modes and magnitudesof unconfineddilation and
relaxation of saturatedrock samplesdue to freezing andthawing,using a
mercurydisplacementdilatometer.

44. Balagnru, P., and V. Ramakrishnan."ChloridePermeabilityand Air Void
Characteristics of Concrete ContainingHigh-RangeWater-ReducingAdmixture."
Cement and Concrete Research Vol. 18 (1988): pp. 401-414.

This paperpresentsthe results of an experimentalinvestigation of chloride
permeability andair void characteristicsof concretecontaining high-rangewater-
reducing admixture.Two typical mixtureproportionswithcement contents of
611 and 799 lb/yd3 (363 and474 kg/m3) were tested. The respective water
reducingadmixture contents by weight of cement were 1%and 1.2%. Chloride
permeability tests were conductedusing 6 x 12-in. (150 x 300 mm) cylindersand
8% sodium chloridesolution. The chloridecontents weredeterminedat depthsof
0.5, 1.0, 1.5, and 2.0 in. (12.7, 25.4, 38.1, and 50.8 ram)for time periodsof 1, 3,
6, 9, and 12 months. Airvoid characteristicswere studiedusing 0.75-in. (19 ram)
thick slices cut from4 x 4 x 14.in. (100 x 100 x 350 ram)prisms. Air void
parametersnamely: chord-intercept,averagechord-intercept,spacing factor, .
specific surfacenumberof voids perinch and airvoid content weredetermin_
using LinearTraverse (Rosiwal) Methoddescribedin ASTMC 457. Air void
characteristicsresults obtained from threeother laboratoriesarecomparedwith
the results of this investigation. Theresults show that chloride permeability of
concretes madewith and without high-rangewater-reducingadmixtureis about
the same. The airvoid characteristicsof concretes tested in this investigation
using high-rangewater-reducingadmixturesare satisfactory. Spacingfactors,
chord-intercepts and the frequencyof chord-interceptsin termsof their lengths are
within the normallyrecommendedrange.

45. Balaguru,P., and V. Ramakrishnan."Freeze-ThawDurabilityof Fiber Reinforced
Concrete."Journal of the American ConcreteInstitute VoL83, No. 37 (January-
February,1986): pp. 374-382.

The results of an experimental.investigationof the freeze-thaw durabilityof fiber
reinforced concrete is presented. The primaryobjective of the research program
was to determinewhether the aircontent is the most significantparameterfor the
freeze-thaw resistanceof fiber-reinforced concrete, as is the case with normal
concrete. Accordingly,aircontentin the mixtureswas variedfrom 1.2 percentto
10.8 percent. The results indicate that aircontentis the mostsignificant factor.
Based on the results, it is recommendedthat at least 8.0 percentaircontentshould
be s_cified for concrete structuresexposed to severefreeze-thaw loading.
Comparisonof fiber-reinforcedconcrete specimenswith plainconcrete specimens
indicates that their behaviorunderfreeze-thaw loading is essentially similar. For
the same aircontent,freeze-thawdurabilityis the samefor both plainand fiber-
reinforcedconcrete. An increaseof cementcontentand a reductionof water-
cement ratioimproves the durability. The resultsalso indicate that the toughness
index of fiber-reinforcedconcretedoes notchange appreciablywith freezing and
thawing, providedthe mixtureis designed to preventdeteriorationby
incorporatingsufficient air.
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46. Balaguru, P., M. I.lknrllke,and E. Nawy. "Freeze-Thaw Resistance of Polymer
Modified Concrete." Editor J. M. Scanlon, Katharine and Bryant Mather
International Conference, Atlanta, GA, April 27 - May 1, 1987.

This paper presents the results of an experimental investigation of the freeze-thaw
durability of polymer-modified concrete (PMC). Basically, prism specimens were
subjected to a maximum of 900 cycles of freezing and thawing using ASTM C666
Procedure A. Five sets of specimens with various amounts of polymer content
were tested. The polymer consisted of a liquid epoxy resin and a curing agent (or
hardener). Weight and fundamental transverse frequency were measured at
various intervals of freeze-thaw cyclic loading. The results indicate that the
freeze-thaw durability of PMC is better than that of non air-entrained plain
concrete. The PMC with polymer-cement ratio of 0.4 or higher can withstand 900
cycles of freezing and thawing.

47. Banthia, N., and S. Mindess. "Effect of Early Freezing on Permeability of Cement
Paste." Journal of Materials in Civil Engineering VoL 1, No. 3 (August 1989):
pp. 119-132.

Coefficients of permeability were obtained for cylindrical paste specimens frozen
at the ages of 4, 24, 48, and 72 hours after casting. Two freezing temperatures of
-5 ° C and -15° C were chosen. Tests are conducted at the age of 28 days after
casting. Two types of cements were tested. The effects of silica fume addition
were also investigated. A new technique of specimen conditioning based on
cycles of flow reversal was used. With this technique, an early attainment of
equilibrium flow conditions was possible. Frozen specimens were found to have
permeabilities at least an order of magnitude higher than the normally cm'ed
specimens. Age at freezing is found to have a profound effect on permeability.
Freezing to -15 ° C was found to be more severe than freezing to -5° C..,up to an
age of 24 hours after casting. At later ages, to two temperatures produced similar
effects. An extended 22° C moist curing for 28 days after the period of freezing
was found to reverse the damage to some extent.

48. Baragano, J. R., and P. Rey. "The Study of a Non Traditional Pozzolan: Copper
Slags." Seventh International Congress on the Chemistry of Cement, Paris,
France, 1980, pp. 37-42.

The slags obtained in copper metallurgy are vitreous, hard, compact, abrasive, of
fine granulomeu3,, and arc composed principally of fayalite and iron oxides in
their crystallized phase.

Cements prepared with these slags have similar characteristics to those of portland
and pozzolanic cements with advantages in workability. The hardening curves
show certain inertia in the increase in strengthover short periods but with
considerable later advantage, though the initial strengths improve well due to
activation by alkaline sulphates. Their behavior in the presence of atmospheric
agents,:in freeze-thaw cycles and in alkali-silica reactions is noteworthy.

The durability tests with solutions of MgSO4, CaSO4 2H20 and Na2SO4 give
results that arc better than those obtained with pure portland and pozzolanic
cements. They are particularly stable to effects of seawater.
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49. Barbee, L F. "WhatHave We LearnedAboutAir-EntrainingConcrete?"American
Concrete Institute Proceedings Vol. 45, No. 35 (September 1948 - June 1949):
p. 601.

A review of ACIpublished dataon air-entrainingconcrete, thispapersummarizes
methods of controlandthe effect of airentrainmenton durability,plasticity and
workability,strength, resistance to abrasionand other propertiesof concrete. The
effects of variations in cement and water content, sand-coarseaggregate ratio,
mixing time and the use of calcium chlorideas an admixturearedescribed.
Changes in techniquenecessaryto successfullyplace, vibrate and finish air-
entrainingconcretearepointed out. A detailed bibliographyfollows.

50. Barnes,R. D., S. Diamond, andW. L. Dolch. "Micromorphologyof the Interfacial
Zone AroundAggregates in PortlandCementMortar."Journal of the American
CeramicSocietyVol. 61,,No. Nos. 1-2 (January- February1979):p. 21.

Scanningelectron microscopyshowed thatmicromorphologicalfeaturesof the
interfacial zone, which occurnext to glass slide "model aggregates," occur also in
mortarsmade with standardOttawasilica sand. These features included
formationof a duplex film on the sand-grainsurfaces,developmentof large well-
formed Ca(OH)2 crystalsat intervals near the interfacewith theirc aces roughly
parallel to it, development of stacked-plateletsecondaryC.a(OH)2 in openspaces
immediately adjacent the duplexfilm, and hydrationleading to the presenceof
hollow-shell hydrationgrains (Hadleygrains) in the interracialregion.

51. Bazant, Z. P., L Chem, A. M. Rosenberg,andL M. Gaidis. "Mathematical Model for
Freeze-ThawDurabilityof Concrete."Journal of the American Ceramic Society
Vol. 71, No. 9 (Sept. 1988): p. 776-783.

Although the equations governing the individualbasic physical processes
involved in freezing and thawing of concreteare known,a mathematical model
for this complex phenomenonis unavailable. Its formulation is attemptedin the
present study. Desorptionand absorptionisotherms for concrete below 0° C,
using pore size distributionfunctions. Watermovement duringfreezing or
thawing is described as a doublediffusion process, involving both macroscopic
diffusion throughconcrete andlocal diffusion of water into orout of air-entrained
bubbles. Heatconduction is formulatedtakinginto account thelatent heat of
freezing. Porepressuresareused in a two-phasematerial model, which makes it
possible to predictthe stress in the solid structureof concretecaused
simultaneouslyby freezing andappliedloads. This in principlereduces the
freeze-thawdurabilityproblemto the calculationof stresses and strains.
However, developmentof themodel to full applicationwould requirevariousnew
types of tests for calibration of themodel, as well as developmentof a finite
element code tosolve the governingdifferential equations. Such a mathematical
model could be used to assess the effect of cross-section size andshape, the effect
of cooling rate, the delays due to diffusionof waterand of heat, the effect of
superimposedstresses due to appliesloads, the role of pore size distribution, the

•role of permeability, and other factorswhich cannotbe evaluated at presentin a
rational manner.
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52_ Beaudoin,J. J., and C. MacInnis."Dimensional Changesof HydratedPortland
Cement MortarDue to Slow Cooling andWarming."Journal of the American
Concrete Institute SP 47-3 (April 1975).

This studyis reportsof the strain-temperaturebehavior(atvarious ages) of
hardenedportlandcementmortarwhen subjectedto a slow cycle of cooling and

\ warmingoverthe range70 to 0° F. This is anextension of cement paste studies,
reportedearlierin orderto assess the role freeaggregateplays in thetransient

• strainbehaviorof mortar,duringa freezingcycle. Two sands wereused in mortar
mixes coveting a rangeof aggregate-cementratiosand water-cementratios. An
analysis of the measuredtransientstrainsas well.as the mode of the hysteresis
loops obtained,provides some insight into the natureof frost action.

53. Benda, C. C. Preliminary Report on EMSAC F-IO0 MicrosUica Additive for
Concrete, Stateof VermontAgency of TransportationMaterialsand Research
Division, ReportNo. 86-6, April 1986.

Mierosilica, frequentlycalled silica fume, is a by-productof the ferrosiliconand
silicon metal manufacturingprocess.

Stimulatedby claims of the enhancedperformanceof PortlandCementConcrete
when microsilica is used as an additive, testing was initiated to determineif
conventional Vermont Agency of Transportationconcrete mixtures used in bridge
deck construction could be improved with the introduction of EMSACF-100
microsilica additive manufacturedby Elken Chemicals, Inc.

Given in this preliminaryreport are strengthtest results, short-term freeze-thaw
characteristics and setting times for laboratorymixed concrete containing 10 to 30
percent microsilica by weight of cement.

Initial indications are that concretewith substantially higher compressive
strengths and improved durabilitycan be producedwith microsilica. The
EMSAC F-100 additive accelerated setting times at the lower addition rate while
retarding the setting times at the upper addition rate relative to the control
mixtures.

Continued research to determineresistance toprolonged freezing and thawing and
chloride ion penetration is recommended.

54. Bergstrom, S. G. "Oaing Temperature,Age, and Suength of ConcreteY Magazine of
Concrete Research (London) Vol. 5, No. 14 (December 1953): pp. 61-66.

The effects of curing temperatureand age on the strength of concrete can be
expressedin termsof a single parametergiven by the product of age and
temperature, as has been suggested by Nurse and Saul. In this parameter,the
temperature is reckoned from -10° C, which seems to be a reasonable value of the

.... :lowest temperatureat which any appreciableincrease in strength can take place.
In the presentpaper, the correctnessof this assumption is verified by means of
check calculations made on previously known test series and on some new
Swedish tests. It is to be noted, however, that special precautions must be taken
to protect the concrete from freezing during the initialperiod after placing, and
that the humidity of the ambientair must be taken into account. Moreover, the
deterioration of concrete subjected to repeated freezing and thawing must be
studied as a separate problem.

16



55. Bergsn'om, S. O. "Influence of Frost on the Physical and Mechanical Properties of
Concrete." CBI Reports 2nd International Symposium on Moisture Problems in
Buildings, Rotterdam, September 10-12, 19"/4.

Based on the review of literatm'e, the author found that early freezing of newly
placed concrete caused permanent damage that would never be healed. This was
explained by the concept of ice crystal impressions. While still workable,
concrete freezes and ice crystal impressions occur le_Olng to a strength loss of
@proximately 40 to 50%. It should be noted that the ice crystal impressions
remain within the concrete even when thawed or hardened.

The large loss of strength, at a very early stage, is thought to be correlated with
the time of set, which is in turna function of the temperature. It is also explained
by the occurrence of three other mechanisms: (I) increased porosity, due to water
expansion (9%) when freezing; (2) rupture+ofaggregate-cement bond or adhesion,
which could not be reformed, due to+freezing;and (3) crack development as a
result of ice-lense formation or of various changes in the concrete volume while
freezing or thawing. Crack formation was believed to be a strong contributor to
the large strength losses.

Other reports mentioned that factors affecting concrete strength could also affect
its other properties among these are modulus of elasticity, thermal expansion and
permeability. These properties are markedly changed under the influence of
teml_ratures lower than freezing poinL All the changes are connected with the
volume of freezeable water in the pore system of the concrete.

56. Berke, N. S. Microsi/ica and Concrete Durability, Transportation Research Board,
Washington, D. C., paper no. 8"/02"/5,January 1988.

The use of silica fume(micros_flica) additions to improve the compressive strength
and durability of concrete is becoming widespread. In 1985 a large-scale study on
the effects of silica fume additions on concrete properties was initiated. In this
paper, the effects of water-to-cement ratio (w/c) and silica fume content, at a
constant nominal cement factor (C._ of 600 pcy, on compressive strength, freeze-
thaw resistance, chloride permeability+elecu-ical.resistivity, and corrosion
resistance of embedded rebar is addressed.

5"/. Berwanger, C., and A. F. Sarkar. "Effect of Temperature and Age on Thermal
Expansion and Modulus of Elasticity of Concrete." Journal of the American
Concrete Institute SP 39-1 (October 1973).

The thermal coefficient of expansion and the dynamic modulus of elasticity of
concrete have been determined under short-term steady state temperatures, 100 to
1500 F (-73 to 66 ° C). Specimens were cured both saturated and air-dried in the
laboratory and tested at 7, 28, 84 days, and at one year.

Thirty, five 3.x 4,x 12-in. (7.6 x I0 x 30.5-crn) concrete prisms were tested for
thermal coefficient of expansion, The coefficient of expansion decreased with an
in_ in the water-cement ratio, increased with age, and was smaller below the
freezing point of the concrete. The saturated concrete had lower coefficients of
expansion than the air-_ied concrete....

.'_ .. • +" " ,+ •

Thiny-six 3 x 3 x 12-in. (7.7 x 7.6 x 30.5-cm) concrete prisms were used to
determine the dynamic modulus of elasticity. The dynamic modulus of the
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, sauu-at_ concrete increased,while thatof the air-driedconcretedecreasedwith
age, undernormallaboratorytemperatures.The modulus also increasedwitha
decrease in the water-cementratio andwithtemperaturea decrease. Therewere
greaterincreases in the dynamicmodulus below the freezing point, whichalso
decreasedwith age.

Eighty-four6 x 12-in. (15.2 x 30.5-cm) controlcylinderswere tested for
compressive strengthand thestatic modulusof elasticity of concrete.

58. Berwanger,C., and A. F. Sarkar."ThermalExpansionof Concreteand Reinforced
Concrete."3ournal of the American Concrete Institute VoL 73, No. 52
(November, 1976):pp. 618-621.

The thermalcoefficient of expansionof concreteand reinforced concretehave
been determinedundershort-termsteady state temperatures,-100 to 150° F (-73
to 66° C). Specimefts were curedboth saturatedand air-driedin the laboratory
and tested at 7, 28, and 84 days and at 1 year.

One hundredand twenty-five3 x 4 x 12-in. (7.6 x l0 x 30.5-cm) reinforced
concreteprismsweretestedfor thermalcoefficient of expansion. The coefficient
decreasedwith increase in the water-cementratio, increased with age, and was
smallerbelow the freezing point of the concrete. The saturatedconcretehad
lower coefficients than the air-driedconcrete. Steel reinforcementrangedfrom0
to about5 percent. The coefficient for symmetricallyreinforcedconcrete
increased with the steel percentage. ForunsymmetricaIlyreinforced concrete, the
coefficient for the face at the steel increased and the coefficient for the opposite
face decreased with increasedsteeL

Eighty-four 6 x 12-in. (15.2 x 30.5-cm) concretecontrolcylinderswere tested for
compressive strength andstatic modulus of elasticity of concrete.

59. Biermans, M. B. G. M., K. M. Dijkema,and D. A. De Vries. "WaterMovementin
PorousMediaTowards anIce Front."Nature Vol. 264 (November 11, 1976):
pp. 166-167.

In frozen soils water movementtowardanice frontcan occur, leading to the
formationof ice lenses, frost heaving anddamageto roadsand other structures.
During the past decades manyattemptshavebeen made to explain the wansport
phenomenainvolved, fundamentalcontributionsbeing made by Everettand
Takagim,among others. We presenthereexperimentalresults on the influenceof
pressure on ice growth;they accordwith thermodynamictheory.

60.--Biermans,-M.:B.G. M,K. M. Dijkema,andD. A_De Vries_-"WaterMovement in
....... Porous MediaTowards an Ice FronL',Journal of Hydrology VoL37 (1978):

pp. 137-148. ....

_ : The influence of pressureon waterflow towardsan ice front, locatedabove a
•_- glass filter, was investigated experimentallyat temperaturesin the rangefrom 0 to

: ....... -0.05 e C. At constanttemperature,pressures of the ice and the waterwere
.... _ controlled independently. The formerwas keptat 1 arm.,whilst the latterwas

...... lowered stepwise between 1 and 0.2 arm. At a given temperatureequilibriumwas
observed at a pressure differencebetween ice and waterthat can be foundfrom a
Kelvin-type equation. At a smallerpressuredifference waterrio.wedtowardthe
ice, while ice accretion andfrost heaving occurred. At a larger pressure
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difference melting of the ice and water flow away from the ice front were
observed. A simplified description is givenof the phenomena occurring in the
interracial layer of water between the ice and the glass filter.

61. Bflodeau, A., G. G. Carette, and V. M. Malhotra. "Resistance of Concrete
Incorporating Granulated Blast-Furnace Slags to the Action of Deicing Salts."
International Workshop on Granulated Blast-Furnace Slag in Concrete, Toronto,
Ontario, Canada, October 1987, pp. 459-483.

This paper presents the results of an investigation undertaken at CANMET to
determine the combined effect of de-icing salts and repeated freeze-thaw cycles
on concrete incorporating granulated/pelletized BFS. Eight air-entrained concrete
mixtures, each having a ratio of water to cementitious material of 0.55, were made
in this investigation. Three granulated/pelletized slags from Canada and the
U.S.A. were incorporated into the concrete as a partial replacement for cement.
For each slag, the level of cement replacement was 25 and 50% by mass. Test
cylinders and prisms were cast to determine the strength properties of concrete;
test slabs were cast to determine to combined effect of the de-icing salts and the
repeated freeze-thaw cycles. Sawn sections of the test prisms were used to
determine the air-void parameters of the hardened concrete.

Regardless of the percentage and the type of slag used, concrete incorporating
slag exhibited considerable more surface scaling than the reference concrete. In
general, for concrete containing slag, the surface condition of the slabs after the
salt-scaling test corresponded to a scale rating of"moderate." The concrete
incorporating 50% slag as cement replacement suffered more surface damage than
that incorporating only 25% slag, despite the fact that both concretes had adequate
values of the air-void spacing factor, L.

62. Bjegovic, D., D. Mikulic, and V. Ula'aincik. "Theoretical Aspect and Methods of
Testing Concrete Resistance To Freezing and Deicing Chemicals." Editor J. M.
Scanlon, Katharine and Bryant Mather International Conference, AflantR, GA,
April 27 - May 1, 1987.

Theoretical aspects of concrete resistance to freezing and deicing chemicals are
shown in causal terms.

Different constituents and concreting procedures result in different concretes.
Furthermore, environmental influences cause a series of physical processes that
are also presented in the paper. These physical mechanisms cause stresses that
may result in concrete damages. The second part of the paper contains a survey of
methods for testing the resistance of concrete to freezing and deicing chemicals.

The most common methods are presented in a flowchart showing the advantages
and disadvantages of a method and its applicability for a particular structure.

63. Blachere, J. R.,and J. E. Young. "Failure of Capillary Theory of Frost Damage as
Applied to Ceramics." Journal of The American Ceramic Society Vol. 57, No. 5
(May 1974): pp. 212-216.

The behavior of solid barsof porous ceramics saturated with water was
investigated during the freezing and melting of the water. The length change,
differential temperature, and temperature were monitored continuously during the
experiments. The behavior of the saturated bars during the freezing of water was
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analyzed in detaiL It was shown thatquasi-equilibrium conditions, as assumed by
the capillary theory of frost damage,didnot satisfactorilydescribe the resultsof
these experiments because the plasticityof the ice phase is too low to permit
pressure equilibriation.

64. Blanks, R. F., and W. A. Cordon. "Practices, Experiences, and Tests with Air-
Entraining Agents in MakingDurable Concrete."American Concrete Institute
Proceedings VoL 45, No. 25 (September 1948 - June 1949): p. 469.

The authors discuss the advantagesof air entrainment with regard to durability,
permeability, workability,reduction in alkaliexpansion, time saving, reduction in
water and cement, temperaturerise, strength, abrasionresistance, monolithic
lightweight concrete and mass concrete. U.S. Bureau of Reclamationexperiences

• arediscussed with regard to pumping,transportationand placing, gradingof
aggregates,factors affectingthe amongof airentrained. Air-entrainingagents
and air-enwainingcements arediscussed briefly. There is a briefsection on the
measurements of entrainedair in concretewitha recommendedprocedure.

65. Borge, O. E., J. A. Paxton,andR. A. Kaden."Durabilityof VacuumSaturated
ConcreteandGrout."Journal of the American Concrete Institute SP 47-5 (April
1975).

Thispaperpresentsadurabilitystudyforconcretesandgroutwithvaryingair
contentsthatweresubjectedtobothvacuumsaturationandfreezingandthawing.
Thisadverseconditionmightsimulateyearsofnaturalweatheringandthus
providedthedesignerswithuseful.information.Theinvestigationprovedthatair-
entrainedconcretehadbetterdurabilitythannonair-entrainedconcreteregardless
ofthedegreeofsaturation.Inconclusion,sufficientinternalvoidsystem(air
content)isessentialforgooddurability.

66. Bowman, W. G., P. H. Bates, J. C. Pearson,R.W. Crum,F. E. Richart,and R. B.
Young. "Progress with ConcreteD 1923-1948." Journal of the American
Concrete Institute Vol. 44 (April 1948):pp. 693-744.

Five past presidents of the American Concrete Institute and an editor of
engineeringperiodicals review andevaluate a quarter-centuryof progress in
concrete theory design andpractice. Problemsof 25 years ago are recalled,and
the extent to which they have been solved, discussed. Landmarksof progressare
enumerated, today'sproblems(both new and old) are acknowledged. Difficulties
encounteredin formulating standardsand specifications are reviewed; progressive
changes in cement specifications arelisted. Suggestions aremade for continuing
researchprogramsand improvedresearch techniques. Inspection practices aie
criticized and correctionssuggested, the importanceof consistency controland air
entrainment effect are stressed. The history of alkalireactionstudies is outlined.
Importantsteps in structuraldesignand theory arepointed out in some detail,
there is a similar emphasis on progressof durabilitystudies, and special mention

\ ismade ofdevelopments inhighwayconstruction.
_°

6% Boyd, D. W. "Weather andthe Deteriorationof Building Materials." Durability of
Building Materials and Components - ASTM SIP 691 (1980): pp. 145-156.

Earlyattempts to predictthe effects of the weather on the deteriorationof building
materials were often little more than speculation. The inadequacy of the results is
discussed using freeze-thawcycles and the annualdriving rainindex as examples.
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More precise empiricalrelationshipswill have to be based on laboratoryor test-
site observationsandmay requirespecial weatheranalyses such as the humidity
tables preparedfor a studyof corrosionof metals. More complex relationships
arebeing found,and the analysis of the weatheroften will involve the studyof the
coincident values of two ormoreelements. The rese, :h scientist shouldbe
awareof the weather data now generallyavailableandthe types of analyses that
could be provided.

68. Brewer, H. W., and R. W. Burrows."Coarse-GroundCementMakes MoreDurable
Concrete." Journal of the American Concrete Institute VoL47 (January1951):
pp. 353-360.

A test procedurefor mortarringspecimensis described. Rings containingcoarse-
groundcement shrunkless and showedgreaterresistance to freezing andthawing
and to outdoorexposurethan those containingt'me-groundcement. These
laboratory tests indicate thatc0arse-groundcementproducesmoredurable
concrete than t'me-groundcement.

69. Browne, F. P., and P. D. Cady."Deicer Scaling Mechanismsin Concrete."Journal of
the American Concrete Institute SP 47-6 (April 1975).

Three experimentswereconductedto studythe characteristicsof the two primary
deicer scaling mechanisms in concrete: (1) a hydraulicpressuremechanism,
which is s_ongly dependentuponthe degreeof saturationand the deicer gradient,
and only occursunderfreeze-thawconditions, and (2) a chemical mechanism,
which operates between concreteand concenu'atedcalcium chloride solutions.
These two mechanismsarecompletely independentof one another.

The experimentsconductedshowed:(1) theabsorptionof deicersby concreteis
directly relatedto the scaling rate underfreeze-thawconditions; (2) the deicer
content in freeze-thaw cycled mortarspecimensdecreased with increasing depth;
and (3) concentratedcalcium chloridesolutions chemically react with concrete,
causing deterioration. The mechanismspresented in the paperserve to explain
most of the previous observationsthat have been madeof deicer scaling.

70. Bruere, G. M. "The Relative Importanceof VariousPhysical and Chemical Factors
on Bubble Characteristicsin CementPastes." Australian Journal of Applied
Science VoL 12, No. 1 (March1961):pp. 78-86.

Air contents, specific surfaceareasof bubbles,and spacing factors were measured
in air-entrainedcement pastes in which a numberof physical and chemical factors
were varied singly. The factors weremixing time, speed of stirrer,water/cement
ratio, mixing temperature,type of cement, presenceof calcium chloride andthe
order of addingcalcium chlorideand a surface-activeagent to cementpaste. The
influence of each variableon bubblecharacteristicswas studiedusing several
differentsurface-activeagents.

The mixing time,speed of stirrer,and water/cementratio had very important
effects on the specific surfaceareasof bubbles. Mixing temperature,type of
cement, and presence of calcium chloride had only small effects on the specific
areasof bubbles. Calciumhydroxidedeposits found in some bubblesreduced the
effective aircontent in hardenedcement paste buthad practically no effect on the
spacing factor. The relative abilities of surface-activeagents to entrainhigh
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surface area bubbles in cement pastes were not altered by the use of different
• mixing conditions, water/cement ratios, mixing temperatures, and cements.

71. Buck, A. D. Investigation of Frost Resistance of Mortar and Concrete, Concrete
Laboratory, U. S. Army Engineer Waterways Experiment Station, Vicksburg,
Miss., Technical Report C-76-4, October 1976.

Specimens from 12 mortar mixtures and one concrete mixture were tested for
frost resistance by accelerated freezing-and-thawing tests and by dilation, for
compressive strength, for freezable water (FW), and for weight changes after each
of eight different treatments. One variable of treatment was age of continuous
moist curing;,the other was age together with cyclic fluctuation of water pressure
to simulate the conditions that would affect concrete at a low level in the
Eisenhower Lock Ofthe St. Lawrence Seaway. The results of these tests
indicated:

(a) The cyclic pressure treatment did not cause critical saturation to develop
in most of the test specimens, including those most like the concrete in
the Eisenhower Lock. Therefore, changing water levels presumably
would not have developed critical saturation of the concrete in the lock.

Co) The concrete mixture which simulated the concrete in Eisenhower Lock
with the large aggregate removed was frost resistance.

(c) The usual relationships between frost resistance and variables of age,
compressive strength, water cement (w/c) ratio, and air content were
apparenL

(d) The amount of air needed to obtain maximum frost resistance of the
mortars increased with increasing w/c ratio to a maximum of about 9
percent air for a w/c ratio of 0.8 by weight.

(e) The data indicated that FW is not a useful index of frost resistance for
alr-enuained mortar or concrete mixtures.

(f) Frost resistance increases with increasing age as the w/c ratio increases.
(g) Dilation testing provides a sensitive measure of the frost resistance of

mortar and concrete. DHation testing could be a useful adjunct to
accelerated freezing-and-thawing tests of concrete to provide more
information on the relation of environmental influences and frost
resistance. = " ll'

72. Buck, A. D., B. Mather, and H. T., Jr. Thornton. Investigation of Concrete in
Eisenhower and Snell Locks, St. Lawrence Seaway, U. S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi, technical report no. 6-
784, July 1967.

Some concrete in the filling and emptying culverts' walls and elsewhere in
Eisenhower Lock has deteriorated, requiring extensive repairs. This type of
deterioration has not been noted to any extent at Snell Lock, built at about the
same time. The known differences regarding the concrete portions of these locks
are: (a) they were built by different contractors; (b) in the Eisenhower concrete,
25% by weight of the portland cement was replaced by natural cement.

Observations were made in the field; samples were taken from both structures and
subjected to a wide variety of tests and examinations; concrete varying in relevant
factors was made and tested; relevant literature was studied; views of other
workers in concrete technology were considered.
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Fromthese extensive explorations,it was concludedthat deterioration of the
Eisenhowerconcreteresultedfrom the unprecedentedlysevere exposure
conditions to whichit was subjectedbefore it had maturedsufficientlyto resist
them. These severeconditions were saturationof the concrete dueto
submergenceduringthe navigationseason;exposureof the saturatedareasto very
severe freezing on terminationof navigationduringearlywinter, andcontinuation
of these conditions, whichpermittedfreezingto progressfor several feet. The
immaturityof this concrete resultedfrom use of naturalcementwhich matures
slower than portlandcement. However,when the Eisenhowerand Snell Locks
were designed, there were no dataindicatingthat a degree of maturitygreaterthat
that attainedbythe Eisenhowerconcretewas requiredto resist the environmental
exposure.

73. Bunke, D. Evaluation of Ohio Test Roadfor D-Cracldng, Ohio Dept. of
Transportation,Columbus, Ohio, March 22, 1990.

D-crackinghas been noted to be a seriousproblemin the deteriorationof concrete
pavements in Ohio. A plan was developed to determine the seriousnessof
D-crackingand to study the influenceof drainageand pavementdesign. Field
surveysand a laboratorystudywere conducted,and a full-scale testroadwas
constructed,varyingmaterialcombinationsand drainagemechanismsin each
section. Field surveyshave been conductedannually,and coreshave occasionally
been takenfor study since constructionin 1974. This has resulted in a useable
plan note, requiringtes.tingfor D-cracking susceptibilityof larger sized aggregates
if used in concretepaving. Itappearsthat reducing the maximum aggregate
particlesize reduces the susceptibilityto D-cracking,and therefore, increasesthe
pavement'sdurability. Initially, it appearedthat thevarious drainagemechanisms
had no effect on originationof D-cracking, butthis projecthas been continuedfor
additional study of the drainagemechanismeffects.

74. Burg, G. P,.U. "Slump Loss, Air Loss, and Performance of Concrete."1ournal of the
American Concrete Institute Vol. 80, No. 4 (July-August 1983): pp. 332-339.

Field and laboratory experiencedemonstratesthat when concrete loses slump,
there is generallya loss of entrainedaircontent. Results obtainedfrom tests made
in conjunction with a largeconcreteroadway and parking lot pavingproject may
give the answer to the often asked question, "Is slump loss due to the loss of air,
or is airloss dueto the loss of slump?" The purposeof these tests was to study
the accuracy of currentrecommendationsfor durableconcretepavement, the
historyof air-entrainedpavement-typeconcreteas it maturesfrom the timeit was
freshly mixed to after it has been in service for several years, and the degree of
confidence that can be expected whenusing StandardASTMTest Methods to
obtaincertainselectedconcretequalities. Tests were made on randomlyselected
truckloadsof freshly mixedconcrete at threedifferent times: 1) at the centralmix
plant, "asmixed," 2) at the job site, "as received," and 3) at the job site, "as
retempered."

The concrete was adjusted for slumpat the job site by retemperingwith water.
Samples of hardenedconcrete fromtest cylindersand cores cut fromhardened
concretepavementweremicroscopicallyanalyzed. A comparisonof all test data
obtainedfrom loads of freshlymixed concrete and fromhardened concreteare
presented, indicating the concrete'squalitiesas it maturesovera three-yearperiod.
The coefficient of variationandstandarddeviation were calculated for each series
of tests conductedon the concrete.
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75: Burge,T. A. "Fiber ReinforcedHigh-StrengthShotcretewith CondensedSilica
Fume." SecondCANMET/ACI InternationalConferenceon the Use of Fly Ash,
Silica Fume, Slag, andNaturalPozzolansin Concrete,Madrid, Spain,April 1986,
pp. 1153-1170.

The additionof condensedsilicafume increasedthe strengthsandsharplyreduced
the permeability. The resistanceto freezingand thawing wasalso greatly
improved. No long-term strength loss was obtained owing to the use of a new
alkali-free settingaccelerator.

76. Buth, E., D. L. Ivey, andT. J. Hirsch. "Dirty Aggregate,What Difference DoesIt
Make?" Highway Research Record No. 226 (1968).

The effects of clay in concrete fine aggregate on the properties of concrete are
presented and discussed. The two most generally used tests, the loss by
decantation and,sand equivalent tests, are examined. The ability of these tests to
measure the observed effects of the clay fraction of an aggregate on the properties
of concrete is illustrated.

The concrete properties under study were water requirement, strength, shrinkage
and freeze-thaw durability. Both the quantity and activity of the clay fracdon
were found to be influential. Increases in quantity and activity of clay cause both
increases in water requirement and shrinkage and decreases in strength and
durability. Because of the influence of the activity of the clay fraction, the sand
equivalent test is the better indicator of the effect on concrete of the clay fraction
of an aggregate.

77. Buth, E., and W. B. Ledbetter. "The Importance of Moisture Absorption
Characteristics of Lightweight Coarse Aggregate." Highway Research Record
No. 226 (1968).

Lightweight coarse aggregates from five sources commercially available in Texas
were selected for investigation. All aggregates selected were structural
lightweight aggregates produced from shale by the rotary kiln process.

The absorption characteristics of the aggregates, including total absorption and
absorption rate, were studied. Concretes incorporating the five'aggregates were
subjected to repeated freezing and thawing (ASTM C290), and the results were

• compared to the aggregate absorption characteristics. The results demonstrate
that the concretes that incorporated aggregates that have high absorption
capacities and/or absorb water at a rapid rate are susceptible to freeze-thaw
damage.

78. Buth, F_,.,and W. B. Ledbeucr. "Influence of the Degree of Saturation of Coarse
Aggregate on the Resistance of Structural Lightweight Concrete to Freezing and
Thawing." Highway Research Record No. 328 (1970): pp. 1-13.

Six commercially produced and 7 TTI kiln-produced lightweight coarse
aggregates were used in 69 batches of lightweight concrete. These batches of
concrete, containing the aforementioned coarse aggregates, air entrainment, Type
I cement, and natural sand, were mixed and subjected to freezing and thawing in
accordancewith ASTM C 290. Absorptioncharacteristicsandporosityvalues
were determinedfor eachof the aggregates.Various degreesof saturationof the
coarseaggregateat the timeof mixing wereobtainedby immersingthe aggregates
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in water for periods ranging up to 180 days prior to mixing. The results indicate a
failure envelope exists between the number of freeze-thaw cycles failure and the
degree of saturation of the coarse aggregate. The "critical" degree of saturation by
volume was found to be 0.25, below which the concrete will generally withstand
300 cycles of freeze-thaw. It was also determined that some of these aggregates
reached this initial saturation after only 30 minutes of immersion, while other
aggregates had to be immersed for several days before becoming critically
saturated. The practical implications of the test results are discussed.

79. Cabrera, J. G. "Use of Fuel Ash to Produce Durable Concrete." Improvements in
Concrete Durability (1986): pp. 29-46.

A review of the variations in the properties of pulverized fuel ashes (pfa)
produced in the U.K. is given. Important aspects of the mix design of pfa
concrete are highlighted and the properties related to the morphology of the
concrete analyzed with reference to its performance. It is suggested that by
controlling the porosity and pore size distribution of a pfa concrete its
performance can be enhanced and thus its durability improved. Examples are
given of the performance of pfa-concrete subjected to various aggressive
environments.

80. Cady, P. D. "Mechanisms of Frost Destruction in Concrete." Ph.D. diss.,
Pennsylvania State University, 1967.

Since considerable evidence exists to support the hydraulic pressure theory of
frost action in concrete and since somewhat less, but still impressive, evidence
shows the presence of a second phenomenon related to non-freezable water, the
thesis proposed here is that at least two basic mechanisms are involved in the
destructive process. Further, it is proposed that these mechanisms are intimately '
relatedtosome basiccharacteristicsoftherock.Thesecharacteristicswilldictate

whichmechanismispredominantinanygivencase.Additionally,itisintended
toprobethenatureofthesecharacteristicsthataredetrimentalforeachofthetwo
mechanismsandtopresentexperimentalandtheoreticalsupportineachcase.

81. Cady,P.D."MechanismsofFrostActioninConcreteAggregates."Journalof
Materials(JMLSA)Vol.4,No.2 (June1969):pp.294-311.

The hydraulicpressuretheoryproposedbyPowersandtheadsorbedwatertheory
recentlyadvancedby Dunn andHudectodescribethedestructivemechanismsof
frostactiononconcreteaggregateswereinvestigated.Thesetwotheorieswerein
directoppositionregardingthestateofthewaterduringtheperiodinwhichthe
coarseaggregateunderwentdestructivevolumechange.Nineaggregatefractions
ofknown andwidelyvaryingdurabilityweresubjectedtoadsorptiontests.
Differentialthermalanalyseswereperformedonconcretespecimenscontaining
thetestfractionstodeterminethedegreeoffzeezabilityoftheevaporablewater
content.Expansion(dilations)ofthetestspecimenswerealsoobtainedduringthe
DTA runs:Multiplecorrelationanalysesofthetestvariablesanddetailed
examinationofthechangesinheatevolutionandspecimenlengthduringcooling
revealedthatPowers'hydraulicpressuremechanismwasthemajorcontributorto
destructivevolumechange.However,theexistenceofthemechanismproposed
byDunn andHudcc was consistentlyinevidence.The lattermechanism,
generally,was aminorcontributortothedestructivevolumechange,butforone
ofthetestaggregatesitwasthemajoreffect.Thus,itwasconcludedthatatleast
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two basic mechanismswere involved in the frostdestructionof concrete
• aggregates.

82. Cady, P. D. "Soundness TestingandDurability of CoarseAggregates in Concrete."
Cement, Concrete, and Aggregates VoL6, No. 1 (Summer 1984):pp. 43-46.

Throughoutits long history,sulfatesoundnesstesting of aggregateshas been
frequentlycited for poorreliabilityas a predictorof concrete durability.However,
its use remainswidespread,even to the point of constituting an acceptancetest
criterion for aggregates. Sodiumsulfate soundness tests of coarse aggregatesare
compared in this paperwith freezing and thawing tests of air-entrainedconcretes
containing the aggregates.In one case, sodium sulfate soundnessdisplayeda
relationshipto durability(freezingand thawing) test results, in a statistical sense,
butthe level of predictabilitywas poor.In another test series, the level of
predictability feUwithinthe range of pure chance. The attractivenessof sulfate
soundness testing is apparentlyderivedfrom its simplicity anddirectness.
However, it is shown in thispaperthat a Combinationof two aggregate property
tests, specific gravity and absorption,provide a betterpredictor of freezing and
thawing durability. Furthermore,these two tests are routinelyrunon aggregates
and are even simpler than the sulfate soundness test.

83. Callan, E. J. "ThermalExpansionof Aggregates and Concrete Durability."Journal of
the American Concrete Institute Vol. 48 (February1952): pp. 485-504.

Differences in durability of concretes containing aggregates from the same source
and similar concretes containing different fine and coarse aggregates are
explained partially by differences in the thermal expansion of the coarseaggregate
and the mortar. Methods were developed to obtain simple the thermal coefficients
for numerous aggregates. Concretes were tested in accelerated freezing and
thawing,yielding durability.factors.

84. Campbell, L. "Aggregates and Fly Ash Concretefor Barley Lock." ASCE Vol. 87,
No. 1 (1961): pp. 1-16.

Although the advantages of the use of a pozzolauic material, in this case fly ash,
in concrete were known in 1912, the extensive use of thismaterial for large
structuresis relatively new.

This paper presentsan actualaccountof the field handling of aggregatesand the
mix data and test results of fly-ash concrete for Barkley Lock, Kentucky.
Methodsand equipmentnecessaryfor the separationof Ohio Riversandinto
various sieve fractions, reworkingof certainsieve fractions, and recombiningof
the fractions for the completedsandare outlinedin detail. Physical and chemical
tests for the fly ash arelisted as well as trialand final concretemixes andphysical
tests of the concrete.

85. Carette, G. G., and V. M. Malhotra."MechanicalProperties,Durability,and Drying
Shrinkageof PortlandCement Concrete Incorporating Silica Fume." Cement,
Concrete andAg&regates VoL 5, No. 1 (Summer1983): pp. 3-13.

Portland cement is a highly energy-intensivematerial, therefore, considerable
effort is being made to find substitutesfor partiallyreplacing cement in concrete.
Silica fume, a byproductin the manufactureof ferrosiliconand silicon metal is
one possible substitute. Results aregiven of a preliminaryinvestigationto

26



determinethe strength,freezing andthawingcharacteristics,and dryingshrinkage
of concrete incorporatingvariouspercentagesof silica fume.

Eighteen0.06-m3 air-entrainedconcretemixes were made incorporating 0 to 30%
silica fume as a partialreplacement for cemenL Some mixes were proportionedto
have constantslump with waterto ccmentitiousmaterialsradon(w/c + s) ranging
from 0.64 to 0.84 whereasotherswere proportionedto have a constantw/c + s of
0.4; the latter incorporated a supcrplasticizer. Cylinderandprism specimens were
cast for determiningthe mechanicalpropertiesand durabilityof concrete.

Test dataindicate that silica fume when used in concrete as a partialreplacement
for cement l_rforms as a highlyefficient pozzolanic material. Notwithstanding
the exu'cmefineness of silicafume (20,000 m2/kg)and, hence, its high water
demand, the compressive strengthof constantslump concrete incorporating up to
30% silica fume is comparablewithor higher than the s_ength of control
concl_te.

Superplasticized concrete mixes having a w/s + s maintainedat 0.40 indicate
some increasein compressive strength at all ages regardless of the percentage of
silica fume.

Concreteprisms incorporating0 to 15% silica fume (w/c + s = 0.40) perform
satisfactorilywhen subjectedto 300 cycles of freezing and thawing; however,
prisms incorporating 20 to 30% silica fume andlarge dosages of superplasticizer
show excessive expansion and relatively low dynamicmoduli after300 cycles.
The dryingshrinkageof concreteincorporatingsilica fume is generally
comparablewith that of controlconcrete regardless of the w/c + s.

86. Carles-Giberques,A., J. Grandet,andJ. P. Olivier."'ContactZone Between Cement
Paste and Aggregate."Bond in Concrete, Applied Science Publishers,London,
1982. pp. 24-33.

The purposeof this communicationis to describesome characteristics of the
Portlandcementpaste hydrationin the contactzone. The influences of additions
such as fly ash, silica fume, slags, on the morphology of the aureoleareanalyzed.

87. Carlson,R. W. "Concrete as anArchitecturalMaterial- Remarkson Durabilityof
Concrete."Journal of the American Concrete Institute Vol. 35 (April 1939):
pp. 359-364.

A statement of factors affectingthe durabilityof concrete; the fatigue actionof
volume changes producedby changes in temperatureand moisture;the freezing of
water in the pores of concrete;the phenomenonof bleeding',the thermaland
elastic propertiesof the constituentsof concretearepresented. •Emphasisis
placed on the need for test methods that will permitmoreaccuratepredictionof
.durability.

88. Carrasqn_!!o,P. M. "Durabilityof ConcreteContainingHy Ash for Use in Highway
Applications."EditorJ. M. Scanlon,Katharineand Bryant MatherInternational
Conference,Atlanta, GA, April27- May 1, 1987.

Theeffectofflyashcontentontheairentrainment,freeze-thawdurability,
abrasionresistance,strengthgain,shrinkage,andcreepofconcretewasstudied.
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Two different fly ashes were used to replace 0, 20, and 35 percent of a portland
cement, by weight. A blended cement, containing 20 percent fiy ash by weight,
was also tested. Three different air entraining _amixtures were used.

It was found that the use of fly ash in concrete could reduce the effectiveness of
air-enwah_g admixtures depending on the properties of the fly ash such as loss
on ignition (LOI). However, concrete containing fly ash exhibited freeze-thaw
resistance equal to or better than that of similar concrete containing portland
cement only, provided both had similar enwained air contents. Similarly, concrete
containing fly ash showed equal or better resistance to abrasion when compared to
concrete of equal strength containing no fly ash.

89. Carrier, R. E., D. C. Pu, and P. D. Cady. "Moisture Distribution in Concrete Bridge
Decks and Pavements." Journal of the American Concrete Institute SP 47-8
(April 1975).

In the course of performing field surveys of bridges for a bridge deck durability
study, it was noted in some instances that the type of forms used to construct the
decks appeared to influence deterioration and cracks. Fewer cracks and app.arent
increases in mortar deterioration were observed on decks formed with stay-m-
place (SIP) forms than for those with conventional removable forms. It was felt
that the differences in deterioration, particularly surface mortar deterioration, were
due to differences in the moisture content in the two types of deck slabs.

The stacked disc technique that had been used previously by Penn State
researchers was employed to determine possible differences in twin Interstate 80
(I-80) bridge decks in central Pennsylvania (one with SIP forms, the other
conventionally formed). Using this technique, moisture content and distribution
were observed in each deck.

Observations indicate that the SIP formed decks have a higher moisture content
than do conventionally formed decks. However, the overall moisture content of
both bridges was much lower than that for a pavement slab observed in an earlier
study. This is somewhat surprising if one considers that generally deterioration is
much more severe on bridge decks than on pavements. Data for the entire survey
period are presented as well as some data from the previous pavement study.

90. Cebeci, O. Z. "Pore Structure of Air-Entrained Hardened Cement Paste." Cement and
Concrete Research VoL 11 (1981): pp. 257-265.

The effect of air entrainment on the pore su,ucture of hardened cement paste was
investigated. Air-entrained and air-free samples of various water-cement ratios
and ages were prepared by a well-defined procedure. The first and second-
intrusion pore-sized distribntion curves of the samples were determined by
mercury intrusion porosimetry. It was observed that sample preparation technique
affects the pore-size distributions of hardened cement pastes. The second-
intrusion curves indicated a decrease in the total volume and a reduction in the
size of pores that are uniform in cross section with decreasing age and water:.
cement ratio. The second-intrusion curves of air-enu'ained and air-free pastes of
equal water.cement ratio and age matched with each other. It was concluded that
air entrainment introduces only large air voids observable by a naked eye and
does not alter the characteristic fine pore structure of hardened cement paste
appreciably.
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91. Chalmers,B., andIC A. Jackson.Experimental and Theoretical Studies of the
Mechanism of Frost Heaving, U.S. Army Cold RegionsResearchand
EngineeringLaboratory,Hanover,NH, reportno. 199, October 1970.

This paperdiscusses the JacksonandChalmerstheory of frost heave and
describes attemptsto verify it experimentally. The theory takes into accountthe
local thermal conditionsin the soil and the permeability of the soil. The theory
predicts (or explains) stationaryice lens formation, where there is no advanceof
the frost line, and also predicts a rate of heave that is independent of the rate of
advance of the freezing front. The theory assumes that a soil can be represented
by a single characteristicvoid size although in real cases soils are not as uniform
andhomogeneous as assumed. Several experiments to verify .the theory are
described. They were generally unsuccessful, neither disproving nor
substantiatingthe theory.

92. Cheng-Yi, H., and R. E Feldman. "Dependence of Frost Resistance on the Pore
Smactureof MortarContainingSilica Fume." Journal of the American Concrete
Institute VoL82, No. 5 (1985): pp. 740-743.

Mortars prepared at water to cement and silica fume [w/(c +sO] (0, 10, and 30
percent by weigh0 ratios of 0.45 and 0.60 were assessed for resistance to freeze-
thaw cycles. Pore size distributionwas measured by mercury intrusion, and
reintrusion experiments were performedafterdistillation of mercury. Results
indicate that addition of silica fume changes the pore structure, and thatpore
volume in the pore size ranges of 20,000 to 2000 and 200 to 35 nm increases,
whereas accessibility to the pore decreases. Frost resistance of mortars containing
no entrained air and preparedat a w/(c + sOratio of 0.60 was improved greatly
with the addition of silica fume.

93. Cheng-Yi, H., andR. 1:.Feldman."Influence of Silica Fume on the Microsu'ucmral
Development in CementMortars." Cement and Concrete Research Vol. 15
(1985): pp. 285-294.

Cement mortarscontaining 0, 10, and 30 percentsilica fume were preparedat
water/cement + silica fume ratios of 0.45 and 0.60. Compressive strength,
Ca(OH)2 andnon-evaporable water contents and pore,size distribution were
monitored upto 180 days. Silica fume reacts with most of the Ca(OH)2 formed
during hydration within28 days and improves the compressive strength of the
mortar. In addition it affects the pore-size distributionof mortarsby reacting with
Ca(OH)2formedaroundthe sandgrainsand also with that dispersed throughout
the cementpaste. ".......

94. Collins, A. R. "The Destructionof Concreteby Frost."Journal of the Institution of
Civil Engineers (London) Vol. PaperNo. 5412 (1944): pp. 29:41.

Good concrete is a durablematerialwith a satisfactoryresistance to the various
forces that cause disintegration. Failure or severe damagehas generallybeen
traceableto unusualcombinationsof circumstancesor to some chemical or
physico-chemical agency. Examplesof the latterareacid- and sulphate-bearing
waste and salts used toremoveice from roads. The disintegrationof concrete by
the action of weather and alone has normallybeen foundto be slow andis seldom
of a serious nature.

29



Underwartimeconditions,with the necessity for speedof constructionand
shortagesof suitablelabourandmaterials,it has not always been found possible
to applynormalpeacetime standards,and concreteof very low quality has
sometimesbeen produced.

Those responsible have usuallybeen well aware of the low qualityof the concrete,
but no data have been availableto show how far the normal requirements for
durabilitycould be relaxed without causing trouble. Unfortunately, the winter of
1941-.42was particularlysevere and in some instances serious frost failures
occurred.

95. Collins, W. "Pozzo-crete." Seventh InternationalAsh U_tion Symposium and
Exposition, Orlando, FL, 1985,pp. 329-341.

ASTM-defined Class C fly ash has cementitious properties in addition to its
pozzolanic properties. Pozzo-crete is the name given to concrete made with Class
C fly ash as the primary cementingmaterial together with small amounts of
portland cement. This paper presents the work carriedout on pozzo-cretes using
several different fly ashes at highpercentages of cement replacement. Trial
batches of pozzo-crete with varyingamounts of fly ash andcement were made to
determine the properties such as strength, freeze-thaw durability,and sulphate
resistance. The excellent results obtainedprompted the use of pozzo-crete in
pavementandparking lot constructions. It is concluded thatalthough pozzo-crete
cannot replace conventional concrete in all applications, there are instances where

• the use of pozzo-crete does have its place, especially from a cost-benefit
relationship. It is suggested thatpozzo-crete is suited for the following areas:
parkinglots, driveways, medianinteriors, exterior slabs, drainage ditches, and
footings.

96. Cook, H. K. "Permeability Tests of LeanMass Concrete."American Society for
Testing Materials _ Proceedings Vol. 51 (1951): pp. 1156-1165.

The use of airentrainmentin mass concretefor large dams has made it possible to
place concrete with cementfactorsas low as two bags per cu yd. Adequate
strengthscan be obtainedwith such concretes underrelatively high hydrostatic
pressures. The design and operationof permeability test equipment for testing 14
1/2-diam by 15-in. cylindricalspecimensat a pressureof 200 psi is described.
Permeability coefficients of specimens representingnine air-entrainment
concretes containing2 1/2-in.aggregatebut with water-cementratiosequal to
those forfull mass mixes with 6-in. aggregateand with cementfactors of from
2.00 to 3.00 bags per cu yd arereportedaftertesting at ages of 3 months, 1 yr, and
18 months. Plansfor testing at laterages and for the testing of other specimens
are described.

97. Cordon,W. A. "'Fr_zing andThawing of Concrete_ Mechanismsand Control."
American ConcreteInstituteMonographNo. 3, Detroit,MI: AmericanConcrete
Institute, 1966.

A discussion is given on the deteriorationof concreteexposed to freezing and
thawing. Also the indication of freezing thawing deteriorationby D-line cracking,
scaling, deteriorationof portlandcementpaste andpatterncrackingis presented.

Furtherdiscussions below on the mechanism of freeze-thaw deteriorationdue to
critical saturation,smactureof portlandcementpaste, freezing in capillaries;
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generation of hydraulic pressures, diffusion and freezing of gel water in
capillaries, and osmotic pressures.

The influence of concrete aggregates Ondurability is also discussed under such
topics as: elastic accommodation, critical size of the aggregate, accretion of water
from surrounding paste, and expulsion of water from concrete aggregate into
portland cement paste.

Methods for producing durable concrete include the following:

I. Produce high quality portland cement paste by limitin,g the amount of
water in proportion to cement used in the concrete nux.

2. Use only high quality aggregates thathave satisfactory performance
records.

3. Use the proper amount of air-entraining agent to produce an air-bubble
spacing that will relieve hydraulic pressures and reduce the growth of
capillary ice.

4. Prevent rapid drying of pavement surfaces, and never give a f'mal finish
to a concrete slab until bleeding has stopped.

The following "do" and "don't" recommendations have been compiled for
improved concrete construction and control methods. Perhaps only one or two of
these items would apply to freezing and thawing deterioration under any given set
of conditions, but all are considered good, workable practices.

1. Enu'ain 4 to 6 percent air in all exposed concrete that may be saturated in
freezing weather.

2. Avoid concrete aggregates having high absorption.
3. Use the minimum amount of mixing water possible, commensurate with

good construction practices.
4. Avoid saturation of exposed concrete in freezing weather.
5. Be sure the hydration of portland cement is well advanced before

concrete is subjected to freezing and thawing.
6. Prevent rapid drying of the surface of exposed concrete before the

bleeding is complete.
7. Do not finish the surface of exposed concrete until bleed water has

disappeared.
8. Avoid the use of salts for ice or snow removal
9. After curing, allow exposed concrete to dry as much as possible; then

seal the surface.
1O. Provide adequate drainage for all exposed concrete surfaces.

98. Cordon, W. A., and D. Merrill. "'Requirementsfor Freezing-and-Thawing Durability
for Concrete." ASTM Proceedings Vol. 63 (1963): p. 1026.

Specification requirements for concrete durability have not changed
commensurate with increased knowledge and research developed during the past
20 years.

This paper is a short review of current thinking on the causes of concrete
deterioration due to freezing-and-thawing action. Laboratory test results made
with a wide variety of materials and mix proportions are reported. A method for
arriving at required cement contents and air contents based on required strength
and required durability is discussed.
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99: Craven, M. A. "Sand Grading Influence on Air Entrainment in Concrete." Journal of
the American Concrete Institute Vol. 20, No. 3 (November 1948): pp. 205-215.

Four series of mixes with varying air-entraining agents, cement factors, and sand
grading and content were prepared in order to observe sand grading effect on
concrete. A graphic record is presented of air content and w/c plotted against
fineness modulus of sand; flow and compressive strength plotted against fineness
modulus of sand; and air content plotted against percent of No. 30-No. 50 sand
and total sand percentage. Generally the percentage of air entrained in concrete
increased with a decrease in f'meness modulus of sand. Quantity of air appears to
be a function of the quantity of No. 30-No. 50 sand. The effect of gradlr_gand
quantity of sand on other properties of fresh and hardened concrete is noted.

I00. Crumpton, C. F., B. J. Smith, and G. P. Jayaprakash. "Salt Weathering of Limestone
Aggregate and Concrete Without Freeze-Thaw." Transportation Research Record
No. 1250 (1989): pp. 8-16.

Kansas aggregates are frequently alkali reactive or subject to D-cracking when
used in concrete. The use of deicing salt, usually halite (NaCI) in Kansas, makes
those problems worse. Salt allows the concrete to become wet and to stay wet
longer, increasing the time for reactions to occur. Clays in limestone aggregates
have been altered by deicing salt solutions remaining in the aggregates. Degraded
lllite changed to soduim montmoriUonite. Quartz has been altered by electric
currents induced in the concrete. Some quartz took on an optical property,
undulatory extinction, that is frequently associated with potential alkali reactivity.
Salt (NaCl) scaling of concrete blocks and slabs without freeze-thaw has been
observed. Monitoring salt water movement through the walls of concrete cups
has provided insight on how and where slat water moves in concrete. The salt
water movement and deposition of salt crystals has caused considerable scaling of
both the cement paste and the limestone aggregates of the concrete. The salt
corrodes the limestone aggregates and cement paste, attacking the most accessible
and most susceptible parts first. Particles as large as 0.6-in. have scaled from
limestone aggregates. Most of the scaled flakes arc oatmeal size and no larger
than 0.2 in in length. A silane "sealer" did not prevent salt water from moving
through the limestone aggregates in the concrete cups. All three cups treated with
silane cracked on the first salt treatment cycle (five days filled with salt water,
emptied, soaked in plain water, then nine days of air drying). Untreated cups did
not crack even after 12 cycles. No freeze-thaw was involved.

101. Day, R. L., R. C. Joshi, B. W. Langan, and M. A. Ward. "Evaluation of a Foam Test
to Assess Air-En_g Agent Requirements in Concretes Containing Fly Ash."
ACI-RrLEM Symposium '85: Technology of Concrete When Pozzolans, Slags,
and Chemical Admixtures Are Used, Monterrey, Mexico, 1985, pp. 89-102.

Generally, for a given target air content the air-entraining agent (AEA)
requirement in concretes varies widely. The foam test was developed for provide
a rapid assessment of the AEA demand for a given fly ash-cement combination.

• This paper presents a laboratory study undertaken to determine the efficiency of
the foam test. The tests are conducted with the following parameters varied: type
of fly ash and cement, replacement level, type of admixture, length and degree of
agitation of the foaming solution, effect of temperature, and effect of sample size.
The results show that this test method is effective in estimating the relative AZEA
demand for cement-fly ash-water combinations. The foam test is also found to be
relatively insensitive to factors such as speed and duration of agitation,
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temperature, and sample size. Good correlation is found between the foam index
and the AEA requirement to produce 6.5 percent air in laboratory concrete mixes.

102. "D-Cracking Pavements - Causes Are Understood but Treatment Choices are Few."
Materials and Technology Engineering and Science No. 24 (October 1988).

This article describes the causes and factors influencing D-cracking of concrete
pavements. R was stated that coarse aggregates causing D-cracking included
sedimentary materials such as limestone, dolomite, shale, sandstone, and
greywacke. The list also included aggregates with low permeability, high
porosity, and small pore size.

The availability of continuous moisture within pavements containing such
aggregates promote D-cracking. Saturation of the aggregate pores takes place and
when freezing occurs internal pore pressure develops leading to cracks in the
particles and in the mortar as well. Repeated freezing and thawing cycles
contribute to more crack development.

To ameliorate the quality of poor aggregates, the following techniques were
adopted:

I. Reduction of coarse aggregate particle size.
2. Separation of harmful particles by means of heavy media (liquids).
3. Blending harmful aggregates with more durable aggregates.

Size reduction method is believed to be the most promising approach. Reduction
of the aggregate's maximum size is thought to significantly improve frost
resistance of some materials. The author, however, sees the best approach is
testing a range of maximum size from each aggregate source. This will determine
the largest acceptable maximum size from each source. Yet, more information is
needed in terms of maintenance and rehabilitation of D-cracked pavements.

103. Decker, E. A. "Chemical Adnlixtures for Concrete." ACI Materials Journal Vol. 86,
No. 3 (May-June 1989): pp. 29%327.

This sixth report of ACI Committee 212, now named "Chemical Admixtures for
Concrete," updates the previous reports of 1944, 1954, 1963, 1971 and 1981.
Admixtures discussed herein are those known as chemical admixtures; freely
divided mineral admixtures have been transferred to ACI Committee 226.
Admixtures are classified into five groups: (I) air-entraining; (2) accelerating; (3)
water-reducing and set-controlling; (4) admixtures for flowing concrete; and (5)
miscellaneous. Preparation and batching, which had a separate chapter in the
1981 report, are included here in Chapter I. Chapter 5, "Admixtures for Flowing
Concrete," is new, re_resenting technology that has matured since 1981. Any of
those admixtures p,,_,sessing properties identifiable with more than one group are
discussed with the group that describes its most important effect on concrete.

104. Delage, P., and P. C. Aitcin. "Influence of Condensed Silica Fume on the Pore Size
Distribution of Concretes." Industrial and Engineering Research VoL 22 (1983):
pp. 286-290.

Condensed silica fume is a quite new pozzolanic material used in concrete. It is
composed of very f'mespherical glassy spheres of quite pure silica, a hundred
times finer than cement particles. It is known that condensed silica fume
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. ...

increases the compressivestrengthand decreasesthe permeabilityof concrete in a
very spectacularmanner. This actionhas always beenrelatedto the pozzolanic
reaction. In thispaperit is shown thatthe action condensed silica fume results
also notonly in the closing of most of the pores of the concrete having a diameter
between 0.05 and0.5 pm but also in a decreaseof the size of the micropores.
Thisphysical action, in additionto the chemical one previously advanced, can
explain more completely the beneficial action of thisvery reactive pozzolan on
the concrete properties.

105. Demirel, T., B. W. Gunnink,B. V. En_tfin, andK. L. Bergeson.Development of a
Conductometric Test for Frost Resistance of Concrete, Final Report, Iowa State
University,Engineering ResearchInstitute,Iowa DOT Project HR-272, ERI
Project 1775, ISU-ER187-410, January31, 1988.

This reportdescribes the researchcompletedunderthe researchcontractentitled
"Developmentof a ConductometricTestfor FrostResistanceof Concrete"
undertakenfor the Iowa Highway ResearchBoard. The objective of the project
was to develop a test method which can be reasonablyand rapidlyperformedin
the laboratory and in the field to predict,with a high degree of certainty,the
behavior of concrete subjectedto the action of alternate freezing and thawing.
The significance of the results obtained,andrecommendationsfor use and the
continued developmentof conductometrictesting arepresented in this final
report.

In this project the conductometricevaluationof concrete durabilitywas explored
with threedifferent test methods. The testmethods and proceduresfor each type
of test as well as presentationof the results obtainedand their significance are
included in the body of the report. The threetest methods were:

1) Conductomeu'icevaluationof the resistance of concrete to rapidfreezing
and thawing,

2) Conductometricevaluationof the resistance of concrete to natural
freezing and thawing, and

3) Conductometricevaluationof the pore size distributionof concrete and
its correlationto concrete durability.

• .. .

The report also includes recommendationsfor the continued development of these
test methods.

106. DePuy, G. W. "Freeze-Thaw and Acid Resistanceof Polymer-Impregnated
Concrete."Journal of theAmerican Concrete Institute SP 47-11 (April 1975).

The developmentalprogramfor concrete-polymermaterialshas shown polymer-
impregnatedconcrete (PIC) to have significantly improved durabilityand
structuralproperties as comparedwith conventional concrete. Laboratorytest
show PICoutlasts conventionalair-entrainedconcretemore than l0 times as long
in the Bureau'sfreeze-thaw test and two or more times as long in exposure to acid.
Acid resistance can be furtherincreasedby doubly coating the specimen with
polymer to improve surfacesealing. The Bureautests arecustomarilyevaluated
on a weight loss basis, and other criteriawould be helpful to evaluate durability
and to shortentest times. A series of tests wereperformedto measure
compressive and tensile strength,dynamicmodulus of elasticity, length change,
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ulwasonic pulse velocity, and weight loss of specimens during the course of the
tests.

10% Detwiler, R. J., B. J. Dalgleish, and R. B. WiMamson. "Assessing the Durability of
Concrete in Freezing and Thawing." ACI Materials Journal Vol. 86, No. 1
(January-February 1989): pp. 29-35.

Concretes subjected to cycles of freezing and thawing can deteriorate rapidly
• unless they are designed properly for these conditions. Standard tests are used to

determine the suitability of a particular concrete for service under cycles of
freezing and thawing. However, in these tests, failure takes place by a different
mechanism than would occur in service. It may be possible to obtain a better
prediction of the actual performance of the concrete in service by including an
examination of the microstructure of the air-void system as part of the test
procedure. Scanning electron micrographs of two concretes exposed to the same
environmental conditions illustrate this poinL

108. Dhir, R. K., K. Tham, and L Dransfield. "Durability of Concrete With a
Superplasticizing Admixture." Editor J. M. Scanlon, Katharine and Bryant
Mather International Conference, Atlanta, GA, April 27 - May 1, 1987.

The experimental work proved that superplasticized concrete specimens possessed
greater durability than the normal concrete specimens, with the difference
between two corresponding mixes increasing as the design strength of concrete
increases.

The improved freeze-thaw durability exhibited by the superplasticized, normal-
workability, was a result of the following:

• Higher air content
• Favorable air bubble size and distribution
• Improved morphology of the hydration products and the micropore system

of the concrete.

Permeability tests showed that superplasficized concrete, for a given w/c ratio and
strength, recorded lower air and water permeability.

109. Dhir, R. IC, and A. W. F. Yap. "Superplasticized high-workability concrete: some
properties in the fresh and hardened states." Magazine of Concrete Research
Vol. 35, No. 125 (December 1983): pp. 214-228.

The paper describes the first stage of a wide-ranging investigation into
superplasticized high-workability concrete. The propemes studied were, in the
fresh state, flow characteristics, stability (bleeding and segregation) and air
content and, in the hardened, compressive strength (both early and subsequent up
to 90 days) and drying shrinkage. A ravldng order of the superplasticizers used

" was obtained, together with proposals on the flow and segregauon behavior in
response to variations in cement content and sand grading. The bleeding of the
superplasticized high-workability concrete was found to be higher, and the air
content generally lower, than for the corresponding normal concrete.
Compressive strength was found to be generally of the same order as that of
normal concrete, whilst drying shrinkage was higher for the superplasficized high-
workability concrete. .
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1I0: Dobrolubov, G., and B. Romer. "Applied Microscopy in Building Materials Testing."
Leitz Company Publications pp. 135-144.

Microscopy can reveal the fine su'uctureof a body. This makes it possible to
recognize the intrinsic relations especially with heterogeneous and anistropic
substances.

The microscopic structuralinvestigation is evaluated quantitatively with
corresponding stereological evaluation, as well as qualitatively, i.e., purely
morphologically.

This report is confined to the relations in the microstructure of a substance,
distinguishing between the main components such as:

Cementing agents in hardened form
Aggregates and _lers
Cavities (capillaries, pores, cracks).

The article does not claim to be comprehensive in the description of all
possibilities. It outlines the simplest and most useful principle of investigation for
practicing building experts. The main emphasis lies on the description of the
methods of investigation used by the author within the last 5 years.

The report does not describe in detail the purely microscopically analytical
procedure; it is conf'med to the discussion of the relations of component analysis
in the microscope with regard to the image differentiation required for this, as
well as the relation to the qualitatively morphological assessment

11I. Dolar-Mantuani, L. "Soundness and Deleterious Substances." ASTM STP 16913
(1978).

During the past 1O0 or more years many tests have been developed and applied to
assess the quality of concrete aggregates. This paper is a discussion of the
significance of five aggregate quality tests currently in use. One of them, the
sulfate soundness test (ASTM Test for Soundness of Aggregates by Use of
Sodium Sulfate or Magnesium Sulfate C88), is perhaps themost widely used of
all methods for determining the overall quality of aggregate. The other four tests
are used to determine the presence of specific harmful particles or substances
which influence the mix proportions of fresh concrete or its early stage hardening,
or which damage the concrete surface under specific circumstances.

112. Dolch, W. L. Significance of Tests and Properties of Concrete and Concrete-Making
Materials, American Society for Testing and Materials, Porosity, ASTM STP-
169B (Chapter 37), 1978. pp. 646-656.

Most of the importantproperties of concrete aggregates are influenced strongly by
the volume and dimensions of the internal pore system of the material. These
properties include density, strength, absorption, and freeze-thaw resistance.

The purpose of this article is to discuss the parameters related to the pore system
of an aggregate, the methods for their measurement, and the properties of the
aggregate and concrete they so strongly influence. Many of these topics were
covered in earlier papers of which this the successor. It is not intended to repeat
details needlessly, but to emphasize subsequent developments.
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113. Dolen, T. P. "The Use of Fly Ash Concrete for Upper Stillwater Dam Roller-
Compacted Concrete." Seventh International Ash Utilization Symposium and
Exposition, Orlando, FL, 1985, pp. 613-639.

This paper discusses the design, construction concepts, and concrete materials
investigations of roller-compacted concrete (RCC) used in the Upper Stillwater
Dam, which is being constructed in Utah. The unique design of the dam and
severe climatic conditions at the site required the use of high-strength concrete
with a low heat-generating capacity. This was accomplished with a 75 percent
replacement of cement with fly ash in the concrete mix design. Properties of RCC
were determined from ]aboratory studies of mortar and concrete and from testing
cores extracted from a field test placement. Extensive mix design studies were
conducted including tests to determine compressive and tensile strengths and
elastic properties, creep, tensile and shear strength of joints, adiabatic temperature
rise, diffusivity, thermal expansion,,density_ permeability, drying shrinkage, and
freeze-thaw resistance. Analysis of the results of the above tests and the
guidelines arrived at, for the design and construction of RCC are presented.

114. Dubberke, W., and V. J. Marks. The Effect of Deicing Salt on Aggregate Durability,
Iowa Dept. of Transportation, Ames, Iowa, Progress Report, Project HR-266,
January 1985.

The Iowa DOT has been using rapid freezing in air and thawing in water to
evaluate coarse aggregate durability in concrete since 1962. Earlier research had
shown that the aggregate pore system was a major factor in susceptibility to
D-cracking rapid deterioration.

There are case were service records show rapid deterioration of concrete
containing certain aggregates on heavily salted primary roads and relatively good
performance with the same aggregate in secondary pavements with limited use of
deicing salt. A five-cycle salt treatment of the coarse aggregate prior to durability
testing has yielded durability factors that correlate well with aggregate service
records on heavily salted primary pavements. X-ray fluorescence analyses have
shown that sulfur contents correlate well with aggregate durabilities with higher
sulfur contents producing poor durability. Trial additives that affect the salt
treatment durabilities would indicate that one factor in the rapid deterioration
mechanism is an adverse chemical reaction.

The objective of the current research is to develop a simple method of
determining aggregate susceptibility to salt related deterioration. This method of
evaluation includes analyses of both the pore system and chemical composition.

115. Dubberke, W., and V. J. Marks. "Evaluation of Carbonate Aggregate Using X-Ray
Analysis." Transportation Research Record No. 1250 (1989): pp. 17-24.

Iowa has more than 13,000 miles of portland cement concrete (PCC) pavement.
Some pavements have performed well for over 50 years, while others have been
removed or overlaid due to the premature deteriorauon of joints and cracks. Some
of the premature deterioration is classical D-cracking, which is attributedto a
critically saturated aggregate pore system (freeze-thaw damage). However, some
of the premature deterioration is related to adverse chemical reactivity involving
carbonate coarse aggregate. The objective of this paper is to demonstrate the
value of a chemical analysis of carbonate aggregate using X-ray equipment to
identify good or poor quality. At least 1.5 percent dolomite is necessary in a
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carbonate aggregate to produce a discernible dolomite peak. The shift of the
maximum-intensity X-ray diffraction dolomite d-spacing can be used to predict
poor performance of a carbonate aggregate in PCC. A limestone aggregate with a
low percentage of strontium (less than 0.013) and phosphorus (less than 0.010)
would be expected to give good performance in PCC pavement. Poor
performance in PCC pavement is expected from limestone aggregates with higher
percentages (above 0.050) of strontium.

116. Dubberke, W., and V. J. Marks. "The Relationship of Ferroan Dolomite Aggregate to
Rapid Concrete Deterioration." Transportation Research Record No. 11I0
(1987): pp. I-I0.

Some of Iowa's 13,200 miles of portland cement concrete (pcc) pavements have
remained structurally sound for more than 50 years, while others have suffered
premature de_rioration. Research has shown that the type of coarse aggregate
used in the pcc is the major cause of this premature deterioration. Some coarse
aggregates for concrete exhibit a nonuniform performance history. They
contribute to premature deterioration on heavily salted primary roadways while
providing long maintenance-free life on unsalted secondary pavements. This
inconsistency supports the premise that there are at least two mechanisms that
contribute to the deterioration. Previous research has shown that one of these
mechanisms is a bad pore system. The other is apparently a chemical reaction.
The objective of this research is to develop simple rapid test methods to predict
the durability of carbonate aggregate in pcc pavements. X-ray diffraction
analyses of aggregate samples have been conducted on various beds from
numerous quarries producing diffraction plots for more than 200 samples of
dolomitic or dolomite aggregates. The crystalline structures of these dolomitic
aggregates show maximum-intensity dolomite/ankerite peaks ranging from a d-
spacing of 2.884 angstroms for good aggregates to a d-spacing of 2.914 angstroms
for nondurable aggi-ega_eS. If c6arse aggregates with known bad pore systems are
removed from this summary, the d-spacing values of the remaining aggregates
correlate well with expected service life. This may indicate that the iron
substitution for magnesium in the dolomite crystal is associated with the
instability of the ferroan dolomite aggregates in pcc pavement.

117. Dubberke, W., and V. J. Marks. The Relationship of Ferroan Dolomite Aggregate to
Rapid Concrete Deterioration, Iowa Highway Research Board, Research Project
HR-266, January 1987.

The objective of this research is to develop simple rapid test methods to Rredict
the durability of carbonate aggregate in PCC pavement.

X-ray diffraction analyses of aggregate samples have been conducted on various
beds from numerous quarries producing diffraction plots that form more than 200
samples of dolomitic or dolomite aggregates. The crystalline structures of these
dolomitic aggregates show maximum intensity dolomite/ankerite peaks ranging
from a d-spacing of 2.884 angstroms for good aggregates to a d-spacing of 2.914
angstroms for non-durable aggregates. If coarse aggregates with known bad pore
systems are removed from this summary, the d-spacing values of the remaining
aggregates correlate very well with expected service life. This may indicate that
the iron substitution for magnesium in the dolomite crystal is associated with the
instability of the ferroan dolomite aggregates in PCC pavement.
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118. Dunn, J. R., and P. P. Hudec. The Influence of Clays on Water and Ice in Rock Pores,
New York State Departmentof PublicWorks,ReportNo. RR65-5, 1965.

Unique quantitativecold differentialthermalanalysis (electrocalorimetric)
equipmenthas been constructedat RensselaerPolytechnicInstitutefor the
purposeof studyingone phaseof the natureof waterandice in rockpores. The
temperatureof freezing, the heatof freezing and the natureof freezing of waterin
rock can be systematicallyanalyzed for the first timewith this unit. The DTA
(differential thermalanalysis) equipment is capableof detecting the freezing of
0.001% water in an average40 gramrock sampleor a temperaturedifferential of
O.O01C.

The constructionand calibrationof the DTA equipmentand correctionsfor
variationsof heatof freezing of waterwith numberof degreesof supercoolingand
for variationsof specific heat andconductivityare described in detail.

Typical temperaturedifferentialtraces aredescribedand interpreted.

119. Dunstan,M., andR. Joyce. "High Fly Ash ContentConcrete: A Review and a Case
History." EditorJ. M. Scanlon,Katharineand Bryant Mather International
Conference,Atlanta,GA, April27 - May 1, 1987.

Concretescontaininglarge quantities of fly ash have now been used in the UK
and elsewhere for ten years. This type of concrete, which has become known as
high fly ash content concrete (HFCC),was originallydeveloped as a roller-
compacted concrete for dams. The mix proportionsof HFCC are designed
considering the fly ash to be an integralingredient in the concrete as opposed to a
portlandcement replacement.

The uses of HFCChave now been extendedto roadconstructionand structural
concrete, includinghigh-workabilityand high-strengthconcretes. Throughoutthe
development of HFCC, testing of the concrete in situ has been considered to be of
paramountimportancein additionto the usual laboratorytrials. This paper traces
the developmentof HFCCand considersa particularcasehistory in which a direct
comparison was made, overa periodof fouryears, between two airfield
pavements. One pavementcontainedconventional portlandcementconcrete and
the other high fly ash contentconcrete. The results of testing for cubeand core
compressivestrengthandflexuralstrengtharepresentedtogetherwith the results
of a limited numberof test of the 4-year old pavementfor durability. The paper
concludes that in this particularcase, both pavements exhibitedcomparable
strengthand durabilitycharacteristics generally,although the HFCC pavement
seemed to have betterweatheringand abrasionresistance as well as a significant
economic advantage.

120. Edwards,A. L. "Numerical Modelfor Saturated-UnsaturatedFlow in Deformable
Porous Media: 2. The AlgorithmY Water Resources Research Vol. 14, No. 2
(April 1978): pp. 255-261.

An integratedfinite differencealgorithmis presentedfor numerically solving the
governing equationof saturated-unsaturatedflow in deformableporousmedia. In
recognition that stabilityof the explicit equationis a local phenomenona mixed
explicit-implicitprocedureis used for marchingin the time domain. In this
scheme the explicit changes in potential arefirst computedfor allelements in the
system, afterwhich implicit correctionsaremade only for those elementsfor
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which the stable time step is less than the time stepbeing used. Tune step sizes
• are automatically controlled in order to optimize the number of iterations, to

control maximum change in potential during a time step,and to obtain desired
outputs. Tune derivatives, estimated on the basis of system behavior during two
previous time steps, areused to startthe iterationprocessand to evaluate
nonlinearcoefficients. Boundaryconditions and sourcescan vary with time or
with the dependentvariable. Inputdata types of mmcatlonerrors,and
convergence errors. The algorithmconstitutes an efficient tool for analyzing
linear and nonlinearfluid flow problemsin multidimensionalheterogeneous
porous media withcomplex geometry. An importantlimitationis thatthe model
cannot convenientlyhandle arbitraryanlsotropyand other generaltensorial
quantities.

121. Entisttin,B. V., B. W. Gunnlnk,W. Dubberke,andT. DemireL Frost Action in Rocks
and Concrete, Iowa State University,EngineeringResearchInstitute,Iowa DOT
ProjectHR-258, ERIPi'oject1648,April 30, 1986.

The objectives of the project wereto develop methodologies for (i) predictionand
measurementof the magnitudeof pressurewhich develops withinpores of
saturatedporousmaterialsuponfreezing; (ii) determinationof pore structure(pore
size distribution)of porousmaterials; Off)predictionand measurementof therate
with whichpore ice grows; and (iv) prediction of frostsusceptibilityof porous
materials with varying pore smacmres.

As with all research endeavors the solution of one problem leads to another one
and thisproject was no exception. Emergence of new problems and the measures
taken as the work progressed were discussed in progress reports submitted to the
board. This final report will discuss only the conclusive finds andsuggest
measures to be takenfor future investigations. The theory discussed in the
proposal is notrepeated in Otisreportfor the sakeof brevity. However, the paper
published as partof thisprojectcontaining thetheory is attachedas Appendix I
for the reader interested in the theory. In conformity with the objectives, this
report consists of four pans.

122. Entis_n, B. V., IC S. Soo, and K. L. Bergeson. "Frost Susceptibility of Concrete in
Near-SaturatedStates." Journal of Materials in Civil Engineering (October
1991).

A two-stage freezing model is proposed for concrete at a near-saturatedstate. The
first-stage involves a mechanismconsideredby Powers, while the second-stage is
based on the plastic ice theory dueto Everett. The volumetricconsequences of
this model checked by dilatometrydo notperfectly materialize,since the pore-air
is not compressibleenough as assumedin Powers'theory. Experiments
qualitatively confirmtheexpectedcritical dependenceof frostdamage on
saturationleveL The roleof airentrainmentin minimizingthe frostdamage in the
field is explainedpartlyby its retardationof the second-stage-freezingby
increasing the compressibilityof the gas phase, butmainly by lowering the rateof
saturation. Experimentsalso confirmthat the dilatometricexpansion on freezing
is a measureof significantdamageas predictedby the proposedmodeL On
groundsof this observation,a simple immersionexpansiontest is tentatively
proposed to evaluatefield-frost-susceptibilityof concrete. It is based on
dilatometricmeasurementsduringfreezing. The results appear to be promising.
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123. EvercR, D. H. "The Thermodynamicsof FrostDamageto PorousSolids."
Transactions of the Faraday Society Vol. 57 (1961): pp. 1541-1551.

The thermodynamicsof theformationof "icelenses" in porousmaterialsis
discussed in relationto experienceandexperimenton the damagecaused by frost
to ro_d_and buildingmaterials. Qualitativelythe theory is in accordancewith
knownfacts, buta precise quantitativecorrelationis difficultpartlybecause of the
complexity of porous materialsand partlybecause of lack of a reliable value for
the surfacetension of ice. Studiesof ice lens formationusing simple apparatus
might, however, providea methodof determiningthe surfacetension of ice.

124. Fagerlund,G. "CriticalMoisture ContentsatFreezingof PorousMaterials."Second
InternationalCIB/R/LEMSymposiumon Moisture Problemsin Buildings,
Rotterdam,September 1974,Swedish Cement and ConcreteResearchInstitute.

The frost resistance of a materialis a functionof the materialsand the
environmental properties. The materialsproperties are expressed in a critical
degree of saturation. This cannotbe exceeded during one single freezing without
risk of substantial damage. The environmental properties are expressed in an
actual degree of saturation. Itsvalue depends on the way of using the material.
The frost resistance is then definedas the difference between the critical degree of
saturation and the actualdegree of saturation. This approachhas many
advantages such as:

• Rapidand general freeze-test method is made possible.
• Consideration can be taken to different ways of using the material.
• Quantification of frost resistance, whichfacilitates rational materials

choice.
• Better understandingof relations between materials properties andfrost

resistance.
• Clarificationof the many obscurities connected to the problem of frost

resistance.

125. Fagerlund, G. The Critical Degree of Saturation Method of Assessing the Freeze-
Thaw Resistance of Concrete, RILEMCommittee4 CDC. Swedish Cementand
Concrete ResearchInstitute.

This report gives detaileddescriptions of the methods of assessing the critical
degree of saturation, the method of assessing the capillarydegree of saturation,
and calculation of the freeze-thawresistance. Also included are detailed
instructions andformulae as weUas a practical example.

126. Fagerlund, G. The International Cooperative Test of the Critical Degree of
Saturation Method of Assessing the Freeze-Thaw Resistance of Concrete, RILEM
Committee 4 CDC. Swedish Cementand ConcreteResearch Institute, 1975.

Experimentalwork was conductedin 5 differentlaboratoriesto determineboth
the critical degree of saturation(SCR) and the capillary degree of saturation

SCR was determinedby multi-cyclefreezings and thawings Ofsealed specimens
while SCAP was found by the capillarywateruptake. Itshould be noted that
specimens were made of concrete with or without air-entrainingagents.
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The test results showedthatthe air-entrainedconcrete was more durablethanthe
non air-entrainedconcrete. Forboth concretes, however,the deviations in SCR
and SCAP obtainedwere small. The freeze-thaw resistance, defined as the
difference between SCRand SCAP, was nearly the same at all laboratories.
Values of SCR obtainedfromthe dilatometricmeasurementswere similarto the
values obtainedin the main test. This showed the usefulnessof one cycle freeze-
thaw in determiningSCR. Also, the results of the air-poreanalysis were in
agreementwith the results obtainedat all laboratories. The spacing factorwas
found higherthan critical for non air-entrainedconcretebutlower than critical for
air-entrainedconcrete.

127. Fagerlund,G. "The Significance of CriticalDegrees of SaturationatFreezingof
Porousand Brittle Materials."Journal of the American Concrete Institute SP 47-2
(April 1975).

The papertreatsthe problem"FrostResistance,"as a generalproblemfor all
porous materials. The basis is the undeniablefact that well defined critical
degrees of saturationexist forall porous materials.

The differencebetween the new way of defining critical degree of saturation(as a
materials constant) andthe usualway (as functions of a combination of properties
of material and environment)is discussed. The method of determinationis shown
and discussed.

Possible definitions of moistureconditions areprovided.

By comparisonof the criticaldegreeof saturationand the actual reachedin
practice the frost resistancecan by expressed by a plainfigure, which makes a
rational choice of materialpossible. The method is exemplified. A method of
determinationof theactual Watercontent is shown. Hypotheses areput forward
as regardsfrost resistance of layeredstructuresor particlecomposites and frost
resistance throughthe useof thawing salts.

On the basis of the hydraulicpressuretheory, connections betweenmaterials'
properties and critical degreeof saturationarederived. Measurementsof amount
of ice formed, rate of ice formationand length changestogether with estimations
on temperature-permeabilityrelations show the reasonablenessof the hydraulic
pressure theory. Connectionsbetween pore propertiesand actualdegree of
saturationarediscussed.

128. Fagerlund,G. "Studies of the D_structi0nMechanismatFreezingof-Porous
Materials." The 6th InternationalCongresson ProblemsRaisedby FrostAction,
CBI Reports,FondationFrancaised1_mdesNordiques,Le Havre, April23-25,
1975.

The value of the critical degreeof saturationwas proved to be individual for each
type of materials. Itwas also proved that the numberof freezings and thawings
have no or very little effect on the degreeof saturationas long as the specimens
were sealed.

When freezing in the presence of deicing agents, more severe damageof
specimens was observed. Experienceshowed the existence of a pessimum
concentrationof deicing agentthat gave moredamage than loweror higher
concentrations. In the case of NaC1,thepessimum concentrationrangedfrom3 to
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5% and 12% concentrationfor CaCI 2. However, the damage of this latterwas of
a chemical nature.

The author concludedthat thecritical degreeof saturationwas a function of the
saltconcentrationof pore water. Insofaras the actualdegree of saturationwas
concerned, it was discoveredthatatconstanttemperature,there was no significant
influence of salt concentrationon the degree of saturation.Whereastemperature
cycling (-18° Cto +5° C) gave highervalues of saturationfor salt solutions than
for purewater. Furtherstudieswere made on otherparametersin conjunction
with freezing. These parametersincluded criticaldistances, defined as the
thickest completely water-saturatedmaterials'volume that may.freezewithout
damage. Criticaldistanceswere the critical spacing between art-poresin cement
paste and the critical size of concreteaggregates. It is stated thata relationexisted
between critical distance andcriticalaircontentas well as airbubblesize.

129. Faulkner,T., and R. D. Walker."Rapid One-CycleTest for EvaluatingAggregate
PerformanceWhen Exposed to Freezingand Thawing in Concrete." EditorJ. M.
Scanlon, Katharineand BryantMatherInternationalConference,Adanta, GA,
April 27 - May I, 1987.

Previousworkdemonstratedthat carefullymonitoredlengthchange
measurementsduringthe _St freezeperiod of a concretespecimen containingthe
aggregate being evaluated show a "f'mgerprint"that can be successfully correlated
with the "DurabilityFactor"thatis obtainedaftermany latercycles of freezing
and thawing. Six differentcoarse aggregates were used in thisstudyto (1) further
substantiatethe conclusionsof the previous workand to (2) attemptto shortenthe
test evaluation procedurefromeight to threedays. The slope of the cumulative
length change vs. temperatureand the lengthchange vs. time curveof the first
freeze cycle nearthe freezing point of waterwas used as the "t'mgerprint."
Although attemptsto shortentheprocedureby using a boiling wateraccelerated
curingprocedurewereconsideredsuccessful, it was recommendedthat other
methods of acceleratingearly strength_be attempted. The tests indicated that the
procedurewas satisfactoryfor screening aggregate durabilityfactor.

130. Fears,F. K. "A Study of the Air-Void Characteristicsof HardenedConcrete."Ph.D.
diss., PurdueUniversity, January195"/.

Thirty-eight beams from nineteenmixes were used to studythe correlation
between each of the five air-voidcharacteristics and durability. These beams had
shown varyingdegrees of durabilityas measuredby resistance to deteriorationin
laboratory freezing andthawing tests. Durabilityfactorswere used to express the
durabilityof each of these beams. The five air-voidcharacteristics rankedin the
order of their correlationwith durability beginningwith the one showing the best
correlation are:(1) spacingfactor, (2) specific surface,(3) number of voids per
inch, (4) hypothetical numberof voids per cubic inch, and (5) total aircontent.

The @acing factorandthe specific surface were foundto be of almostequal
importancein producing durableconcrete. Hence, eitherof these two
characteristicsmay be used as a criterionfor determining the airrequirementsfor
frost-resistant concrete.
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131.4 Feldman, ILF. "Dependence of Durabilityof Mortarson and Sand/CementRatio and
Microsilica (Silica Fume) Addition."Durability of BuUding Materials VoL4,
No. 2 (1986): pp. 137-149.

Cement mortarscontaining0%and 10%silica fume were preparedwitha
water/(cement+ silica fume) ratioof 0.60 and 0.70. Sand/cementratios of 0, 0.5,
1.0, 1.5, 1.8, 2.0, 2.25 and3.0 were used. Results indicatea large increasein frost
resistance for specimens with 10%silica fume plus (sand)/(cement + silica fume)
ratio of > 2.25 at w/(c + sO of 0.60, with the greatestresistance for a sand/(cement
+ silica fume) ratio of 3.0. The improvedfrost resistancewas attributedto the
formationof pores in the 97,000 - 875 nmrange at the sand-cement interface.

132. Feldman, R. F. "Influence of CondensedSilica Fume and Sand/Cement Ratio on Pore
StructureandFrostResistanceof PortlandCementMortars."Second
CANMET/ACI InternationalConferenceon the Use of Fly Ash, Silica Fume,
Slag, and NaturalPozzolans in Concrete,Madri&Spain, April 1986, pp. 973-989.

Pore-structurechanges in silicafume portlandcement blendmortarsfabricated
with 0, 10, and 30%silica fume at a water/binderratio of 0.60 and a sand/cement
ratio of 2.25 have been monitoredby mercuryporosimetry while being curedfor
1 to 180 days. The thresholdvalue for pore intrusionincreases with pore size and
becomes less abruptwith silica fume addition;it is in the 0.5 to 20 x 10 cubic nm
region.

Mortars were also madewith and without 10% Silicafume ata water/cementratio
of 0.60 and sand/cement ratios of 0, 1.0, 1.5, 1.8, 2.0, 2.25, and 3.0; the sand
passed ASTM C 109. Mercuryintrusionmeasurementswere carriedout after 14
days of curing. In the presence of silica fume, pore volume in the 0.5 to 20 x 10
cubic nm pore diameterrangeincreasedwith sand/cement ratio. Mortarprisms
were subjectedto freezing-and-thawingcycles (two cycles in 24 h) accordingto
ASTM standardtest method C 666, ProcedureB. Freezing-and-thawing
resistance was monitoredby measuringchanges in residual length and weight.
Results indicate that if the sand/cement ratio is 2.25 or more, expansion is less
than 0.02% after 500 cycles. At lower sand/cement ratios, 10% silica fume gives
little protection.

133. Feldman, R. F. "Pore Su'uctureFormationDuringHydrationof Fly Ash and Slag
Pastes." EditorS. Diamond. Symposium N Proceedings, pp. 124-134. Boston:
Materials ResearchSociety, 1981.

Three mixes, a reference cement, one fly-ash blendcontaining 35% fly-ash, and
one with 70% slag, were cured in waterat 21, 35 and 55C at a w/c - 0.45. After
2, 7, 14, 28, 90, 180, 365 and 550 days Ca(OH)2 content, porosity, pore size .....
distribution, compressivestrength,Young's modulus and microhardnessof the
productswere determined. The logarithms of these mechanical propertieswere
plotted against porosity. Highertemperatureincreased the rate of reactionof the
reference cement for up to two days, then retarded it. This accelerationperiod
was considerablyextended for the cement blends. Mechanical propertiesat zero
porosity were generally improvedin blends hydratedat room temperature, and all
blends had a finer pore and lowerCa(OH)2 content than the cement specimen.
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134.Feldman,R.F."PoreStructureDamageinBlendedCementsCausedbyMercury
Intrusion."JournalofAmericanCeramicSocietyVol.67,No.1(1984):
pp.30-33.

Hydratedblastfurnaceslagandflyashcementblendshavebeenshowntobevery
impermeable.Porositymeasurementsofthesematerialsbymethanolandhelium
pycnometryhavebeenlessthanthevaluesobtainedbyHg intrusionto410MPa.
Resultsofthethreetechniquesforhydratedportlandcementwerethesame.A
techniqueWasusedinwhichmercurycouldberemovedbydistillationafterHg
intrusion,and intrusion was then repeated. This was performedon several
cements andcementblends. Pore-size distributionfor the hydratedcement
changedmarginallybutbothblendedmaterialschangedmarkedly,displayinga
coarserporedistribution.Itwasconcludedthatthelatterbodiesarecomposedof
relativelylarge,butdiscontinuouspores,intowhichHg entersbybreaking
throughthe pore structure.

135. Feldman,R. F., andJ. J. Beaudoin."Pretreatmentof HardenedHydratedCement
Pastes for MercuryIntrusionMeasurements."Cement and Concrete Research
Vol. 21 (1991): pp. 297-308.

Porosityis one of the majorfactorscontrollingdurabilityand strengthof hydratezi
cementproducts. A measureof pore size distributionof these materials is more
definitive and can lead to a basic understandingof many phenomenaoccurring
within the material. An accuratemeasurementof this is, however, difficult to
obtain. Hg intrusionporosimetryto 414 MPawas used in thiswork to measure
the pore size distributionof cementpastespreparedat water/cementratio of 0.8,
0.6 and 0.45. Specimenswere predriedbefore intrusionmeasurementsby several
techniquesincluding solvent replacementwith methanol or isopropanol,
evacuationand/orheatingforvariousperiodsandconditioning at 11% RH.
SecondHg intrusionswere also performedto investigate the effects of f'wst
intrusion. It was concludedthat it is not possible to obtainanactualpore size
distributionof cementpaste byHg intrusionbecause of its sensitivity to stress.

136. Fredlund,D. (3., J. K. Gan, and H. Rahardio.Measuring Negative Pore-Water
Pressures in a Freezing Environment, University of Saskatchewan,Saskatoon,
Saskatchewan,Canada,paperno. 910505, January1991.

The measurementof negativepore-waterpressuresin essential to the studyof soil
behavior in a freezingenvironment. Variousdevices are now availablefor
suction measurements in unfrozen,unsaturatedsoils. The possibility of using
these devices, in particularthe thermalconductivity sensor, in the measurementof
negativepore-waterpressuresunderfreezing conditionsis discussed in the paper.

The thermal conductivitysensorappearsto be the mostpromisingdevice for
suction measurement in non frozensofts. The thermalconductivity method of
suction measurementin a freezing environmentis examined. The theory of
freezing soil and the thermalproperties of soil arepresented. Suction
measurementsin a freezing environmentusing thermal conductivity sensors from
recenttests conducted at the University of Saskatchewanarealso presented. The
results are interpretedin thelight of the theory of freezing soil and the thermal
propertiesof soil The latentheat of fusion associated with the waterphase
transformationof waterhas significant influenceon the thermalconductivity
readingof the sensorduringfreezing and thawing. The formation of ice on
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freezing makes the interpretation of sensor reading difficult due to the
significantly higher thermal conductivity of ice to that of water.

137. Frohnsdorff, G., and L. W. Masters. "The Meaning of Durability and Durability
Prediction." Durability of Buihh'ng Materials and Components, ASTM STP 691
(1980): pp. 17-30.

The concept of durability is not well defined. The term durability is often used to
imply the possession of qualities associated with long-life. In some standards for
building components, it is nonquantitative and implies that design requirements
are likely to be exceeded for the design service life or some other specified period.
The new ASTM Recommended Practice for Developing Short-Term Accelerated
Tests for Prediction of the Service Life of Building Components and Materials (E
632 - 78), is outlined. The application of the recommended practice to service life
prediction is illustrated by an example for work being planned on a protective
coating for steeL

138. Fujiwara, T. "Deterioration of Concrete Used in Road Bridges Due to Freezing and
Thawing." Editor J. M. Scanlon, Katharine and Bryant Mather International
Conference, Atlanta, GA, April 27 - May I, 1987.

Concrete structures in the northern regions of Japan have a higher risk of
deterioration due to freezing and thawing coming from the cold climate and heavy
snows. The laboratory evaluation of resistance of concrete to freezing and
thawing is studied actively in Japan, but there is still much left to be studied
hereafter about the deterioration of concrete structures exposed in the field.

A survey of the deterioration of concrete used in road bridges was made in lwate
Prefecture, a district in Northeastern Japan, where there are many place with
different climatic conditions. Over three hundred bridges were examined.

The majority of bridges observed in this study were in greater or lesser degree
damaged by freezing and thawing. The degree of deterioration differed according
to the different parts of the bridge. Although the main cause of deterioration is
presumed to be the result of poor construction, it can be pointed out that the lack
of consideration for design of these structures adds significantly to their
deterioration.

The degree of deterioration also depends on regional climatic conditions. In this
report, the relation between the degree of observed deterioration and the climatic
conditions are discussed.

139. Gaidis, J. M., and A. M. Rosenberg. "New Test for Determining Fundamental
Frequencies of Concrete." Cement, Concrete and Aggregates Vol. 8, No. 2
(Winter 1986): pp. 117-119.

The standard methods for determining fundamental frequencies of concrete
specimens (ASTM Test Method for Fundamental Transverse, Longitudinal and
Torsional Frequencies of Concrete Specimens [C 215]) can be markedly
improved by using modem electronic equipment In the new method, a small
accelerometer pickup senses the vibrations of a concrete specimen after it is

• lightly struck, and a spectrum analyzer portrays the information in the frequency
domain. The main advantages of the new method are speed, ability to test small
specimens, and no noise; the chief disadvantage is higher equipment cost.
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140.Gebler,S.H.,andP.Klleger."EffectofFlyAshontheAir-VoidStabilityof
" Concrete."FirstCANMET/ACI InternationalConferenceontheUseofFlyAsh,

SilicaFume,SlagandOtherMineralBy-ProductsinConcrete,MontebcUo,
Canada,1983,pp.103-142.

Concretescontainingbothportlandcementandflyashwereevaluatedto
determinetheeffectofflyashonair-voidstability.Tenflyasheswithawide
rangeofchemicalandphysicalpropertiesaswellasgeographicaloriginswere
used.

Aircontentsofplasticconcretesweredetermined,andbothaircontentandair-
voidparametersweremeasuredinhardenedconcretescastatfourtimeintervals
afterinitialmixing.ThesetestsindicatethataircontentscontainingClassC fly
ashappeartobemorestablethanthoseinconcretescontainingClassF flyash.
ThehighertheorganicmattercontentofflYash,thehigherwiUbetheair-
entrainingadmixturerequirement,_he,greater.isthe.airlossonextendedmixing.
Eventhoughtheairvolumeisreduced,thespacingfactor,specificsurface,and
numberofvoidsarelittleaffected.

A "FoamIndex"wasdeterminedforeachofthetenflyash-portlandcement
combinations.Air-entrainingadmixturerequirementsofactualconcretes
containingbothportlandcementandflyashwerecomparedtothe"FoamIndex"
testresults.Thesetestsindicatethatthe"FoamIndex"couldbeespeciallyuseful
toconcreteproducersasaqualitycontroltestforcheckingtheair-entraining
admixturerequirementsrequirementsfordifferentsourcesoflotsofflyash.

141.Gebler,S.H.,andP.Klieger."EffectofFlyAshontheDurabilityofAir-Entrained
Concrete."SecondCANMET/ACI InternationalConferenceontheUseofFly
Ash,SilicaFume,.Slag,andNaturalPozzolansinConcrete,Madrid,Spain,1986,
pp.483-519.

Inthisinvestigation,concretescontainingflyashwereevaluatedtoestablishthe
effectofflyashonfreeze-thawresistance,resistancetodeicerscaling,and
chlorideionpenetration.Theeffectsoflow-temperaturecuringandmoisture
availabilityduringcuringwerealsoevaluated..Thesetestsindicatedthatthe
freeze-thawresistanceofair-cnwainedconcretewasreducedbytheuseofcertain
flyasheswhencuredatlowtemperature.Forotherconditions,therewasno
significantinfluenceofflyash.Deicerscalingresistancetestsshowedthatair-
entrainedconcretewithoutflyashgencraUyperformedsomewhatbetterthan
concretewithflyash,regardicssofthetypeofcuringprovided.Air-entrained
concretesmadewithsomeflyasheswereasresistanttochlorideionpenetration
asair-entrainedconcretewithoutflyash.Theclassofflyashdidnotsignificantly
influencethedegreeofchlorideionpenetration.

142.Gee,M. "UnderstandingMicrosilicaConcrete."TheConstructionSpecifierVol.39,
No.12:pp.44-50.

New typesofmaterialsthatdramaticallyimproveconcretearecurrentlybeing
usedbyproducersofconcreteandconcreteproducts.Generally,thesematerials
arecomposedofahighpercentageofactivesilicaandhaveanextremelyfree
particlesize.An exampleofthistypeofmaterialiscondensedsilicafume.The
addition of microsilica to concrete can dramaticallyimprove concrete strengths,
durability,and impermeability, allowingconcrete to be used inways neverbefore
possible.
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143."Gilkey, H. J. "The AutogenousHealingof ConcretesandMortars."American Society
for Testing Materials, Proceedings Vol. 26 (1926): pp. 470-487.

TOplace the phenomenonof autogenous,or self, healing of portlandcement
concretes andmortarsin the categoryof fully known and usableengineering
knowledge would requirean investigationmuchmorecomprehensive than that
hererecorded. The chemicalactioninvolved has been describedby Abramsas a
probabledeposition of solublecompoundsin and acrosscracks caused by
overloading. Some have recordedinstancesof cracks actually disappearingand
not re-appearingundersubsequentincreasedloading.

The present tests do not touch the chemical aspectsof autogenous healing. They
cover mortarsandconcretes tested for ultimatecompressive strengthat various
ages and re-tested from one to five times in a period up to eight months in some
cases. Considerationis given tO the following generalrange of variablesand
conditions: water-cement ratiovaried;diametersof sandparticlesvaried;variable
curing conditions priorto first test at28 days (parttime in air);some variationof
proportions;some variationin the kinds andgradingsof aggregates. Mortar
specimens were largely of 2 by 4-in. in size and concretes were all 6 by 12 in. All
but one series werevery accuratelycontrolled laboratorymixtures. That series
was on field samples takenfrom rather poorly controlledjob concrete.

Enoughtests were made on specimensdrybetween test and retest to clearly
indicate thatexcept for a slight strengthgain due to drying out, specimensdo not
heal autogenously unless keptmoist. No dataon these preliminarytestsappearin
the paper. The generalconclusionfrom all thetests made is that autogenous
healing action follows the samegenerallaw as uninterruptedstrengthgain from
continuousmoist curing. Specimens salvaged withoutmuch visible damagewill
often develop latersu'engthsapproximately100 percent of whatthey would have
hadwithout previous tests. ,Healingtakesplace to some extent in even badly
shatteredspecimens, but the strengthmay never attainthat at the formertest.
Strong specimens (rich in cement, low in water,old orwell cured) shatterso
badly at ultimate load thatfew andoften nonecan be salvaged for retest. The
percentagerecovery for such specimens is muchlowerthan that for weak ones but
the cause probably lles in the greaterdamageat formertest. Mixturesas lean and
as wet as those cornmonlyused'will'often r_c6ve/y fully,undex_moist curing,.....
following test or over-stress fromother cause. In these tests there was no
apparentdisappearanceof the cracksfrom former test and failureusually
continued along the samegeneral lines as it startedat the former test. The fact
that only a few months, at most, elapsedbetween test and retest mightaccountfor
the non-disappearanceof cracks. To adequatelydetect the disappearanceof
visible cracks, they shouldbe carefullymarkedimmediatelyafter test. This was
not done.

144. Gilkey, H. J. "The Tensile AutogenousHealing of PortlandCement Mixtures."
American Society for Testing Materials, Proceedings Vol. 29 (1929): pp. 593-
610.

In a formerpaperthere wererecordedconsiderabledata uponcompressive
autogenous healing of portlandcementmortarsand concretes. It was evident that,
if compressive healing occurred,theremust be tensile healing, since tensile,
compressive and shearingresistanceare,in general,butvaried manifestationsof
the same thing. While a preliminarytest referredto in the earlierpaperfailed to
produceevident of it, subsequentexperimentshave shown thattensileautogenous
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healing is a reality for mixtures of portland cement and water, with or without
aggregate of usual accepted kinds. Healing occurs under the same conditions as
initial moist curing and is essentially but a continuation or a resumption of the
normal curing processes. It is evidently not in the least due to redeposition of
soluble salt in cracks, as has been sometimes supposed. Standard tensile briquets
of widely varying water-cement and cement-sand ratios (from 0.20 to 1.20 and
from neat cement to 1:5, respectively) have been completely severed as many as
six times at initial test ages of from 3 days to 27 months. All mixtures and
conditions have shown measurable healing. Individual recoveries range from zero
to 221 lb. at 3.5 months for a neat cement specimen initially testing 248 lb. at 3
days. Severed fragments must be closely fitted, but the amount of pressure
between the halves appears to be unimportant if the crack be kept closed. Healing
will occur upon re-immersion after months of drying out. It occurs in either
running or stagnant water. In general the extent of healing is less after each
successive retest, although therewere many individual exceptions. The majority
of the specimens gave no strength at the fifth or sixth breaking, although many
carried a few pounds.

Knowledge of tensile healing is of practical use in various connections and in
addition it should contribute to a better understanding of concrete. The healing is
not related to an interesting form of crack closure that often appears in sidewalks.
This crack closure may be related to the surface disappearance Ofcracks in air-
exposed concrete as noted by Abrams, Earley and Hollister.

145. Gillott, J. E. "Effect of Deicing Agents and Sulphate Solutions on Concrete
Aggregate." Q. 7/. Engng. Geol. VoL 11 (1978): pp. 177-192.

The durability of portland cement concrete is adversely affected by deicing agents
and sulphate solutions, Sodium chloride and calcium chloride are the commonly
used deicing agents-- salts thrown on roads and other pavements to help ice melt
in winter. Sulphates are common in soils and clays in Britain, Europe, the Middle
East, western North America and elsewhere, while chlorides and sulphates are
also p_sent in sea-water. Scanning electron micrographs of limestones (used
quite commonly as aggregate in concrete) show that the surfaces of limestones
scale and disintegrate when soaked in solutions of sodium chloride,: calcium
chloride and magnesium sulphate. The morphology of both calcite and dolomite
is changed, but calcite is attacked most rapidly, the progress of the reactions being
observed to be controlled by cleavages _d grain boundaries; the morphological
results depend on the angle between the plane of weakness and the surface. Some
limestones show dimensional change during continuous soaking in salt solutions
at constant temperature. The adverse effect on concrete durability of deicers and
sulphate solutions may thus result from attack on limestone aggregate as well as
on cement paste.

146. Giovambattista, A., and L. Traversa. "Durability of Basaltic Aggregates
Contaminated with Montmorillonite.'" Editor J. M. Scanlon, Katharine and Bryant
Mather International Conference, Atlanta, GA, April 27 - May 1, 1987.

Con_tmination of basaltic rocks with clays of the montmorillonite group causes
the expansion and failure of the rocks when exposed to moisture changes. When
these rocks are used as concrete aggregates contamination may produce concrete
degradation. In Argentina, there are some bridge structures affected by this
process. The present paper considers some results obtained by,he use of different
tests used for basaltic aggregates evaluation and a decision criterium is proposed.
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147. Girard,R. J., E. W. Myers,G. D. Manchester,and W. L. Trimm."D-CracHng:
.Pavement Design andConstructionVariables."Transportation Research Record
No. 853 (1982): pp. 1-9.

Reportedmap crackingandD-crackingproblemsobservedon portlandcement
concrete (PCC)pavementsin Missourifrom thelate 1930s to 1981 arebriefly
discussed. Investigations involving studiesin the laboratoryand constructed
pavements have contributedsignificantly to a betterunderstandingof the
deteriorationprocess and its cause. Type, characteristics,and maximumsize of
coarse aggregate;source of cement.;design of concretemix; and type of base have
been or arebeing studiedin the field or laboratoryto determinetheir influenceto
frost susceptibility of concrete. Missourihas increased the service life of its PCC
pavements. This has beenaccomplishedby (a) not using river and glacial gravels
in constructionof PCCpavementsand Co)subjectinglimestones that havea
known history of D-crackingproblemsto increased qualityrestrictions,which has
_resultedin some l_lges and entirequarriesandformationsbeing eliminated.
However, D-crackingremains and, in terms of requiredmaintenance and service
life, is still a problem.

148. Gjcrv, O. E. "Durability of ConcreteContainingCondensedSilica Fume.",lournal of
the American Concrete Institute, No. SF'/9-36 (July/Augnst 1983).

Ithas been found that the additionof 20 percentsilica fume by weight of cement
to a concrete with only 100kg cementper cubic meter of concrete gives the same
permeability as that of concrete with 250 kg cementcontainingno silica fume.
Frostresistantconcrete can be producedusing silica fume. A 15 percent
replacementof cement (OPC)by silica fume show durabilitysimilarto sulfate
resisting portland cementexposedto sulfatesolutions. Silica fume bindsup the
alkalis of the cement and reducesthe detrimentalalkali-silica reaction. Addition
of 10 to 20 percentsilicafume does notreduce the pH to a level lower than that of
a saturatedCa(OH)2solution. The elecu'icalresistivity of 1heconcrete is
increased dramatically. Monitoringof existing structureswith such concrete has
shown that embedded steel is well protected.

149. Gj¢rv,O. E., K. Okkenhaug,E. Bathen, and R, Husevag. ',FrostResistance and Air-
Void Characteristicsin HardenedConcrete." Nordic Concrete Research,
PublicationNo. 7 (December1988):pp. 89-104.

: Formany constructionsites it is a problemto keep the requiredair-voidcontent
duringtransportationand handlingof the concrete. Also, for many concrete
su'ucmresit is a problemto meet combined requirementsof high compressive
strengthand high air-voidcontent basedon local aggregates available. Extensive
testing of the air-void system in concrete from a variety of constructionsites in
Norway overrecent years hasshown that the majority of specimens had a
relatively low air-voidcontent,and only abouthalf of the specimens had proper
air-voidcharacteristicsaccordingto commonrequirements. In orderto providea
better basis for evaluating the observedah--voidcharacteristics,freeze-thaw
testing for a numberof the concretes was also carriedout, and this testing was
based on the critical degree of saturationmethod. The results indicate that it may
be difficult to establisha directrelationshipbetween air-voidcharacteristicsand
frost resistance without also takinginto accountinformation about capillaryvoids
and strengthproperties. As a basis for evaluation of the potential frost resistance
of a concrete the frost resistancenumberis introduced. This numberis based on
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informationaboutcompressive strength,water-cementratio,paste fraction and
amountof air-voids smallerthan 300 lain.

150. Gj_rv, O. E., and $. P. Shah. "Testing Methods for ConcreteDurability." Materiaux
et Constructions VoL4, No. 23 (1971): pp. 295-304.

Experimental techniques for measuring progressive deterioration of concrete were
investigated. Specimens of pastes, mortars, and concretes were subjectedto
alternate wetting and drying in sodium sulfate solutions and plain water as well as
freezing and thawing. The methods used to assess the effects included: changes
in weight, length, and flexural strength, changes in ultrasonic pulse lime,

, quantitative and qualitative optical microscopy, scanning electron microscopy,
and energy dispersiveX-ray analysis. The results of the study show that the
ultrasonic pulsemethod can be used to detect local cracking at an early stage of
formation. Of the different testing methods employed, the progressive
deteriorationwas best reflected by themeasurements of pulse time.
Measurements of flexural strengthalso adequatelyreflected the state of corrosion.
Measurements of weight didnot consistentlyindicate damage, while those of
length were not always reliable.

151. Gonnerman,H. F. ''Tests of ConcretesContainingAir-EntrainingPortlandCements
or Air-EntrainingMaterialsAdded to Batch at Mixer." Journal of the American
Concrete Institute Vol. 15, No. 6 (June 1944): pp. 377-407.

This paperpresents some of the more significantresults obtainedin extensive
laboratory studies made in connectionwith the constructionof 18experimental
roadprojects, and in severalseparatelaboratory investigations conductedduring
the past six years with air-entrainingportlandcements, and with air-entraining
materials addedat themixer. Concretespecimensfromnearlyevery experimental
road project and fromall laboratoryserieswere subjected to scaling and to
freezing and thawing tests. These specimensconsisted of slabs made in the field
from the concrete used in the pavement, of cores drilledfrom the pavement,and
of many prisms made in the laboratoryfrom the cements used in the roads. The
laboratory studies includedalso manyslabs and prisms made with various
cements.

Resistance to scaling, and freezing and thawing while immersed, was markedly
improved when the concrete was made with air-entrainingportlandcements, or
with air-entrainingmaterialsaddedat the mixer. Increasein air contentof the
concrete caused reductionsin flexural and compressivestrength. Eachpercentage
point increase in aircontentreducedthe modulus of rupture2 to 3 percentand the
compressive strength 3 to 5 percent. Taking into accountboth strength and
resistance to freezing and thawing, excellent performance was obtained when the
total amount of entrained air in the fresh concrete was about 3 percent, or about 2
percentage points higher than that of concrete without air-entraining additions.
With this percentage of air, the loss in strength was generally not more than 6

....percent in flexure and 10 percent in compression. Higher air contents than 3
.percentcaused greater reductions in strength without any compensating increase
m resistance to sealing and to freezing and thawing. The performance under
service conditions of experimental paving projects constructed since 1938 with
air-entraining portland cements parallels the results of the laboratory studies.
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152: Greening, N. R. "Some Causes for Variation in Required Amount of Air-Entraining
• Agent in Portland Cement Mortars." Journal of the PCA Research and

• Development Laboratories Vol. 9, No. 2 (May 1967): pp. 22-36.

Factors influencing the amount of admixture required for air entrainment in
mortars were investigated. It is shown that air-entraining agent requirement
increases as the specific surface of the cement increases. High alkali cements
require smaller amounts of all admixtures to obtain a particular air content than do
low alkali cements. Organic impurities can either decrease or increase the air-
entraining agent requirement depending upon the kind and condition of impurity.
In some cases an organic impurity can be effective in entraining air as in an
admixture. Some discussion of air-entraining agents themselves in included as
well as data indicating that divergent types of agents act similarly.

153. Grieve, R., and W. M. Slater. Deterioration and Repair of Above Ground Concrete
Water Tard_ in Ontario, Canada.'. Report to Ontario Ministry of the
Environment, W. M. Slater & Associates, Inc., Ontario, Canada, September 1987.

The main conclusion of this report is that, without adequate protection of
permeable concrete from direct contact with water and elimination of cyclic
freezing in the tank wall, above ground concrete water tanks will continue to
deteriorate rapidly. The report discusses the various methods used to repair
different types of concrete tanks and gives recommendations for assessment and
analysis of repair systems. Although corrosion of metals is not a serious problem
in concrete water tanks, some corrosion of tendons and other metallic components
has occurred. The report gives examples of this type of deterioration, and the
remedial methods used in the rehabilitation programme. Interim guidelines have
been prepared for the design and construction of new concrete water tanks in
Ontario based on the experience gained during the rehabilitation programme, and
from the applied resea_h carried out. The guidelines recommend that internal
waterproofing and external insulation be used as the primary protection against
the deterioration of above ground concrete water tanks in Ontario.

154. Gunter, M., T. Bier, and H. Hilsdorf. "Effect of Curing and Type of Cement on the
Resistance of Concrete to Freezing in Deicing Salt Solutions." Editor J. M.
Scardon, Katharine and Bryant Mather International Conference, Atlanta, GA,
April27- May 1, 1987.

Experimental studies on the resistance of concretes to freezing and thawing in a
saturated sodium chloride solution are described. The concretes were made of
various types of cement differing in content of blast furnace slag. They were
cured in water for I to 48 days and subsequently stored in air with and without
carbon dioxide. Also the effect of curing, carbonation and type of cement on the
structure of hydrated cement pastes was studied by mercury intrusion
porosimetry.

155. Gutmann, P. F. "Bubble Characteristics as They Pertain to Compressive Strength and
-Freeze-Thaw Durability." ACI Materials Journal VoL 85, No. 5 (September-

October 1988): pp. 361-366.

Known air-enu'aining additives are not entirely satisfactory with respect to the
stability of the air bubbles in concrete and have a tendency to either lose air or
increase air as mixing time is extended. Another disadvantage is the reduction of
compressive strengths of a 10 percent strength loss per I percentincrease in
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entrainedair. It is believed thatthis loss is due in part to irregular bubblesizing
andthe coalescence of bubbles in the mix causing large voids that reduce the
compressive strength.

The object of this research programwas to improve the air-entrainedportland
cement concrete, which included andadditivethat wouldentrain an air-void
system having desirable characteristics when used over a wide dosage range and,
also, have a superiordosage response relative to similar known additives.Another
objective of this researchprogram was to provide improved strength results that
include an additive that enwains an air-voidsystem and increases compressive
strengths over known air-entrainingagents. Microscopic examination of a methyl
ester-derived Cocamidediethanolamineproducedbubbles that were spherical,
having thick walls withno coalescence, while wood-resin bubbles were relatively
thin-walled and tended to be less than spherical with some shapes oblong and
coalescence observed. It was believed that thisdifference would produce a more
stableair contentand more uniform bubble st/uct_re in portland cement concrete.
Test results on concrete with the use of a Cocamidediethanolamine producedby a
methyl ester process produceda stablevolume of air having the desirable size and
distribution, and, compared to known air-enwainingagents, increased the
resistance to freeze-thaw durabilityby 400 percent and increased compressive
strengths 25 percent in early ages and 10 percent in later ages.

156. Haas, S. Recycled "D"Cracked Portland Cement Concrete Pavements in North
Dakota, NorthDakotaState HighwayDepartment,1985.

This paperpresents the NorthDakotaapproachto recyclingPortlandCement
Concrete pavements on the interstatesystemunderthe 4-R program. The first
PortlandCementconcretepavementplacedon the system was in 1958 and the
first pavementrecycled in 1983-84. Therecycledpavementhad been in service
for 25 years.

A committee was appointedto develop a rehabilitationphilosophyand a program
that would get a faststarton projectlettings. The philosophyrecognizes the need
for recyclingand the need foran interimrepairstrategy to keep the system in
reasonably good drivingconditionuntilreconstructed.

The program that came outof the committeestartedthe recyclingprocess and also
developed CPR (Concrete PavementRestoration)projects consisting ofjoint
repair,grindingto improveride,asphalticconcrete shoulderrecycling, and
interchangeoverlays.
The committee startedits workby inspecting the entireinterstate system in
February 1983 followed by the second inspection in April 1984. The 1984
inspection revealed a rate of deterioration greater than originally anticipated and
caused some rethinking concerning the cost effectiveness of scheduled CPR
projects. The amount of joint repair, especially on the pavements with 20-foot
joint spacing, wiUdrive the cost up substantially. Originally, the CPR treaunent

,.was expectedto extend pavementlife 10 to 15 years, but if joint deterioration
keeps accelerating 7 to 10 years may be more realistic.
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157." Hallet, B. "The Breakdown of Rock Due to Freezing: A Theoretical Model."
: Proceedings of the Fourth International Conference on Permafrost, Fairbanks,

AK, July 17-22, 1983, pp. 433-438.

Frost wedging-- the breakdown of rock due to freezing m is viewed as a
manifestation of slow crack propagation in rocks due to ice growth in cracks.
Frost wedging is modeled through a synthesis of Gilpin's (1980a) analysis of
freezing in porous media and well-established principles of fracture mechanics.
The model predicts most rapid breakdown at temperatures that range from -5° to -
15° C for most rocks. At higher temperatures, ice pressures sufficient to produce
lower temperatures the rate of ice growth is greatly reduced because water
mobility and, hence, the flux of water necessary to sustain crack growth decrease
considerably. The model clarifies the dependence of frost wedging on lithology,
temperature, and moisture conditions. Four important rock properties figure in
the analysis: pore size, permeability, average crack length, and fracture
toughness. Crack growth rate has a complex dependence on temperature and is
proportional to temperature gradient. The moisture content of rock can strongly
affect frost wedging rates primarily by controlling the pore water pressure.
Solutes are inferred to influence crack growth rates in several distinct ways.

158. Hannant, D. J., and J. G. Keer. "Autogenous Healing of Thin Cement Based Sheets."
Cement and Concrete Research Vol. 13 (1983): pp. 357-365.

The effect of applying tensile stresses to pre-cracked fibre reinforced mortar
specimens is examined after exposure to natural weathering and to indoor storage
for periods up to 2 years. It is shown that the cracks will heal sufficiently under
natural weathering conditions to restore the original stiffness of the composite and
the healed crack surfaces can also carry considerable tensile stress. Indoor storage
does not result in similar effects.

159. Hansen, T. C., and K. E. C. Nielsen. "Influence of Aggregate Properties on Concrete
Shrinkage." Journal of the American Concrete Institute VoL 62, No. 48 (July
1965): pp. 783-793.

A theory of the influence of aggregate properties on concrete shrinkage is
presented. An equation is derived from which the shrinkage of concrete may be
computed from the fractional volume, the modulus of elasticity, and the shrinkage
of cement paste and aggregate. A comparison is made between theoretical and
experimental results.

160. Haque, M. N., B. W. Langan, andM. A. Ward. "High Fly Ash Concretes." Journal of
the American Concrete Institute VoL 81, No. 8 (January - February 1984): p. 54.

Concretes containing fly ash up to 75 percent by weight of the cementitious
material have properties that make them attractive as a subbase or base course
component in pavement construction. This paper describes an extensive
laboratory study of air-enwained high fly as concrete mixes (air-entrained and
non-air-entrained) of medium to low workability suitable for placement by
slipforming and roller compaction, respectively. The concretes were
characterized as to their compressive, indirect tension, and flexural strengths;
drying shrinkage; and freeze-thaw durability.

It is confirmed that cohesive nonsegregating concretes can be manufactured
containing 40 to 75 percent fly ash in the cementitious fraction. When air
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entrained,these mixes provideconcreteshaving adequatefreeze-thawdurability,
at least in the richermixes. Tensileand compressivestrengthsachievedare
adequate for the proposedapplicationwith dryingshrinkagewithinacceptable
limits.

161. Harman,J. W., Jr.,P. D. Cady, andN. B. Boiling. "Slow-Cooling Tests for Frost
Susceptibilityof PennsylvaniaAggregates."Highway Research Record No. 328
(1970): pp. 28-50.

The results of a 2-yearstudy of frost susceptibilityof Pennsylvaniaconcrete
aggregatesby slow cooling arepresented. The investigationstudied60 aggregate
fractionsfrom 20 sources. Petrographicfractionationand examination,a
modificationof Powers'slow cooling test, and various "quick"methods were
compared. Glacial gravelsandgravelsof suspectedglacial originhad a high
incidence of deleterious fa-actions.Grain,size was found to have a veryimportant
influence on frost susceptibility. Based on test comparisons,the use of the
sodium sulfatesoundnesstest (ASTMC88) is not recommended. A new method,
based on a regimeplot of bulkvacuum-saturatedspecific gravity andvacuum-
saturatedabsorption,is presented.

162. Hatzinikolas,M., J. Longworth,and J. WarwaruL"Effects of Cold Weather
Constructionon the CompressiveStrengthof ConcreteMasonry Wails."Journal
of the American Concrete l_titute Vol. 81, No. 43 (November- December 1984):
pp. 566-571.

The effect of cold weather on the strengthof plain concreteblock masonry walls
was studiedin a programof test on 49 specimens. Exposureto cold weather
began at various times afterconstruction. Following exposure the walls were
curedin a normallaboratory environmentundervarying moisture conditions and
then tested. Results indicate that exposureof walls to freezing conditionsdoes

• not significantly impairthe final strength,providing furtherhydrationof the
mortaris possible following freezing. The most significant factoraffecting the
strengthof the walls is moisture loss from the mortarinhibiting hydration.

163. Havens, J. H. "Thermal Analysis of the Freeze-ThawMechanisms in Concrete."
Ph.D. diss., University of Kentucky, College of Engineering, March 1961.

The purposeof this study is to examine the possibilities that time-temperature
recordscould provideheretoforeunavailableinformation concerning the amount
of fieezable water in concrete undergoingfreezing and thawing, the progress of
saturation, permeability, the internal pressuresinduced by freezing at various
levels of saturation, and the progressof damage to the concrete. Furthermore, a
critical and informative analysis of related theories, and the extent of their
practicalapplicationis offered.

164. Hedenblad, G. "Determination of Moisture Permeability in Concrete under High
Moisture Conditions." Nordic Concrete Research, No. 7 (December 1988):
pp. 105-120.

With a method relying on measurementsof the flow of water vapour from a
specimen and measurements of the distribution of the relative humidity in the
specimen at steady state conditions, the moisture permeability can be calculated
and its dependence on the relative humidity can be determine&
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The specimens are of dimensions that are usedin ordinary buildings.

165. Helmuth,R. A. "CapillarySize Reswictions on Ice Formationin HardenedPortland
Cement Pastes."Fourth International Symposium on the Chemistry of Cement,
Washington, D. C., 1960, pp. 829-833. National Bureau of Standards,1962.

T.C. Powers'model of thepore structureof hardenedportlandcement paste is
used to discuss the conditions that must be met for ice formation in capillariesof
varioussizes. It is proposed thatinitial ice formationin supercooledwater in the
capillariesoccurs dendritically,just as it does in bulk water,throughonly those
sufficiently largecapillarieswhich are contiguouswith the initially seeded
capillaries. Subsequentgrowthof thisdendriticnetworkof ice crystalsand
resulting expansions duringcooling dependprimarilyon freezing in smaller
capillariesat lower temperatures. This theory is supportedby the results of
experimentsin which freezingpropagationratesand temperaturerises were
measured duringtests with supercooled pastes, and by experiments in which
dimensional changes weremeasured duringcooling and warmingthrough
freezing temperatures.

166. Helmuth, R. A. "Dimensional Changes of HardenedPortlandCement Pastes Caused
by TemperatureChanges." Highway Transportation Research Board Vol. 40
(1961): pp. 315-336.

A theoretical basis for expectingthe moisturedistributionin water-soaked
hardenedportlandcementpastes to change with temperatureis presented. The
theory .predictsshrinkageafterwanning and swelling aftercooling. A method for
measuringlength changesof paste specimensduringand after temperature
changes is described. The results of dimensionalchange measurements are
consistent with the theory presented,as are also the weight changes of specimens
samratedwithwaterat 25°C and0°C. Theinitialdilationproducedbyfreezing
water-soakedpastes,likewise,showtheeffectofinoisturedistributionchanges.

167.Herman,W. H."Air-EntrainingConcrete-PennsylvaniaDepar_nentofHighways."
JournaloftheAmericanConcreteInstituteVol.42(June1946):pp.689-696.

TheexperiencesofthePennsylvaniaDepamnentofHighwayswithair-enwained
concrete,inwhich331-555bblofnormalstrengthportlandcementcontaining
Vinsolresinwereusedsince1940arereported.ThePennsylvaniadepartment's
attitudeonthesubjectofairenwainmentischaracterizedbymoreconcernwith
theparticularadmixtureusedthanwiththepercentageofairentrainmentandsuch
usewasinspiredbydifficultieswithfinergroundcements,whichprompted
seekinganadditivetoimprovepavementdurability.

168.Hester,W. T."ContractorsandProductionofDurableAir-EntrainedConcrete."
Journal of the Construction Division Vol. 104, No. C02 (June 1978): pp. 167-
178.

Economy and durabilityassociated with concrete makes it an ideal material for
marine,transportation,or physically remote structuresexposed to severe
environmentalconditions. To maintaindurability of concrete subjectedto
periodic saturation and cycles of freezing and thawing, such as with parkingdecks
and marinestructures,it is necessaryto utilize special concrete construction
practices. Concrete freeze-thawdeterioration, surface spalling, increased
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permeability, and strength loss occur when water frozen within the concrete
: expands and exerts large internal disruptive forces.

The designer and contractor may choose between two means of preventing this
destructive action. First, by using waterproofing sealants or .special production
practices the concrete surface may.be made so dense as to reslst any water
absorption. Low water cement rauo mixes and excellent aggregates combined
with strong vibration may create a surface largely insensitive to water absorption
and freeze-thaw damage.

However, contrary to widespread belief, high strengths and low water cement
ratios are not always an adequate deterrent to freeze-thaw deterioration. If the
concrete will be saturated and subject to freeze-thaw cycling, air entrainment is
necessary. In the cement-rich high-strength mixes typically used in marine and
bridge constructions, air enu'ainmentdoes not necessarily permit a water
reduction, but will substantially improve freeze-thaw durability. Numerous
instances have been reported in which 5,000 psi to 8,000 psi (35,000-kN/m 2 to
55,000-kN/m 2) compressive strength concrete, with a water-cement ratio less than
0.45, rapidly deteriorated and air-enu'ainedconcrete remained durable.

169. Higginson, E. C. "Some Effects of Vibration and Handling on Concrete Containing
Entrained Air." Journal of the American Concrete Institute Vol. 49 (September
1952): pp. 1-12.

The effects of vibration, handling, and delay in placing concrete containing
entrained air were evaluated in the laboratory with some cheek studies made on
two large dam construction jobs. Curves of the test results show the rate at which
vibration removes air from air-entrained concrete at various slumps. Loss of air
caused by handling and delays in placing isdetermined. The effect of loss of air
on the concrete is evaluated. Evidence is presented that normal vibration does not
materially affect bleeding, and that increased vibration may improve the surface
appearance of concrete.

170. Higginson, E. C., and D. G. Kretsinger. "Prediction of Concrete Durability from
Thermal Test of Aggregate." ASTM Vol. 53 (1953): pp. 991-1001.

Data are presented on the effect of freezing and thawing, we..tting and drying, and
other simulated weathering tests on various concretes containing either natural
aggregate or aggregate composed of individual rocks and minerals. The effect of
thermal coefficient and diffusivity of these aggregates on the deterioration
occurring during these tests is discussed, but no correlation is found between the
test results and the thenml properties of the materials. Evidence is presented
showing that the expansion occurring in saturated concrete during the
measurement of coefficient of expansion can be correlated with freezing-and-
thawing test results, thus providing a quick method of predicting durability of
..concretes.

171. Highway Research Board. Report on Cooperative Freezing and Thawing Tests of
Concrete, Special Report No. 47, 1959.

A program of cooperative freezing-and-thawing tests of concrete specimens was
conducted by thirteen laboratories using the four ASTM Tentative Methods of
Test. Three concrete mixtures were used, involving different aggregates and two
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differentaircontents. Largevariationsin durabilitywere found for the same
concretemixtureand for tests by the same method,both withinandbetween
laboratories. It is indicatedthatthese weredueboth to differencesin the
concretes as preparedin the laboratoriesand in treatmentof the specimens by a
given test method. Differences in specimensconsisted mainly in unexpectedly
large variationsin aircontent and air-voidcharacteristicsrevealed by microscope
measurementsof the air-voidsystems in some of the test specimens. Differences
in thetreatmentswere greatest in the methodsinvolving freezing in air,andwere
probablydue in part to unequal amountsof drying duringfreezing. A statistical
examination of the data and a comparisonwith previousprogramsarepresented.
It is concluded that these methods provideuseful procedures for comparing the
relativedurabilityofdifferentconcreteswithinagivenlaboratory;thatawide
variationofresultsinthemiddlerangeofdurabilityappearstobeanormal
characteristicofthemethods;thatthedatadonotpermitrecommendingonetest
methodovertheothersforallpurposes;andthattheabilityofconcreteto
withstandaseverelaboratoryfreezing-and-thawingtestisprobableindicationofa
highdegreeofdurability.

172.Hirai,IC"EffectoftheBlastFurnaceSlagContentontheFrostResistanceofNeo-
FerriteCementMortar."JournaloftheAmericanConcreteInstituteSP 79-55
(1983):pp.1039-1059.

Resultsofaninvestigationontheeffectofblastfurnaceslagonthefrost
resistanceandporosityofneo-ferritecementmortararepresented.Neo-ferrite
cementisanewtypeofferritccementproducedfromblastfurnaceslagand
converterslagthatisaby-productofthesteelindustry.Inthisnewcementthe
amountoflimestoneasarawmaterialincementproductionisreducedby
approximately2/3incomparisonwithordinaryportlandcement.

Forthepurposeofimprovingthedurabilityofthecement,freezingandthawing
testswereperformedonprismaticmortarsmadefromneo-ferritecement
incorporatingthreedifferentamountsofslagbyweight.Themortarspecimen
madefromneo-ferritccementincorporatingblastfurnaceslagapproximately
twentypercent(byweight)showedconsiderablyimprovedresistancetofrost
action.

173.Hoekstra,P."MoistureMovementinSoilsunderTemperatureGradientswiththe
Cold-SideTemperaturebelowFreezing."WaterResource$Vol.2,No.2(1966):
pp.241-250.

Moisturemovementtoafreezingfrontinanunsaturatedporousmediumof
Fairbankssiltwasmeasuredbygamma-rayattenuation.Itwasshownthatthe
presenceofanicephasegreatlyenhancestheamountofmoisturetransferunder
temperaturegradients.Thechemicalpotentialofsoil water inthefrozen soil as a
functionoftemperatureiscalculated:Thechemicalpotentialofunfrozen
absorbedwaterinfrozensoils,ifinequilibriumwithice,isindependentoftotal
watercontent(unfrozenwaterplusice).Consequently,noequilibriummoisture
contentdistributionisreached,andwatercontentinthefrozensoilchanges
continuously.Moistureflowinthefrozensoiltakesplaceundertemperature
gradientsthroughthe fdmsofunfrozenwater.Sincethe thicknessofthe unfrozen
filmsdecreaseswithtemperature,therateofwatertransportalsodecreasesrapidly
withdecreasingtemperaturebelow0° C.
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174. Hoff, G. C., and A. D. Buck."Considerationsin thePreventionof Damageto
ConcreteFrozenat EarlyAges." Journal of the American Concrete lnsn'tute
VoL 80, No. 35 (September- October1983): pp. 371-376.

Variousprotectionconceptsandconsiderationsassociatedwithplacing fresh
concrete in anenvironmentwhereit will undergoearly age freezing arereviewed.
These include volume changeconcepts, critical strengthandcritical age concepts,
and freezable waterconsiderations. An experimentalprogramis alsopresented to
relate the dilations of concrete fromone cycle of freezing to the critical
(minimum) strength that the concrete would need to resist damagefrom that
freezing. This was done in an attemptto validate the minimum (critical)
compressive strengthof 500 psi (3.5 MPa)recommendedin AC1306R-78, Cold
Weather Concreting. Criticaldilationcriteriaarepresented. An evaluationof
concrete mixtures of varyingproportionsindicatedthat, based on a dilation
criteriafor determiningthe single freezingfrost resistance of concrete, the critical
(minimum) strength[500 psi (3.5 MPa)]andcritical age requirementsof ACI
306R-78 are conservativeandacceptable. This does notprecludethe possibility
that some permanentloss of strengthmay occur, however,when frozen at an early
age.

175. Hooton, R. D. "Permeability and PoreStructureof CementPastes ContainingFly
Ash, Slag and Silica Fume."Blended Cements, ASTM STP 897 (1986): pp. 128-
143.

As partof researchto develop a highly durableconcretecontainerfor radioactive
waste disposal in chioride andsulfate-bearinggranitegroundwaters,a variety of
cementpastes were studied. A sulfate resistingportlandcementwas used with
various replacement levels of Class F fly ash andpelletized blast furnaceslag at a
watersolids ratio (w/s) = 0.36. Blendswith fly ash, slag, and silica fume were
also combined with a superWaterreducerat w/s = 0.25. Results arepresented for
strengthdevelopment, permeabilityto water,and pore size distributionafter7, 28,
91, and 182 days moist curing. As a directmeasureof durability,after91 days
moist curing, paste prismswere immersedin both de-ionizedwateranda
synthetic chlorideand sulfate-bearinggroundwaterat 70° C.

While all threesupplementarycementingmaterials (mineraladmixtures)reduced
ultimate permeabilities,silica fume was moreeffective in reducing permeability at
early ages. Silica fume was also the most effective in reducing calcium hydroxide
contents of the pastes, while slag was the least effective; (only reducingcalcium
hydroxide levels by dilutionof the portlandcement). From preliminaryanalysis,
there does not app.earto be a way of accuratelypredictingpermeabilityfrom
porosity or pore slze parameters.

176. Hooton, R. D. "Propertiesof a High-AlkaliLigniteFly Ash in Concrete."Second
CANMET/ACI InternationalConferenceon the Use of Fly Ash, Silica Fume,
Slag, and Natural Pozzolans in Concrete,Madrid,Spain, 1986, pp. 333-345.

This paperexamines the propertiesof concrete incorporatinga high-alkali,high-
calcium fly ash producedfromWestern Canadianlignite coal. Because of its high
alkali content, ASTM CO1 mortarbars containingPyrexfine aggregateand 25
volume percentfly ash were tested initially. Even with its 2.9 percentavailable
alkalicontent, the fly ash replacementreducedexpansions at one year by
approximately50 percentrelativeto the high-alkaliportlandcementalone. Based
on the C441 results andgood pozzolanic properties,a program was undertakento
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evaluate theperformanceof this lignite ash in air-cntrainodconcrete. In this
•program,strengthdevelopment, air-voidparameters,resistance to freezingand
thawing (ASTM C 666 ProcedureA), permeability, and pore size parameterswere
investigated. Significantly lowerwater-to-cementing materialsratioswere
achieved;equal strengthswere attainedin only 7 days along withmuchhigher
later-agestrengths;freezing-and-thawingresistancewas excellent; and
permeabilifiesand porositieswerereduced. In addition,while the sulphate
resistance of many lignite ashes is poor, the performanceof ASTM CI012 mortar
barswith 35 weight percentreplacementfor a 12.8 percentC3A portlandcement
was similarto that for moderate sulphate-resistingportlandcement(C.3A< 8.0
percent).

177. Hope, B. B., and P. J. Quelch."Early Freezing of Vacuum Processed Concrete."
Journal of the American ConcreteInstitute SP 39-2 (October1973).

The effect of freezing temperatureson the compressive strength and ultrasonic
pulse velocity of vacuum processedand nonprocessed concrete was investigated
for two concretes with initial water-cementratios of 0.71 and 0.45. The average
reduction in water-cement ratio of 6 x 12 in. (15.2 x 30.5 cm) cylindersobtained
by vacuum processing was 0.18 and 0.09 respectively. Vacuum processed and
nonprocessed cylinderswere stored in air maintained at 0° F (-18° C) afterinitial
curing periods of 0, 3, 6, 12, or 24 hours at70° F (21° C) and 100 percent relative
humidity. The resistance to damageby freezing of both concretes was enhanced
by vacuum processing. For both mixes the requiredcuring time, (so that there
was no significant loss in the 28-day strength of the 6 x 12 in. cylinders) was
halved by vacuum processing.

178. Hover, IC C. "Analytical Investigation of the Influence of Air Bubble Size on the
Determination of the Air Content of Freshly Mixed Concrete." Cement, Concrete
andAggregatesVoLlO;-No.t-(Summer 1988): pp. 29-34.

It has been qualitatively suggested that the pressuremethod for the determination
of air content in freshly mixed concretecan be in errorwhen a portion of the
entrained airbubbles becomes relatively incompressibledue to the increase in
internal bubble pressure which accompanies a reduction in bubble diameter. This
has been used to explain the observeddiscrepancy between air meterreadings and
the air volume reported by microscopicanalysis. This paper reportsthe results of
an analytical investigation of the bubble-size effect, in which it is seen that it is
unlikely that a sufficient volume of bubbles with the requireddiameter arepresent
so as to cause the observed discrepancy. In order to demonstrate a significant
influence of bubble size on the accuracy of the air meter,one must resort to values
for the surface tension of the bubble f'dm which are unjustified. The
characteristics of various metersare discussed:

179. Hover, IC C. "Closing the Gaps: How to make concrete less permeable and more
durable."Concrete Consv'ucrion Vol. 32, No. 10 (October 1987): pp. 857-860.

Most people think of concrete as a solid material. In reality, however, it's a
porous material. The pore volume, size and arrangementaffect how fast concrete
absorbs water and how long it holds the water in the pores. Pore characteristics
also influence how fast water, other liquids, and gases can penetrateconcrete.
Permeability is the rateat which wateror other liquids flow throughconcrete.
The more permeable concreteis, the less durableit is. Highly permeableconcrete
is more likely to be damagedby freezing and thawing because waterentersit
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easily, expands as ice is formed,andcauses destructivepressures. Sulfates, acids,
and other aggressivechemicalspenetratefaster. Concrete carbonatesto a greater
depth, and this, along with increased permeabilityto oxygen and dissolved salts,
causesrebar corrosion. Reducingpermeability is an effective way to improve
durability. To change the permeability, you mustknow which factorsinfluence
this propertymost.

180. Hover, IC C. "Some RecentProblemswith Air-EntrainedConcrete." Cement,
Concrete, and Aggregates Vol. 11, No. 1 (Summer 1989): pp. 67-72.

Several problems areidentifiedin regardto air-entrainedconcrete, whichinclude
the accuracy of the pressureairmeter (ASTM C 231), the accumulationof air
voids at the coarse aggregate surface,excessive loss of air volume in transit or in
pumping, and the need for greaterprecision and detail in specification
requirements of air,enaained concret_.._Data arepresentedfrom four recent
construction projects from a wide geographical range_inthe United States.

181. Hudec, P. P. "Deterioration of Aggregate - The Underlying Causes." EditorL M.
Scanlon, Katharine and Bryant Mather International Conference, Atlanta, GA,
April 27 - May 1, 1987.

This paper presents an overview of processes causing aggregate breakdown,based
on the theoretical and laboratory-derivedevidence accumulated in the author'slab
over the last 15 years.

The answer may be found in the nature of the water in the small pores - water
affected by the capillary and surface forces of the pore material. The pore water
has lower vapor pressure,which prevents it from freezing, but which results in
osmotic pressure differential, causing expansion. Deicing salt cations are
preferentially adsorbedand concentrated on pore surfaces, furtherincreasing the
osmotic potential, expansion, and breakdown.

Methods that determine the pore size distribution, surface sorptioncharacteristics
of the pore walls, and volume changes on wetting are suggested as more definitive
measures of aggregate (andconcrete) durability;comparedto some of the
currently accepted tests.

182. Hudec, P. P. "Durability of Rockas a Function of GrainSize, Pore Size and Rate of
Capillary Absorption of Water."Journal of Materials in Civil Engineering Vol. 1
(February1989): pp. 1-9.

The author stated that the grain size and pore size are very important parameters
in the assessment of the long term durabilityof concretematerial.

Experiments carried out on carbonate rock specimens showed that the grain size
and the pore size control the rate of absorption of water into the carbonate rock.
The finer grained rocks Werefound to absorb waterat a rate twice that of coarser
grained rocks,particularlyin the first few minutes of exposure to water. These
findings led to the conclusion that water content and degree of saturation play a
major role in the durabilityof rock and that the rates of absorptionand durability
are correlated: high rate of absorption specimens were found less durableduring
freezing and thawing than those with a low rate of absorption.
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Another important property of carbonate rock that appeared to influence
durability, was the internal surface area, measured by water adsorption. The larger
the internal surface area the less durable the rock. The author f'mally concluded
that these findings may apply to other rock types since grain size and :poresize,
absorption and adsorption, as well as internal surface area are common
characteristics to all rocks.

183. Hughes, D. C. "Pore Structure and Permeability of Hardened Cement Paste."
Magazine of Concrete Research Vol. 37, No. 133 (December 1985): pp. 227-233.

A review of the literature on flow through porous media suggests that the
permeability of hardened cement paste should be related to pore size distribution,
pore conductance, tormosity and isotropy. It is likely that these factors do not
exhibit a unique value. Tests were made on OPC and OPC/pfa pastes cured for 1,
4 and 12 weeks in Ca(OH)2 solution. The permeability of both types was similar
for those pastes cured for 4 and 12 weeks at 350.C, whilst afar one week's curing
the OPC_Jpfapaste was significantly the more permeable. Pore size distribution
was determined by using a two-stage mercury intrusion technique. A simple
model, based upon Poiseuille's formula, was developed and shown to yield a
reasonable correlation with the experimental determination of permeability for the
OPC pastes and on SRPC paste cured for 4 weeks. The correlation was not so
good for the OPC/pfa pastes, probably as a consequence of structural damage
during mercury inlrusion in such pastes.

184. Hughes, D. C. "Sulphate Resistance of OPC, OPC__A and SRPC Pastes: Pore
Structure and Permeability." Cement and Concrete Research Vol. 15 (1985):
pp. 1003-1012.

Fly ash is a slow acting pozzolan and requires substantial curing to achieve its
potential strength and durability properties. Results are presented of the sulphate
resistance, permeability and pore size distribution of OPC, OPCHIy ash and SRPC
pastes variously cured before immersion in 0.7M Na2SO 4. A range of pores is
identified that are particularly susceptible to sulphate attack and a qualitative
relationship established between the variation, with curing, of the entry size of
these pores, the permeability of the paste and sulphate resistance.

185. Idorn, G. M. "Concrete Forever." R & H Bulletin, No. 17 (July 1990): pp. 1-15.

The ever increasing demands on building and construction for global social
development require concrete as the fundamental building mat_'ial. The demands
are, in many regions of the World,cer_n to exceed the available amount of
suitable resource materials: cement, water and aggregates in the near future. The
concrete forever concept is therefore discussed in relation w various categories of
demands on quantity and quality of concrete. The requirements for longevity of
concrete buildings and su'uctures arc considered in this context, and the durability
of concrete as such is therefore also discussed. The need to develop research

-planning and-management is emphasized and essential aspects of concrete
technology innovations are mentioned for quality assurance managemenL A
provocative concrete forever perception is revealed in the concluding remarks.
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186. Illinois Department of Transportation.A Preliminary Investigation of the D-Cracking
Problem in Illinois, Bureau of Materials and Physical Research, May 1979.

D-cracking has been observed for years in Illinois, but had not been considered a
serious problem within the normal 20-year service life. However, recent surveys
have revealed severe D-crackingdistress on relatively young CRC pavements,
necessitating Department action.

D-cracking, a distress peculiar to PCC pavements, appears at the surface as a
network of free, closely spacedcracks occurring parallel and adjacent to joints,
intermediate cracks, and slab edges. The distress has been traced to freeze-thaw
failures in certain types of aggregates.

The conditions necessary for D-cracking are (1) a susceptible aggregate,
(2) moisture accumulation, and (3) cyclic freezing and thawing. Water infiltrates
the joints, cracks, and edges, accumulates at the bottom of the slab, and saturates
the aggregate. The freeze-thaw cycling generates stresses that in time exceed the
tensile strength of the aggregate, leading to its fracture. Progressively, the
surrounding mortar and additional aggregate particles become involved and the
distress spreads throughout the pavement slab.

D-cracking starts at the bottom of the slab and moves upward. Normally, the
crack pattern is horizontal in the lower and middle levels of the pavement,
becoming more random as it progresses to the surface. By the time the distress is
visible, the bottom of the slab often is totally disintegrated. The cracking may
surface in as little as three years or as late as 20 years after construction.

Since recognizing the magnitude of the D-cracking problem, the Department has
adopted an interim specification for PCC pavement, base course, and widening
projects that requires (1) a reduced top-size material (CA 7), (2) 564 pounds of
cement per cubic yard, and (3) the use of a water-reducing admixture. While this
approach should lessen the severity of D-cracking, it is considered an interim
solution until more definitive information can be developed.

The Bureau of Materials and Physical Research recently has completed the first
phase of a research effort to identify aggregates susceptible to D-cracking. This
effort has involved (1) a review of the state-of-the-art regarding D-cracking, (2) a
laboratory investigation, and (3) a field performance survey.

187. Ioneseu, I., and T. Ispas. "Properties and Durability of Some Concretes Containing
Binders Based on Slag and Activated Ashes." Second CANMET/ACI
International Conference on the Use of Fly Ash, Silica Fume, Slag, and Natural
Pozzolans in Concrete, Madrid, Spain, April 1986, pp. 1475-1493.

Properties of heavy and lightweight concretes prepared with binders based on slag
and activated ashes were studiedas follows:

a. fresh concrete;
b. strength of concrete hardened both at normal temperature and by heat

treatment;
c. permeability and resistance to freeze-thaw cycling;
d. behavior of some concrete elements under various working conditions;
e. some teehnico-eeonomic aspects related to preparation and use of

binders and practical conclusions for design and manufacture.
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188."Ispas,T., and I. Ionescu."Productionof Hy Ash ConcretesUsing Superplasticizers."
Second CANMET/ACI InternationalConferenceon theUse of Hy Ash, Silica
Fume, Slag, andNaturalPozzolans in Concrete,Madrid,Spain, 1986, pp. 763-
778.

This paperpresents results or investigationson the practicalutilizationof fly ash
in concrete with andwithout superplasticizers.The influence of superplasticizers
on the hardeningprocess of fly ash concretes was studiedat varying ages up to
730 days. The test results indicate that fly ash can be used to advantagem non-
superplasticizedconcrete at a replacementlevel of up to 50 percentby weight of
portland cement, and up to 25 percentby weight of cement with 15percent of
admixturein superplasticizedconcrete. The addition of fly ash and
superplasticizerto concrete show additionaladvantages such as high initial and
ultimate strengths,increased resistance to repeated freeze-thawcycles, better
durability,and reductionin energyrequiredfor heat-curing.

189. Iyer, L. S. "The Effect of Freezingand Thawing on MinnekahtaLimestone and Sioux
QuartziteUsed for ConcreteAggregates."Ph.D. diss., South Dakota School of
Mines and Technology, June 1974.

This investigation includes the studyof dilation, the variationof modulus of
elasticity and strengthof crushedMinnekahtalimestone and Sioux quartzitedue
to freezing and thawing.

The propertiesof the dry specimensarenot affectedby the freezing and thawing.
In the case of saturatedspecimens, limestonedilates at 23° 1=,and quartzitedilates
at27° F, whereas no dilationand change in lengthis observed in the case of dry
specimens. The saturatedspecimensshow an increase in absorption,decreasein
tensile strengthand decrease in modulus of elasticity after 100 cycles of freezing
and thawing. Smaller size specimens show less damage to freezing and thawing.
No consistentvariationin Poisson'sratio and compressive strengthareobserved
due to 100 cycles of freezingand thawing. Reasonableagreementbetween the
increased absorptionand the increasedpermanentvolume change based on the
measuredchange in length dueto freezing and thawing in obtained. A relative
durability ratingfor these rocks indicates that both these rocks aregood for
concrete aggregates. Smallerquartziteand larger limestone arebetterfrom the
standpointof resistance of concreteto freezing and thawing.

190. Iyer, L. S., P. H. Rahn,V. Ramakrishnan,andJ. E. Russell. "Durability Tests on
Some Aggregates for Concrete."Journal of the Construction Division VoL 101,
No. C03 (September 1975):pp. 593-605.

The selection of aggregatesfor concreteis based on the probabledurabilityalong
with the economy of mixtureand strengthof hardenedmass. Durabilityof
concrete depends on the following: 1) Resistanceof aggregate to weathering;,2)
no unfavorable reaction between aggregate and cement; and 3) no impurities in
aggregate that reduces the strength.

AmericanSociety for Testingand Materialstests areavailable to check the latter
two causes, whereas no directand reliable tests are availablefor checking the
resistance of aggregatesto weathering. Weatheringdue to freezing and thawing is
the most hazardousof deterioration of concrete in the northernpartof the United
States. The practice of airentrainmentin concrete reducesthe hazarddue to
freezing and thawing. The void system intentionally introduced in concrete will
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accommodatetheincreasedvolumeofthefreezingmoistureinacementpaste
matrix.Butinthecaseofaggregate,themovementofthemoisturefromthe
aggregatetothevoidsystemduringfreezingdependsupontheporesize,porosity,
andthesizeoftheaggregate.Iftheporesizeissmallandthesizeofthe
aggregateislarge,themoisturemay freaz_insidetheaggregatotoproduce
stressesintheaggregateaswellasinthesurroundingmatrix.Ifthestrengthof
thesematerialsislessthanthestressesdeveloped,eithertheconcreteoraggregate
may crack.Thepropertiesoftheaggregatewhichinfluencetheresistanceof
concretetofreezingandthawingare:(I)Poresizeandporosityoftheaggregate;
(2)sizeoftheaggregate;(3)modulusofelasticityoftheaggregate;and(4)tensile
strengthoftheaggregate.

InSouthDakota,MinnekahtalimestoneandSiouxquartziteareusedforconcrete
aggregates.Minnekahtalimestoneispurelimestonecontaining97% calcium
carbonateandlessthan1.0%dolomite.Toillustratetheinfluenceoftheprevious
propertiesonthedurabilityofconcrete,testswereconductedtostudythedilation
andvariationoftheaforementionedpropertiesoftheserocksduetofreezingand
thawing.

191.Jackson,F.H."TheDurabilityofConcreteinService."JournaloftheAmerican
ConcreteInstituteVoL 43(October1946):pp.165-180.

Discussestheproblemofconcretedurabilitywithreferenceprimarilytohighway
bridgestructureslocatedinregionssubjecttoseverefrostaction.Fourmajor
types of deteriorationare defined and illustratedand several _ecific matters that
have bearing on the problem, including the effect of construcuon variables,
modem versus old fashioned cements, air en_ainment, and the so-called cement-
alkali aggregate reaction, arediscussed. The reportconcludes with a series of
recommendations indicating correctivemeasures that should be taken.

192. Jackson, F. H. "Long-Time Study of Cement Performancein Concrete. Chapter 9 -
Correlation of the Results of LaboratoryTests with Field Performance Under
Natural Freezing and Thawing Conditions." Journal of the American Concrete
Institute VoL 52 (October 1955): pp. 159-194.

Summarizesand evaluates the results of laboratory test spanning 14 years of the
Long-Tune Study cements and concretes containing the same cements. Many of
the field installations, although subject to severeexposure, have not weathered
sufficiently to allow comparisons. Of the threepermitting appraisal the only
positive conclusion that can be drawn now is the superiorperformanceof air-
entraining cements.

Laboratory freezing and thawing tests of concrete correlatewell with field
performance in showing the markedlyimproveddurabilityof air-enwained
concretes. Tests at two laboratories and at two of the field installations give some
indications, clouded by many inconsistencies, that the Type IV cement concretes
are somewhat more frost resistant than concretes made of other types of cement.
However, this trendis not indicated by other investigations that show quite
conclusively that damage by freezingand thawing is a physical matterand is not
influenced by the chemical composition of the cement. An over-all appraisal of
the results of the Long-Time Study tests to date indicates that, of the many
physical tests made of the LTS cements, only the test for aircontent is of any
value in indicating relative resistance to freezing and thawing.
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193."Jackson,F. H. "A Way to Better PavementConcrete."Journal of the American
Concrete Institute Vol. 46 (March1950): pp. 489-496.

Discusses theperformancerequirementsof concretepavements from the
standpoint,primarily,of the qualityof the concreteas a material It is pointed out
that the lack of durabilityof muchof ourpresentdayconcrete may be due to our
methods of consu'uction.The writerbelieves pavementdurabilitycould be
significantly improvedby using a scientificallyproportionedmix of dry
consistency, weU-compactedby vibrationor tamping, and with close control over
aggregate gradation,in place of the oversandedplastic mixtures that we now use.
He does not believe that airentrainmentis necessarily the final answerto the
problemof surfacedeteriorationbutthatwe shouldseriously consider
overhaulingour entireconstructionpracticeas well as our present methods of
controlling the uniformityof aggregategradation.

Currentpractice in the constructionof concretepavements and airportrunwaysin
Great Britain andpast practicein Germany in the constructionof the autobahnen
arediscussed to show that the placingof harsh,dry mixtureswithclose controlof
aggregate gradationsis entirelyfeasible from the constructionstandpoint.

194. Jackson,F. H., and H. Allen. "ConcretePavementson the GermanAutobahnen."
Journal of the American Concrete Institute Vol. 44 (June1948): pp. 933-976.

The condition of the Germanpavements is discussed fromthe standpointof both
structuralperformanceand qualityof concrete per se. All of the structuraldefects
thatusuallydevelop in concrete pavements in the UnitedStates werefound.
However, asidefrom transversecracking,whichwas quite common, defects such
as joint spalling, joint faulting, settlement,etc. were not serious except in the area
immediately north and south of Frankfurt. It is believed that the comparative
freedomof the German,motorroads from structuraldefects is dueprimarilyto
two factors: the comparatively small amountof heavy mzck trafficusing these
roads, now and in the past, and the comparativelymild climate.

The concrete was almost without exception, of excellent quality. Scaling was
confined almost entirely to thesections between Munich and Salzburg.
Disintegration was practicallynonexistent. Anloutstanding surfacecharacteristic
was the absence of the heavy layer of surfacemortar,which is frequentlyfound
on pavements in the United States. It is believed thatthe excellent quality of the
concrete is due to (1) the excellent qualityof the aggregates, (2) the low water-
cement ratio, (3) thoroughconsolidation by tamping and vibrationof a dry
mixture with a maximum aggregatesize of about 1in., (4) thorough curing,and
(5) the comparativelymild climate. The effect of the cement is not clear. German
cements were definitely inferiorasjudged by modem American standards.
Whether they were actually inferiorremains to be seen.

195. Jackson, F. H., and I. I2 Tyler. "Long-TuneStudyof CementPerformancein
Concrete, Chapter7 - New YorkTest Road." Journal of the American Concrete
Institute VoL47 (June1951):pp. 773-796.

Test procedure,materials,mix proportions,andconstructionprocedureson the
New YorkTest Road, a part of the Long-Tune Study of Cement Performancein
Concrete, aredescribed. All 27 of the Long-TimeStudy cements were used in
conjunctionwith a nontestcementfor adjustingequipmentand mix proportions.
Performanceof the test sections is assessed with respectto durabilityof the
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concrete as a material, the only property directly studied in relation to the cement
used.

Seven and one-half years after the test pavement was completed no one cement
proved superior to the others tested. However, the effects of air entrainment in
improving resistance of the pavement to scaling and weathering overshadowed all
other variables. The use of abrasives with ice control chemicals caused scaling on
non air-entraining concrete. A 2- to 3-inch increase in slump of the test concrete
had no appreciable effect on the durability of the concrete.

196. Janssen, D. J. Bridge Deck Moisture Measurement, Washington State Transportation
Center and the Univ. of Washington, Seattle, Washington, July 1987.

Moisture is a primary conu'ibuting factor in the long term durability of bridge
decks. Moisture is involved in freeze-thaw problems in portland cement concrete
and in corrosion of reinforcing steel. Chloride ions, another factor contributing to
corrosion, are normally transported through the concrete bridge deck to the
reinforcing steel by moisture. Moisture measurement techniques were examined
and one of the methods, Peltier-type psychrometers, was used to measure bridge
deck moisture. Measurements were made at depths of 0.5, 1.5, 3.0 and 4.5 - 5.5
in. Both negative and positive moment regions were instrumented. The degree of
saturation at the level of the reinforcing steel was found to be about 90 percent,
with little variation over the two month period that measurements were taken.
Moisture content fluctuations were greater in the negative moment region than the
positive moment region. Moisture fluctuations could lead to increased migration
of chloride ions to the reinforcing steel. Measurement of moisture content
distributions before and after wetting a bridge deck could be used as an indicator
of corrosion protection provided by overlays.

197. Janssen, D. J. "Moisture in Portland Cement Concrete." Transportation Research
Record No. 1121 (1987): pp. 40.44.

Moisture gradients in concrete pavements cause differential shrinkage between
the top and the bottom of the pavement. This leads tOcurling stresses in which
the top of the pavement isin tension while the bottom is in compression. The
magnitude of these stresses is determined by the moisture distribution, the
volumetric aggregate content of the concrete, and the elastic modulus of the
concrete. Pavement moisture contents were determined by field.moisture
measurements, laboratory measurements, and computer simulation. These
indicated that substantial drying occurred only at the top surface, to a depth of less
than 2 in. The rest of the pavement remained at 80 percent saturation or higher.
A typical pavement moisture distribution was determined, and using an aggregate
content of 74 percent and an elastic modulus of 3.6 x 10-6 psi, a stress distribution
was calculated. The tensile strength of the concrete at the surface was exceeded,
and cracks could be expected to form to a depth of 3/4 in. Because the tension in

the concrete was concentrated near the surface instead of decreasing linearly with
depth, the actual moment in the pavement caused by the moisture gradient was
only 40 percent of the moment capacity of the urtreinforced concrete.
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198: Janssen, D. J., and D. K. Almond. "Comparison of Four Aggregates Using the
Washington Hydraulic Fracture Test." Transportation Research Record No. 1301
(1991): pp. 57-67.

The importance of identif3_ng D-cracking susceptible aggregates has led to a
considerable number of aggregate identification test procedures. Unfortunately,
the more reliable of the procedures may require 8 weeks or longer, expensive
equipment, and highly _killed operators. In response to this problem, the Strategic
Highway Research Program (SHRP) has issued a research contract to develop a
rapid, reliable test method for identifying aggregates susceptible to D-cracking.
The new test method being developed is used to examine four aggregates: two
that have produced D-cracking in the field, and two with a performance history of
no D-cracking. The test method involves covering an oven-dried aggregate
sample with water, and then pressurizing the water to 1,150 psi (7,930 kPa). The
pressure is quickly released, and then the pressurization and release cycle is
repeated. Ten cycles per day are run for a total of 50 cycles. The amount of
aggregate fracturing is determined and indicates D-cracking potential. The
D-cracking susceptibility of the four aggregates tested was clearly identified even
though the samples were different materials from diverse origins and locations.

199. Janssen, D. J., and B. J. Dempsey. 'The Effect of AC Overlays on D-Cracking in
PCC Pavements." Transportation Research Record No. 1062 (1986).

Durability cracking (D-cracking) is the progressive deterioration of Portland
cement concrete (PCC) and is normally caused by winter freeze-thaw cycling.
The PCC coarse aggregate source has been identified as causing well designed
mixes to develop D-cracking.

A common rehabilitation procedure for D-cracked PCC pavements is to overlay
the PCC with asphalt concrete (AC). This renews the surface, but little is known
about the long term effect of AC overlays on D-cracked pavements. Specifically,
will an AC overlay stop the progression of D-cracking, or accelerate it.

The primary climatic factors responsible for D-cracking are moisture and
temperature. Finite-difference transient flow computer moisture movement
modelling as well as field instrumentation and laboratory measurements indicated
that AC overlays have negligible effect on the PCC pavement moisture regime.
This is due to the exuemely low hydraulic conductivity of PCC. Evaporative
drying of the PCC extends less than 2-in. into the PCC pavement.

The effect of AC overlays on the PCC temperature regime was evaluated by
finite-difference heat wansfer computer modeling. AC overlays were found to
decrease the number of freeze-thaw cycles and the rate of cooling in PCC
pavements. The cooling rate at the top of an 8-in. PCC pavement in the St. Louis,
Missouri areawas decreased from 1.19 to 0.24 degrees Fahrenheit per hour by a
4-in. overlay.
Laboratory freeze-thaw durability tests duplicating field conditions for Interstate
70 near Vandalia, Illinois were conducted. The laboratory PCC samples were
made with the same coarse aggregate as the D-cracked 1-70 pavement section.
The samples had either no overlay, or 2-, 4-, 6-in. overlays. A freeze-thaw cycle
determined from actual climatic data was used to simulate winter freeze-thaw
cycling. All of the PCC samples cycles to the equivalent of 5 years of winter
exposure showed strength loss as determined by split tensile tests. The samples
with 4-in. overlays showed the most strength loss.
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It was concluded thatAC overlaysdo not preventthe progressionof D-cracking
in PCC;insteadsome overlaythicknessesacceleratethe deterioration. When AC
overlaysaredesigned for D-crackedPCCpavements, the effect of decreasing
strengthof thedeteriorating PCCshouldbe considered.

200. Janssen,D. J., B. J. Dempsey, J. B. DuBose, and A. J. Patel. Predicn'ng the
Progression of D-Cracking, TransportationResearchLaboratory,Departmentof
Civil Engineering,EngineeringExperimentStation, University of nliuois at
Urbana-Champaign,Illinois, July 1985.

DurabilityCracking(D-cracking)is the progressivedeteriorationof portland
cementconcrete (PCC)andis normallycaused by winter freeze-thaw cycling.
The PCCcoarseaggregatesourcehasbeen identified as causing well-designed
mixes to develop D-cracking.

The primaryclimatic factorsresponsiblefor D-cracking aremoistureand
temperature. Finite-differencetransientflow computermoisturemovement
modellingas well as field instrumentationand laboratorymeasurementsindicated
thatAC overlayshave negligible effects on the PCCpavementmoistureregime.
This is dueto the extremely low hydraulicconductivityof PCC. Evaporative
dryingof the PCCextends less than 2 in. into the PCCpavement.

The effect of AC overlayson the PCC temperatureregime was evaluatedby
finite-differenceheat transfercomputermodelling. AC overlays werefoundto
decrease the numberof freeze-thawcycles and the rate of cooling in PCC
pavements.The cooling rate at the top of an 8-in PCCpavementin the St. Louis,
Missouri areawas decreasedfrom 1.19 to 0.24 F/hrby a 4-in. overlay.

201. Jensen,A. D., S. Chatterji,P. Christensen,and N. Thaulow. "Studies of Alkali-Silica
Reaction- PartII: Effect of Air-Entrainmenton Expansion." Cement and
Concrete Research Vol. 14 (September9, 1983):pp. 311-314.

Froman extensive petrographicinvestigation of concretesamplessuffering from
alkali-silicareaction, it has beenhypothesizedthata deliberately introducedair-
bubblesystem will reduceexpansiondue to alkali-silicareaction. The above
hypothesis has been tested usingmortarbars madefrom 35 sand types of differing
degreesof alkali-silica reactivity. The results show that on the average the
introductionof 4%airdecreasedthe expansionby about40%. A petrographic
examinationof mortarbars has shown that in thecase of reactive sand the air-
bubblestend to get f'dledup by gel, but the air-bubblesremain empty in the case
of unreactivesand. It has also been notedthat this filling up of the air-bubbles
will decrease their effectiveness in a freeze-thawenvironment.

202. Johnston,C."Effects of Microsilicaand Class C Fly Ash on Resistance of Concrete
to RapidFreezing andThawing andScaling in the Presence of Deicing Agents."
.EditorJ.M. Scanlon, Katharine and Bryant MatherInternationalConference,
Atlanta,GA, April 27 - May 1, 1987.

The freeze-thawdurabilityfor concretescontainingup to 42%Class C fly ash or .
15% microsilicaby weight of cement with ratios of waterto cementitiousmaterial
of 0.53 - 0.88 is examined to establish the extent to which such relativelylean
mixturescan yield good durabilityalong with the satisfactorylevels of strength
alreadyknown to be achievable,particularlywith microsilica. The results show
that, while the inclusion of fly ash ormicrosilicadoes not detractfrom
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performancein rapidfreezing and thawing(ProcedureA of ASTM 666),
performance with respect to scaling (ASTM C672) may not be satisfactory,even
with an apparentlyadequateair void spacing factor.

203.Kaneuji,M. ';CorrelationBetweenthePore-SizeDistributionsandFreeze-Thaw
DurabilityofCoarseAggregatesinConcrete."Ph.D.diss.,PurdueUniversity,
August1978.

Thisstudywasdesignedtofindthecorrelationbetweenthepore-sizedistribution
ofanaggregatemeasuredbythemercuryintrusionmethodandthefreeze-thaw
durabilityofconcretemadewiththeaggregate.

Fourteendifferenttypesofaggregateswithawidevarietyofpore-size
distributionswerestudied.Two laboratoryfreezingtests,therapidfreezingand
thawingtest(ASTM C666A)andamodifiedcriticaldilationtest,wereconducted.
A goodcorrelationbetweenthepore-sizedistributionofanaggregateandits
durabilityfactorobtainedfromtherapidfreezingandthawingtestwasfound.
The modified critical dilation test results generally agreedwith the rapid freezing
and thawing test results. The absorptiontest and PCA absorption-adsorptiontest
didnotindicateaswellasthefreeze-thawdurabilityaspore-sizedistribution.

A correlationequationbetweenanexpecteddurabilityfactorforanaggregateand
itspore-sizedistributionmeasuredbymercuryintrusionwasobtained.This
equationwasthenexaminedforitsapplicabilitytothefieldperformance
prediction.Theaggregateswithknownfieldperformancewereexamined.The
existingconcretepavementswithvariousdegreeofD-crackingweresampled,and
theiraggregateswereexamined.Thesestudieshaveshownthatthecorrelation
equationiscapableofpredictingthefrostdurabilityofanaggregate.Basedon
theseexaminations,borderlinesseparatingdurablefromnon-durableaggregates
were tentativelYdetermined.

204. Kanitakis,I. "Permeability of ConcreteContainingPulverized Fuel Ash." Fifth
InternationalSymposium on ConcreteTechnology, Monterrey,Nuevo Leon,
Mexico, March 1981, pp. 311-322.

The main aim of this work Wasto investigate whetherEnglish-producedPFA
(pulverized fuel ash) concretes are imperviousenough to be used for offshore
structures. A representativeOPC (ordinaryportlandcement) concrete of high
cementcontent and a correspondingPFA concrete were tested. These two mixes
were designed to have basically the same workabilityand cube suength, so that
their permeability could be compared. The ISAT-test (as defined in B$1881, Part
5, 1970-6. Test for dete_g the Initial Absorptionof Concrete) was adopted
and measurements of the permeabilityweretaken at 7, 17, 28, and56 days. The
results showed that the OPC mix has lowerpermeability than the PFA mix at
early ages, but the difference tends to diminish at later ages. Detailed test results
arereportedinsuitableformanddiscussed.

205.Kashi,M. G."Freeze-ThawDurabilityofHighStrengthSilicaFume Concrete."
Ph.D.diss,VirginiaPolytechnicInstituteandStateUniversity,1989.

SpecimensfrOm 27batchesofconcretewithawatertocementitious(cementplus
silicafume)ratioof0.25to0.32,withandwithoutentrainedair,weretestedfor
freeze-thawdurabilityinaccordancewithASTM C565,procedureA (freezing
andthawinginwater).Inaddition,anothersetofsimilarspecimenswasmoist
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cured for 28 days instead of 14 days and tested in accordancewith ASTM C666,
procedureA to determinethe effect of curingtime onthe freeze-thawdurability
of high strengthconcrete. Results show that non-air-entrainedhigh strength
concrete with water-cementitiousratio of less that 0.30, regardlessof the lengthof
curingtime, is frost resistant. Non-airentrainedconcretewith a water-cement
ratio of 0.32 is durableif silica fume is notused.

206. Kayyali, O. A. "StrengthandPorosityof PortlandCementPaste Subjectedto
Chloride Penetration."Journal of Materials in Civil Engineering VoL 1 (February
1989): p. 10.

Studies made on hardenedcementpaste, subjectedto chloride ions modified its
pore structure.The modificationwas manifestedby a significant increase in the
volume of all pores that havediameterssmaller than 50 nm. The observed
increase was motnecessarilycontinuous,_Occurrenceof discontinuityof the pore
structure,however, was believed due m-thecollapse ofthe pore walls athigh
mercuryintrusionpressures(pressureexceeding 175 mPa,whichcorrespondedto
pore diameter of about5 nm) with respect to the paste strength,a slightloss of
strength,at earlyage, was recorded. Thiseffect was associatedwith the increase
in the totalpore volume.

The prolongationof initialmoistcuring,priorto exposureto salt solution, showed
no strengthloss. Moreover,the pore size distributioncharacteristicsof the salt
treatedpastes were similarto those of curedones. Thisphenomenonwas
explainedby the fact that the chloridepenetrationcontinuedto cause modification
in the morphology of the hardenedpaste resultingin a decrease in permeability,
thus gain in strength.

207. Kayyali, O. A., C. L. Page,and A. (3. B. Ritchie."Frost Action on ImmamrcCement
Paste - Effects on MechanicalBehavior."Journal of the American Concrete
Institute Vol. 76, No. 50 (November1979):pp. 1217-1225.

Applicationof a limitednumberof freezing andthawingcycles to cementpaste at
very early stage of hydrationinduced effects that were notapparentfor slightly
more hydratedsamples. Irreversibledeteriorationin suength andin fracture
toughness were recorded. The effect of airentrainment,however,was shown not
to be confined to retardingdegradationcaused by frost action. Earlyfreezing of
air-entrainedpaste actuallyhada beneficial effect on the final suength and
fracturebehaviorof the materiaL

208. Kayyali, O. A., C, L. Page,and A.:(3.B. Ritchie."Frost Action on ImmatureCement
Paste - MicrostructuralFeatures."Journal of the American Concrete Institute
VoL77, No. 29 (September- October 1980):pp. 264-268.

Microstructuralfeatures,associatedwith the irreversibleloss in strength
experienced by immatureplaincementpastewhen exposedbriefly to freezing and
thawing conditions, have been examined. An importantfactoris believed to be
the formationof large, easily-cleaved portlanditecrystals surroundedby stress-
intensifying pores. Air-enwainedpaste, however, containedairvoids into which
segregationof portlanditeoccurredduringearly freezingand thawing. This is
thought to have led to reductionin the quantityof ponlandite depositedin the
body of the paste when normalcuringwas resumed, andmay accountfor the
enhanced strengthandtoughnessvalues recordedfor such specimens.
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209. KeUerman, W. F. "Effect of Use of Blended Cements and Vinsol Resin-Treated
Cements on Durability of Concrete." Journal of the American Concrete Institute
Vol, 48 (June 1946): pp. 681-688.

Presents a part of the results obtained from an investigation of the durability of
concrete, by the Public Ro_d_ Administration using blends of portland cements
with natural cements (86 percent and 14 percent by weight, respectively) and
Vinsol resin-treated cements. Results presented in this contribution have a
bearing on resistance to freezing and thawing tests, especially because of unusual
results of a prolonged interruption of the daily freezing and thawing cycle.

210. Kennedy, H. L. "The Function of Entrained Air in Portland Cement." Journal of the
American Concrete Institute ¥oL 14, No. 6 (June 1943): pp. 529-542.

The use o fair entraining agents in portland cement concrete shows considerable
promise, particularly in highway concrete where resistance to scaling is an
important factor. The need for fundamental research regarding the mechanism by
which entrained air function is suggested and methods of tests are outlined.

Some results of exploratory investigations of the action of air entraining agents on
the individual constituents of concrete are reported. It is indicated that the action
of air entraining agents in cement paste differs materially from their action in
concrete. The effect of air entraining agents on neat cement paste suggests a
probable maximum cement content of concrete, above which the beneficial effect
of air entraining agents may become negligible, their effect on strength remaining
unchanged.

211. Kennedy, T. B., and K. Mather. "Correlation Between Laboratory Accelerated
Freezing and Thawing and Weathering at Treat Island, Maine." Journal of the
American Concrete lnstituteVol. 50 (October 1953): pp. 141-172.

Six coarse and eight fine aggregates were used in 48 combinations to make
concrete specimens, all with the same water-cement ratio, air content, and slump
for comparative testing in accelerated freezing and thawing and exposure to
natural weathering at mean-tide elevation at Treat Island, ME.

The two types of exposure aggregates used, test procedures, and results of
dynamic testing of concrete specimens in both exposures are described. A
summary is included of the examination of some of the concrete specimens and
hypotheses suggested to explain differences in results in the two exposures, and a
discussion of the relation of the difference between the thermal coefficients of
coarse aggregate and mortar and durability factor found in these tests. The
appendix contains more detailed information on the examination of the concrete
and related discussion of other factors believed to be important in explaining ,
results.

_Comparison of laboratory andfield results indicates that each aggregate
combination behaves in an individual manner in each exposure, as influenced by
differences in materials and in exposures. Prediction of behavior in one type of
expo[ure from behavior in another cannot be made unless all the differences
between the two can fully be evaluated, which is not yet possible.

212. Keune, R., and P. Hoekstra. Calculating the Amount of Unfrozen Water in Frozen
Ground From Moisture Characteristic Curves, U.S. Army Cold Regions
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• Research andEngineeringLaboratory,Hanover,NH, Special Report114, July
196"/.

The unfrozen watercontent of a soil can be determinedby calculatingthepartial

molar frec energyof water(_l) at anytemperatureandreferringthis to the plot

of _1 vs. the watercontentof thesoil underconsideration. A plot ofAF1vs.
watercontent can be obtainedfrom a moisturecharacteristiccurveatroom
temperature. Methods of calculatingthe numericalvalues for the graphsare
outlined. Dataaregiven for granular,clay, loam and pearsoils andfor Na-
montmorillonite,so that the resultsshouldbe useful in estimatingunfrozenwater
by comparinganunknownsoil with a similar soil in the report.

213. Keyser, L H. "Scaling of Concreteby FrostAction." Performance of Concrete
(1968): pp. 230-243.

Fromexperience, factualdata,theory, and experimentation,a summaryhas been
made of the causes and effects of scaling in concreteand of the measuresthat can
be takento avoidits harmfuleffects. Using theCity of Montrealas an example, it
is shown how it is possible, througha carefully elaboratedresearchprogram,rigid
specifications, and close controlto solve the annoyingproblemof sidewalk
scaling. As indicatedby the two surveys, the scaling of sidewalks,aftera 3-year
period, was reducedfrom 22 percentin 1959 to less than 0.5 percent in 1966.

214. Keyser, L H., andM. Kushner."Long-TermFreeze-ThawDurabilityof Concrete in
CatchBasins, Sidewalks,and PavementsSlabs.".lournal of theAmerican
Concrete Institute SP47-9 (April 19"/5).

The first partof the paperdeals withcatch basins. An informationsheet was
prepared to describe all possibledefects. An examinationof the 325 defective
units revealedthat 90 percentof defects were in the upperthreeelements, and 57
percent of these, weredeteriorateddue to frost action. An inspection of the
manufacturingprocess hadshownthatin the manufactureof the drycast catch
basin elements (1) the sequencefor adding of admixturesmust be controlled(2) a
practical test methodis needed to determinethe aircontentof no slump fresh
concrete (3) the yieldof the manufacturer'srecommendeddosage of air-entraining
agent must be verified.

In the secondpart,the authorsshow that the sidewalk scaling problem was solved
by applyingresearchfindings,revising.specificationsand by implementinga rigid
quality control system. Duringconcreting,each truckloadof concrete is tested for
aircontenL

The thirdpartof the papergives the results of an evaluationof long-term variation
• of the strengthof 93 concretepavementbases. The studyrevealed that the
strength increases at the least 15 percent the first year and is expected to increase
on the average by as much as 36 percent at the end of 10 years. However, the
gain in strength is independent of the initial strengthand may vary within a wide
range.
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215. Khayat, ICH., IC W. Nasser,andW. T. Hester."Alternative Method to MeasureAir
Contentin FreshConcrete."ACI Materials Journal Vol. 87, No. 4 (July-August
1990): pp. 355-362.

The correlationsof aircontentmeasurementsobtainedwith a new airmeter,
called the mini airmeter,and two otherASTM standardairmeters were examined
to establish the reliabilityof the new apparatus.The mini airmeter used the
volumetric principleto determinethe aircontent of fresh concrete. It weighs 8 lb.
(3.63 kg) and requites aconcrete sampleapproximately1/11 and 1/28 the size of
thatneeded by the conventionalrollerand pressuremeters,respectively. The
laboratoryworkinvolved testing the aircontent of 21 concrete mixturesusing the
mini, roller,and pressureair meters. Both 3/8 and 1 in. (9.5 and 25.4 mm)
nominal size aggregateswere used to make normalweight and lightweight
concretes. The water-cementitiousmaterialsratios of the mixes rangedbetween
0.22 and 0.51. The cementcontent variedfrom 450 to 910 lb/yd3 (267 to
540 kg/m3), with silica fume addedto some mixes. All mixes incorporated
superplasticizers,and air-enlrainingagents were also added to yield aircontent
between 1.25 and 12.5percent.

Results indicate that the mini airmeter exhibits excellent linearcorrelationswith
the other standardtests and providesa quick means to monitoraircontent. For
the materials employed in this investigation, the accuracyof airvolume
measurementsrecordedusing the mini airmeter does not seem to be influenced
by the densityof the aggregate,nominal size of the aggregate, cement content,
water-to-cementitiousmaterialsratio, or the presence of additives.

216. Kivekas, L., and M. Leivo. "Durability of Concrete UnderArctic Offshore
Conditions." EditorJ.M. Scanlon, Katharineand BryantMatherInternational
Conference, Atlanta_GA, April27 - May 1, 1987.

The authors developed a new methodfor accelerated testing of frostresistance
underarcticconditions. Specimenswere madefrom high strength,air-entrained
concretes containingsuperplasticizingadmixtures. The aircontent, spacing factor
and protective pore ratioresults were related to the durabilityobtainedin the
freeze-thaw test.The relationshipbetweendurability and the threeparameterswas
found to be fairly linear. Based on this, a liinit of 100 cycles, believed to ensure
good durability,was set and the requirementsfor aircontent, spacing factor, and
protective pore ratiowere thencalculated from the test results.

217. Klieger, P. Air-Entraining Admixtures, PortlandCementAssociation, Researchand
Development Lab0ratories,Sko-kie,Illinois 60076, Bulletin 199, 1966.

The use of intentional airentrainmentin concrete is now a well-established means
for greatlyenhancing the ability of concrete to resist the potentially destructive
effect of freezing and thawing. Its use should be mandatory when concrete is to
be exposed to such anenvironment,particularlywhen chemical deicers areused,
ason pavements andbridgedecks.

A thoroughsurvey of the early developmentof airenlrainmentis presentedby
Gonnerman. The following paragraphfromGonnerman'sreport is of particular
significance:
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'These projects (test roads constructed in 1935-1937) revealed no
relationship between surface scaling and composition of the cement,
but they did show clearly that portland cement that inadvertently
contained "crusher oil" reduced surface scaling as did many of the
blends of+portland and natural cement that contained tallow added
during grinding of the natural cement. Laboratory tests disclosed that
the beneficial effect of the crusher oil and tallow was due entirely to
the additional air enn'apped in the concrete by these air-enu'aining
agents."

Other investigators came to similar conclusions during the late thirties and early
forties. In these early instances, the air enu'ainmentwas not intentional but
resulted form the presence of the crusher oil or the use of the tallow as a grinding
aid during the production of the cement. These were the forerunners of the
materials now used to produced air-enwaining cements and called additions.
Materials similar to presently used additions are called air-entraining admixtures
when added with the other concrete ingredients at the time of mixing. This report
is concerned with this class of materials. What ate these materials; how do they
function, both as to the process of entraining air and enhancing durability; how
can they be specified and tested to insure adequate performance? These are some
of the questions which we will attempt to answer in this chapter.

218. Klieger, P. "Durability Studies at the Portland Cement Association." Durability of
Building Materials and Components, ASTM STP 691 (1980): pp. 282-300.

Durability studies at the Portland Cement Association (PCA) over the years have
included both laboratory accelerated tests and field exposure to service conditions
in a variety of environments. Laboratory accelerated tests have included:
freezing and thawing in water, resistance to application of deicing chemicals
during exposure to freezing and thawing, resistance to aggressive chemicals such
as sulfates, alkali-aggregate reactiDns, and corrosion of reinforcing steel. Field
exposures have included: full-scale concrete pavements subjected to traffic and
exposed to severe weather and deicers, simulated bridge-deck sections in outdoor
exposure, concretes in sulfate soils, and concrete piles and other specimens in
seawater.

219. Klieger, P. "Effect of Enl_ained Air on Concretes Made with So-Called 'Sand-Gravel'
Aggregates." American Concrete Institute Proceedings Vol. 45, No. 9 (September
1948 - June 1949).

Sand-gravel aggregates (maximum particle size 3/8 in.) used with non air-
entraining cement produce concretes containing from 3 to 4 percent air. The same
mixes made with air-entraining cement and the sand-gravel aggregates have air
contents from 8 to 13 percent. Effect of this larger amount of entrained air is
given in terms of tests of flexural and compressive strength, freezing and thawing
resistance and length changes in varying storage conditions. Effect of
"sweetening" the sand-gravel by addition of 30 percent of coarser aggregate is
noted.
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220. Klieger, P. "Effect of EntrainedAir on Strengthand Durabilityof ConcreteMade
withVariousMaximumSizes of Aggregate."Proceedings of the Highway
Research Board (January1952): pp. 177-201.

The resultsof freezing-and-thawingtest indicatethatfor the concretes whose
priorcuringincluded a period of airdrying,adequateresistance to freezing and
thawing is securedat a relatively constantamountof entrainedair in the mortar
fraction,regardless of cementcontentor maximumsize of aggregate. For these
tests, this amount of airin the mortarfractionwas approximately9 percent.
Concretescuredcontinuouslymoistrequiredsomewhatmore entrainedairfor the
sameresistance to freezing and thawing.

The report also include informationon the effect of entrainedairon strength,
resistance to salt scaling, volume change, and absorptionof these concretes.

221. Klieger, P. "Effect of Mixing and CuringTemperatureon Concrete Strength."
Journal of the American Concrete Institute, Proceedings Vol. 54 (1958).

Comprehensive study was made of compressiveand flexuralstrength producedby
differenttypes of portlandcement used in concretes mixed, placed and curedat
varioustemperatures between 25° F and 120° F. Tests indicate that there is a
temperature duringthe early life of concrete which is consideredoptimum with
regard to strengthatlater ages,

Effect of calcium chlorideon strengthat varying temperaturesof mixing, placing,
and curingis reported. Effect of cement temperaturewas found unimportant,
except as it affected concretetemperatureafter mixing. More air-entrainingagent
was requiredfor given aircontent as concretetemperature increasedand slump
decreased.

222. Klieger, P. "FurtherStudies on the Effect of EntrainedAir on StrengthandDurability
of Concretewith VariousSizes of Aggregates."Highway Research Board
Bulletin Vol. 128 (1956): pp. 1-19.

Previoustests using a naturalsand anda crushedsiliceous gravelindicated that,
for concretes of constant cement contentand consistency (varying water-cement
ratio), adequate resistance to freezing and thawing of air-driedconcretes was
securedwhen the aircontent of the mortarfractionwas 9 plus or minus 1 percent,
regardless of the maximum size of aggregateused.

The tests reportedherein arefor concretes made with cements from the same
sourceas the initial tests andthe same naturalsand. However, the coarse
aggregateused was a crushedlimestone with particleshape and texture different
from those of the gravelpreviouslyused. Threecement contents were used at a
constant slump of 5 to 6 inches: 4.0, 5.5 and 7.0 sacks per cubic yardof concrete.
The maximum sizes of aggregate used were 3/8-in., 3/4-in. and 1 1/2-in. Foreach
combination of cement content andmaximum size of aggregate, five concretes
covering a fairlywide rangeof aircontents were prepared.

The results of freezing and thawingtests of these concretes confirmed the results
of the earlier tests. Adequateresistance to freezing and thawing was obtained
when the aircontent of the mortarfractionwas in the rangeof 9 + 1 percent.
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The report also includes information on the effect of entrained air on su_ngth,
resistance to salt scaling, volume change and absorption of these concretes.

223. Klieger, P. "Studies of the Effect of EntrainedAir on the Strength and Durability of
Concretes Made with Various Maximum Sizes of Aggregate." Procee&'ngs of the
Highway Research Board Vol. 31 (October 1952): pp. 177-201.

Despite considerable past experience with the use of air entrainment in concrete,
there are frequent and increasing demands for quantitative information concerning
the proper amount of entrained air for adequate resistance to freezing and thawing
and salt scaling and as to the effect of entrained air on the slzcngth of various
concretes.

The data in this report cover tests of concretes made with three cement contents,
4, 5.5, and 7 sacks per cu. yd. and five maximum sizes of aggregate, No. 4, 3/8-
in., 3/4-in., and 2 I/2-in. The consistency of all concretes was 2 to 3 in. as
measured by the slump test. One fine aggregate and one coarse aggregate were
used. For each combination of cement content and maximum size of aggregate,
eight concretes were prepared with air contents covering a fairly wide range.

The results of freezing-and-thawing tests indicate that for the concretes whose
prior curing included a period of air-drying, adequate resistance to freezing and
thawing is secured at a relatively constant amount of entrained air in the mortar
fraction, regardless of cement content or maximum size of aggregate. For these
tests, this amount of air in the mortar fraction was approximately 9 percent.
Concretes cured continuously moist required somewhat more entrained air for the
same resistance to freezing and thawing.

The report also includes information on the effect of entrained air on strength,
resistance to salt scaling, volume change, and absorption of these concretes.

224. Klieger, P., and S. H. Gebler. "Fly Ash and Concrete Durability." Editor J. M.
Scanlon, Katharine and Bryant Mather International Conference, Atlanta, GA,
April 27 - May I, 1987.

Concretes containing Class F and Class C fly ashes were evaluated with respect to
various aspects of concrete durability. A majority of concretes with fly ash
produced stable air-void systems; however, the volume of air retained over period
of 90 minutes was adversely affected, more in Class F than Class C fly ash
concretes. Concretes with fly ash requiting a high dosage of air-entraining.
admixture generally exhibited poor retention of original air content. Orgamc
matter content of the fly ash affected air-entraining admixture dosage and air
content stability. Air-entrained concrete with or without fly ash and cured at 73 °
F (23 ° C) generally showed good resistance to freezing and thawing;,however,
when these concretes were cured at low temperature, Class F fly ash concretes
showed slightly less resistance to freezing and thawing than Class C fly ash
concretes. Deicer scaling tests showed that air-entrained without fly ash
performed better than fly ash concretes regardless of curing provided. Both Class
C and Class F fly ash concretes exhibited similar performance when subjected to
deicer chemicals during freezing and thawing. The choride-ion penetration of
concrete made with fly ash was not significantly affected by the class of fly ash.
Class F fly ashes were significantly more effective as inhibitors of alkali-silica
reaction expansion in mortar bars than were Class C fly ashes. Class F fly ashes
significantly improved the sulfate resistance of concrete made with a cement

77



containing 8% C3A. Concretes with Class C fly ashes exhibited poor
• performance to sulfate solution.

225. Klieger, P., and J. A. Hanson. "Freezing and Thawing Tests of Lightweight
Aggregate Concrete." Journal of the American Concrete Institute Vol. 57, No. 38
(January 1961): p. 779.

Nine lightweight aggregates and one natural sand and gravel aggregate were used
in concretes subjected to laboratory freezing and thawing tests and, in some cases,
to tests for resistance to deicer scaling. Concretes were prepared at two levels of
compressive strength: 3000 psi and 4500 psi at 28 days. Both non air-entrained
and air-entrained concretes were prepared, using the aggregates in an air-dried
condition and in a 24-hr. saturated conditions.

The results of these tests indicate the necessityfor providing intentionally
entrained air to attain a high leveloFdurabitity, the importance of moisture
content of aggregate, and the influence of strength level i.e., water-cement ratio,
on the durability. The results point to the desirability of evaluating a lightweight
aggregate by means of laboratory freezing and thawing tests of air-entrained
concrete made with the aggregate, as is generally done for normal weight
aggregate.

226. Klieger, P., G. Monfore, D. C. Stark, and W. Teske. "D-Cracldng of Concrete
Pavements in Ohio." Ohio Department of Transportation, OHIO-DOT- 11-74
(Final Report), October 1974.

A three-phase program was undertaken to determine the extent and severity of
D-cracking in Ohio, and to determine the role of drainage and materials properties
in its development. A rating system was established to evaluate the performance
of materials, in'partlcular, cDarse aggregate, in existing pavements. Data from
these surveys have been processed for storage in a computerized retrieval system.
Laboratory freeze-thaw testing has identified the importance of source of coarse
aggregate in the development of distress and has provided strong evidence that
reducing the maximum particle size of the aggregate may reduce or eliminate the
development of D-cracking. A test procedure hasbeen recommended for
identifying coarse aggregatesources and gradations vulnerable to freeze-thaw
failure in pavements. Source of cement was found, in laboratory tests, to be of
minor importance while level of air entrainment within the existing specified
range was found to be of essentially no importance in this problem. The presence
of bulk water or only capillary held water in granular subbases was found to have
little differential effect on the degree of saturation of certain coarse aggregate
materials in simulated pavement exposures. A test road has been designed to
verify the importance of certain materials factors in the development of
D-cracking, and a gage has been developed to measure moisture changes in
subbases and pavement slabs.

227. Klieger, P., D. C. Stark, and W. Teske. "The Influence of Environment and Materials
on D-Cracking." FHWA-OH-78-06 (Final Report), October 1978.

A three-phase program was undertaken to determine the effectiveness of reduced
aggregate particle sizes in minimizing D-cracking in field exposures, to determine
the importance of source of fine aggregate and quantity of maximum permissible
aggregate particle size on freeze-thaw durability, and to evaluate the relative
importance of certain field environmental conditions on D-cracking. These
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objectives were approached through laboratory freeze-thaw testing of concrete_s,
resurveys of existing pavements in Ohio, and the construction and mordtoring of a
test road near Vermilion. Field surveys thus far indicate that reducing maximum
agg_gatcpanicle sizes is beneficial, while the laboratory tests indicau: that the
proportion of coarser particle sizes has a significant effect on durability. The
laboratory tests also showed that source of fine aggregate has essentially no
bearing on durability, even when derived from coarse aggregate material of
known low durabRity. Outdoor test plot studies, and moism_ determinations on
existing pavement concrete, reveal the overriding importance of aggregate pore
stmctu_ on conc_te durability. The test road was built in 1974 and 1975 and,
therefore, is too young for the development of D-cracking. However, interim data
indicate that aggregate particle size has a pronounced effect on the frequency of
occurrence of popouts, while continuously reinforced pavement on asphalt-
stabilized bases show greater vulnerability to non-uniform cracking than
companion pavements on cement u'eated bases.

228. Kobayashi, M., E. Nakak-um, K. Kodama, and S. Negami. "'FrostResistance of
Superplasticiz_'s." Journal of the American Concrete Institute VoL 68 (May
1981): pp. 269-282.

F'urst,the paper shows the results of microscope analyses of concretes using three
high-range water-reducing admixtures of different chemical compositions and
having different water-cement ratios and air contents in order to determine the air-
void systems of concretes containing high-range water-reducing admixtures, and
also discusses the selection of the air-entraining admixture to be jointly used.
Secondly, the paper deals with the relation between frost resistance and spacing
factor based on the results of rapid freezing and thawing tests on concretes made
with high-range water-reducing adnfixtures and further gives air contents or
spacing factors required to give concrete adequate resistance to severe frost
action. The results of tests on the effects of different kinds of high-range water-
reducing admixtures on surface tension, foaming, and stability of air bubbles are
given.

229. Koopmans, R. W. R., and R. D. Miller. "Soil Freezing and Soil Water Characteristic
Curves." Soil Sci. Soc. Amer. Proc. Vol. 30 (1966): pp. 680-685.

An earlier paper suggested that the soil and water characteristic (SWC) of soil
shouldhaveananaloguetobecalledthesoilfreezing characteristic(SFC)that
couldbeobtainedby freezingsaturatedsoilinanapparatusfunctionallyrelatedto
thepressureplateapparatus.The analogyforgranularsoil,freeofcolloids,ison
adifferentbasis(capillaryeffects)thanforsoilthatiswhollycolloidal(absorption
effects).Differentrulesareneededtodemonstratetheanalogiesfortherespective
types.Apparatuswas devisedtopermitSFC andSWC datatobeobtained,in
turn,witheachmaterialplacedintheapparatus.Two siltfractions,asodium-
montmoriUonitepaste,andawholesoilwereused.The resultsconfu'mthe
expected analogies and indicate that in these experiments, the ratio of the specific
surface energy of an air-water interface at 20 ° C to that of an ice-water interface
near 0 ° C was as 72.7:33.1. The results demonstrate significant mobility for
unfi'ozen water at temperatures as low as -0.15 ° C even in clean silt fractions. It is
concluded that the inherent instability of some of the residual water in soils during
drying does not significantly affect the SWC in the range 0 to 4 bars of matric
suction.
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230. Kosmatka, S. H. "ACI 318-39 and Deicer Exposure." Portland Cement Association
Vol. 11, No. 3 (September 1990).

The need to improve the durability of reinforcedconcrete exposed to deicing
chemicals was met with recent changes to the Building Code Requirements for
Reinforced Concrete, ACI 318-39. Aspects of durability discussed here include
the resistance of reinforced concrete to frost action, deicer scaling, and corrosion
of reinforcing steeL

231. Krantov, F. M., and A. G. Shlaen. "Question of the Movement of Water in Concrete
When It Freezes." lnzhenerno-Fizicheskii Zhurnal VoL 45, No. 4 (October 1983):
pp. 621-625.

We determine the dimensions of capillaries capable of removing the excess from a
freezing pore when there are no destructive processes taking place.

232. Lamond, J. F. "Twenty-Five Years' Experience Using Fly Ash Concrete."Journal of
American Concrete Institute SP 79-2 (July - August 1983).

The U.$. Army Corps of Engineers has used fly ash as a material that partially
replaces portland cement in concrete for twenty-five years. Initially, research was
performed on the use of fly ash on concrete properties for bleeding, permeability,
heat rise, resistance to freezing and thawing, elasticity, and compressive and
flexural suength development. Those properties affected by partial replacement
of portland cement with fly ash were heat rise in mass concrete, resistance to
freezing and thawing, and strength development. The concrete materials
properties of three massive concrete gravitydams are reported. Since
consu-uctionthese darnshave been periodically inspected. Although these
structureshave some minor cracking, spallirtg, and erosion, their performance has
been similar to other concrete gravity dams constructed using concrete without fly
ash. Cost savings per cubic yd of concrete has been the benefit derived from
using fly ash as a partial cement replacement material in massive concrete
structures. Fly ash is specified to conform to ASTM C 61g, Class C or Class F,
with modifications to this specification as needed based on location or type of
structure. Fly ash may replace portland cement up to 35 percent by absolute
volume in interior mass concrete and 25 percent by absolute volume in exterior
mass concrete and in structural concrete. Fly ash concrete has performed
satisfactorily on Corps of Engineers projects over the last twenty-five years.

233. Landgren, R., and H. S. Sweet. "Investigation of Durability of Wyoming
Aggregates." Highway Research Board, Proceedings Vol. 31 (January 1952):
pp. 202-217.

This paper represents a progressreport of the investigation covering seven
aggregates; tests of additional materials, and other tests of those materials
covcred.

The test indicated three of the aggregates were potentially reactive with cement
alkalies and the use of cement with low alkali content or of pozzolanic :_,4mixtures
is indicated. One aggregate also caused rapid concrete deterioration under
freezing-and-thawing action, wetting and drying, or rapid temperature change.
Resistance to these effects was also improved by pozzolanic admixtures. Two
other aggregates, not alkali reactive, werealso affected by rapid temperature=
change tests. Further study of the effect of rate of temperature change on concrete
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deteriorationindicatedthattoorapidachangeinlaboratorytestsmay introduce
factorsnotpresentinnaturalweatheringconditions.Some exploratorydataon
possiblechemicalfactorsenteringintotemperature-changetestsarealso
presentecL
HighwayResearchBoard.

234.Lane,D.S."TestingFlyAshinMortarsforAir-EnlrainmentCharacteristics."
Cement,Concrete,andAggregatesVol.13,No.1(Summer1991):pp.25-31.

Whcnflyashisusedintheproductionofalr-cnu'ainedconcrete,itcanaffectthe
dosagerequirementsofair-entrainingadmixture(AEA)neededtoproducethe
desiredaircontent.ASTM C 618providesauniformityrequirementforthe
dosageofAEA nccdcdwithaparticularflyash,andASTM C 311providesatest
todeterminecompliancewiththerequirementInastudyofflyashuniformity,
theC 311testwasfoundtobcineffcctivo,inevaluatingtheeffectofflyash
characteristicsonAEA dosagerequirement,TheproblemswiththeC 311restis
tracedtothehighlevelsofAEA whicharerequiredinthetestandisillusu'atedby
theuseofAEA dosageversusaircontentcurves.

ModificationstotheC 311testareproposedwhereinanadmixturedosageis
selectedfromtheAEA dosageversusaircontentcurve.Thisdosageisthenused
totestsuccessiveflyashsamples,andchangesinaircontentofthetestmix
illusu'atcthevariationsinAEA requirementcausedbytheflyash.An additional
modificationpermitstheevaluationoftheflyash'spotentialtoloseentrainedair
overtime.

235.Lane,D.,andR.C.Meininger."LaboratoryEvaluationoftheFreezingandThawing
DurabilityofMarineLimestoneCoarseAggregateinConcrete."EditorJ.M.
Scanlon,KatharineandBryantMatherInternationalConference,Atlanta,GA,
April27-May I,1987,p.1311.....

Air-entrainedconcretesweresubjecmdtoextendedfreezing-thawingteststo
determinethedurabilityofthreeporousmarinelimestonecoarseaggregates.
Controlconcretesweremadewithanon-porouslimestone.Priortomixingthe
concrete,thecoarseaggregateswci_soakedfor24hours.Afterinitialcuring,the
specimenswereplacedinastandardmoistroomfor13daysuntilfreezingtests
beganat14daysofage.Weightchange,lengthchanges,anddynamicmodulus
ofelasticityweremonitoredthroughoutthetest.

Specimensexposedtothefreezing-in-airprocedureweresubjectedto1000
freezing-thawingcycleswithoutshowingsignificantdeterioration.Exceptforthe
controlgroup,allspecimenssubjectedtothefreezing-in-waterprocedurebeganto
deterioratebetween250and350cyclesasindicatedbyincreasinglengthand
decreasingmodulusofelasticity.Increasingweightofthewater-frozen
specimensduringthefirst300cycleswasattributedtowaterabsorption.
Calculationssuggestthatthecoarseaggregateinspecimensfrozeninwaterhad
reached80to95percentsaturationwhendeteriorationbegan.

236.Lane,R.O.,andJ.F.Best"LaboratoryStudiesontheEffectsofSupcrplasticizerson
theEngineeringPropertiesofPlainandHy AshConcrete."Journalofthe
AmericanConcreteInstituteSP62-II(October1979).

An investigativeprogramwasconductedbythe"l_dnnessccValleyAuthority
Laboratoriestodeterminetherelativeperformanceofseveralsuperwater
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reducers. Both plain and fly ash concrete mixes were included to check the
compatibility of pozzolans with superplasticizers. Mortar mixes served to
investigate parameters of plastic volume change, drying shrinkage, bleeding, time
of set, air content, compressive strength, flow, sand-cement ratio, and fly ash
content. Concrete mixes were then developed to compare such properties as
slump and slump loss, shrinkage, segregation, air content, time of set,
compressive strength, modulus of elasticity, and freeze-thaw durability.
Conclusions based on this study indicate that the supcrplasticizers tested arc
compatible with concrete containing fly ash and produce no adverse effects,
although water reductions or slump gains were not as great for mixes with fly ash
as for straight cement mixes. Segregation did not occur in mixes of fluid
consistency but increases in consistency were lost in less than I hr. Properties of
the hardened concrete were relatively unaffected, and the most apparent benefit of
the superplasticizers is their ability to significantly increase concrete workability
for short periods.

237. Lane, R. O., and J. F. Best. "Properties and Use of Fly Ash in Cement Concrete."
Concrete Internmional (July 1982): pp. 81-92.

The Tennessee Valley Authority (TVA) has over 25 years of experience in using
fly ash in concrete mixtures. Much of this knowledge and experience is
summarized in the article by covering physical and chemical properties of fly ash
and their effects on fleshly mixed and hardened concrete. It also includes the
evaluation of engineering parameters of concrete containing fly ash. A procedure
for mixture proportioning of fly ash concrete is also presented along with sample
calculations for a typical mixture. Special applications such as zero-slump
concrete and pumped concrete are also discussed.

238. Langan, B. W., and M. A. Ward. "Determination_of the Air Void System Parameters
in Hardened Concrete - An ExrorAnalysis." Journal of the American Concrete
l_rinae Vol. 83, No. 82 (November - December 1986): pp. 943-952.

ASTM C 457, "Standard Recommended Practice for the Microscopical
Determination of Air Void Content and Parameters of the Air Void System in
Hardened Concrete," is extensively used in the assessment of the potential
durability of concrete, pani'cularly in the _sessment of concrete that has failed in
service. Unfortunately, li_e information is available concerning the accuracy of
the air void parameters obtained using this test method. In the current standard,
the expected maximum single operator standard deviation is given for air content
only and is based solely on theoretical calculations. To obtain an estimate of the
magnitude of the total error, normal erroranalysis is applied to the equations used
to determine the air void parameters by the modified point count method. It is
shown that the expected errorsin the average chord intercept, specific surface, and
spacing factor can be estimated ff the errors in estimating the air and paste
contents and number of voids per unit length can be established. Two methods
are presented to predict the maximum theoretical errors in specific surface and
spacing factor. Repetitive testing of standard surfaces is used to compare
theoretical and measured errors for within laboratory and inter-laboratory data. h
is shown that significant differences can exist between the air void parameters
determined, particularly in the interlaboratory data.
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239. Langan, B. W., and M. A. Ward."A LaboratoryInvestigationfor PotentialDurability
of Ready-Mixed Concrete Retemperedfor Air Content and Workability."Can..I.
Cir. Eng. Vol. 3 (1976): pp..570-577.

The effects of agitationand retemperingon some properties of freshandhardened
concrete areconsidered. Dataare presentedon the influence of agitationand
retemperingwith anair-entrainingagenton the workability,compressivestrength,
andairvoid system in hardenedconcrete. The results indicate that although
agitationreduces aircontentand increasesthe spacing factor, the original
parameterscan be regained byproperretempering. It is shown that any loss in
compressive strengthdue to retemperingis accompanied by an increasein
potentialdurability dueto the improvementof the airvoid system.

240. Langan, B. W., and M. A. Ward."Significance of InterruptedTesting on the Freeze-
Thaw Resistanceof Fly Ash Concrete- ASTM C 666 (Method A)." Cement,
Concrete and Aggregates _ CCAGDP Vol. 9, No. 1 (Winter 1987):pp. 113-116.

This investigation studied the effect of interruptedtesting combined with
prolonged freezing on the freeze-thaw resistance of concretes containingfly ash
as partof the cementitious fraction, using ASTM Test Method for Resistanceof
Concreteto Rapid Freezing and Thawing (C 66-84, Method A). Also studiedwas
the effect of "marginal" aircontents on the above test parameters. Testresults
indicate that for fly ash concreteswith aircontents in excess of 5%,interrupted
and/orprolonged periods of freezing do notaffect the freeze-thawresistanceof
the concrete. Earlyage freezing (14 days) of fly ash concretes did notappear to
be detrimentalto the performanceof thefly ash concretestested.

241. I.arson,T. D. "Air Entrainmentand DurabilityAspects of Fly Ash Concrete."ASTM
VoL 64 (1964): pp. 866-886.

The recognized depressive effect of fly ash on entrainedaircontent in concrete
suggests that (1) the causesfor this phenomenonshould be carefullyexplored;(2)
the methods for predicting these effects and for determiningpredictive reliability
should be considered; (3) there is a need for studying the void system in hardened
fly ash concrete;and (4) aircontentsof fly ash concrete shouldbe verycarefully
determinedbefore durabilitycomparisonsaremade. These points arediscussed in
the light of publishedreferencesand experimentaldata takenfrommortarand
concrete mixturesmade with representauvetypes of fly ash.

•Fly ash carbon is shownto have a capacityfor the selective adsorptionof the
organic molecular complexes composing common air-entrainingagents.
Predictive equationsof air-entrainingagentdemand as a function of fly ash
ignition loss aredeveloped from mortarand concrete mixtures. The effect of fly
ash on mortarworkabilityis such thata narrowerrange of flow values than that
permittedMethod C 185 is requiredfor developing reliable relationships.

.Predictive equations for concretemixturesmust be evaluated with due regardfor
other factors affecting aircontent. Particularcombinations of fly ash and air-
entrainingagent yield the mostreliablepredictive relationships in eithermortars
or concretes,although highly significantrelationshipsare developed for one agent
used with a wide range of fly ashes.

The air-voidsystem of fly ash concrete, evaluatedby microscopic linear traverse
methods,is not significantly affectedby additions of various types and amountsof
fly ash when anadequateaircontent is maintained.
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. MethodC 290 testson freezingandthawingdurabilityofnominallyequal
strength,equalaircontent,flyashconcreteindicatethatsurfaceerosionisrelated
tocarboncontent,butthatunderpropercontrol,flyashhasnoeffectonresistance
tofreezingandthawingasdeterminedbyevaluationofinternalsoundness.

242. Larson,I".D."StudiesofFreeze-ThawDurability:The Air-VoidSystemand
AssociatedCharacteristicsofFlyAsh Concrete."Ph.D.diss.,PennsylvaniaState
University,1962.

Thisdissertationisbasedonastudyoftypesandamountsofflyashusedif
preparingconcretespecimens.Specimensweretestedforstrength,rapidfreezing
andthawingcyclesinwater.Linearwaversetechniqueswereusedforvoids
determination.

The studyintroducedandinvestigatedanevaluationoffreeze-thawdurabilityby
theconceptofcqualstrengthcomparisonandtheexperimentalevidence
supportedthesignificanceofthisconcept.....

The studyfoundthatreplacing10to20percentofthecementwithflyash
reducedthedurabilityfactorasmeasmcd bydynamicmodulus.Replacementof
30percentflyashincreasedthedurabilityfactorwhen concretewasmade with
averagequalityflyashandcuredtothesameflexuralstrengthascontrolswithno
flyash,resistancetofreeze-thawcyclingwas foundtobeequalorsuperiortothe
controls.The studyconcludedthatvariationsinvoidparameterswerenot
positivelyassociatedwithflyashfineness.

243. Larson,T.D.,P.D. Cady,M. Franzen,andJ.Reed."CriticalReviewofLiterature
TreatingMethodsofIdentifyingAggregatesSubjectedtoDestructiveVolume
ChangeWhen FrozeninConcreteandaProposedProgramofResearch."
Highway Research Board Bulletin, Special Report 80, NCHRP Project 4-3.

This report constitutes a critical review and annotated bibliography of literature
pertinenttoNationalCooperativeHighwayResearchProgramProject4-3(2)on
"DevelopmentonMethodstoIdentifyAggregateParticlesWhich Undergo
DestructiveVolume ChangesWhen FrozeninConcrete."Becauseofthedepth
andvalueofthisinterimreportasa by-productoftheresearchandinorderthatit
may readily serve other researchers and testing engineers in this subject area, the
Advisory Panel requested its publication in the Special Report Series in advance
of the final report due in December 1964.

244. Larson, T. D., and P. D. Cady. Identification of Frost-Susceptible Particles in
Concrete Aggregates, Highway Research Board, Washington, D. C., NCHRP
Report No. 66, 1969.

This research report consists largely of an extensive evaluation of test methods
that are described in NCHRP Report 15. That report and HRB Special Report 80
.areconsidered to be a necessary preface to this report since they treat the
philosophy and problems of aggregate testing in detail.

Two approaches to the problem of identifying frost-susceptible aggregate particles
were followed. In one, relatively homogeneous aggregate fractions were tested in
concrete under simulated field conditions, with two objectives: (1) to develop a
rational test method incorporating elements of field exposure conditions, and (2)
to establish meaningful bases of aggregate performance againstwhich other test
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methods could be compared. The second approach explored the potentialities of
single aggregate particle tests as simple, quick, and economical means of
identifying frost susceptible aggregates.

245. Larson, T. D., P. D. Cady, and 3. T. Price. Review ofa Three-YearBridge Deck Study
in Pennsylvania, Highway Research Board, Highway Research Record No. 226,
1968.

The results of the initial three years of continuing research project on the
durability of concrete bridge decks in Pennsylvania are presented. The study
involved field surveys of 38 bridge decks comprising 2,782 ten-ft long survey
units. A total of 154 cores were taken from 34 of the decks. The cores were
subjected to detailed laboratory analyses including determination of air void
parameters by linear traverse techniques, w/c ratio determinations, and
petrographic examination. Sevenbridgedecks were observed during construction
to examine and evaluate the effect of COnStructionpractices on durability. Bridge
decks were resurveyed annually to establish rates.

The major types of deterioration found were transverse cracking, fracture planes,
potholes, and surface mortar deterioration. The primary causes of deterioration
were indicated to be materials (aggregates) and workmanship (overfinishing, poor
quality control with respect to entrained air and w/c, and improper placement of •
reinforcement). Recommendations to alleviate the causes of poor performance
and suggested areas of needed research are included.

246. Larson, T. D., J. L. Mangusi, and R. R. Radomski. "Preliminary Study of the Effects
of Water-Reducing Retarders on the Strength, Air Void Characteristics, and
Durability of Concrete." Journal of the American Concrete Institute Vol. 60,
No. 74 (December 1963): pp. 1739-1751.

Concretes made with water-reducing retarders showed improved freeze-thaw
durability, primarily as a result of increased strength. Specimens made from
constant slump, constant cement factor mixtures containing several agents at
various dosage levels had higher flexural and compressive strengths than the
control specimens. Flexural strengths at 7 and 28 days correlated significantly
with the durability factor.

Microscopic studies indicated that there .were minor differences between the air
void systems of control and test concretes. In particular, spacing factors increased
with retardation. This appeared to result from air entrainment by the water-
reducing retarders and from bubble dissolution.

247. Lau, E. C. "'Effect of Ma_fimum Size of Aggregate and Other Factors on Frost
Resistance of Concrete." Ph.D. diss., University of Windsor, September 1967.

The experimental program describes the use of 3-in. x 6-in. concrete specimens to
•_determine the•frost susceptibility during freezing by studying their length-changes

vs. temperature patterns. A range of water-cement ratios from 0.45 to 0.60, each
with three different maximum sizes of aggregates (3/4-in., 3/8-in., and I/4-in.)
was used. In order to simulate appropriate exposure conditions the specimens
were conditioned to different degrees of saturation before being introduced into a
freezing chamber. The main findings were: (a) low water-cement ratios increase
the frost resistance of concrete; Co)large aggregate particles are more vulnerable
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to freezing damage; (c) criticaldegreeof saturationis found to be dependenton
the water-cement ratioof the paste and the size of aggregates used.

248. Lawton, E. C. "Durability of ConcretePavement-- Experiences in New York State."
Journal of the American Concrete Institute Vol. 35 (June 1939): pp. 561-580.

A resume of field behavior of some 440 miles of concrete pavement constructed
for experimental purposesby New York State with different proportionsand
combination of aggregates is presented. Field service records of these pavements
were made and comparedwith laboratorytests of aggregates used. Thepurpose
was to studythe durabilityof cementconcretepavementas affectedby coarse
aggregate such as stone, gravel, andslag; as affected by sands of different
characteristics,such as high andlow kaolin;and as affected by blendedcement
composed of differentproportionsof naturaland normalportlandcements. The
projects studiedare listed andidentified by name.

249. Legg, F. E. "Freeze-Thaw Durabilityof Michigan Concrete CoarseAggregates."
Highway Research Board Bulletin No. 143 (1956): pp. 1-13.

The Michigan Highway Departmentis currently called uponto approve,each
year,coarse aggregate for approximatelyone million cubic yards of concrete.
These aggregatesare furnished fromdeposits ranging in size from roadsidepits up
to large well-established commercialsourcesand aredistributedoveranarea
exceeding 600 miles between locations. There is every indication that the rate of
aggregate consumptionwill increase with the accelerated highway construction
program. This will surelyrequireevaluationof the freeze-thaw durability,both of
deposits now consideredof marginal quality and of entirely new sourcesas
proven aggregate reservesbecomes depleted.

This paperpresents laboratoryfreeze-thaw results as well as field observations on
the major Michigan aggregatesourcesand is considered a first step in formulation
of a policy regarding acceptanceof futureaggregates of unknownservice
behavior.

250. Legg, F. E., and W. W. McLaugMin,"Gravel Beneficiation in Michigan."Journal of
the American Concrete Institute Vol. 57, No. 40 (January 1961): pp. 813-825.

Michigan naturalgravel is now competingwith importedhigh qualitycoarse
aggregates intended for concrete subjectto severe winterexposure, as aresult of
installationof varioustypes of beneficiationplants. Thus, local depositsare being
utilized, afterupgrading,without sacrificeof concrete quality. This development
was promptedin largemeasureby the decision of the Michigan State Highway
Departmentthat aggregatequality standardswould notbe relaxed despitethe
greatly increaseddemandof the accelerated highway constructionprogram.

Many of Michigan's lower peninsulaglacial gravelshave been foundparticularly
amenableto upgradingby heavy mediaseparation,although commercial
installations of elastic fractionation,jigs, and soft particledisintegratorsarebeing
tried. At present, 14 beneficiationplantsareoperating in the State. Laboratory
concrete freeze-thaw evaluationsof the effectiveness of several of the plants are
presented togetherwithobservationson routine field inspection. Cautionis

• advisedagainst undueoptimismof one beneficiation process as opposedto
another for all deposits. Tailoringof the particularprocess to the needsof each
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aggregate source, togetherwith considerationof economics involved, seems the
wiser course of action.

251. Lin, C. H. "The Effects of FreezingRateson the Durabilityof Concrete."Ph.D. diss.,
VirginiaPolytechnic Institute,June 1974.

The purpose of thisdissertationwas to study the effects of freezingrates on the
durabilityof aggregates,havingvariouslevels of saturation,embeddedin
concrete.

Several relationships were investigatedfrom the results of these tests, including
relative dynamicmodulusvs. cycles of freeze-thaw,relativedynamic modulus vs.
cumulative length change,cumulativelengthchange vs. cycles of freeze-thaw,
cumulative length changevs. time,cumulativelengthchangevs. temperature,
durabilityfactor_(DF100)vs. freezingrates, anddurabilityfactor(DF100) vs.
freezing points.

Forconcrete made fromvacuumsaturatedaggregate,the rate of freezing did not
produceany differenteffect on the durabilityof concrete. However,for concretes
made from soaked or air-driedaggregates,the fasterrateof freezingresulted in
higher concretedurability. Concretedurabilitywas increased by decreasing the
freezing pointof watersolutionin the aggregatesusecL

Test results indicated that the concrete durability of antifreezevacuumsaturated
aggregatewas superiorto that of air-driedaggregate.

The potential field performancesof aggregatevs. variouslevels of aggregate
saturationwere also described....

252. Lin, Chung-Hsing,R. D. Walker,and W. W. Payne."Effects of Cooling Rateson the
Durabilityof Concrete."Transportation Research Record No. 539 (1975):
pp. 8-19.

Pastresearchgenerallyassumed that rapidcooling ratescause faster deterioration
of concrete that is susceptibleto damagefrom freezing and thawing. The
objective of this projectwas to investigate the effect of varyin,g freezing rateson
an otherwise standardASTM test. Eighty-one concretespecunens were
fabricated with an aggregatecapableof causingdeterioration underfreezing-and-
thawing conditions. Theaggregateswere placed in the concrete at 3 different
degrees of saturation.Threeratesof Coolingwere used: 4.4° F/hour (2.45°
C/hour); 6.6° F/hour(3.67°C/hour); and 13.3° F/hour(7.39° C/hour).
Modifications to freezingand thawing equipmentaredescribed, and possible
explanations of the results obtainedarepresented. If the aggregate was not
initially saturatedwhenplacedin the concrete, slower freezing rates produced
demonstrablyfasterratesof deterioration. It is theorized thata slower rate of
cooling enables morewaterto migrate to the surroundingsof the coarse
aggregate. Therefore, duringthe thawingphase, more wateris availablefor the
coarse aggregate to become increasingly saturated. Rate of cooling seemed not to
affect the rate of deteriorationof concrete containingaggregatesplaced in the
concrete already in the saturatedstate.
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•253. Lindgren,M. K. "The Predictionof Freeze-ThawDurabilityof CoarseAggregate in
Concrete by MercuryIntrusionPomsimeter." Ph.D. diss., PurdueUniversity,
1980.

D-cracking is a seriousproblemof concretepavements in freezing climates. The
main cause of this distressis the coarseaggregate. Kaneujidetermineda
correlationbetween the pore size distribution(frommercuryintrusion) of an
aggregate and the freeze-thaw durabilityof concrete using the same aggregate.
He developed an ExpectedDurabilityFactor EDF, used to determinewhether an
aggregatecan be expectedto be durableor nondurable. The present study was
designed to refine thevalidity of Kaneuji'scorrelation and better define the pore
sffucturecriteriaby whichto predictthe performance of an aggregate.

Aggregates from fifty-two Indiana highway cores were tested, as were five rock
samples supplied by the PortlandCement Association. The EDF values were
determined from the pore size distributions, and an "average" value was assigned
to each pavement associated with the cores, these values were then compared
with the field performanceof the pavement to ascertain the borderlinebetween
EDF values for durable for nondurableaggregates. A good correlation between
the field performance and the "average" EDF values was found. A pavement will
be durable if its coarse aggregate has an EDF value greater than 50 for 90% or
more of the aggregate. This criterion applies to stone and gravel aggregates with
a maximum size of 1-1/1" to 2-1/1". The pavement will be durable for at least
thirtyyears.

254. IA_van,G. G. Absorption Systems at Temperatures Below the Freezing Point of the
Adsorptive, National ResearchCouncilof Canada,Ottawa,Division of Building
Research, 1978.

Isothermal adsorptionstudiesand the measurement of dimensional changes below
the bulk freezing point of the adsorbateindicate that substancesadsorbed in
porous solids areunableto freeze in situ. The difference between the vapor
pressure or free energyof the unfrozenadsorbateand that of the bulk adsorptive
outside of the porous system is resolved by a desorptionprocess; the desorbed
matterfreezes outside of the system while the vaporpressure of the adsorbate
remaining in the pores decreasesthroughmeniscus formation. Mechanical
breakdownof the system occursonly when thisprocess cannot be completed and
an equilibriumstate is not attained.

This mechanism was found to be valid for porous silica glass, hydratedcement
paste, bricks,and even for biological substancessuch as animaland plant tissue,
and foodstuff. This understandinghas led to the development of new methods for
testing the durabilityof buildingmaterials,clarification of some problemsof the
BET surface area determinationmethod, and it suggests an explanation for the
action of cryoprotective agents.

255. Litvan, G. G. "Adsorption Systemsat TemperaturesBelow the Freezing Point of the
Adsorptive." Advances in Colloid and Interface Science Vol. 9 (1978): pp. 253-
302.

Isothermal adsorption studiesand the measurementof dimensional changes below
the bulk freezing pointof the adsorbateindicate that substances adsorbedin
porous solids are unableto freeze in situ. The difference between the vapour
pressure or free energy of the unfrozen adsorbate and that of the bulk adsorptive
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outside of the porous system is resolved by a desorption process; the desorbed
, matter freezes outside of the system while the vapour pressure of the adsorbate

remaining in the pores decreases through meniscus formation. Mechanical
breakdown of the system occurs, only then, when this process cannot be
completed and an equilibrium state is not attained. This mechanism was found to
be valid for porous silica glass, hydrated cement paste, bricks, and even for
biological substances such as animal and plant tissue, and foodstuff. This
understanding has led to the development of some problems of the BET surface
area determination method and it suggests an explanation for the action of
cryoprotective agents.

256. Litvan, G. G. "Air Entrainment in the Presence of Superplasticizers." Journal of the
American Concrete Institute Vol. 80, No. 33 (July - August 1983): p. 326.

Air-entrained and plain mortar specimens (cement-sand ratio = 1:3, water-cement
ratio = 0.65) were prepared using a modified sulfonated polymer, a naphthalene-
formaldehyde condensate, or a sulfonated melamine formaldehyde admixture at
two levels of concentration. The air void system determined by the linear traverse

method, the pore size distribution obtained by mercury intrusion porosimetry._andfrost resistance assessed by alternate freezing and thawing were compareo wl
those of control mixes containing no superplasticizer, A large pore volume (0.3 to

2 l_m) in the presence of an air-enwaining admixture is assumed to be responsible
for the improved frost resistance of cement paste. Superplasticizers eliminate
large air voids visible under the microscope but do not significantly interfere with
the action of air-entraining admixtures in the formation of small pores.

257. Lirvan, G. G. "Frost Action in Cement Paste." Materiaux et Constructions VoL 6,
No. 34 (1973): pp. 293-298.

An earlier theory of frost action is further developed and its implications
considered, particularly with regard to testing.. Factors determining durability of
paste, dimensions of sample, degree of saturauon and rate of cooling are
discussed. It is shown that cumulative residual expansion is a good indicator for
testing frost resistance: samples can be evaluated after 10 to 15 freeze-thaw
Cycles. The results are discussed in relation to existing tests.

258. Lirvan, G. G. "Frost Action in Cement in the Presence of Deicers." Cement and
Concrete Research Vol. 6, No. 3 (May 1976): pp. 351-356.

Cement samples impregnated with water and with 5, 9, 13, 18 and 26 percent
NaC1 solution have been subjected to temperature cycles between +5 and -70 ° C
and changes in their dimensions and heat content determined. The results arc
consistent with the theory proposed by the author for frost action in the absence of
chemicals and with the findings of a study of phase transition of NaCI solution
adsorbed in porous glass. These observations can be explained by the fact that

,solution contained in .the pores, when cooled below the bulk freezing point,
remains in a liquid-like state. This condition gives rise to instability, which is
eliminated by mass Iransfer. If the process cannot proceed at a required rate,
mechanical damage occurs. The well-known aggravating effect of dissolved
chemicals is due, primarily, to the increased degree of saturation they promote.
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259. Litvan, G. G. "Further Study of Particulate Admixtures for EnhancedFreeze-Thaw
Resistance of Concrete."Journal of the American Concrete Institute Vol. 82,
No. 66 (November- December 1985):p. 724.

Investigation of a previouslydeveloped method of increasingthe resistanceof
concrete to freezing and thawing by the additionof porousparticulatesof
specified pore structure is continued. Vermiculite and two grades of pumice and
perlite were tested for suitability as additives, and their performance compared
with that of a previously examined brick. Of the minerals tested, vermiculite, one
pumice, and one perlite provide excellent resistance to freezing and thawing of
cement pastes (water-cement ratios =0.48 and 0.42), mortar (water-cement ratio =
0.75), and concrete (water-cement ratio = 0.63).

260. IAtvan, G. G. "Phase Transitions of Adsorbates: IV, Mechanism of Frost Action in
Hardened Cement Paste."Journal of the American Ceramic Society Vol. 55,
No. 1 (January 1972): pp. 38-42.

The dimensional changes and the thermograms of cement specimens were
determined during temperature cycles (+5 to -60° C, 0.33° C/min). In each case,
freezing processes at-8 and -40° C and melting processes at -11 and 0° C were
observed. The results could be explained by a theory previously developed for
the porous-glass-water system. At the higher temperature, freezing occurs on the
outer surface of the specimen; at the lower temperature, it occurs in the pores after
redistribution of the water. Because water does not freeze in pores filled on
adsorption, it migrates out of these pores when the relative humidity (expressed in
terms of the vapor pressure of undercooled water) produces unavoidabledecreases
on cooling. Expansion is deleterious when the water content of the paste is
significantly greater than the equilibrium value at the prevailing relative humidity.
The effects of the water/cement ratio, degreeof saturation,airentrainment,
sample dimensions¢andcooling rate wereconsistent withthe theory.

261. Litvan, G. G. "'PhaseTransitionsof Adsorbates: VI, Effect of Deicing Agents on the
Freezing of CementPaste." Journal of theAmerican Ceramic Society Vol. 58,
Nos.l-2 (January - February1975):pp. 26-30.

Changes in thedimensions andheat contentof hydratedcementspecimens were
determined as a functionof temperatureand concentrationof deicing agent in
cooling-warming cycles between +15 and -70° C. The concentrationof the polar
deicer (NaC1)solution varied from 0 to 26%and thatof the nonpolar (urea)
solution from 0 to 40%. The w/c ratios were0.4, 0.6, and 0.8 plain and0.5 air-
entrained. Experiments were also conductedto clarify the effect of cooling rate
and sample size. The observationscan be explained by the mechanisms
previously proposedfor phase transitions of adsorbates. In the presenceof salts,
freezing and melting of liquid exudedfrom the pores on cooling proceed
accordingto the bulk phase diagram,producingdouble peaks in the thermograms
except at extreme concentrations.The detrimentaleffect of deicers is attributed
-mainly to the high degree of saturation,a consequenceof the low vaporpressure
of the solutions. A beneficial aspect is the widening of the temperaturerange in
which transitionsoccur. These opposing effects result in the worst conditions at a
low deicer concentration(5%NaCI)and optimumconditions at a moderately high
concentration (13% NaC1). Since the effect of deicers is physical, it should be
common to all chemicals. Air entrainment,although beneficial in most
circumstances,can be detrimental. The best protection against"salt scaling"
appearsto be reduction of porosity.
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262. Litvan, G. (3. Pore Structure and Frost Susceptibility of Building Materials, National
Research Council of Canada, Ottawa, Canada, research paper no. 584.

It is shown that the inability of water contained in pores to crystallize in situ le_dg
to gradual and continuous redistribution of the adsorbate on cooling to below 0 °
C. Frost damage occurs when the process cannot proceed because the amount of
capillary water that is becoming unstable in a unit time is greater than the flux.
The established harmful effect of the intermediate-size pores, large sample
dimensions, high degree of saturation and rapidcooling, rate are to be expected.
Correlation between nitrogen surface area and frost resistance of bricks was found
to be good; this can also be explained by the theory.

263. Litvan, G. G., and J. Bicldey. "Durability of Parking Structures: Analysis of Field
Survey." Editor J. M. Scanlon, Katharine and Bryant Mathcr Intemadonal
Conference, Atlanta, GA, April 27 - May 1, 1987.

A total of 215 garages in Toronto, Ottawa, and Montreal, Canada, have been
surveyed to various extents by assessing delamination, half-cell potential, depth of
cover, and component condition. In addition, tests were carried out on cores, in
which chloride content, compressive strength, and cldoride permeability were
determined and the air void system was analyzed. The evidence indicates that
durable garages can be built,and that poor performance must be attributed to
design and construction practices whose effectiveness falls short of that required
by the environment.

It follows that almost all previously built garages will eventually require repair
unless upgraded before the chloride concentrauon of the concrete reaches a
critical level. Repair by the "patch and waterproof" method was found to decrease
the rate of corrosion of deteriorated garages by approximately 70 percent.
Detrimental effects following installation of a waterproofing membrane over
concrete with elevated chloride concentration were not observed. No relation was
detected between extent of delamination and crack density or compressive
strength. Half-cell potential did not prove more sensitive than the chain-drag test
in detecting delaminadon.

264. Liu, D., and D. N. Winslow. The Pore Structure of Concrete, Indiana Dept. of
Highways, Indianapolis, Indiana, FHWA/IN/JHRP-86/13, August 27, 1986.

The pore size distributions of cement pastes and the pastes in concrete and mortar
hydrated under different conditions were measured by mercury intrusion. The
measurements were made at the same degrees of hydration for all the samples. In
order to measure the pore size distribution of the paste in concrete and mortar, a
non-porous quartzite aggregate was used and an EDTA titration method was used
to determine the paste content of the concrete and mortar. A difference was found
between the pore size distributions of the plain paste and the paste in concrete and
mortar. The distributions in concrete and mortar were essentially the same. The
paste that forms in concrete was found to be more porous than plain paste.
Further, this difference was greater for older samples with a greater degree of
hydration. The majority of the extra porosity has pore diameters that are about ten
times as large as the largest ones in plain paste. This was found to be true for
pastes with different water.cement ratios, pastes hydrated at different
temperatures, and pastes with accelerators andretarders.
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265. Lord,G. W., andT. F. Willis. "Calculationof Air BubbleSize Distributionfrom
Results of a Rosiwal Traverseof Aerated Concrete."ASTM Bulletin (October
1951): pp. 56-61.

Severalcharacteristicsof the dispersedairbubblesin aeratedconcrete have been
indicated as importantto the studyof the function,and intelligent use, of
entrainedair. Thispaperdescribesa method of calculation, together with its
graphicalderivation,bymeans of which variousparameterscharacterizingthe
dispersedairphase may be obtainedfrom measurementsmade in a modified
Rosiwal microscopic traverse. Also included is an appendixin which the method
is derived in moreformalmathematical terms. While originally developed for
study of concrete, the method is applicableto any system containing spherical
dispersoidswhich can be examinedby the Rosiwal lineartraversetechnique. A
sample calculation showingresults for a specimenof concrete is included.

266. Lukas, W. "Chloride Penetrationin StandardConcrete,Water-ReducedConcrete,and
SuperplasticizedConcrete."Journal of the American Concrete Institute VoL68,
No. 14 (May - June 1981).

Concretesdisplaya chloridepenetrationthat is dependent on several factors. The
water-cementratio exerts the most influence, the penetratedchloride content
decreasingwith a decrease in the ratio. High qualityconcrete with a low water-
cement ratio has a considerably smallerchloridecontent than other concretes of
the same consistency. Superplasticizedconcrete has a smaller tendency to absorb
chloride than untreatedconcretes of the same water-cement ratio. Cements with
pozzolanic additionshow increased resistance to chloride diffusion into the
concrete. If concretes areair-enu'ained,there is a considerablechloride
concenu'ationin the uppermostzone. This is due both to the greatsegregation
tendency andto the airvoids themselves.

267. Lyse, L "Durabilityof Concrete in Sea Water."Journal of the American Concrete
Institute Vol. 57, No. 69 (June 1961):pp. 1575-1584.

This paperdeals with the durabilityof concrete when exposed to freezing and
thawing in sea water. Extensiveexperimentalinvestigations have for the past 20
years beencarriedout at the concrete laboratoryof Norway'sInstitute of
Technology, Trondheim;and the most importantresults from these investigations
arereportedhere.

Among the more importantresults is that freezingand thawing in sea wateris
much more detrimentalto the durabilityof the concrete than is the freezing and
thawing in fresh water. Furthermore,it is shown that the amount of entrainedair
necessary for giving the highestresistance of the concrete to frost actionin sea
wateris in the range of 10 to 12 percent,which is more than twice as large asfor
concrete in fresh water.

268. Lyse, I. "Effect of Brandand Type of Cement on Strengthand Durabilityof
Concrete.'"Journal of the American Concrete Institute Vol. 31 (January-
February1935):pp. 247-271.

The results of an investigation of the strengthand durabilityof concrete
containing 18 differentcements, 13 standardportlandcements and 5 high-early-
strengthcements is presented. The strengthas well as the durabilityof the
concretecontaining differentcements variedconsiderably. The durabilitywas
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generally found to be independentof the strength. Both strengthanddurabilityof
the concrete seemed to be independentof the chemicalcomposition of the
cements tested, indicatingthat the method of manufacturingthecement may have
been the most importantcauseof thevariationin the quality.

269. Lyse, I., and J. M. Holme. "DurabilityStudiesof ConcreteAggregates." Journal of
the American Concrete Institute VoL30 (November - December 1933):pp. 121-
128.

Results of tests of ten differentaggregates,six naturalsand and gravels, three
types of crushed limestone, and one crushediron ore and steel punchingswere:
(1) a fairagreement was foundbetween the results of the sodium sulfate tests and
the freezing and thawing tests of the fine aggregate; (2) the relationbetween
durabilityandcement-waterratiowas similarto the relationbetween strengthand
cement-waterratio; (3) a faircorrelationwas foundbetween the durabilitytests of
the aggregates and of the concrete;and (4) the naturalsandandgravel aggregates
produceda more durableconcretethan didthe limestoneaggregatesincluded in
this investigation.

270. MacInnis,C., andJ. J. Beaudoin."Effect of Degree of Saturationon the Frost
Resistanceof MortarMixes."Journal of the American Concrete Institute Vol. 65,
No. 16 (March1968): pp. 203-207.

A one-cycle freezing test, involving lengthmeasurementsduringfreeing, is used
in an attemptto establishlimiting maximumwater-cementratios for concretes for
differentexposure conditions. Mortarprisms werecast from a series of mixes,
(both air-entrainedandnon air-entrained)coveringa range of water-cementratios
from0.40 to 0.70. After being moistcuredfor 1 monththe prismswere then
conditionedto various degrees of saturation(to simulate different exposure
conditions) and subjectedto the freezing test. Frost susceptibility of the various
mixes was determined fromthe lengthchange patternsproducedin thefreezing
test. Critical degree of saturationwas foundto be approximately90 percent. Air
entrainmentwas found to provideprotectionup to a water-cementratioof 0.58.

271. MacInnis,C., and E. C. Lau."MaximumAggregateSize Effect onFrostResistance
of Concrete."Journal of the American Concrete Institute VoL 68, No. 16
(February 1971): pp. 144-149.

A one-cycle freezing test was used to demonstratethe effect of maximumsize of
aggregateon the frost resistanceof concreteat a variety of water-cementratios
and degreesof saturation. Afterbeing cured for a period of atleast 1 month the 3
x 6 in. concrete specimens were conditionedto variousdegreesof saturation,to
simulate different exposureconditions. The frostsusceptibilityof the various
specimens was determinedfromthe lengthchange patternsproducedin the
freezing test. The maximumsize of aggregate was shown to have a greateffect
on frost resistance. For example,the 1/4-in.maximum aggregatesize specimens

.... showed expansions duringfreezing only when the water-cementratio was as high
as 0.60, while 3/4-in. maximumaggregatespecimens showed expansions at a
water-cementratio as low as 0.45.
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272. Majumdar,A. J., and A. G. Tallentire."GlassFiberReinforcedCement Base
Materials."Journal of the American Concrete Institute Vol. 44, No. 20 (August
1974).

In the united Kingdom glass fiberreinforcedcement(GRC) is emergingas a new
and versatilematerial for the consmacfionindustry. Productsbased on a cement
matrixreinforced with 'Cem-FIL'alkali-resistantglass fiber have alreadybeen
producedfor a numberof majorconstructionapplicationsin the U.K.

The importanceof a thoroughunderstandingof the mechanical propertiesand
performancecharacteristicsof GRC in the design of productshas been clearly
recognized andconsiderableresources ate currentlydevoted to this aspect of the
development. Detailed performancedataareavailable to designers;and product
development is being closely controUedjoinflyby Pilidngton BrothersLtd.and
licensees to ensureinservicereliability. Continuedresearchis being undertaken
to conftrm the durabilityof glass reinforced cement materialsin a wide range of
applications. This embraces not only laboratorystudies of the mechanismof
weathering andof acceleratedtesting,butalso long-term full-scale performance
trials underexlxemeclimatic conditionsat selected world wide sites.

273. Makoto, K. "CorrelationBetween the Pore Size Distributionsand Freeze-Thaw
Durabilityof Coarse Aggregatesin Concrete." Ph.D. diss., PurdueUniversity,
1978.

This studywas designed to find the correlationbetween pore size distributionof
an aggregatemeasuredby the mercuryintrusionmethod and the freeze-thaw
durabilityof concrete madewith the aggregate.

Fourteendifferent types of aggregateswith a wide variety of pore size
distributionswere studied. Two laboratoryfreezing tests, the rapid freezing and
thawing tests (ASTM C 666A) and a modifiedcritical dilation test, were
conducted. Also 24-hourabsorptionandthe PCA absorption-adsorption tests
were conducted. A good correlationbetween the pore size distributionof and
aggregate andits durabilityfactorobtainedfrom the rapid freezing and thawing
test was found. The modified criticaldilationtest results generallyagreedwith
therapidfreezing and thawing test results. The absorption test and PCA
absorption-adsorptiontest werenot as good indicators of freeze-thaw durabilityas
pore size distribution.

A correlationequation between and expecteddurabilityfactorfor anaggregate
and its pore size distributionmeasuredby mercury intrusionwas obtained. This
equationwas then examined for its applicabilityto the field performance
prediction. The aggregateswith known field performancewereexamined, the
existing concrete pavementswith variousdegree of d-crackingwere sampled and
their aggregateswere examined. These studies have shown that the correlation
equation is capable of predictingthe frost durabilityof an aggregate. Based on
these examinations, borderlinesseparatingdurablefrom non-durableaggregates
were tentatively determined.
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274. Malhotra, V. M. "Development of Sulfur-InfiltratedHigh-StrengthConcrete."
Journal of the American Concrete Institute Vol. 72, No. 32 (September 1975):
pp. 466-473.

Sulfur-infiltrated,high-strengthconcretehas been developed at earlyages from 2-
day old conventionalconcrete containinglow cementcontent. Two infiltration
procedureshave been employed. ProcedureA consists of moistcuring flesh
concrete specimens for 24 hours, dryingthemat 250° F (121° C) for 24 hours,
immersingthemin a bath of molten sulfur for 3 hours, removing them from sulfur
to cool, and then testing I to 2 hourslater. ProcedureB consists of moistcuring
fresh concrete specimensfor 24 hours,dryingthem at250° F (121° C) for 24
hours,immersing them in molten sulfurundervacuumfor 2 hours,releasing the
vacuum and soakingthem for an additional1/2 hr, thenremoving them from
sulfurto cool. Tesfng is done 1 to 2 hourslater.

Satisfactory high-strengthconcreteshave been producedusing the above
procedures,with superiorresults being obtainedusing ProcedureB.

The sulfur-infiltrated concretesexhibitphenomenal increases in mechanicaland
elastic propertiesand durabilitycharacteristics. A typical value of the
compressive strengthof the infiltratedspecimens using Procedure B was 8060 psi
comparedwith 810 psi for reference moist-cured specimens. The sulfur-
infiltrated specimens were in excellentcondition aftermore than 800 cycles of
freezing and thawing, whereas the moist-curedspecimens had completely
disintegratedafter40 cycles.

This new type of concreteappearsto be eminently suitedfor precast concrete
units, such as pipes, poles, farmsilos, andrailway ties, and is apractical substitute
for expensive polymer-impregnatedconcrete. J

2/5. Malhotra,V. M. "Effect of RepeatedDosages of $uperplasticizerson Slump,
Strength and Freeze-Thaw Resistanceof Concrete." Materia_ et Constructions
Vol. 14, No. 80 pp. 79-89.

Superplasticizers,when added to freshconcrete, cause largeincreases in its
slump. However, this increase in slump is not sustainedover long periodsand
within60 minutes or so the concretereverts to its original slump. In actualfield
applications of superplasticizersit may be necessaryto add additionaldosages to
maintainthe increase slump. Thispapergives results of a laboratory investigation
to determine the effect of repeateddosages of superplasticizerson workability,
strengthand durabilityof concrete.

A series of air-entrainedconcretemixes was madeat a water/cementratio of 0.42
with a slump of 50 ram. Four commonly availablesuperplasticizerswere
repeatedlyaddedto the concrete,at the manufacturer'srecommendeddosage
rates, after completion of initial mixing. This was followed by additionalmixing

•for 2 minutes. The propertiesof the flesh concrete were determinedand test
cylinders were cast afterthe addition of each dosage. Test prisms werealso cast
for strengthand durabilitystudiesafter the addition of the last dosage.

The test results indicate thatlargeincreases in slumps of superplasticized
concretes can be maintainedfor several hours by the addition of a seconddosage.
Apartfrom one instance, the additionof the thirddosage is notconsidered
desirable.
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The repeated additions of sulphonated melamine- and napthalene-based
superplasticizers caused substantial loss in entrained air content of the concrete;
however, for concrete incorporating the lignosulphonate based superplasticizer,
the reverse was true. The loss of entrained air adversely affect_l the performance
of the concrete in freeze-thaw tests.

276. Malhotra, V. M. "Mechanical Properties, and Freezing and Thawing Resistance of
Non Air-Entrained and Air-Entrained Condensed Silica-Fume Concrete Using
ASTM Test C 666, Procedures A and B." Second CANMEF/ACI International
Conference on the Use of Fly Ash, Silica Fume, Slag and NaULralPozzol'ans in
Concrete, Madrid, Spain, April 1986, pp. 1069-1094.

This report presents the results of a study dealing with the resistance to repeated
cycles of freezing and thawing on non air-entrained condensed silica fume
concrete when tested in accordance with ASTM C 666, Procedures A and B. A
total of 22 air-enu'alned and non air-entrained concrete mixtures, 0.06 cubic
meters in size, were made. The water/(cement + silica fume) ratio of the mixtures
ranged from 0.40 to 0.60; and the percentages of cement replacement by
condensed silica fume were 0, 5, 10, 15, and 30% by weight. Any loss in slump
due to the use of condensed silica fume was compensated for by the use of a
superplasficizer.

Based upon the analysis of the test data, it is concluded that the use of non air-
entrained condensed silica fume concrete is not recommended when it is to be
subjected to repeated cycles of freezing and thawing. Furthermore, the users of
condensed silica fume are cautioned against using high percentages of the
material as a replacement for portland cement in concretes with a water/(cement +
silica fume) ratio of about 0.40 if these concretes are to be exposed to repeated
cycles of freezing and thawing.

277. Malhotra, V. M. Mechanical Properties and Freeze-Thaw Resistance of No-Fines
Concrete, Industrial Minerals Laboratory, Construction Materials Section,
Ottawa, Mineral Sciences Laboratories Report No. MRP/MSL 75-120R), January
1975.

No-frees concrete is a special type of lightweight concrete in which the free
aggregate fraction has been omitted. Like other lightweight concretes, the
strength properties of this type of concrete appear to be related more to its unit
weight in the fresh state than to its water-cement ratio. The 28-days' compressive
strength as determined on 6 x 12-in. (152 x 305-mm) cylinders ranged from a low
of 760 psi (5.2 MN/m 2) to a high of 1280 psi (8.7 MN/m2). There are indications
of strength gain with age. The flexural strengths of 3.5 x 4 x 16-in. (89 x 102 x
406 ram) prisms at 14 days ranged from 225 to 355 psi (1.5 to 2.4 MN/m2).

Non-air-entrained prisms of no-fines concrete performed poorly when exposed to
accelerated cycles of freezing and thawing, and disintegrated in less than 73
cycles. The resistance of the prisms to freeze-thaw cycling was improved with
incorporation of entrained air in the mixes and the air-entrained prisms withstood
up to 266 cycles of freezing and thawing.

. ° .
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278. Malhotra,V. M. "MechanicalPropertiesand Durabilityof SuperplasticizedSemi-
Lightweight Concrete."Journal of the American Concrete Institute Vol. 68,
No. 16 (May - June1981).

This investigationwas undertakento determinewhetheror not the use of
superplasticizerscan help in the manufactureof semi-lightweight concretehaving
compressive strengthsin excess of 30 to 40 MPa atearlyages. Further,the
investigation was extendedto fred if the combined use of superplasticizersand fly
ash can producehigh strengthconcretewith moderatecementcontents.

t

Three series of concrete mixtureswere made using normalportlandcement,
lightweight coarseaggregate,and naturalsand. All mixtureswere air-entrained
and superplasticized,except the control mixture, which was ordyair-enwained.In
the four mixturesof Series A, cement content ranged from 406 to 443 kg/m3, and
test cylinders and prismswere used for strengthand durability studies. In the
threemixturesof SeriesB, cementcontentrangedfrom 422 to 445 kg/m3,and test
cylinders were used for strengthdeterminationonly. In the two mixturesof Series
C,partof the cementwas replacedby fly ash, andtest cylinders and prisms were
cast for the determinationof compressive and flexuralstrengths.

The investigationrevealed that the use of superplasticizersallows the manufacture
of semi-lightweight concrete to have compressive strengths of the orderof 30 and
40 MPa at 1 and 3 days, respectively. The unitweightof the freshconcrete
rangedfrom 1835 to 1961 kg/m3.

In the durability test, the appearanceof the test prisms was characterizedby a
numberof aggregatepopoutsafter300 cycles of freezing and thawing;in one
instance, these became numerousafter400 cycles. Notwithstandingthe above,
the changes in the length of prisms after400 to 500 cycles of freezing and
thawing were well within the accepted limit of 0.07 percent,and the relative
durabilityfactors weregreaterthan 99 percent.

It was indicatedthat the combined use of superplasticizersand fly ash can
producehigh strength,semi-lightweightconcreteat moderate cementcontents.
Compressive strengths of 47.6 and 50.7 MPa at 28 and 365 clayswere obtained
for concrete with cement andfly ash contents of 393 and 60 kg/m3, respectively.

279. Malhotra,V. M. "No-Fines Concrete- Its PropertiesandApplications."Journal of
the American Concrete Institute Vol. 73, No. 54 (November 1976):pp. 628-644.

No-fines concreteconsists solely of normal portlandcement' waterand coarse
aggregate. Ithas been used in Europeand the UnitedKingdom since the 1930s
for the buildingof single story and multistorydwellings, buthad foundlittle
acceptance in NorthAmerica. In recent years, however,due to increased
awareness of the needfor conservationof nonrenewablemineralresources,
increased considerationis being given to the use of no-fines concretein Canada
and the United States.

Investigations at CANMET have indicatedthat no-finesconcrete prisms with no
air-entrainingagent hadpoorresistance to freeze-thaw cycling; the corresponding
prisms incorporating an air-entrainingagentwere able to withstandup to 274
freeze-thawcycles comparedwith56 for prisms withoutan air-entrainingagent.
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The principaladvantagesclaimed for no-fines concreteare economy in materiaLs,
somewhat higherthermalinsulatingvalues, lowershrinkage, and lower unit
weight. The majordisadvantagesare its low compressive, flexural, andbond
strength,and higher permeability.

The principalapplicationsof no-fines concreteare for load-bearingcast-in-place
external walls of single storyand multistory housing, small retainingwails and as
a ,_mpproot'mgsubbasematerial for concretefloorscastongrade.Thistypeof
concreteis alsoeminentlysuitableforconstructioninnorthernCanadabecauseof
its somewhat higherthermalinsulating propertyand low cementcontent.

280. Malhotra,V. M. "StrengthandDurabilityCharacteristicsof ConcreteIncorporatinga
PelletizedBlastFurnaceSlag."FirstCANMET/ACI InternationalConferenceon
theUseof FlyAsh,SilicaFume,SlagandOtherMineralBy-Productsin
Concrete,MontebeLlo,Quebec,Canada,July- August1983,pp.891-921.

This report gives theresultsof laboratory investigations to determine the strength
andfreeze-thawdurabilitycharacteristicsof concreteincorporatingpelletizediron
BFS from a Canadian source.

281. Malhotra,V. M. "Strengthand Freeze-Thaw Characteristicsof Concrete
IncorporatingGranulatedBlast-FurnaceSlag." FifthInternational Symposiumon
Concrete Technology, Nuevo Leon, Mexico, March1981, pp.159-184.

A series of 32 mixes of 0.062 m3 was made, with water/(cement+ slag) ratios
rangingfrom 0.30 to 0.65, andwith the percentageof slag used as a partial
replacement for normal portlandcementrangingfrom 25 to 65% by weight. All
mixtures were airentrainedand some incorporateda superplasticizerin addition
to an air-entrainingagent. A numberof 100 x 200-mm cylinderswere cast for
testing in compressionand splittingtensionat ages up to one year. Test prisms,
90 x 100 x 400 nun,were also cast to determineflexuralstrengthand freeze-thaw
durability.

Durability studies indicatedthat regardless of the water/(cement+ slag) ratioand
whetherthe concrete was airentrainedorair entrainedand superplasticized, the
test prismsperformed satisfactorilyin freeze-thaw test (ASTM C 666, Procedure
B) except for mixtureswith a high water/(cement+ slag) ratio and 65% slag
content.

282. Malhotra,V. M., G. G. Carette,and T. W. Bremner. "Durabilityof Concrete
Containing SupplementaryCementingMaterialsin MarineEnvironment."Editor
J. M. Scanlon,KatharineandBryant Mather International Conference, Atlanta,
GA, April 27 - May 1, 1987,pp. 1227-1257.

Thispaperdealswith theevaluationin marineenvironmentof normaland
lightweightconcretesincorporatingsupplementarycementingmaterials.A series
of 138concreteprisms,305x 305 x 915nunin size,werecastoverafive-year
periodstartingin 1978,forlong-termexposureatTreatIsland,Maine. The
prisms were positioned at mid-tidelevel on a rack at the entranceto the Bay of
Fundy, and this representswhatis perhapsthe most severe marineexposure
conditions for concrete. The test specimens are exposed to repeated cycles of
wetting and drying and to an average of about 100 cycles of freezing and thawing
per year.

#
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it appears that surface deterioration can be avoided if the cement content is kept to
at least a certain minimum level. The tests confirm that over long exposure
duration, non air-enwained concrete is not durable in this cnvironmenL

283. Malhotra, V. M., G. G. Carctte, and T. W. Bremner. "Durability of Granulated Blast-
Furnace Slag Concrete in Marine EnvironmenL" International Workshop on
Granulated Blast-Furnace Slag in Concrete, Toronto, Ontario, Canada, October
1987, pp. 171-201.

This paper deals with the evaluation of normal and lightweight concretes
incorporating granulated BFS in marine environment. A series of 87 concrete
prisms, 305 x 305 x 915 mm in size, were cast over a fivc-y .carperiod starting in
1978, for long-term exposure at Treat Island, Maine. The prisms were positioned
at midtidc level on a rack at the entrance to the Bay of Fundy, which represents
perhaps the most severe marine exposure conditions for concrete. The test
specimens were exposed to repeated cycles of wetting and drying and to an
averageofaboutI00freeze-thawcyclesperyear.

The testspecimens,whichweremonitoredatyearlyintervals,werephotographed
andratedonavisualbasis.Ultrasonicpulsevelocitywas alsodetermined.After
uptoeightyearsofexposure,bothnormal-weightandlightweightair-cnwained
concretesshowednodegradationofthemassoftheconcrete;however,someof
thespecimensshowedsignificantsurfacedeterioration.The amountof
deteriorationgenerallyincreasedwithincreasingwatertocementitiousmaterials
ratio,andincreasingreplacementofthecementwiththeslag.Itappearsthat
surfacedeteriorationcanbeavoidedifthecementcontentiskepttoacertain
minimum level.

284. Malhowa,V.M.,andG.G.Carette."PerformanceofConcreteIncorporating
LimestoneDustasPartialReplacementforSand."JournaloftheAmerican
ConcretelnstituteVol.82,No.33 (May- June1985):pp.363-371.

Accumulationofvastamountsoflimestonedustatstonequarriesaroundthe
countryisacauseforseriousconcernbecauseofthedisposalproblemand
environmentalhazards.Thisinvestigationwasthusundertakentoobtaindataon
themechanicalpropertiesanddurabilityofconcreteincorporatingvarious
percentagesoflimestonedustasapartialreplacementforfineaggregate.

Threeseriesofconcretemixturesweremade. SeriesIandH withwater-cement

ratiosof0.70and0.53,respectively,consistedofmixturesincorporating5,I0,15,
and20 percentlimestonedust,whereasSeriesHIwithawater-cementratioof
0.40coveredmixturescontainingI0and20percentdust.A controlmix wasalso
includedineachseries.Bothcontrolandlimestonedustmixtureswere

proportionedtohavea slump80+15 mm andanaircontentof6:!.-0.5percent.

The incorporationofupto10percentlimestonedustasapartialreplacementfor
fineaggregateinconcretewitha 0.70water-cementratioand5percentlimestone
dustinconcretewitha0.53water-cementratiodoesnotsignificantlyaffectthe
propertiesoffreshandhardenedconcrete.The lossinentrained-aircontentcan
bceasilyovercomebyusinganincreaseddosageofanair-entrainingadmixture.
The increaseinshrinkageofconcreteappearstobeoflittlepracticalconsequence.
The useoflimestonedustimpartsmorecohesivenesstofreshconcreteandgives
•ita fattyappearance.Thiscanbea decidedadvantageinsuperplasticized
concrete.
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285. Malhotra, V. M., and D. Malanka. "Performance of Superplasticizers in Concrete:
Laboratory Investigation -- Part I." Journal of the American Concrete Institute
SP 62-12 (October 1979).

This report gives results of a laboratory investigation to determine the
performance of super,plasticizers in high-strength concrete.

A series of 15 concrete mixes was made at a water-cement ratio of 0.42 with a
slump of 2 in. (50 nun). Various dosages of the superplasticizers m Melment
LI0, Mighty 150, and Mulcoplast CF-- were added to the mixer after completion
of initial mixing. This was followed by additional mixing for 2 min. Apart from
one control concrete mix, all others were air entrained. Initial setting times of
concrete, increases in slumps, and their subsequent loss with time were recorded.

Incorporating superplasticizers delayed initial setting time of concrete depending
on the type and dosage used. The large increases in slump of superplasticized
concrete were conf'maaed;however, the increased workability and its loss with
time were functions of the type of superplasticizer used.

The compressive and flexural strengths of the test specimens cast from
superplasticzed concretes were comparable to or greater than those of the control
specimens.

In the superplasticized concrete under investigation, the bubble spacing factor
varied between 0.006 and 0.01, compared with 0.006 for the reference concrete.
In spite of the increased bubble spacing, durability of the superplasticized
concrete test prisms is not impaired when exposed to repeated cycles of freezing
in air and thawing in water.

286. Malhotra, V. M., K. A. Painter, and A. Bilodeau. "Mechanical Properties and
Freezing and Thawing Resistance of High-Strength Concrete Incorporating Silica
Fume." Cement, Concrete, and Aggregates Vol. 9, No. 2 (Winter 1987): pp. 65-
79.

This report presents results of an investigation dealing with the mechanical
properties and freezing and thawing resistance of high-strength, silica fume
concrete using ASTM Test Method for Resistance of Concrete to Rapid Freezing
and Thawing (C 666-84, Procedure A). Eighteen nonair-entrained and six air-
entrained concrete mixtures, 0.06 cubic meters in size, were made. The water-to-
(cement+si!ica fume) ratio (WIC + S) of the mixtures ranged from 0.25 to 0.36,
and the percentages of cement replacement by silica fume were 0, I0, and 20% on
a weight basis. Any loss in slump due to the use of silica fume was compensated
for by the use of a superplasticizer.

A number of test cylinders were made for testing in compression at various ages,
and test prisms were cast for determining their resistance to repeated cycles of
freezing and thawing in accordance with AS'I'M C 666, Procedure A. Sawn
sections of some of the prisms were used for determining the air void parameters
of the hardened concrete.

Nonair-entrainedo high-strength concrete with a compressive strength of up to 87
MPa at 28 days, regardless of the W/C + S and irrespective of the silica fume
content used, had durability factors less than 12 when tested in accordance with
ASTM 666, Procedure A.
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Also, air-entrainedconcreteprismsincorporating10 and 20% silica fume as
replacementfor cement failed to complete300 cycles of freezing and thawing.

287. Malisch, W. R. "The Effect of Air Drying Upon theFreezingand Thawing
ResistanCeof Concrete."Ph.D.diss., Universityof Illinois, 1966.

This dissertationis based on a studyof concretesand mortarswitha single
water/cementratio of 0.45. The sametype of aggregatewas used in all
specimens: crushed limestonefor the coarseaggregate and a naturalriver sand
for the fine aggregate. The curingperiod was generallylimited to 14 da_s.

The studyconcludesthatairdryingduringcu_..g of ab..-entrainedconcretes
results in resistanceto surface deterioration,which_ss_gnificantlybettermanthat
of concrete continuouslymoist-curedfor 14days. Resistanceto internaldamage
as measuredby changes in the dynamicmoduluswas found to improve slightly by
air drying. Forairdryingof air-entrainedconcretes after1 to 7 days of moist
curing,results in increasing resistance to surfacedeterioration werenotedfor
concretes with the same totalamountof moistcuring. The period of airdryingat
72° F and 50% R.H., which resultedin increases in air-entrainedconcrete's
resistance to surfacedeterioration,rangedfrom 12 hoursto 14 days.

288. Manning, D. (3."Where Have All the BubblesGone?" Concrete International Vol. 2,
No. 8 (August1980): pp. 99-103.

Seven expertsin their field discussedthe resistanceof concrete to freezing and
thawing, and particularly the widespreaddeteriorationof concrete in recent years.
Subjects coveredareairentrainingadmixtures,air contentlevels, placing and
f'mishingair-entrainedconcrete,and durabilityof air-entrainedconcrete. A
discussion by ACI Committee201 follows.

289. Manz, O. E., and (3. J. McCarthy."Effectiveness of WesternU.S. High-Lime Fly Ash
for Use in Concrete." Second CANMET/ACIInternationalConference on the Use
of Fly Ash, Silica Fume, Slag, and NaturalPozzolans in Concrete, Madri.d,Spain,
1986, pp. 347-365.

Western U.S. lignite and sub-bituminousfly ashes have higher CaO+ MgO +
SO3 and lower AI203 + SiC)2 than bituminousashes. They also have lowerloss
on ignition andgreaterproportionsof crystallinematerial. No more than one-
thirdof the total lime is free lime. In this investigation, severalchemically,
physically, and mineralogicallydifferent figniteand sub-bituminousfly ashes
were used in varying substitutionsfor portlandcement in concreteand testedfor
the following: compressive strength,effect of admixtures,freeze-thawdurability,
and resistanceto sulphatesolutions. The test results indicate that,dependingon
the mix proportions,a high-limefly ash may notcontributemoreto compressive
strengththan one that has 50 percentless lime, and is coarser. High-lime fly
ashes produceexcellent freeze-thawdurability. With certainhigh-limefly ashes,
similar strengths areobtainedby either 25 or 75 percentsubstitutionforcement.
Extremely low expansions of severalhigh-lime fly ash concretespecimens
soaking in 10percentNa2SO4 for up to 3 years have indicated that the R factor,
(CaO - 5)/Fe203, for sulphateresistanceis not totallyvalid. Concretesusing
high-lime fly ashes producehigherearly strengthsthan low-time bituminous
ashes. -
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290. Marks, V. J., and W. Dubberke."Durabilityof Concreteand theIowa PoreIndex
Test." Transportation Research Record No. 853 (1982): p. 25-30.

An overview of theproblemof D-crackingin portlandcementconcrete is
provided,and the Iowa Pore Indextest for determiningthe quality of coarse
aggregate for concrete is evaluated. The Iowa pore index test was developedto
evaluate the durabilityof coarseaggregate. The test measuresthe amountof
water that can be injected into oven-driedaggregateduringa period from 1 to 15
rainafterapplicationof 35 psi of pressure. The test is very effective in
identifying aggregateswith substantialpore system of the 0.04- to 0.2 I_m-
diametersize and correlatesvery well withaggregate service records. Test results
of nonhomogeneous samplescan be misleading. Laboratorytests have shown
thata small amount (15 percent)of unsoundmaterialsin the coarseaggregate can
producenondurableconcrete. Studies with the scanning electronmicroscope
show that coarseaggregatesassociated with D-crackingare normallyfine grained
whereas durableaggregateis eithercoarsegrained or extremely fine grained. The
pore-size distributionof coarseaggregateswas determined by using amercury
porosimeter. Aggregatesassociated with D-cracking exhibit a predominanceof
0.04- to 0.2-|1m-diameterpore sizes.

291. Marsh,B. K., R. L. Day, and D. G. Bonnet. "Pore StructureCharacteristicsAffecting
the Permeabilityof Cement PasteContainingFly Ash." Cement and Concrete
Research Vol. 15 (1985): pp. 1027-1038.

Results are presentedfrom measurementsof the permeabilityof saturated,
hardenedcement pastes, with and without fly ash. Specimens tested were cured
over a temperature rangefrom20 to 65° Cfor periodsfrom seven days to one
year.

The results show that a dramaticreductionin permeability occursdue to the
pozzolanic reaction of the fly ash. Porosityestimates from mercury-intrusion
porosimetry and helium-comparisonpycnometryreduction. Traditional
explanations, based on a reductionin the volume of large pores, arefound to be
inadequate.

292. Marshall S. W. "Durability of PavementConcrete-- Experiencein Pennsylvania."
Journal of the American Concrete Institute VoL 35 (April 1939):pp. 393-404.

Reportsdata obtainedfrom a comprehensivesurvey of concrete highwaypaving
slab behavior in threeadjacentPennsylvaniaareas differingappreciablyin
climate. Quality of concreteaggregatealso varies considerably in the different
areas. Observationswere made from standpointsof surfacecondition and
structuralcondition of the paving slab, threeclasses (or stages) of failure
recognized. In general, check surveysconf'Lrmedoriginal fmdings. A marked
increase in rate of concretedeteriorationis noted as climatic conditions become
more severe. Cdncretein all threeareasis subjected to an appreciableamountof

• freezing and thawing, but in one areathe weatherconditions areparticularly
severe. In the areaof severestweather the quality of concreteaggregateis lower

..... than in the others and heaving of subgradeis more prevalent. The existence of
:" many factors influencing the concretepaving slab durabilityis recognized butno
: attempt is made to interpretresults of the survey in the useful life of concrete

pavement that may requiremodification for localities in which manyof the
factors involved may be unfavorableto the lasting qualities of concrete.
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293. Marusin,S. L. "Influenceof Superplasticizers,Polymer Admixtures,and Silica Fume
in Concrete on ChlorideIon Permeability."Permeability of Concrete, American
ConcreteInstitute,ACI SP 108-2, 1988.

This papersummarizestheresults of permeabilitystudiesthathave been
undertakenat Wiss, Janney,ElsmerAssociation,Inc. (WJE)since 1979. The
researchused a test proceduredeveloped duringthe NCHRP Project12-19A,
"Concrete Sealersfor Protectionof BridgeStructures,"whichwas reprintedin
1981 asNCHRP ReportNo. 244. This test method utilizes 10-cm-concretecubes;
and chloride ion penetrationis determinedat4 depths after21 days exposureto
15 percentNaCI solution. The test resultsshow that the loweringof w/c ratioin
portlandcementconcrete or thepresenceof superplasticizers,polymer
admixtures,and silica fumesareable to significantlyreduce concrete
permeability.

294. Mather,B. "Case Histories of Unsatisfactoryand AbnormalField Performanceof
ConcreteDuring Consu'uction."Transportation Research Record No. 651 (1977):
pp.25-29.

Case histories are given relatingto concreteproducedin connectionwith the
constructionof threedifferentprojects. One was a majorbuilding,the second was
an airfieldpavement, andthe thirdwas a highway bridge deck. The projectsare
located in threedifferentstateson the East Coast of the UnitedStates. These case
histories have in common that a majorpartof the problem in each was low
strengthsof test cylinders. In the firstcase, defective concretecontainingthe
wrongaggregateand madewith the wrongmixtureproportionswas removed and
replaced. In the secondcase, theproblemwas tracedto the presencein aggregate
of aluminumparticles fromthe bodies of dumptrucksin whichit had been
transported.In the thirdcase, there were manycauses of loss of control of the
concrete properties;an instancewas foundof greatervariationof aircontent in a
smaller volume than everreportedpreviously. In this case, the safety factorin
design allowed the concreteto remainin the structure.

295. Mather,B. Effect of Duration of Moist Curing on the Relative Durability of Concrete
in Freezing and Thawing, U. S. ArmyEngineer WaterwaysExperimentStation,
Corps of Engineers, Vicksburg,Miss., miscellaneous paperno. 6-531, September
1962.

At the Second Pacific AreaNationalMeetingof ASTMheld in Los Angeles in
1956, the author summarizedpartof the data developed in one phase of the
exhaustive study of pozzolans and specialcements that was begun by the
ConcreteDivision of the WaterwaysExperimentStation for the Office, Chief of
Engineers. This summarywas publishedby ASTM in STP205 in 1958. The
materials used in this studyincluded5 portlandcements, 16 pozzolans or special
cements, crushed limestone aggregates gradedup to 3/4 in. in size, and an axr-
entrainingadmixture. Concretemixtureswere proportionedusing each of the
cements and using each of the pozzolans orspecial cements to replacecementon
a solid volume replacementbasis in amountsfrom 8 to 70%. Two classes of
concrete were studied;one, designatedas 0.5 water-cementratio,always
containedthe same volume of waterto combined solid volume of portlandcement
plus replacementmaterial as themixturewithout replacementmaterialwhich had
a water-cementratio of 0.5 by weight; the other was similarly proportionedas 0.8
by weight. All air-enwainedconcrete had anaircontent of 6.0 plus orminus
0.5%, which is equivalentto 5% airin concrete made with 1-1/2-in. aggregate.
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Three rounds of tests were made to represent each mixture. From each round,
eight 3- by 6-in. cylinders and four 3-1/2- by 4-1/2- by 16-in. beams, together
with other specimens, were made. One cylinder from each round was tested for
compressive strength at each of eight ages. Two of the beams were tested for
resistance to freezing and thawing beginning at an age of 14 days; the other two at
180 days.

An examination was made of the relations between (a) durability factors of

specimens placed in laboratory freezing .andthawing 14 days after molding and
the 28-day compressive strength of specmlens from the same batch, and (b)
durability factors of additional specimens placed in freezing and thawing after 180
days moist curing and l$0-day compressive su'ength.

296. Mather, B. "Soundness" Tests of Concrete Aggregates, U.S. Army Engineer
Waterways Experiment Station, Corps of Engineers, Vicksburg, Mississippi,
miscellaneous paper no. 6-278, July 1958.

Testing procedures for building materials that are required to resist frost action
have been studied for over 130 years. Procedures based on alternate immersion
in sulfate solutions and drying have been used throughout this period. Sulfate
'soundness' testing procedures now in use in testing concrete aggregates are
subject to serious errors due to variation in details of p.erformance and are of
limited applicability since the behavior of aggregates m concrete is now known to
be materially affected by the fact that particles are inclosed in concrete. A wide
variety of reports aRemp6ng to evaluate or improve sulfate 'soundness' testing are
in general agreement that the AS'I'M and Federal Specification descriptions of the
test procedure need improvement in a considerable number of respects; that the
results of the test do not correlate well with actual performance of aggregates in
concrete; that the factors that control aggregate performance in concrete are not
evaluated by the sulfate 'soundness' test; that the results obtained should not be
compared with arbitrary limits to accept or reject materials; and that tests for the
effect of aggregates on the resistance of concrete to freezing and thawing should
be based on resistance to freezing and thawing of concrete specimens made using
the aggregates. It is recommended that (I) when sulfate 'soundness' tests are
made, the procedures of CRD-C 115 be used; (2) materials not be accepted or
rejected on the basis of numerical values of sulfate 'soundness' test results, (3)
emphasis be shifted to the use of freezing and thawing tests of concrete to
evaluate the effects of aggregate on resistance of concrete to freezing and
thawing.

29"/. Mather, B. "Tests of High-Range Water-Reducing Admixtures." Journal of the
American Concrete l_ritute SP 62-9 (October 1979).

At the Waterways Experiment Station, four high-range water-reducing admixtures
were tested for compliance with the requirements for water-reducing admixtures
given in ASTM C 49471. None passed the test for frost resistance; all met all
other requirements. Water reductions ranged from 18 to 25 percent at
recommended dosages. The reference concrete mixtures had durability factors
ranging from 57 to 89 (average 76); the test concretes had durability factors
ranging from 5 to 77 (average 36). A reference specimen from a batch having a
DFE = 84 had a bubble-spacing factor of 0.003 in. Test concretes showed values
of the bubble-spacing factor rising from 0.004 to 0.012 in. as the DFE dropped
from 77 to 14, in spite of a proper air content in the freshly mixed concrete.
Supplementary testing of additional high-range water-reducing admixtures that
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was still in progress at the time of the symposium indicated that there appeared to
be among these additional products at least one that would meet the requirements
of ASTM C 494 with respect to frost resistance.

298. Mattimore, H. S. "Durability Tests of Certain Portland Cements." Highway Research
Board m Proceedings (1936): pp. 135-166.

Tests on the relative resistance to freezing and thawing and certain other
influences of 1:2 mortar made with ten commercial portland cements differing in
chemical composition are reported. Cross bending and compression strengths of
2 by 2 by 12-in. prisms were determined after moist curing to various ages. These
were compared with the strengths of other specimens which had been frozen and
thawed at different rates and for different numbers of cycles. Approximately
4,000 prisms were tested at six different laboratories. The data are an important
contribution to knowledge on the method of conducting thefreezing and thawing
test, the relation of the results of such tests to the evaporable water in the mortar
and the relative resistance to freezing and thawing and to sulfate solutions of
cements differing in composition.

299. Matzkanin, G. A., A. De Los Santos, andD. A. Whiting. Determination of Moisture
Levels in Structural Concrete Using Pulse NMR, U.S. Department of
Transportation, Federal Highway Administration, Washington, D. C.,
FHWA/RD-82/008, April 1982.

An investigation has been conducted of nuclear magnetic resonance (NMR) as the
basis for nondestructively measuring moisture content in concrete. Results of a
laboratory feasibility study conducted on a variety of concrete cylinders showed
the NMR signatures to correlate well with evaporable moisture independently of
cement type, water/cement ratio or chloride content: however, magnetic minerals
contained in certain aggregates affected the correlation. On the basis of the
feasibility study, an NMR Moisture Measurement system for nondestructively
measuring moisture from one surface of reinforced bridge decks was designed and
fabricated. Laboratory evaluations were conducted using concrete specimens of
known moisture content and tests were performed on a bridge deck which was
cored for verification of moisture readings. Results of these tests demonstrated
the capability of the NMR system to measure the moisture from 1.25-in. to 2.75-
in. (32 ram to 70 ram). Asphalt overlays up to 2-in. (51 ram) thick have tittle
effect on the NMR-determined moisture values.

300. Matzkanin, G. A., and A. De Los Santos. In-Situ Determination of Moisture Levels in
Structural Concrete by NMR, Office of Engineering Highway Operations, R & D,
Federal Highway Administration, U.S. Department of Transportation, San
Antonio, TX, FHWA/RD-85/090, July 1985.

The prototype bridge deck Nuclear Magnetic Resonance (NMR) Moisture
Measurement System was modified to improve its usefulness and tested in
Wichita Falls, Texas, and at the FHWA Turner-Fairbank Research Center in
McLean, Virginia. Modifications included addition of an external control unit to
provide for selection of desired measurement depths and automatic adjustment of
the RF pulses and magnetic field for the selected measurement depth and rebar
depth. Field tests were conducted on 8 bridge decks having a variety of overlays
in the Wichita Falls area andon 12 concrete test slabs having a variety of
rehabilitation systems at the FI-IWAcenter. The NMR system performed well
under adverse field conditions and the NMR results were generally repeatable
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down to depths of 2 in (51ram). At deeper depths, repeatability was somel_nes
affected by interferences from rebars. The NMR moisture readings generally
increased with increasing depth consistent with expectations for thick slabs
exposed to surface drying, and the NMR results were unaffected by overlays up to
2 in. (51 mm) thick. Good qualitative agreement was obtained between the NMR
moisture results and those obtained from dry core samples at selected locations,
except that the NMR results tended to be more consistent. For the FHWA test
slabs, the NMR moisture values for the concrete were found to increase with
increasing water/cement ratio and decrease with increasing concrete density.

301. McHem'y, D., and H. W. Brewer. "Discussion of'A Working Hypothesis for Further
Studies of Frost Resistance of Concrete' (T. C. Powers)." Journal of the American
Concrete Institute Vol. 41 (November 1945): pp. 2]2-9 - 272-12.

This paper presents the hydraulic pressure hypothesis. It is "a working hypothesis
which, together with other hypotheses, may eventually lead to the desired
solution." The comments is this discussion, based largely on experimental work
in the laboratory of the Bureau of Reclamation are not intended to amplify the
problem, but rather to emphasize its complexities and the need for further study
and sill] other hypotheses.

302. McMillan, F. R., and I. Lyse. "Some Permeability Studies of Concrete." Journal of
the American Concrete Institute pp. 101-141.

The extensive use of concrete in structures for hydraulic power developments,
harbor works, irrigation, water supply, and other construction fields has brought
to the attention of engineers that among the properties of concrete, waterfightness
may be of even greater importance than compressive strength. The importance of
impermeability is not so much a matter of confining the water to its proper
channels, for almost any concrete carefully made and cured will prevent serious
loss of water through percolation. The real need for watertightness is to prevent
the disintegration which results from the freezing of saturated porous concrete or
that slow breaking down through the solution of essential ingredients. It needs
only a brief survey of structureswhich have been exposed to severe climatic
conditions to appreciate how important is the destructive effect of frost where the
concrete is readily permeable. Likewise, there are everywhere examples of
structures where unsighdy deposits of calcium carbonate bear evidence of water
percolating through some defective area or seeping along a day's work plane.

303. Mehta, P. K. In Concrete Structure, Properties, and Materials, New Jersey: Prentice-
Hall, Inc., 1986.

There are several difficulties in preparing a scientific treadse on concrete as a
materials. First, in spite of concrete's apparent simplicity, it has a highly complex
structure; therefore, the structure-propertyrelations that are generally so helpful in
the understanding and conu'ol of material properties cannot be easily applied.
Second, compared to other materials, the structure of concrete is not a static
property of the material. This is because two of the three disfincdy different
components of the s_'ucture-- the bulk cement paste and the transition zone
between the aggregate and bulk cement paste --- continue to change with time. In
this respect, concrete resembles wood and other living systems. Third, unlike
other materials which are delivered in a ready-to-use form, concrete often has to
be manufactured just before use at or near the job site.
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This book is not intendedto be an exhaustive treatiseon concrete. Written
primarilyfor the use of undergraduatestudents in civil engineering, it is proposed
to present the art and science of concrete in a simple, clear, and scientific manner.

304. Mehta, P. K. "Pozzolanic and Cementitious By-Productsas Mineral Admixturesfor
Concrete -- A CriticalReview." FirstCANMET/ACIInternational Conference
on the Use of Fly Ash, SiLicaFume, Slag and OtherMineralBy-Products in
Concrete, Montbello, Canada, 1983, pp. 1-46.

Since it is the mineralogicalcomposition, and not the chemical composition,
which would govern the pozzolanic and cementitious behavior of a mineral
admixture,this review treats the entirearea of mineral admixturesas a unified
discipline. Mineralogicalandparticlecharacteristics of majorindustrialby-
products suitable for use as concreteadmixturesarereviewed, especially in regard
to relationshipsbetween physical and mineralogicalpropertiesof admixturesand
performancecharacteristicsof concrete. The latterinclude waterdemand,
consistency, bleeding, workability,setting time, air-entrainment,temperaturerise
in freshconcrete, strength,modulus of elasticity,creep, drying shrinkage,sulphate
resistance, alkali-silica reaction,andcorrosionof steel in hardened concrete.
Mechanismsby which the useof these by-productsin concrete can improve
engineering propertiesarediscussed, andexamples of data fromfield and
laboratory investigations aregiven.

305. Mehta, P. K., and O. E. Gjerv."Propertiesof Portland Cement Concrete Containing
Fly Ash and Condensed Silica Fume." Cement and Concrete Research VoL 12
(1982): pp. 58%595.

Normalpozzolan additives,due to their low surfaceareaand reactivity are not
able to improveearly strengthsand durabilityof concrete. The problemcan be
solved by using a mixtureof normal andhighly reactivepozzolans, such as
condensed silica-fume. Results of an investigationare reportedhere in which 30
percentportlandcement in concretewas replaced by anequal volume of fly ash,
condensed silica-fume, or a 50:50 mixtureof the two. Sand-to-gravelproportions
were adjusted to obtainworkableconcreteshaving the same water-cementratio.
As comparedto the control concrete, the 7 and 28 days compressive strengths of
the fly ash concretes were significantlylower, however, in thecase of mixed-
pozzolan addition, the 7-days strengthwas similarandthe 28-days strengthwas
higher. The differencesin the pozzolanic activity of the additives were confirmed
by a parallelinvestigation involving determinationof free lime and pore-size
distributionof the cementpastes.

306. Meininger,R. C. Report of NSGA-NRMCA Joint Research Laboratory, National Sand
and Gravel Association, Silver Spring,Maryland, August 15, 1985.

This report containsupdates on the following currentand completedresearch
projects: (a) uniformityof admixtures(series 216), (b) effect of fly ash on
strength,(c) evaluation of highslumpflowing concrete (series 210), (d) studiesof
alkali-aggregatereactivity, (e) effect of mold release agent type and application
rateoncube strengthof cement(seriesJ-165), (0 cement with limestone additions
(series J-164), (g) ASTMMethod C 311 for testing fly ash, round-robintesting
(series J-163), (h) mineralfillerfor asphalticconcrete (seriesJ-162), (i) tests of
neoprenepads for capping strengthcylinders (series J-159), (j) durabilityof
coarse aggregate for concrete(series J-157), (k) strengthof mortarwithtwo
cement sources (series D-256), (1)use of titratorstripsto measurechloridein
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mortar,concrete andaggregates(seriesD-255), and, (In) freeze-thaw tests of
quicksetting patchingproducts.

30?. Meininger,R. C. Use of Fly Ash in Air-Entrained Concrete--Report of Recent
NSGA-NRMCA Research Laboratory Studies, National Sand and Gravel
Association, Silver Spring, Maryland,February1981.

Most of us areaware of the many opportunitiesand benefits which canaccrue
throughthe use of fly ash in concrete. Threemajorreasons for the serious
considerationof its use are listed below. All threeof these incentives impactnot
only on the consu'uctionmaterialsindustries; but also on importantnationalgoals.

(1) The beneficial use of a materialthatwould otherwise have to be wasted
in anenvironmentallyacceptablelandfill operation.

(2) An overallreductionin theaverage amountof energyrequiredfor the
cementing medium in a cubic yardof concrete.

(3) The ability to provide analternativeto reduce the demandfor portland
cement duringperiods of exceptionallyhigh demand,thus reducing
constructiondelays and limitingneeds for importedcement orclinker.

Fly ash is used in concrete in two ways: (1) separatelybatched fly ash as an
adrr_ture, and (2) throughthe use of blendedcement (mainly Types IP or IPM)
which contain fly ash. In eithercase, the problems,or opportunities,associated
with the use of fly ash in concretecan become an importantfactor in the proper
selection, use, and qualityconu'olof the many alternative concrete materialsand
proportioningchoices now available. There is no doubt that improved use of
technology will be requiredin orderto capitalizeon the advantagespossiblewith
the use of fly ash. It is also importantto be awareof potential problemswhich
may develop if there is a changein fly ash qualityor if mixturesarenot properly
proportioned.

308. Meyer, A. "The Importanceof the SurfaceLayer for the Durability of Concrete
Su'ucmres."EditorJ. M. Scanlon,Katharineand BryantMathcrInternational
Conference,Atlanta, GA, April27 - May l, 1987.

The surface layer and the remaining coreconcrete of a structuralmemberare
already,immediately aftercuring,two different materials in composition. The
difference in characteristicpropertiescan be considerably increased by outside
influences in the lifetime of the concrete building. We have to pay more attention
to this fact because the surfacelayersareimportantwith regard to the long-term
behaviorof concrete structuresand theprotectionof steel reinforcement against
corrosion. The effects on structureand characteristicpropertiesof the surface
layer by placing, compacting and curingin the earlystages and later when
subjected to different environmentalconditions arestudied and discussed. Some
methods used to test in practice the propemes of the surfacelayer- sucngth,
porosity,alkalinity and frost resistance- armdescribed.

309. Mielenz, R. C., and J. H. Sprouse."High-RangeWater-ReducingAdmixtures: Effect
on the Air-Void System in Air-Enu'alnedand Non-Air-Enu'alnedConcrete."
Journal of the American Concrete Insdnae SP 62-10 (October 19/9).

Fourcommercialhigh-rangewater-reducingadmixturesbased on naphthalene-
sulfonic acid-formaldehydecondensationproductsand two commercial
admixturesof this _jlmebased on melamine-sulfonicacid formaldehyde
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condensates were investigated to determine their effect on the air-void system in
flesh and hardened concrete. These admixtures usually entrain air in non air-
entrained concrete and tend to increase the average size of air-voids in air-
entrained concrete. Low values of the spacing factor seem to be correlated with
satisfactory freeze-thaw resistance, but high values to do not necessarily indicate
poor durability. ..

310. Mielenz, R. C., V. E. Wolkodoff, J. E. Backstrom, and H. L. Flack. "Origin,
Evolution, and Effects of the Air Void System in Concrete. Part 1 - Enu'ained Air
in Unhardened Concrete." Journal of the American Concrete Institute Vol. 30,
No. 1 (July 1958): pp. 95-121.

Air in concrete originates in four general ways, producing "entrapped" and
"entrained" voids that are differentiated by their spatial and pressure relationships
to the surrounding water and solids. The action of air-entraining agents in
modifying the void system in concrete is discussed. Once formed, the air void
system deteriorates in characteristic ways, mainly by the interchange of air
between small bubbles and large, and by the loss of a portion of the air during
compaction of the concrete. Several factors determining the rate and extent of
deterioration effected before hardening of the concrete are described.

The action of the air void system in improving workability and decreasing
segregation and bleeding is discussed.

311. Mielenz, R. C., V. E. Wolkodoff, J. E. Backstrorn, and R. W. Burrows. "Origin,
Evolution, and Effects of the Air Void System in Concrete. Part4 m the Air
Void System in Job Concrete." Journal of the American Concrete Institute
(October 1958): pp. 507-517.

The air void system observed in concrete from engineering structures is
comparable to that observed in concrete specimens prepared in the laboratory. ,.
The void system in non-alr-enu'ained concrete varies widely, the observed specinc
surface ranging from 107 to 1111 in2/in3. In air-entrained concrete, the observed
specific surface ranges from 615 to 1600 in2/in 3 and the spacing factor ranges in
job concrete is assured if the recommendations of AC1613-54 are followed.
Methods for microscopical measurement of the air void system in hardened
concrete are described in an appendix to Part 4.

312. Miesenhelder, P. D. "Effect of Design and Details on Concrete Deterioration."
Journal of the American Concrete Institute Vol. 56, No. 35 (January 1960):
pp. 581-590.

Features of design or construction of a concrete structure often are important
contributing causes of concrete deterioration. Primarily, deterioration _s a result
of freezing and thawing. Such deterioration is often thought of as a consequence
of the number of times freezing and thawing occurs, but in the examples pictured
the major factor is the high degree of saturation that existed at the time of
freezing. This high degree of saturation is usually a consequence of inadequate or
no drainage provisions at critical points. This paper consists essentially of
pictures of structures from a large area, which illustrate examples and the wide
extent of occurrence.
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313. /dlkhail, R. Sh, A. M. Youssef, andM. Shater."Air Entrainmentin PortlandBlast
FurnaceSlag Cement Pastes: Effects on Strengthand Pore Sm_cmre."Cement
and Concrete Research Vol. 7 (1977): pp. 515-522.

The compressive strength of airentrainedblast furnace slag cementpastes were
comparedwith the neatcementpastes of the same water/cement ratios. Air
entrainmentleads in all cases investigatedto a decrease in the degreeof hydration
and this effect besides the increase in the porosity could lead to a decreasein
compressive strength. A thirdfactor,namely the changes takingplace in the pore
size distributionof micro-and mesopores,and their bearingon the strengthresults
atdifferentwater/cementratiosis discussed.

314. Mills, R. H. "Assay of Blast FurnaceSlag." Fifth InternationalSymposiumon
ConcreteTechnology, NuevoLeon, Mexico, March1981, pp. 85-116.

Pelletized BFS may be used as an aggregateor may be freely groundand used as
a partial substitutefor portlandcement. Forequivalentworkability, specified
strength,durabilityand volumetricstability, the quantities of cementitious
material dependon targetstrength,waterdemandand the relationship between
suength and water/binderratio. Performanceof the BFS componentof a blended
cement is expressed as a non-dimensionalefficiency factorderived fromthe
equivalent mass of portlandcement.

315. Missouri Highway and TransportationDepartment.Investigation of Roadway Design
Variables to Reduce D-Cracking, MissouriHighway and Transportation
Department,NCHRP78-1, December 1987.

Eightreinforced portlandcementconcretepavement test sections were
constructedto determinewhat effect certaindesigns would have on the
occurrenceof D-cracking. Variousdesigns included the use of a 3/4-in. and 1-in.
maximum size Bethany Falls limestone paving stone produced locally, use of a 2-
in. maximum size Burlingtonlimestone paving stone produced from a source
having no knownhistory of a D-crackingproblem,and pavementconstructed
with and withoutpolyethylene moisturebarrier.

Base variables included impermeable,densegraded Type 3 aggregate,cement
treatedType 1 aggregate, plant mix bituminoussource, and permeable, open
gradedplantmix bituminouscourse.

With nearlyten years of service life, there was no D-crackingobserved in any test
section.

Observationof the test sections will continue to determine if any of the aggregate
or base variablesresult in improvedperformance.

316. Monfore,G. E., and A. E. Lentz.Physical Properties of Concrete at VeryLow
Temperatures, PortlandCementAssociation Researchand Development
Laboratories,Bulletin No. 145,May 1962. pp. 33-39.

Problems in the design of undergroundprestressedconcrete tanksfor the storage
of liquified naturalgas indicated the need for additional information on the
propertiesof concrete at extremelylow temperatures. Results of an investigation
of compressive strengths,splitting strengths, Young'smoduli of elasticity, and
thermal contractionsof threesand and gravel concretes and one lightweight
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aggregate concreteat varioustemperaturesfrom 75 to -150° F arereportedin the
presentpaper. Young'smodulusof elasticityof a particularmoist concrete
increased as did the compressivestrengthat thelower temperatures.

317. Mnkherjee,P. K., and B. Chojnacki."LaboratoryEvaluationof a Concrete
SuperplasticizingAdmixture."Journal of the American Concrete Institute SP 62-
13 (October1979).

A superplasticizingadmixtureof thesulphonatedmelamine formaldehy.de
condensate typewas tested in the laboratoryfor its effect on concretemLxeswith a
nominal slumpof 3 in. (75 ram)and with nominalcement contentsof 525, 612,
and 700 lb/yd3 (311,363, and 415 kg/m3, respectively). A total of nine mixes
wereprepared. All mixes containedanair-entrainingadmixture. A control set of
threemixes containedanormalsettingwaterreducer0ignosulphonate). One set
of threemixes containedboth the waterreducerand the superplasticizer,and the
remaining set of threemixes contained only the superplasticizer.To simulate
anticipatedfield conditionsfor the ready-mixedconcrete,the superplasticizerwas
added 45 minutes after initial mixing.

Slump, air content, and unit weight measurements were taken periodically on the
fresh concrete up to 160 minutes after initial mixing. Initially, the addition of the
superplasticizer increased the slump to 8 in. (200 mm). The slump then
progressively decreased to its original value in 45 to 120 minutes. The air content
was reduced by approximately1.0 percent.

The hardened concrete was tested for compressive strength, modulus of elasticity,
flexura.lstrength, airvoid system, drying shrinkage,freeze-thaw resistance, and
salt scaling. No adverse effect was observed.

318. Mullen, W. G., and G. W. Bodvarsson.Determination of Air Void Content and
Mixing Water Void Content of Hardened Concrete Using Electron Microscope
Techniques, Part 3, North CarolinaDept. of Transportationand Highway Safety,
Raleigh, NC, ERSD-110-75-2, June 1978.

The use of the scanning electronmicroscope(SEM) to identify possible causes of
failureof hardenedconcrete was examined. The threecauses of failure
researched were excess aircontent (PartI), andimproperwater-cementratio and
degree of hydration(PartIII). PartH is a collection of unboundphotographic
arraysof aircontents investigated in PartI to be used as visual comparison
standardsfor determinationof aircontentof hardenedconcrete. In PartI the SEM
was used at a low magnification (80X) to photographhardenedconcrete of
variousaircontents (1-20%). A comparisonstandardwas then prepared using 12
photographs to representeach aircontent. It is proposedthat this standardbe
utilized for determinationof aircontent of hardenedconcrete. Statistical analysis
of the proposedstandardindicatesan accuracyof about+1.5%.

Forthe analysis describedin PartIH,concrete samplesof water-cementratios
rangingfrom .40 - 1.20 were prepared. The hydrationtime allowed, representing
degree of hydration,variedfrom 1 day to 90 days (almost 100%hydration). SEM
microphotoswere takenat high magnificationateach level of hydrationfor each
of the water-cementratios. The microphotos werethen examined with emphasis
upon trendsthat would aid in distinguishingbetween water-cementratios and
degree of hydration. A set of photographswas selected to illustrate an array
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scheme thatis proposedto be developedfor estimation of water-cementratioand
degree of hydrationof an unknownbased uponcapillarymorphologychanges.
Presentedalong with the proposedscheme is a selection of characteristicfeatures
that were identified as being indicative of water-cementratio and/ordegree of
hydration. It is suggestedthat these featuresbe utilizedin these cases where
determinationstrictlyby the proposedstandardis notsufficiently accurate.

319. Munn,R. L., andW. G. Ryan."Concretesin AustraliaContainingFly Ashes and/or
Slags: TheirPropertiesand Performancein Aggressive Environments."Fifth
InternationalSymposiumon ConcreteTechnology, Monterrey,Nuevo Leon,
Mexico, March1981, pp. 369-392.

This paperreviews the Australianexperienceon the durabilityof concrete
incorporating fly ashes and/or slags underaggressiveservice conditions. Dataare
presented from case historiesand laboratoryinvestigations into compressive
strengthdevelopmentand durabilitycharacteristicsof a wide rangeof concretes
utilizing slags and fly ashes. In many cases, comparisonis madebetween the
performanceof concretes containingslags and fly ashes and that of traditional
concretes subjectedto similarconditions. The studiesindicate that, provided

; concretes aregiven adequatecuring and compaction,pozzolanic bindersplay an
importantrole in improvingdurabilityof concretes for buildings and marine
structures. It is concluded that with appropriatemix design, concretes containing
slags and fly ashes can matchthe propertiesof conventionalconcretes in all
respects.

320. Murata,J., M. Kawasaki,T. Sakai,and T. Kawal."Resistance to Freezing and
Thawing of ConcreteUsing GroundBlast FurnaceSlag." Fly Ash, Silica Fume,
Slag and Other Mineral By-Products in Concrete, ACI SPo79, Vol. 2 (1983):
pp. 9/9-1013.

The generally high resistanceto freezing and thawingof concrete using ground
blast furnaceslag as sandis noted; and from the standpointof effective utilization
of waste materials,developmentof positive uses for blast furnaceslag sandis
studied.

321. Mustard,J. N. "Winter Curingof Concreteas Relatedto the New Canadian
Standard."Journal of the American Concrete Institute SP 39-4 (October 1973).

This paper discusses wintercuringof concrete in the light of the New Canadian
Standard. The effect of freezing fresh concrete at variousages is dealtwith in
some detail,and test results aregiven to illustratethe absolute minimum
protection period,and minimumprotectionmethods. The tables from the new
standardshowing the relationshipsbetween concrete temperaturesand protection
requirementsare included, and methods of attainingthese requirementsare
outlined. The problemareassuch as specific concrete delivery temperatures,and
the limiting of cooling rates to avoidthermal shock arehighlighted.

322. Mysyk, W. K. "PetrologicalStudieson Carbonate AggregateResponsible for
Pavement D-Crackingin SouthernManitoba,Canada."Transportation Research
Record No. 1110 (1987): pp. 10-15.

Petrographicevaluation of aggregatein portlandcementconcrete from Winnipeg
International Airportwas conductedto determinethe characteristiccomposition,
texture, and porosityof nondurablecarbonateaggregate associated with
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D-cracking. Aggregate in the concrete is from the glaciofluvial BirdsHill esker
complex northeastof Winnipeg. Carbonaterocks0imestone and dolomite)
constitute 75 to 85 percent(by volume) of aggregate in therecovereddrill cores,
with graniteand basaltthe only othersignificantrock types. Polarizing
microscope,scanningelecu'onmicroscope, and X-ray diffractionanalyses of the
carbonateaggregate resulted in the following conclusions: (a) All major
fracturingin the concrete is associatedwith coarsecarbonateaggregate greater
than .25 in. in diameter. Co)Composition of nondurablecarbonate aggregateis
one of the following types: pureend memberlimestone,dolomite, or a chalky
white silicified limestone. (c) Texturally, the carbonaterocks are massive,
micritic-to-f'melycrystallinemudstoneto packstone. Layering does not occur and
clay mineralsarenoted in traceamountsonly. (d)The uniformgrainsize and
shape results in a narrowpore size range in the carbonate rocks mainly as
intergranularporosity. (e) Theexpansive alkali-carbonaterock reactionis nota
factor in the concrete deteriorationas neitherthe composition northe textureof
the carbonate rocks correspondsto the documentedcharacteristicof susceptible
rock types. Also, the map-crackingcharacteristicof the deteriorationdoes not
occur on the apron. The few carbonateparticles with reactionrims display a good
bondbetween the cement andaggregate.

323. Nadezhdin,A., D. A. Mason, B. Malric, D. F. Lawless, and J. P. Fedosoff."The
Effect of Deicing Chemicals onReinforcedConcrete."Transportation Research
Record No. 1157 (1988): p. 31-37.

The role played by deicing chemicals in the deterioration of reinforced concrete is
addressedin thispaper. Severalnewerand faster bench-scale methods of study
and materials evaluation aredescribedandcomparedto the ASTMrecommended
techniques. The differencein freezing temperaturesbetween concretepore
solution andan outsidedeicersolution is shownto be one of the importantfactors
in the sp:_ningprocess. The importanceof an anisotropiccharacterof freezing
zone is outline. The macrocellcorrosionmechanism of rebardeteriorationhas
been studied in the laboratoryenvironment using specially constructedmini slabs.
The results werecorrelated with previouslyconducted microceUcorrosionstudies
of smallencapsulatedrebarprobes.

324. Nakamura,N., M. Sakai,K. Koibuchi,and Y. Iijima."Propertiesof High-Strength
Concrete IncorporatingVery Finely GroundGranulatedBlast FurnaceSlag."
SecondCANMET/ACIInternationalConferenceon the Use of Fly Ash, Silica
Fume, Slag, and NaturalPozzolans in Concrete,Madrid,Spain,April 1986,
pp. 1361-1380.

i

This paperdescribeshow some propertiesof high compressive-strengthconcrete
(60-80 MPa)can be improvedby the use of very fine GGBFS as a partial
replacement for portland cement. The fineness of very freely groundslag is 715
m2/kg (Blaine) madefrom classifying ordinarygroundslag (364 m2/kgBlaine) by
the air separator. Concrete mixtures containingvery finely groundslag were
tested while varying the substitutionratio of slag to totalcontent of cementitious
materials (slag plus portlandcement) by 10,40, and 70%. The totalcementitious
materials were 500 kg/m3, and the water/cementratios were 0.30 and 0.325,
respectively. Concretemixtures containingother materials, such as ordinary
groundslag and silica fume, were also tested.
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Thepropertiesoftheconcreteinvestigatedwerecompressivestrength(atagesof
7,28,56and91days),resistancetofreezingandthawing,permeabilityand
resistance to chloridepenetration. A comparison of these propertieswas made
between very freely groundslag and othermaterials similarlyused. It was found
thathighcompressive strengthcould be obtainedwith improvementof
permeability, resistanceto chloridepenetration,and otherproperties,even if very
finely groundslag was substitutedfor cement at a replacement level of 70%.

325. Narasimhan,T. N., andP. A. Witherspoon."Numerical Model for Saturated-
UnsaturatedFlow in DeformablePorousMedia: 1. Theory." Water Resources
Research Vol. 13, No. 3 (June 1977):pp. 657-664.

A theoryis presented for numericallysimulating the movementof water in
variablysaturateddeformableporousmedia. The theoretical model considersa
general three-dimensionalfield of flow in conjunctionwith a one-dimensional
vertical deformationfield. The governingequation expresses the conservationof
fluid mass in anelemental volume that has a constantvolume of solids.
Deformation of the porousmediummay be nonelastic. Permeability and the
compressibilitycoefficientsmay benonlinearlyrelatedtoeffectivestress.
Relationshipsbetweenpermeabilityandsaturationwithporewaterpressureinthe
unsaturatedzonemay becharacterizedbyhysteresis.Therelationbetweenpore
pressurechangeandeffectivestresschangemay beafunctionofsaturation.In
thetransitionzonewhereporewaterpressureislessthanatmosphericbutgreater
thanairentryvalue,soilmoisturediffusivityasusedinsoilphysicsand
coefficientofconsolidationasusedinsoilmechanicsareshowntobe
conceptuallyequivalent.Itisbelievedthatthismodelwillbeofpracticalinterest
instudyingsaturated-unsaturatedsystemsundergoingsimultaneousdesaturation
anddeformation.

326.Narasimhan,T.N.,andP.A.Witherspoon."NumericalModelforSaturated-
UnsaturatedFlowinDeformablePorousMedia:3.Applications."Water
ResourcesResearchVoL 14,No.6(December1978):pp.1017-1034.

Thisisthethirdandconclusivepartofathree-paperseriesanddescribesthe
applicationofanumericalmodelforsaturated-unsaturatedflowindeformable
porousmedia.Inall,I0illustrativeexamplesarepresentednotonlyto
demonstratethevalidityofthemethodbutalsotohighlightthefundamentalunity
thatexistsinthebasicprinciplesofthefieldsofhydrogeology,soilmechanics,
andsoilphysics.Thechosenexamplesinvolvesuchdiversephenomenaassoil
consolidation,infiltration,anddrainageandgenerationoffluidpressuresdueto
cyclicloadingsuchasearthquakes.

327.Nasser,K.W.,andG.A.Evans."Low TemperatureEffectsonHardenedAir-
EntrainedConcrete."JournaloftheAmericanConcreteInstituteSP39-5
(October1973).

• A studywasconducmdontheinfluenceoflowtemperatureonthepropertiesof
hardenedair-entrainedconcretethatwassubjectedtofourdifferentcuring
conditions.Oneofthecuringconditionswasrelatedtotheprevalentwinter
curingpracticeinWhitehorse,YukonTerritory,Canada.

Thetestsconsistedofcompression,splittingtension,impactandelasticstrains.In
total,over400specimensweretested.
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The results show thatthe compressive andsplittingstrengthwere increasedby
about 80 percentat -40F (-40C)ff the specimens were nominally saturatedwith
water. The strength of specimenswith low saturationof about 5 Ix'rcentwas not
much different fromthe strengthat normaltemperatureof 72F (22C).

Specimens storedoutside the laboratoryin the ambientfall weathershowed the
same dependenceof strength upontheirsaturationcondition.

32g. National Slag Associauon. Processed Blast Furnace Slag: the All-Purpose
Construction Aggregate, National Slag Association,Alexandria,Virginia, NSA
169-1.

This bulletinhas been preparedto providearchitects,engineers,contractorsand
otherusersof aggregateswith generalinformationon the propertiesand uses of
blast fm'naceslag. Blast furnace slag has been widely used for all types of
constructionfor morethan 50 years. Long-6me l_rformance records in a variety
of uses and climauc conditionshave demonstratedits economy and durabilityand
earnedthe title: Slag - the All-PurposeConsu_ctionAggregate.

329. Neville, A. M. "Essentials of StrengthandDurabilityof VariousTypes of Concrete
with Special Reference to Sulfur."Journal of the American Concrete Institute
Vol. 76, No. 41 (September 1979): pp. 973-996.

Criteria of strength of concrete and other solids are discussed with reference to the
behavior of neat C3S pastes, porosity, pore-size distribution, and Grifflth flaws.
This is followed by a consideration of bonds within the cement paste; the absence
of their influence on its modulus of elasticity is noted.

The two-phase nature of concrete is reviewed in some detail.

In considering impregnated concrete, attention is drawn to the disparity between
the coefficients of thermal expansion of sulfur and of other concrete materials. A
proper basis for evaluation of polymer-impregnated concretes is discussed, with
special consideration of the effects of impregnation on the compressive and
tensile strengths and on the modulus of elasticity.

Consideration of the durability of sulfur-impregnated concrete with respect to
freezing and thawing and to chemical attack leads to a positive evaluation of this
material for many purposes.

330. Neville, A. M. In Properties of Concrete, 3rd ed., London: Pitman Publishing, 1972.

A wen-referenced textbook on portland cement and concrete. Chapters include:
Portland Cement; Cements of Different Types; Properties of Aggregate; Fresh
Concrete; Strength of Concrete;Elasticity, Shrinkage, and Creep; Durability of
Concrete; Testing of Hardening Concrete; Lightweight and High-density
Concretes; and Mix Design. Appendices include relevant ASTM and British
standards.
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331. Newlon, H. H. Modification of ASTM C666 for Testing Resistance of Concrete to
Freezing and Thawing in Sodium Chloride Solution, Virginia Highway &
Transportation Research Council, CharlouesviUe, VA, VHTRC 79-R16,
September 1978.

Since 1961 the Research Council has used equipment manufactured by Conrad,
Inc. for exposing concrete specimens to rapid cycles of freezing and thawing. In
addition, the Materials Division of the Virginia Dept. of Highways and
Transportation sends to the Research Council specimens of concrete mixtures and
related materials not previously used in the Department's construction when
freezing and thawing tests are required as part of the Department's acceptance
procedures.

The Council's freezing and thawing procedures are based upon ASTM
Designation C666 "Standard Test Method for Resistance of Concrete to Rapid
Freezing and Thawing", Procedure A (freezing and thawing in water), except that
surrounding the specimens is a 2% solution of NaCI rather than water. Prior to
exposure, specimens are moist cured for 14 days and air dried for 7 days.

Based upon about 17 years of experience in the use of this approach at the
Council, the following criteria have been established for judging acceptability.

Weight loss, maximum at 300 cycles -- 7%
Surface factor, maximum at 300 cycles-- 3%
Durability factor at 300 cycles -- 60%.

A limked evaluation of this procedure was made using NaCI solutions with
concentrations of 4%, 3%, 2% and 0% (water). Concretes of three levels of
expected durability were tested. Based on these tests the following conclusions
were drawn.

(I) Freezing and thawing of specimens using the procedures of ASTM C666
as modified to use 2% NaCl solution as the surrounding medium rather
than water is more severe and more discriminating than using water as
required by the standard method.

(2) Minor variations of salt concenu'ation likely to be encountered during
the progress of the testing do not significantly affect the results.

(3) The period of drying between moist curing and exposure to freezing and
thawing in an NaCI solution significantly improves the indicated
performance.

(4) Based upon ACI recommendations for durable concrete, the Council's
Currentrequirements for evaluating freezing and thawing resistance may
be too lenient for concrete subjected to severe exposure conditions.

332. Newlon, H. H. "Resistance to Weathering (Chapter 23)." In Significance of Tests and
Properties of Concrete and Concrete-Mala'ng Materials, pp. 351-368.
Philadelphia, PA: ASTM, 1978.

There are currently three standard test methods and one recommended practice
under the jurisdiction of ASTM Committee C-9 on Concrete and Concrete
Aggregates intended to aid in evaluating the resistance of concrete to freezing and
thawing. In addition, several petrographic procedures are standardized that
provide invaluable information for predicting the resistance of concrete to
freezing and thawing and for interpreting the results of exposure in either the
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laboratory or under field conditions. Two older freezing and thawing methods
have been discontinued. The presently standardized methods as well as those
discontinued have evolved over a period of about 50 years and reflect the
inevitable compromise between the need for rapid assessment of resistance to
weathering and the difficulty of translating the results from accelerated laboratory
testing to the varied conditions encountered in field exposures.

333. Newlon, H. H., and IC H. McGhee. Evaluation of Laboratory Equipment for
Freezing and Thawing of Concrete, Virginia Council of Highway Investigation
and Research, Charlottesville, VA, January 1966.

Because a considerable portion of the research effort of the Research Council's
Concrete Section is directed toward durability studies, the equipment discussed in
this report was purchased in 1962 to achieve capability for rapid freezing and
thawing studies. Approval was secured for preliminary evaluation testing as
outlined in a working plan approved August 18, 1961. The objectives of these
preliminary tests were: (1) To determine the ability of the equipment to give
reliable estimates of the performance of field concrete, and (2) To determine the
potential application of the equipment for use in rapid freezing and thawing tests
of aggregate. With regard to the second objective, a detailed survey of the
literature subsequent to the proposal led to the same conclusion as that more
recently stated by Larson, et al. (1964), that:

'Unc0nfmed freezing-and-thawing tests, like sodium sulfate tests, fail
to duplicate natural conditions. Thus, they too display a general lack
of correlation with field performance of aggregates in concrete. It
appears, therefore, that unconfined freezing-and-thawing tests should
be discontinued as soon as other suitable tests for detecting unsound
aggregates can be developed.' ....

Based upon the conviction that the unconfined freezing-and-thawing of
aggregates (aside from refined research results, the second objective was not
pursued and this report is directed only toward the first objective, namely, the
suitability of the equipment for freezing and thawing of concrete and aggregate in
concrete.

334. Nielsen, B. S., and F. L. Kronholm. "Physical Bonds of Water in Hardened Cement
Paste." Nordic Concrete Research, No. Publication'/(December 1988):
pp. 207-221.

By means of a new measuring method based on measurement of relative
equilibrium humidity, it has become possible to determine how the states of
physical bonding of evaporable water changes in hardened cement mortar with
low w/c ratio, as a consequence of thermal and drying influences.

The tests primarily showed:

* The calculated values for differential wetting enthalpy, AHb, correspond
with values obtained by Powers and Brownyard. Thus, it is possible, by
two completely different measuring methods (Powers and Brownyard's
wetting enthalpy was carried out by means of heat of solution
calorimeter), to describe the states of physical bonding of evaporable

D water in hardened cement paste.
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• The previoushistory of the samples, i.e., the drying progress,affects the
way in which the structure of the cement paste reacts to temperature
influence.

• The calculatedwetting enthalpies, L_Ib,change with the temperature
influence which the samplesare exposed to during the measuring
procedure. This indicates that a change takes place of the states of
physical bonding of evaporable water. Measurements indicate an
irreversible change of the cement paste structure, as a consequence of
physical bonding of evaporablewater.

335. Noble, C. M. "Experience with Air-EnwainingConcrete in New Jersey." American
Concrete Institute Proceedings Vol. 45, No. 29 (September 1948 - June 1949).

This paperoutlines experience in New Jerseywith air-entrainingconcrete u_
primarilyto combat attackbydeicing chemicals. Damage to concretepavements
in New Jerseyusually is associated with heavyloads. Freedom from
disintegrationtroubles,except in isolatedcases, is attributedto excellent
aggregates,rigid laboratorycontrol, mix design, inspection of materialand plant
equipmentand constructionsupervisionat the job site.

Air-entrainingportlandcementconcretewas firstspecified for a concrete
pavementcontractin 1945 and since then has been used on manycontractswith
notable success to preventdeteriorationdue to scaling. The same high standards
for materials, mixturedesign, laboratorycontrol,field inspection and attentionto
details must be maintainedas with ordinaryconcrete. Pavements, thus far
constructedin New Jersey with airentrainmenthave not scaled or shown signs of
disintegrationwhen ice controlchemicalshave been properlymixed with
abrasivesat arate not exceeding 75 lb/yd3 of abrasive. It is too early to form
judgement butindications show that the resultsachieved fully justify the use of
air-entrainingconcrete.

336. Northwood,R., B. Chojnacki,and R. Newell. "Strengthand Durabilityof Concrete
Made With Type 10 Cements Used in Ontario."EditorJ. M. Scanlon,Katharine
and Bryant MatherIntemationalConference,Atlanta,GA, April 27 - May 1,
1987, pp. 973-996.

The authorsconducteda laboratory investigationon both strengthand durability
of concretesmade with variouscements. Resultsconfirmed that variousbrandsof
type 10 (ASTM Type I) portlandcementaffected the compressive strength. The
introductionof intergroundlimestonehas a beneficial effect on the concrete
strengthwith regardto frost resistance. Concretesmade with each of the cements
gave a good resistance to freezing and thawingin water. The addition of
intergroundlimestone showed no effect.

337. Norton, P. T,, and D. H. Pletta."The Permeability of Gravel Concrete." Journql of
the American Concrete Institute (1931): pp. 1093-1132.

The researchproject reportedin thispaperwas begun threeyears ago in the
Mechanics Departmentat the Universityof Wisconsin in the hope of determining
the relationship between permeability and water-cementratio, and also the
relationshipbetween permeabilityandsuch otherproperties as strength,
consistency, absorption,cement-voidsratio and gradingof aggregate.
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338. Numata, S., V. Koide, and S. Shimobayashi. "Properties of Ultra-Highly Pulverized
Granulated Blast Furnace Slag-Portland Cement Blends." Second CANMET/ACI
International Conference on the Use of Fly Ash, Silica Fume, Slag, and Natural
Pozzolans in Concrete, Madrid, Spain, April 1986, pp. 1341-1360.

This paper describes a study of the full exploitation of the inherent hydraulic
behavior of granulated BFS. An attempt was made by laboratory tests and by
actual concrete practices to improve the properties of conventional slag cements
and to develop a high-quality binder.

Granulated BFS, pulverized and classified by an industrial mill (Blaine fineness
850 m2/kg), was mixed with ordinary portland cement and semi-crushed,
granulated BFS sand aggregate with the addition of a high-range water-reducing
admixture. Workability, strength and resistance to freeze-thaw cycles, mechanical
abrasion and chemical attacks were determined. Microstructures were measured
by SEM, and mercury intrusion and nitrogen adsorption porosimetries.

339. Okada, E., M. Hisaka, Y. Kazama, and IC Hattori. "Freeze-Thaw Resistance of
Superplasticized Concretes." Journal of the American Concrete Institute Vol. 68,
No. 12 (May - June 1981): pp. 215-231.

Freeze-thaw resistance in terms of the durability factor was investigated with
concretes containing varying dosages of beta-sodium naphthalene sulfonate
formalin high condensate superplasticizer at water-cement ratios from 0.25 to 0.55
and the addition of vinsol resin soap to obtain air contents up to 4 percent, with a
view to correlating these to the spacing factor.

It was established that the failure boundary curve can be described as a function of
water-cement ratio and air content in hardened concrete.

The effect of the compressive strength of the volumes of water and air voids in
concretes was examined. The effect of air volume on strength was found to be
half that of the same volume of water.

It was found that vinsol resin is a satisfactory air-entraining agent for use in
concretes superplasticized with beta-sodium naphthalene sulfonate formalin high
condensate.

340. Okkenhaug, K., and O. E. Gj_rv. "Influence of Condensed Silica Fume on the Air-
Void System in Concrete." FCBISINTEF Report of the Norwegian Institute of
Technology, Trondheim, Norway, No. STF65 A82044, August 1985.

For many years the resistance of concrete exposed to freezing and thawing has
been the subject for numerous papers, seminars and practical recommendations,
and still there has been a significant and alarming increase in poor frost resistance
over the recent years. In the USA it has been observed that concrete which were
provided with intentionally entrained air during the mixing process, yet on
examination of the hardened concretes had either no or inadequate air present.
This has also been observed in Norway over recent years where extensive quality
control from various construction sites has revealed that only half of all the air-
entrained concretes had appropriate air-void characteristics. The question has
been raised as to what happens to the air-void system between the time of mixing
and final placement.
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Recent experiences have shownthatadditionof condensed silica fume
significantly improves thefrostresistance of concrete. As partof a more
comprehensiveresearchprogramsome experiments were also carriedout on how
the silica fume influences the air-voidsystemin the concrete. Since condensed
silica fume is an extremely fine-grainedmaterial (approx.20 m2/g) it introduces
strong surfaceforces andimprovesthe cohesive propertiesof the fresh concrete.
Hence, it would be reasonableto assumethat the stability of the airvoids also
would be improved duringtransportation,handling andplacementof the concrete.
The results of the experimentsarepresentedabove.

341. Olafsson, H. "HydrophobingAgents for Protectionof Low Quality Concrete."Nordic
Concrete Research, No. Publication7(December 1988): pp. 222-232.

An investigationhas been made on the influenceof hydrophobingagentson
concrete's moisturebalance andresistance to freeze-thaw action. The
investigation includes both laboratoryexperiments and full scale experimentson
exterior walls of concrete houses.
Results show a substantialfavorableeffect on the freeze-thaw resistanceof
concretewith w/c ratioover0.SS andinadequate airentrainment,on water
intrusionat varying hydrostaticpressureand on moisturecontent of exterior
watls.

342. Oldham,P. C., and A. N. Sheriff."Durabilityof a Low Cement ContentMix."
Concrete (July 1978):pp. 19-21.

There has been an increasing tendencylately for the small builderandD.LY.
householderto request, when orderingprcmixedconcrete, 21 MN/n_ or 3,000 psi
gradeconcrete rather than 1".2:4nominalmix, orjust "concrete". This trend is
largelydue to the workcarriedout by the C_.&CA,BRMCA, etc, in promotingthe
use of concrete for small domesticjobs, and it is to be welcomed w nowadays
mostconcrete is producedon the best weighing equipmentavailable,with full
technical control,and the gauge box confined to the odd small site. However,this
trend raises questions of durabilityof the concrete; a 1:2:4 nominalmix normally
has cement contentof 275-300 kg/m3, or even lower. It has been shown that
concrete Withan aggregate/cementratio of up to 7.5:1 (about 250 kg cementper
cubic meter) can normally be considereddurable;this approximates,for medium
workabilityconcretes made Withnormalaggregates, to the maximum
water/cement ratio of 0.7 suggestedby Neville. Many instances have come to
light recently, though,where concretemuchricherthan this has been severely
damaged by repeated frost attack. The answer, then, is to advise the client laying
a gardenpath or a patio to buy grade30 MN/m2 concrete,preferably With
entrainedair. However, it has been foundthat the client will not pay 1.50 to 2.50
pounds per cubic meterextrafor such concrete, so it was decided to investigate
the possibility of producing an economicaland durablemix for such work, where
weather resistance is as importantas compressive strength.

343. Olek, 3, P. 3.Tikalsky, and R. L. Catrasquillo."Productionof ConcreteContaining
Fly Ash for PavementApplications."Centerfor TransportationResearch,
University of Texas at Austin,Report364-2, May 1986.

The need for more cost efficientconstructionmaterials for highway applications
and the problem of waste disposal of fly ash have promptedthe studypresented
herein. This study addressessome of the majorconcerns of residenthighway
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engineers aboutconcrete containingfly ash for highway applications,which
include: curingconditions, setting times, s_cngth development,anddurability.

This reportsummarizesthe experimentalobservationsandconclusionsfi'oma
researchprograminvesti.ga.ungthe propemes of both freshand hardened
pavementconcretecontainingfly ash. Testswere performedto establish
guidelines for the selectionof materialsand trial mix design proceduresfor
producingqualityconcretecontainingfly ash. The studyinves.tig.atedfreeze-thaw
resistance, flexural and compressive strengthcharacteristics,rmxmgconditions
and procedures,and curingconditions such as temperature,humidity, and curing
methods. Types F and Cfly ashes were used in this study as a replacementfor 0,
15, 25, and35%Type Iportlandcement by weight. In addition, Type IP cement
containing20%Type F fly ash was used.

The resultsof this studyshow that concretecontainingfly ash can be designed
and proportionedto meet presentTexas SDHPT specificationsfor highway
applications. In addition, thisstudyreveals that an optimummix design for
concrete containingfly as is both technicallyand economically advantageous to
the Texas SDHPT.

This reportprovidesthe residentengineerwith recommendationsto ensurethe
productionof qualityconcrete containingfly ash for highway applications.

344. Olsen, M. P. J. "A MathematicalModelfor PredictingFrostPenetrationand Heave in
SaturatedPorousMaterials."Ph.D. diss., Dept. of Civil Engineering,University
of Illinois, June 1979.

Formanyyears engineershave beendealing with the problem of predicting
moisturemovement and frostpenetrationwith associated stressdevelopmentin
variouskinds of porousmaterials. Phenomenalike D-cracking,scaling, and
heaving areall knownto be partlyor fully caused by a combination of moisture
movementand freezing of the waterin concreteor softs. These phenomenahave
been investigated usingvariousapproachesfrom laboratorystudies and direct
measurementsto mathematicaland empirical models. Because of thecomplexity
of moisturemovementmany simplifications aremade to fit data obtainedfrom
the field. Table 1 providesinformationon the different kinds of heat-transfer
models together with their assumptions. However, few models have attemptedto
simulatethe situation at whichwaterfreezes, the temperatureand the moisture
contentchanges, and heave takesplace at the same time.

345. Olsen, M. P. J. "A Mathematical Model for Predicting FrostPenetrationin Saturated
PorousMaterials." Ph.D.diss., Universityof Illinois at Urbana-Champaign,1982.

This reportdescribes the developmentof a two-dimensionalf'miteelement
computerprogramfor solving the mathematical equationsfor predictingfrost
penetrationtogether with themoistureregime and temperatureprofile in concrete
and aggregates. Although the discussions and examples given in the reportare
relatedto the freezing of saturatedconcreteor aggregate materials, the model can
be appliedto other porousmaterials as long as the requirementsof saturated
condition and confinedfreezingareacceptable. The approachrequiredthe
combinationof knowledge fromvariousareassuch as soil science, concrete
technology, and thermodynamics. A thoroughliteraturereview was therefore
presented to familiarizethe reader with terminology andconcepts regardingthe
model development.
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346. Olsen, M. P. L "Mathematical Modeling of the Freezing Processof Concrete and
Aggregates." Cement and Concrete Research VoL 14 (1984): pp. 113-122.

A two dimensional finite element computermodel for predictingfrostpenetration
in saturatedporous materials is presented. Based on available second order
parabolic differential equationsfor predictingtemperatureand moisturecontent,
andequations relatingfreezing temperatureand waterpotential, the finite element
model predictstemperature,waterand ice content, frostpenetration, and
generated pore water pressuresas a functionof freezing time and given boundary
conditions. Comparisonof models results with availableexperimentaldatafor
maturecement pastes renderedreasonable agreement between the model and data.

347. Olsen, M. P. J., D. J. Janssen, andB. J. Dempsey. D-Cracldng in Portland Cement
Concrete Pavements, Dept. of Civil Engineering, University of Illinois, Urbana,
Illinois, Project IHR-413,June 1982.

A studywas conducted to determinethe mechanisms involved in the IP1Tand
investigate ways to modify and supplement the testing procedureto increase its
accuracyand sensitivity. In the study a modified IPIT was developed which
utilized chamber pressuresup to 1379 Kpa (200 psi). Instead of using the volume
of water entering the aggregatepores over a specified time period the degree of
saturationwhich occurredin the aggregates at various chamber pressureswas
used. Relationships between degreeof saturation and chamber pressure were
developed and found to providea general index of the aggregate freeze-thaw
durabilityproperties.

348. Ong, L. T., L G. L. Munday,and R. IC Dhir. "Moisture Related Movements in
OPC/PFA Concrete." Symposiumon Effects of Fly Ash Incorporation in Cement
and Concrete, pp. 204--213.Boston: Materials Research Society, 1981.

The paper deals with moisture-relatedmovements on OPC/PFA concretes caused
by continuous drying and alternatewetting and drying, comparison being sought
with the correspondingOPC concretes. It is shown that drying shrinkageis
related to the equivalent cement content of the concrete, but cannot be related to
any other single fly ash characteristic. There is an optimum level of cement
replacement by fly ash, which improves the resistance of concrete to
wetting/drying expansion.

349. Opsahl, O. A. "Silica in Concrete."Report of the Norwegian Institute of Technology,
Trondheim,Norway, No. STF65 A81031 Fob/SINTEF, June 1981.

The effect of adding condensedsilica fume on frost resistance in concrete has
been investigated. The investigations were mainly based on freezing/thawing
tests in accordance with ASTM C666-77. In addition, investigations in
accordance with ASTM C457-71 have been carried out on the air void system.
Freezing/thawing tests were carriedout on concrete mixes containing 100, 250
and 400 kg cement percubic meter concrete. The effects of adding 10 and 20%
silica Coyweight of cement) combined with water reducing admixturesare
investigated in mixes containing 100 and 250 kg cement. Only water cured
specimens have been tested. The addition of condensed silica fume combined
with waterreducing admixturesincreases frost resistance in concrete. This
appears to be due to decreasedpermeability and increased tensile strength.
Requiredcharacteristics of the air void system are not the same for concretes with
•and without silica.
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350. Ozyildirim, C. Air-Void Characteristics of Hardened Concrete, 1945-1980: Final
Report. Virginia Highway and Transportation Research Council. Charlottesville.
Virginia, VHTRC 85-R30, April 1985.

Observations at the Research Council, coupled with the national interest in
possible changes in the air void characteristics of air-entrained concretes because
of the wide use of admixtures and changes in cement properties, raised a question
as to whether or not there was a progressive increase over the years in the size of
air voids being incorporated in concrete. Thus, the main objective of the study
reported here was to evaluate the changes in air void characteristics of hardened
concrete as determined by ASTM C457 and by other means for concrete produced
in Virginia from 1945 to 1980. Air void parameters -- including the air content.
specific surface, and spacing factor-- were determined on 630 concretes. The
results did not indicate an overall significant increase in the size of air voids;
however, it was observed that, in general, they did show that the average size and
the distribution of the voids were marginal compared to generally accepted values.
While this finding indicates that air voids may not be as small as optimum, the
freeze-thaw performance of air-entrained concretes in Virginia supplied under the
presentspecifications generally has been satisfactory.

351. Ozyildirim, C. Comparison of Air Void Content Measurements in Fresh Versus
Hardened Concretes: Final Report, Virginia Transportation Research Council,
Charlottesville, Virginia, VTRC 90-R23, June 1990.

This study compares the air content of freshly mixed and hardened concretes. At
the fresh stage, pressure meters (Types A and B) and a volumetric meter were
used to determine the air content. At the hardened stage, the air content was
calculated using the linear traverse method described in ASTM C 457, which is a ....
microscopical procedure. The unit weight and compressive strength of the
concretes were also determined.

The results show that, at ilve ranges commonly used in the construction of
pavements and bridges, the air content of fresh concrete measured by pressure
meters and that determined by the microscopical method for essentially the same
concrete hardening are, for practical purposes, the same. The air content obtained
bv a volumetric meter as normally run in the field is generally lower than that
obtained for the same hardened concretes by the microscopical method. The unit
weight and compressive water to concrete can significantly increase the air
content, as _'ell as the siump. Thus, a higher air content in hardened concretes
than that indicated by initial measurements with a pressure meter is likely to be
present if water is added during placement.

352.. Ozyildidm, C. Distribution of Voids In Field Concrete, Virginia Transportation
Research Council, Charlottesville, VA, VHTRC 7g-R35, February 1978.

.... This study was intended to evaluate the air void characteristics of concrete in an
._ attempt to identify, quantitatively or semiquantitatively, different types of voids

and to predict their influence on strength and durability.

123



353. Ozyildi.rim. C. Experimental Use of Fly Ash Concrete in Prefabricated Bridge-Deck
Slabs. Virginia Transportation Research Council. Charlottesville. Virginia, VTRC
88-R1. July 1987.

Hydraulic cement concretes with and without fly ash were investigated to assess
the suitability of using fly ash in bridge-deck concrete. Eight prefabricated
concrete slabs were prepared: four were control and the remaining contained fly
ash. They were used for widening two bridge structures.

Slump. air content, and unit weight were determined on the freshly mixed
concrete; compressive strength, permeability, absorption, freezing and thawing
durability, and the air void system were determined for the hardened concrete.
Depth of cover over the reinforcing steel was measured. After three winters of
exposure, slabs were surveyed visually for cracks, scaling, and spalls. Half-cell
readings were taken, and chloride samples obtained and tested. Fly ash concretes
required a larger amount of air-entraining admixture than the controls to achieve
the required air content. Although the 28-day strength tests showed that three of
the four fly ash concretes did not achieve the required s_ength of 4,000 psi, the
strength of all concretes exceeded 4,800 psi at 6 months when moist cured. The
field evaluation after 3 years of winter exposure indicates that all concretes with
fly ash are performing satisfactorily.

354. Ozyildirim, C. Investigation of Concrete Containing Condensed Silica Fume,
Virginia Highway & Transportation Research Council, Charlottesville, VA,
VHTRC 86-R25, January 1986.

The properties of hydraulic cement concretes containing silica fume were
investigated to assess their suitability for use in overlays with a minimum
thickness of 1 I/4 in. The properties studied were compressive and flexural
strengths, bond strength, modulus of elasticity, permeability, freeze-thaw
resistance, thermal expansion, and drying shrinkage. The characteristics of air
voids in the hardened concrete were determined by petrographic examination.
The study was conducted in two stages: the first to determine the mixture
proportions that would yield satisfactorily high strengths and low permeabilities,
and the second to conduct the main testing program. Silica fume from two
sources was used. Concretes made with silica fume from either sources yielded
the desirable properties. It is expected that concretes made with silica fume can
provide a cost-effective protective system for bridge decks when placed in
overlays with a minimum thickness of 1 1/4 in.

355. Ozyildirim, C. Investigation of Concrete Containing Slag - Hampton River Bridge,
Virginia Highway and Transportation Research Council, Charlottesville, Virginia,
VHTRC 86-R39, May 1986.

The study evaluated the properties of concretes containing slag in a 50%
replacement of the portland cement to assess their suitability as an alternative to
the ponland cement concretes normally used in the construction of bridge
substructures. For the major portion of the study, samples were obtained from .
freshly mixed concrete used in the construction of the substructure for the Rte.
143 bridge over the Hampton River and also from a failed pier footing for the
bridge. In the laboratory, a limited investigation was made of the effects of
temperature on concretes with and without slag. The results indicate that
concretes containing quality slag will perform satisfactorily in bridge
substructures. However. it has been shown that strength development in concretes
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containing slag is more adversely influenced by cold weather than is that of
concrete_ without slag. Also, it is noted that ,n cold weather there may be a
significant delay in the time of set.

356. Ozyildirim, C. "Laboratory Investigation of Concrete Containing SiLica Fume for Use
in Overlays." ACI Materials Journal (January-February 1987): pp. 3-7.

Hydraulic cement concretes containing silica fume were batched and tested in the
laboratory to assess their suitability for use in overlays having a minimum
thickness of 1 1/4 in. (32 ram). Tests were made for strength, permeability, and
freeze-thaw resisLace, and the characteristics of air voids in the hardened
concrete were determined by petrographic examination. Concretes made with
silica fume from two sources at a cement ratio of 0.40 or lower yielded the
properties desired for thin overlays. It is thus expected that concretes made with
silica fume can provide a cost-effective protective system for bridge decks when
placed in overlays having a minimum thickness of 1 1/4 in. (32 ram).

•357. Ozyildirim, C., and W. J. Halstead. Optimum Mixture Proportions for Concretes
Containing Fly Ash and Silica Fume, Virginia Dept. of Transportation,
Richmond, V x, FHWA/VA-91-R.21, June 1991.

Concretes with equal water-cement ratios and equal paste volumes of various
combinations of cement, fly ash, and silica fume were tested to establish
parameters for strength and chlo.ride permeability. Comparative specimens with
Type II and Type III cement were tested. The effects of temperature and moisture
availability during curing were also evaluated. In general, the laboratory tests
showed that, when adequate curing in the 73* F to 100" F temperature range is
provided, concretes with satisfactory early and 2g-day strengths and good
resistance to chloride ion penetration can be obtained with either type of cement
and various combinations of fly ash and silica fume. The cementitious material
can be in range of 30 to 35 percent fly ash and 5 percent silica fume, based on the
weight of the cementitious maten.'al. Similar specimens cured at 43* F generally
did not develop an adequate early strength, and the chloride permeability was
high. Combinations of the pozzolans with Type HI cement yielded higher
strengths and a lower chloride permeability than did similar combinations with
Type II cement.

358. Ozyildirim. C., and W. J. Halstead. "Resistance to Chloride Ion Penetration of
Concretes Containing Fly Ash, Silica Fume, or Slag.'" Permeability of Conc..rete
ACI SP-108-3 (1988): pp. 35-61.

The effects of two pozzolanic admixtures, fly ash and silica fume, and a ground-
granulated blast furnace slag on the chloride ion intrusion of concretes prepared
with low water-to-cementitious material ratios (w/c) (0.35 to 0.45) were
investigated.

Results of the rapid permeability test (AASHTO T 277) Showed that the
resistance of concrete to the penetration of chloride ions increases significantly as
the w/c is decreased for the same proportions of solid ingredients. Usually,
concretes with pozzolans or slag exhibited higher resistance to chloride ion
penetration than the control concretes containing Portland cement as the

cementitious material. Results of the 90-day ponding test (similar to AASHTO T259). which was conduc" "d with 0.40 w/c concretes only, indicated minimal
"" chloride content at depth, below 3/4 in (19 ram) for all the test concretes.
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Strength values for all concretes made with the pozzolans and slag at 90 days
were in excess of 5,000 psi (34.5 MPa), which is satisfactory.

359. Ozvildirim, C., and M. M. Sprinkel. "Durability of Concrete Containing Hollow
"Plastic Microspheres." lournal of the American Concrete Institute Vol. "/9,
No. 31 (July - August 1982): pp. 30"I-312.

The potential of hollow plastic microspheres (HPMs) to provide resistance for non
air-entrained portland cement concrete to damage from cycles of freezing and
thawing was investigated. A mixture with an air-entraining agent (vinsol resin)
was used as the control for comparison with three experimental mixtures -- one
with HPMs, one with high-range water-reducers (HRWRs) and HPMs, and one
with fly ash and HPMs.

Mixtures with only HPMs in the amount of 1.5 percent or more by cement weight
exhibited sadsfactory resistance to damage from cycles of freezing and thawing.
Those with HRWRs and HPMs exhibited low durability factors and failed the

- acceptance criterion that requires a durability factor of 60 or more. Concretes
with fly ash and HPMs displayed durability factors comparable to those mixtures
with HPMs only; however, weight losses of the former were higher than those of
the latter.

Examinations with an optical microscope and a scanning, electron microscope
revealed numerous well-distributed HPM voids in the rmxtures with only HPMs,
but few in the mixtures with HPMs and HRWRs.

360. Ozyildirim, C., and H. N. Walker. Evaluation of Hydraulic Cement Concretes
Containing Slag Added at the Mixer, Virginia Higl":ray and Transportation
Research Council, Charlottesville, Virginia, VHTRC 86-R1, July 1985.

The study evaluated the effect of ground, granulated, iron blast furnace slags on
the properties of hydraulic cement concretes such as normally used in highway
construction. Two cements with different alkali contents and two slags with
different activity indices, 100 and 120, were used. Slags were used as
replacements for portions of portland cement at 40%, 50%, and 65% by weight.
This final report presents data on the properties of the freshly mixed concrete and
the test results on time of set, heat of hydration, compressive strength, flexural

. su'ength, permeability, resistance to freezing and thawing, length change values,
and the results of petrographic examinations including data on air voids,
carbonation, and hydration. The test results for the laboratory specimens indicate
that mixtures with the slags exhibit delay in set and slower development of
compressive strength at early ages than do conventional mixtures, but have equal
or better strengths at later ages. The incorporation of slag reduces the
permeability of concrete considerably. It is concluded from this study that
concretes in which up to 50% by weight of the cement has been replaced with a
slag meeting the requirements of ASTM C989 and having, a minimum activity
index of 100 are satisfactory for use in highway construcuon.
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36 I. Paillere, A. M., M. Reverdv, and G. Grimaldi. "'Carbonation of Concrete with Low-
Calcium Fly Ash and (_ranulated Blast Furnace Slag: Influence of Air-Entraining
Agents and Freezing and Thawing Cycles." Second CAN'MET/ACI International
Conference on the Use of Fly Ash, Silica Fume, Slag, and Natural Pozzolans in
Concrete, Madrid, Spain, 1986, pp. 541-562.

This investigation deals with (I) carbonation of concrete as a function of the
nature of cement (i,e., portland cement and blended cement with fly ash or sl_,_),
and (2) the combined effect of freeze-thaw cycles and carbonations as a function
of the nature of cement and the air content in mortars. Air-entrained cement

•mortars made with various types of cements and varying air contents were
subjected to carbonation and freeze-thaw cycles. The carbonation depth and
compressive strength were determined on all samples. The test results indicate
that the carbonation of concrete is increased (1) in the presence of a high
percentage of granulated blast-furnace slag in the cement and (2) after subjecting
concrete to freezing and thawing cycles. Uncarbonated concrete resists freezing
and thawing better than concrete carbonated previously. Air-entraining agents do
not modify the carbonation when the concrete containing portland cement or
cements with low-calcium fly as and granulated blast-furnace slag (< 20 percent)
is subjected to freeze-thaw cycles.

362. Papayianni, J. "Strength and Bond Data for Greek High-Lime Fly Ash Concrete."
Second CANMET/ACI International Conference on the Use of Fly Ash, Silica
Fume, Slag, and Natural Pozzolans in Concrete, Madrid, Spain, 1986, pp. 367-
386.

The main objective of this investigation is to find the optimum proportion of
cement replacement by lignite fly ash (LFA) in plain and reinforced concretes in
order to obtain suitable strength and durability. Concrete mixtures are made
incorporating LFA at cement replacement levels of 0, 30 40,50, 60, 70, 80, 90,
and I00 percent, and properties such as compressive and flexural strengths,
modulus of elasticity, permeability, freeze-thaw durability, sulphate resistance,
corrosion of embedded steel drying shrinkage, creep, and others are investigated.
The test results indicate that ground LFA can replace cement in the mixes up to
30-40 percent in reinforced concrete. LFA concretes can, therefore, be used in
construction for strength requirements from 15 to 30 MPa. Up to 70 percent of
LFA can be used in production of plain concrete for subbase applications in
pavement structures.

363. Paxton. J. T. "'Ohio Aggregate and Concrete Testing to Determine D-Cracking
Susceptibility." Transportation Research Record No. 853 (1982): pp. 20-24.

Several laboratory test methods were analyzed to determine their capability of
indicating the D-cracking susceptibility of coarse aggregates. Two methods were
modified versions of ASTM C666 A and B, two wereunconfined freeze-thaw
tests of the aggregate, and the remaining two were standard sodium and
magnesium soundness tests. The major modification of the ASTM C666 test
methods was to determine the elongation of the test specimens versus routine
weight-loss determination and/or sonic modulus determinations. Results are
evaluated by plotting the percentage of expansion versus the number of cycles
completed and calculating the area under the curve generated. Although I0
specimens are used in the testing, the 2 high and 2 low test results are removed
before final analysis. The correlation of this test method with service records of
various aggregates was found to be good; however, when the same coarse
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aggregates were tested in sodium sulfate, magnesium sulfate, or unconfined
freeze and thaw, the results did not correlate well with the service records.

364. Paxton, J. T,. and W. R. Feltz. Development of Laboratory and Field Methods for
Detecting D-Cracking Susceptibility of Ohio Coarse Aggregates in Concrete
Pavements, Ohio Department of Transportation, FHWA/OH/79/006, October
1979.

Several laboratory test methods were analyzed, which it was hoped would
indicate the D-cracking susceptibility of coarse aggregates when used in concrete
for pavement slabs. Two methods were modified versions of ASTM C-666 A and
B, two were unconfined freeze-thaw tests of the aggregate, and the remaining two
were standard sodium and magnesium soundness tests. The major modification of
the ASTM C-666 test methods was to substitute the elongation of the test
specimens measured as they undergo cycles of freezing and thawing for the
weight loss determinations or sonic modulus determination. Further
modifications included plotting the percent expansion against the number of
cycles completed and calculating the area under.the curve generated. Although 10
specimens are used in the testing the two high and two low test results are
removed before final analysis. The correlation of this test with service records of
various aggregates was found to be excellent; however, when the same coarse
aggregates were tested in sodium sulfate, magnesium sulfate or unconfined freeze
and thaw, the results did not correlate well with the service records.

365. Payne, W. W. "The Effects of Prestressing on the Freeze-Thaw Durability of Some
Concretes." Ph.D. diss., University of Virginia, 1972.

The effect of linear prestressing on the freeze-thaw resistance of the deep-seated
(aggregate generated) type of frost damage was investigated for uniaxially
prestressed beams and biaxially prestressed slabs. The prestressing force was
1000 1_: and was applied by the post-tensioning method.

o

It was found that prestressing was effective in mitigating this type of frost damage
in the direction of the prestressing force but never in the orthogonal direction
(non-prestressed direction).

Loss in prestress, on the uniaxially prestressed member, was increased by this
_'pe of frost damage.

It was discovered that prestressing directionalized the disintegration of this
• concrete and in the biaxially prestressed member (slab), prestressing accelerated

the rate of disintegration.

This accelerated effect is conjectured to be due to the "layered effect" produced
by the directional effect of this deterioration.

•A theory, '_I'I-IEPLANE OF LEAST RESISTANCE THEORY," is presented that
explains the involved physical phenomenon.
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366. Pence, H. J. "'Development of a One-Cycle Slow Freeze Test for Indentifying
Aggregates Susceptible to Freeze-Thaw Deterioration." Ph.D. diss., Virginia
Polytechnic Institute, April 1969.

The primary objective of this thesis was to develop a simple, fast, and inexpensive
method that can distinguish poor performing aggregates. Secondary objectives
were: 1) to study the relationship between pore characteristics of aggregates and
freezing and thawing durability of concrete and 2) to investigate the feasibility of
using an accelerated hot water curing process to further reduce specimen curing
time and consequently, the collecting of data.

Significant correlations were shown between 100 cycle durability factor and
certain characteristics of the time length change and temperature-legnth change
curves for the slow freeze specimens. A sufficiently strong correlation existed
between the time slope and durability factor to indicate that the slow freeze test
could be used as a screening test, when durability factor can be considered as a
measure of potential field performance. A detailed test using the slow freeze
technique was developed in order that other laboratories could substantiate the
results obtained.

One hundred and twenty-eight rock particles from various aggregate sources were
selected for mercury-intrusion porosimeter tests. A sufficient correlation existed
between concrete durability and pore characteristics examined on the porosimeter
to indicate the feasibility of using these parameters to separate the good or bad
aggregates. However, correlations between durability factor and bulk specific
gravity aggregates containing significant quantities of porous chert were quite
susceptible to freeze thaw deterioration.

For the accelerated curing investigation, the following variables were investigated
as to their effects on the slope characteristics and freeze-thaw durability of the
slow freeze specimens: temperature of curing in water baths, 40, 60, and 99 C:
duration of curing in water baths, 16, 24, and 48 hours; duration of curing in steel
molds, 16 and 24 hours. Two aggregates were used in concrete to fabricate 104
concrete specimens, 64 accelerated cured and 40 seven-day standard cured.

The results indicated that it is possible to reduce specimen curing time
significantly and to obtain reliable results for predicting the freeze-thaw durability
of concrete.

367. Perenchio, W. F., D. A. Whiting, and D. L. Kantro. "Water Reduction, Slump Loss,
and Entrained Air-Void Systems as Influenced by Superplasticizers."
Superplastici:ers in Concrete SP 62-8 (October 1979): pp. 137-155.

Concretes with nominal cement contents of 376, 517, and 658 Ib/yd3 at slumps of
2 to 3 in. were prepared. Control concretes andconcretes with four
superplasticizers at the manufacturers' recommended dosages were included.
These concretes were _estedfor slump loss, time of set. drying shrinkage, and
compressive strength development. Similar concretes containing, entrained air ..
were tested for air-void characteristics and resistance to freezing and thawing in
water and deicer scaling. Work was also carried out on air-entrained concretes
with cement contents typical of paving and bridge deck concrete (564 and 658
Ib/yd3_with dosages of superplasticizers sufficient to reduce the net water-cement
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ratios to the range of 0.30 to 0.35 by weight. Work was concentrated on the rapid
slump loss and reduction of desirable air-void characteristics.

Unusually high water reductions were obtainable with these materials.
Compressive su'ength increases are generally commensurate with reductions in
water-cement ratio: Two serious problems are the rapid slump loss and reduction
in desirable ah'-void characteristics; however, tests indicate that air-enn'a.ined
concretes containing superplasticizers are equal to control concretes in resistance
to freezing and thawing in water and deicer scaling.

368. Perraton, D., P. C. Aitcin, and D. Vezina. "Permeabilities of Silica Fume Concrete."
Permeability of Concrete, ACI SP-105-4 (1988): pp. 63-84.

Water, chloride-ion and air permeability of two series of silica fume and non-
silica fume concretes having water/cementitious ratios of 0.4 and 0.5 were studied
as well as that of a 0.24 w/c ratio silica fume concrete. Silica fume dosage varied
from 5 to 20% by weight of cement.

The water permeability of concrete samples that have w/c ratios lower than 0.5 is
so low that they can be considered impervious whether they contain silica fume or
not..

The chloride-ion permeability provided by silica fume rivals that of latex for w/c
ratios of 0.4 to 0.5 and polymei-impregnated concrete with a 0.24 w/c ratio.

The two drying methods used in this r,:search yielded a positive correlation
between silica fume dosage and air permeability. Equal variations were observed
for values of up to 10%. whereas at 20%, the increase was markedly sharper.

The characterization of concrete permeability is not as simple as it appears.
Sample preparation and fluid type can significantly affect the interpretation of the
effect of an admixture such a silica fume.

369. Pfeifer, D. W. "Sand Replacement in Structural Lightweight Concrete - Freezing and
Thawing Tests.'" Journal of the American Concrete Institute Vol. 64, No. 65
(November 1967): pp, 735-743.

The freezing and thawing resistance of 47 structural lightweight concretes
containing seven lightweight aggregates and varying amounts of natural sand
fines are reported. This paper is the fourth in a series regarding the partial or
complete replacement of lightweight fines with sand. The seven sand and gravel
aggregate concretes were evaluated at nominal compressive strengths of 3000 and
5000 psi.

•The level of durability was generally raised when increasing amounts of sand
fines were used in the 3000-psi concretes. All 5000-psi concretes were highly
durable and the use of sand fines provided only minor improvements in this case.

_.. . .

: 370. Philleo. R. E. "'The Conference on the Matrix of Concrete." Thermal and Freezing-
_ ,Thawing Behavior, Department of Theoretical and Applied Mechanics,

_ _University of Illinois, Urbana, IL, T, A. & M. Report No. 313, January 1968.

: 'This paper summarizes a discussion held at the conference. It was concluded that
the most important effects of temperature on the matrix of concrete are those due
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to a change in the state of water in the matrix. This paper suggests that that
growth of ice crystals in capillaries of air voids as water diffuses from the gel is a
result ofdifferences in concentrations of the solution in the gel and capillaries as
freezing proceeds or differences in vapor pressure of ice and liquid water.

37 I. Philleo. R. E. "Freezing and Thawing Resistance of High Strength Concrete."
Synthesis of Highway Practice, National Cooperative Highway K-search
Program, No. 129, December 1986.

The highway industry pioneered the development and practical use of air
entrainment as the primary defense for concrete against the ravages of freezing
and thawing. For the low- and medium-strength concretes that have traditionally
been used in highway applications, the use of entrained air has served very well
where the exposure has not been complicated by corrosion of reinforcement
caused by the application of deicing salts, as in bridge decks, or by the inclusion
in the concrete of coarse aggregates of unfavorable pore characteristics, which
may produce the phenomenon generally called '.'D-cracking."

Recent developments have made a new generation of high-strength concrete a
viable material for routine construction. The two principal developments are
high-range water-reducing admixtures (HRWRAs), which permit the placement
of concrete of very low water-cement ratio, and silica fume, a pozzolan of
extremely high fineness. The advent of this high-strength concrete has put
requirements for strength and durability in conflict. Because entrained air reduces
the strength of concrete, builders seek to eliminate or limit the use of entrained air.
There are those who argue that high-strength concrete is of such a quality that
entrained air is unnecessary. Much of the high-strength concrete is used in
buildings where the probability of freezing in a saturated condition is remote;
hence, relatively little attention need be given to durability. The problem cannot
be avoided in exposed highway structures. Although the biggest use of concrete
in highway applications, pavements, has not benefitted from the development of
high-strength concrete, there are several applications that have, including bridge
structural elements, dense bridge-deck overlays, and precast concrete pipe.

372. Philleo, R. E. "'Frost Susceptibility of High-Strength Concrete." Editor J. M. Scanlon,
Katharine and Bryant Mather International Conference, Atlanta, GA, April 27 -

• May 1, 1987, pp. 819-842.

The two principal developments are high-range water-reducing admixtures, which
permit the placement of concrete of very low water-cement ratio, and silica fume,
a pozzolan of extremely high fineness. The resistance to freezing is directly
dependent on the concrete's capacity for and its probability of containing freezable
water. Concretes of very low water-cement ratio may have no capacity for
freezable water if ambient conditions permit continuous hydration for a long
period of time so that all the available space is filled with hydration products; or,
short of complete space-filling, they may become so impermeable that saturation
by water is unlikely in most natural exposures. High-range water-reducing
admixtures do not alter the pore structure of cement paste; they merely extend
traditional cement technology into a range of low water-cement ratios that were
previously impractical. The addition of silica fume does alter the pore smacture
and places more of the pore volume in pores that are so small that water cannot
freeze in them at ordinary, atmospheric temperatures. It offers some hope of
achieving frost resistance without entrained air.
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373. Pickens. J. F.. and R. W. Gillham. "'Finite Element Analysis of Solute Transport
Under Hysteretic Unsaturated Flow Conditions." Water Resources Research
Vol. 16, No. 6 (December 1980): pp. 1071-1078.

The finite element method based on a Ga.lerkintechnique was used to formulate a
model for the two-dimensional simulation of the transient movement of water and
solutes in saturated-unsaturatedsoils. The model allows either nonhysteretic or
hysteretic water content-pressure head relationships in the unsaturated zone. The
finite element model results, including the effect of hysteresis, compared well
with experimental and finite difference results for transient flow in an unsaturated
sand column and provided confidence in the method of incorporation of the
hysteretic relationships. The finite element model was applied to a hypothetical
one-dimensional case involving vertical infiltration and re,distribution of a slug of
water containing a nonreactive tracer in a column of sand. Simulations were
conducted using hystereti¢properties and also nonhysteretic propertiesgiven by
either the main drying or the main wetting curve. For the given hydraulic
properties and boundaryconditions, the simulations indicated that the effect of
including or neglecting hysteresis was greatest in the pressure head and water
content profiles and was of minorimportance in the concentration profiles. Since
the measurement of the hysteretic hydraulic properties of a soil material is both
costly and time consuming, the illustration of the minor effect of hysteresis is of
considerable practical importance in the evaluation of solute o'ansport in

" unsaturatedsoils.

374. Pickett, G. "'Flowof Moisturein Hardened Cement During Freezing." Highway
Research Board Proceedings Vol. 32 (1953): pp. 276-284.

A mathematical analysis, based upon idealized assumptions, is made of the flow
of moisture between the components of hydrated-cement paste during freezing or
thawing. The components considered are the gel substance, the capillary pores,
and the air-entrained spaces.

It is shown that a change in temperature for temperatures below 0* C gives rise to
differences if thermodynamic potentials between gel water, capillary water, or ice,
and ice frozen in the air spaces. These potentials result in part from pressures
produced by volume changes resulting from freezing and, in part, from
differences in the vapor pressures of ice and water, Based on these potential
differences the analyses show, for example, that during freezing, in which the
temperature is being lowered continuously; flow may fast be from capillary to
gel, then from gel to capillary, and finally again from capillary to gel. During this
same time, flow may be continuously from gel to air space.

By taking into account the change in volume resulting from freezing or thawing of
ice in the capillary spaces and the changes in shrinking or swelling tendency
resulting from changes in amount of gel water, various volume-time-temperature
relations are deduced. In particular, it is shown that water movements and volume
changes for a specimen depend not only on the present t¢.mpcraturechanges but

•on the past temperature history of the specimen.
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375. Pizeon. M.. P. C. Aitcin. and P. Laplante. "Comparative Study of the Air Void
"Stability in a Normal and a Condensed Silica Fume Field Concre',e.'" American

Concrete Institute Materials Journal Vol. 84. No. 3 (1987): pp. 194-199.

Very little reliable data exist concerning the durability of field-condenseu silica
fume (CSF) concrete exposed in service to freezing and thawing in the presence
of deicing salts. The data available indicate that CSF concrete without the right
bubble-spacing factor performs very poorly, but with the correct spacing factor, it
performs satisfactorily in similar climatic conditions.

This paper reports the findings of a research pro_am studying freeze-thaw
durability and the stability of the air-void system m a specific CSF mix from
batching through placement. Additional test data show shrinkage and
compressive strengths.

With proper mixing and placing techniques, the air-void system of CSF concrete
was found to be as stable as that of normal concrete. The proper spacing factor
was obtained without any problem, and freeze-thaw tests confirmed the durability
of the CSF concrete.

376. Pigeon. M.. R. Gagne, and C. Foy. "Critical Air Void Spacing Factor for Low Water-
Cement Ratio Concrete With and Without Silica Fume." Cement and Concrete
Research Vol. 17 (1987): pp. 896-906.

Normal portland cement concrete's with a water-cement ratio of 0.3 and concretes
containing 9% condensed silica fume (CSF) at a water cementitious material ratio
of 0.3 were submitted to freeze-thaw cycles in water in accordance with ASTM
Standard C 666. "/'he CSF concretes were also submitted to freeze-thaw cycles in
air at 100% relative humidity. For both types of concretes and both types of tests
the values of the critical air void spacing factor were found to range between 300

I.tm and 500 _tm. Air entrainment was thus needed to protect these concretes from
frost damage. "-

377. Pigeon, M.. and M. Lachance. "Critical Air Void Spacing Factors for Concretes
Submitted to Slow Freeze-Thaw Cycles.'" ACI Journal (July-August 1981):
pp.=.., ....

Non-air-entrained and air-entrained concretes with varying air void systems were
submitted to300 freeze-thaw cycles in air at 100 percent relative humidity, at a

• freezing rate of 2* C/hr. Length change was used as the main indicator of
concrete deterioration. Although almost no scaling was observed, length changes
of more than 1 percent were measured on some specimens. For a water-cement
ratio of 0.5, the critical air void spacing factor (the value below which concrete
will be minimally damaged at 300 freeze-thaw cycles) was determined to be 680

I.tm, and for a water-cement ratio of 0.6, the factor was 570 _tm. These two
values, which are in the range of spacing factors of entrapped air voids in non-air-
entrained concretes, are in good agreement with the value obtained from Powers'
hydraulic pressure theory for the rate of freezing used in the tests (the calculations

are based on the critical value of 250 gm for a freezing rate of 11" C/hr).
• .. ..
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378. Pigeon. M.. D. Perraton. and R. Pleau. "Scaling Tests of Silica FumeConcrete and
the Critical Factor Concept." Editor J. M. Scanlon. Katharine and Bryant Mather
[nternafi.onalConference, Atlanta, GA, April 2"/- May I, 1987.

ASTM C _-/2 scaling tests werecarried out on concretes containing 0, 5, and 10%
silica fume, and with a/f-void spacing factors in the I00 to 200-lJ.mrange. Two
methods of curing werecompared: seven days in waterand the use of a curing
compound. Water containing 2.5%sodium chloride was used for the scaling
tests,aswellaspurewater.Resultsindicatethatalthoughscalingtendsto
increasewiththesilicafumecontent,silicafumeconcretecanhaveafairscaling
resistance.Resultsalsoshowthatspecimenscuredinwater,regardlessofthe
silicafumecontent,havealowerresistancetoscalingthanspecimenscuredwith
amembrane.Consideringpreviouslypublisheddatabytwooftheauthors,results
furthershowthatthecriticalair-voidspacingfactorsobtainedfromASTM C 666
(ProcedureA)freeze-thawcycletestsarcnotapplicabletoscaling.Spacing
factorsrequiredforgoodscalingresistancearegenerallylowerthanthose
requiredforfreeze-thawdurability,andtotalprotectionagainstscalingdoesnot
seempossible.A shortreviewoftheLiteratureconfm'nsthatcriticalspacing

factorsareusuallyhigherthan200gin.

3"/9.Pigeon,M.,R.Pleau,andP.C.Aitcin."Freeze-ThawDurabilityofConcretewith
andwithoutSilicaFume inASTM C666(ProcedureA)TestMethod:Internal
Crackingvs.Scaling.'"Cement,ConcreteandAggregates-CCAGDP Vol,8,
No.2(Winter1986):pp.76-85.

Thefreeze-thawdurabilityofconcretewithandwithoutsilicafumewas
investigatedinaccordancewiththerequirementsofASTM TestMethodfor
ResistanceofConcretetoRapidFreezingandThawing(C666ProcedureA).
Thewater-cementratioofallmixeswas0.5,andthesilica-cementratioofthe
silicafumemixes0.I.ThetestresultsshowthatThecriticalvalueoftheair-void
spacingfactorintheseASTM C666testsissignificantlylowerforthesilicafume
concretes.Theseconcretesarethereforemoresusceptibletointernalcracking
causedbyrapidfreeze-thawcyclesinwater,eventhoughtheuseofsilicafume
decreasedthesurfacescalingofthetestspecimens.Thisconfirmsthatscaling
andinternalcrackingaretwodifferentformsoffrostdamagecausedbyrapid
freeze-thawcyclesinwater.Theuseofsilicafumealsodecreasedtheinternal
crackingofthenonair-en_ainedmixesdamagedduringthetests.

380. Pigeon,M.,J.Prevost,andJ.-M Simard."Freeze-ThawDurabilityVersusFreezing
Rate."ACIJournalVol,82(September-October1985):pp.684-692.

Non-ak-enu'ainedandair-entrainedconcreteswithvaryingair-voidsystemswere
• submittedto300freeze-thawcyclesinairatI00percentrelativehumidityat

freezingratesof4 and6°C,/h.Lengthchangeandpu|sevelocityvariationwere
usedasindicatorsofconcretedeterioration.Forawater-cementratioof0.5,the
criticala/r-voidspacingfactor(thevaluebelowwhichconcretewillbeminimally

damagedat300freeze-thawcycles)wasdeterminedtobe630_tmforafreezing

rateof4°C/hand450l_mfor6°C/h.Consideringpreviouslypublisheddataby
thefirstauthorforafreezingrateof2°C/h,therelationshipbetweencriticala/r-
void._pacingfactorandrateoffreezingwasestablished.Itshowsthatthe
freezingratehasasignificantinfluenceonfreeze-thawdurability.Thechangein

thevalueofthecriticalair-voidspacingfactorfrom680l.tmat2°C/hto450_m



at 6_ C/h is in agTeementwith the equations fromPowers' hydraulic pressure
theory. In the tests described, almost no scaling was observed. Deterioration was
always in the form of inlemal cracking. For a good number of specimens, length
changes Ofmore than I percent were measured.

38I. Pigeon, M., and M. Regourd. "Freezing and Thawing Durability of Three Cements
with Various Granulated Blast-Furnace Slag Contents." FirstCANMET/ACI
International Conference on the Use of Fly Ash, Silica Fume, Slag, and Other
Mineral By-Products in Concrete, Montebello, Quebec, Canada, .July- August
1983,pp.979-998.

Thefreeze-thawresistanceofthreecements-containing100%clinkerand0%
slag,70% clinkerand30% slag,30% clinkerand70% slag-wasstudied.Only
oneclinker(groundto3165cm2/gBlaine)andonegranulatedBFS (groundto
3920cm2/gBlaine)weretested.Sixmortarmixes(water/cementratio= 0.5)with
varyingair-voidcharacteristicswerefabricatedfromeachcement.An air-
entrainingagent,awaterreduceranddifferentfineaggregategradingswereused
toproducearangeofair-voidspacingfactor(L)values.

A totalof54prisms,threeofeachmix,withdimensionsof70x70x280ram,
weresubjected,after28daysofmoistcuring,to500freeze-thawcycles(freezing
inairandthawinginwater).To assessthedegreeofdeterioration,changesin
length,dynamicE andmassweremeasured.Thecharacteristicsofthethree
hydratedcementpasteswerede_erminedbySEM andmercuryintrusion
porosimetry.

Thefreeze-thawdurabilityofallmixeswasfoundtobeverygood.Onlythree
specimens(madewiththecementcontaining70% slag)deterioratedsignificantly.
whichwascausedbytheverydenseanduniformsu'uctureofthehydratedpaste
anditsfineporetexture.

382.Pihlajavaara.S.E."BackgroundandPrinciplesofLong-TermBuildingMaterials."
Durabili_'ofBuildingMaterialsandComponents,ASTM STP691(1980):pp.5-
16. •

A reviewispresentedofhistoricalbackgroundinformation,servicelife
expectationsandtheneedforresearchinthefieldofthedurabilityofmaterials.
Thenecessaryproced-resandintervalsofthemaintenanceofsomebuilding
materialsalsoareexamined.Informationontheperformanceofmaterialsshould
beexpressedclearlyintermsofserviceyearsdependentondegradationfactors,of
degradationeffectsduringlifetime,andofmaintenanceproceduresandintervals.

383. PistilU,R.S.,G.Rau,andR.Cechner."'TheVariabilityofCondensedSilicaFume
FromaCanadianSourceanditsInfluenceonthePropertiesofPortlandCement
Concrete."Cement,ConcreteandAggregates-CCAGDP Vol.6,No.I(1984):
pp.33-37. " •

Condensedsilicafumeisformedduringthemanufactureofferrosiliconinelectric
submerged-arcfurnaces.Theuseofcondensedsilicafumehasbeenevaluatedin
portlandcementconcrete.Thirty-twosamplesofcondensedsilicafume,each
collectedonconsecutivedays,wereanalyzedforchemicalandphysicalroutine
qualitycontroltestofpozzolan.Eightofthesesamples,representingthe
variationsoftheroutinetests,weretestedforcompleteASTM Specificationfor
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Fly Ash and Ray, or Calcined Natural Pozzolan for Use as a Minera' _,dmixture
in Portland Cement Concrete (C 618) conformance. All of the samp,es test were
found to conform to ASTM C 618 with the exception that the water requirement
was excessive.

Concrete mixtures were evaluated with a fixed quantity of 24 kg/m 3 (40 lb/yd 3) of
condensed silica fume. The low portland cement content mixtures show slightly
higher shrinkage after 64 weeks of drying: the rich mixtures have the same
shrinkage. Compressive strengths were more that 30% higher than control
mixtures having low cement contents and were more than 10% higher than
control mixtures having higher cement contents. This amount of condensed silica
fume was found to have no effect on the time of set relative to control mixtures
containing the same portland cement content.

384. Plante. P., M. Pigeon, and F. Saucier. "Air-Void Stability, Part II: Influence of
Superplasticizers and Cement.'" ACI Materials Journal Vol. 86, No. 6
(November-December 1989): pp. 581-589.

Eighteen concrete mixes were prepared to analyze the influence of
superplasticizers on the stability of the air-void system during mixing and
agitation. For each mix, four sets of samples were cast over a period of 90 rain
after initial water-cement contact. The modified point count method (ASTM C
(157) was used to determine the characteristics of the air-void system on each set
of samples. Results indicate that superplasticizers can cause a significant increase
of the value of the spacing factor. This influence of superplasticizers was found
to vary very significantly with the characteristics of the cement and also with the
type of air-entraining admixture. A methodology similar to the one used in this
study is recommended to assess the production and the stability of the air-void
characteristics in relation to the composition of the mixes and the materials that
are used.

385. Pleau, R., P. Plante. R. Gagne,'and M. Pigeon. "Practical Considerations Pertaining to
Microscopical Determination of Air Void Characteristics of Hardened Concrete
(ASTM C (157 Standard)." Cement, Concrete, and Aggregates Vol. 12, No. I
tSummer 1990): pp. 3-11.

Many parameters affecting the quality of the air void characteristics measurement
are reviewed and discussed. The difficulties more frequently encountered during
the measurement process are described, and some simple rules are proposed in
order to increase, as much as possible, the accuracy and reproducibility of the test.
The influence of the sampling size is studied, and the variability of air content,
specific surface, and spacing factor is estimated from a statistical analysis of about
600 different concrete mixtures. The influence of the operator's subjectivity .is

•also investigated, and the effect produced by large air voids on the computaraon of
the spacing factor is discussed.

386. Plowman. C. "'The Chemisiry of P'FA in Concrete m A Review of Current
Knowledge.'" AshTech '84: Second International Conference on Ash Technology
and Marketing, London, 1984, pp. 437-443.

This paper presents a review of current knowledge on the chemical reactions
involving PFA occurring in cement-based systems. The way in which the
physical and chemical effects influence one another and the properties of cement
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paste is discussed. The areas of discussion include: (I) chemical and
mineralogical analysis of PFAs, (2) reactions of PFA in concrete, (3) influence of
PFA cherruslr), on concrete strength properties, (4) influence of PFA chemistry on
concrete durability. The study indicates that it is now largely possible to explain
not only the increase in long-term strength that results from incorporating PFA in
a concrete mix, but also other properties of engineering significance.

387. Podvalnyi, A. M. "Phenomenological Aspect of Concrete Durability Theory."
Materiaux et Constructions Vol. 9, No. 51 pp. 15I- 162.

It is shown that concrete desm}ction by freezing and thawing, in dry and hot
climate, under sulphate and potassium aggression occurs because of high inner
tensile stresses appearing as a result of bonding in concrete conglomerate the
components with widely different deformations under the action of corrosion.
The problem of concrete frost resisr.ance is considered in detail. The model of
concrete as a material of "conglomerate in conglomerate" type, divided into three
structural levels is proposed. The measurement of damage to concrete, being
characterized by the ratio of maximum total inner stresses to local strength of
structure is introduced. It is shown that the developed approach makes it possible
to explain from a single viewpoint the majority of experimental facts, known in

. the field of concrete durability.

388. Polivka, M., P. K. Mehta, and J. A., Jr. Baker. "Freeze-Thaw Durability of
Shrinkage-Compensating Cement Concrete." Journal of the American Concrete
Institute SP 47-4 (April 1975).

Reported axe the results of a study of the effect of freezing and thawing on the
durability of nix-entrained shrinkage-compensating concretes made with Type K,
M, and S expansive cements. The tests were performed on uniaxially resu'ained
prisms that were water-cured for 14 days and then subjected to 300 cycles of
freezing and thawing. The durability of the concretes was evaluated by
determining the loss in weight of th.especimens during the freeze-thaw test. The
results were compared to the durat/ility of a similar concrete made with a Type II
portland cement. Since the hydration product of expansive cements contains a
considerable quantity of ettringite, the effect of freezing and thawing on the
stability of the microstructure of ettringite was evaluated by x-ray diffraction
analysis.

Results of this investigation indicate that the freeze-thaw resistance of air-.-
entrained, shrinkage-compensating cement concretes was similar to that of the
corresponding concrete made with portland cement. Exposure to the 300 cycles
of freezing and thawing caused only scaling on the surfaces and along the edges
of the test prisms with no visible cracking or spalling. The x-ray diffractions
patterns taken before and after the freeze-thaw exposure of ettringite indicate no
alteration of this material by the freezing action.

389. Pomeroy, D. "'Concrete Durability: From Basic Research to Practical Reality." Editor
J. M. Scanlon, Katharine and Bryant Mather International Conference, Atlanta,
GA, April 27 - May l, 1987.

Concrete in reality does not necessarily conform with the laboratory idealizations:
the scale of operation is much greater, controlled and the composite actions
between one pan of a structure and another will add a further complication. There
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is thus the need to use the knowledge gained from the fundamental studies to help
to explain and to predict the performance of real st_'ucmres.

The way in which this problem is being tackled at the Cement and Concrete
Association will be discussed. Predictive models based on a basic understanding
have been developed, and site observations from structures in the UK have been
one used to validate or to challenge these predictions and so lead the way to
improvements both in realistic understandingand prediction.

390. Porter, C. B., R. W. Gilmore, F. H. Jackson, L. H. Tuthill, and B. W. Steele.
"Durability." Journal of the American Concrete Institute Vol. 48 (May 1952):
pp. 725-752.

This article -eportson conditions affecting durabilityof concrete structures,and
discusses design modificationsandchanges in construction and maintenance
procedurestoprolongtheirusefullife.

Surveysofstructuresofvariousagesandanevaluationoffactorsaffectingtheir
durabilityarepresentedalongwithabriefreportorresearchontestingand
developingwaterproofingmaterials.Thefactorsthatcontroldurabilityof
concretepavementsarealsodiscussed.Structuralperformanceanddurabilityare
defined,andtheirrelationshiptoeachotherandtowater-cementratiobroughtout.
TheroleofairentrainmentinimprovingthedurabilityofConcretepavements,
particularlyundertheattackofchloridesaltsusedforiceremoval,isdiscussed.
Currentthinkingonthesubjectissummarized.

Thenecessityofcontrollingvolumechangeandprovidingimpermeabilityinmass
concretehydraulicstructurescontributestotheproblemsofdurability.Mix
proportioning,placementmethods,useofadmixtures,andothermeasuresto
increasetheserviceabilityofsuchworkareconsidered.Theneedfor
impermeableconcreteisstressedastheprimaryrequirementforlastingdurability
ofmasshydraulicstructures.Researchinallphasesofconcretemixanddesignis
recommendedastheanswertotheneedforamethodofevaluatingpermeability
inregardtoitspermanenteffectonthedurabilityorconcretethusestablishinga
realisticapproachtospecifyingcementcontentofconcretemixturesinwhich
sn'engthisofsecondaryimportance.

39I. Porter.L.C."SomeSurfaceTreatmentsIncreaseConcreteDurability."Journalofthe
AmericanConcreteInstituteSP 47-I0(April1975).

TheU.S.BureauofReclamation'sfreezingandthawingandoutdoorexposure
testsofCoatedandplainconcreteshowpigmentedepoxiestoprovidegreatest
protectionagainstconcretedeteriorationwhileretainingapleasingappearance.
Latexes,neoprene,syntheticrubber,andsomewall-sealepoxiesarebeneficial,
butlacklastingaestheticvalueundercertainexposure.Testsconsistedof
freezingandthawing,andoutdoorexposureoflaboratoryfabricatedcylindersand
prisms.Environmentsconsistedoffreezingandthawinginwater,freezingby
refrigeratedairandimmersinginwater,freezingbychilledairwhilepartially
submerved,andweatheringoutdoors.Acceleratedtestshelptoevaluate
protecti_'ecoatings.However,protectionvariesunderdifferentexposureand
coatingselectionmustcorrelateprotectionprovidedwithanticipatedservice
exposure.
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392. Powers. T. C. "'TheAir Requirement of Frost-ResistantConcrete." Highway
Research Board Proceedings 29th Annual Meeting, 1949.

According to the hydraulic-pressure hypothesis of frost action on concrete the
effectivefiess of entrained air depends on void spacing. The theoreticalmaximum
permissible spacing is found analytically to be a function of paste properties,
degree of saturation of the paste, and rate of cooling. Applied to es oerimental
data from six different pastes, cooled at 20° F per hour, the theoreucal
calculations gave spacing factors ranging from 0.01 to 0.026 in. or more,
depending on paste characteristics and void size.

A spacing factor for the voids in hardened concrete, as well as the total volume of
air. can be calculated from data obtainable by the linear-waverse method. The
necessary,mathematical relationships are given in this paper. The actual
maximum spacing factor for certain frost-resistant concretes was estimated to be
about 0.01 in., a resultconsidered to be in excellent agreement with that obtained
from the theoretical calculations. The air requirement is that amount that meets
the spacing requirements. In general the air requirement for a given ram of
cooling depends upon the paste content, the specific surfaceof the voids, andthe
maximum permissible spacing factor. •

When voids are too widely spaced to prevent failureof saturated paste, failure will
also occur at moisture contents below saturation;within limits, the denserthe
paste the lower the degree of saturation at failure.

393. Powers, T. C. "'BasicConsiderations Pertaining to Freezing and Thawing Tests.'"
ASTM F'oceedings Vol. 55 (1955): pp. 1132-1155.

Questions about current test methods are raised and an almmative test suggested.
Preparatory to this, knowledge about the mechanisms of frost action in hardened
paste and in rock is summarized. Emphasis is placed on concepts of critical
thickness and critical saturation, and the roles of air bubblesin paste and
macropores in absorptive rock. Rapid freezing in the laboratory may destroy
concrete that is immune to frost under natural conditions. In the laboratory, too,
important effects of seasonal drying are not taken into account. A new procedure
is proposed that takes the category of field exposure into account and uses the
period of immunity to frost attack as the primary measure of frost resistance.

394. Powers, T. C. "'Causesand Control of Volume Change." Journal of the PCA
Research and Development Laboratories (January 1959): pp. 29-39.

An elementary discussion of shrinkage and swelling of hardened cement paste
produced by changes of moisture content is followed by consideration of internal
restraints and other factors controlling the amount of shrinkage and swelling of
concrete. It is shown that the most unfavorable combinations of factors
influencing volume change might result in perhaps seven times as much shrinkage
as would result from the most favorable combinatioris.

395. Powers. T. C. "'Freezing Effects in Concrete." Journal of the American Concrete •
Institute SP 47-1 (April 1975).

Theories as to the mechanism of freezing and thawing damage in concrete have
been advanced for more than 40 years. The author discusses the evolution of
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these theories for cement paste, aggregate, and the overall concrete. The author
was prominent in the development of many of the theories.

396. Powers. T. C. The Mechanism of Frost Action in Concrete, National Sand and Gravel
Association/National Ready Mixed Concrete Association, Silver Spring, MD,
Stanton Walker Lecture No. 3, 1965.

This experiment took place in Naperville, Illinois at the Portland Cement
Association.

The question asked when the Naperville experiment was planned was
substantially this: what kind of concrete is most resistant to deterioration by
outdoor exposure, particularly most resistant to the action of freezing: In other
words, what kind of cement, what kind of aggregate, and what mix and
consistency give the best results. To that question we now have the answer given.
at Naperville; it comes in three parts: (1) Concrete posts, made of any of the
materials and combinations described and installed as described, can remain
undamaged for at least 20 years; one combination of materials seems as good as
another. (2) The same is true of concrete slabs on the ground, installed as
described. (3) Some concrete boxes can stand at least 20 winters without
appreciable damage, anta some cannot be foretold in terms of materials, mix and
consistency.

397. Powers, T. C. "The Nature of Concrete.'" Significance of Tests and Properties of
Concrete and Concrete-Making Materials, ASTM, Technical Special Publication
No. 169A, 1966. pp. 61-72.

The term concrete can be construed to include a considerable variety of products
made from portland cement or other cementing media, but in this publication the
term concrete usually refers to a material that was at ftrst a plastic mixture (or
mixture that became plastic as a result of manipulation, especially vibration) of
portland cement, water, air, and mineral aggregate. Therefore, this discussion of
the nature of concrete will have the scope indicated by that description.

o.

398. Powers. T. C. Prevention of Frost Damage to Green Concrete, Portland Cement
Association, Research Department Bulletin No. 148, 1962.

If there is no exchange of water between a body of green concrete and it
surroundings, autogenous desiccation will make the cement paste immune to
damage by freezing after the time when the saturation coefficient of the capillary
spaces drops below a certain value. Data now available indicate the permissible
upper limit of saturation to be about 97%, which degree of desiccation is reached
when the maturity factor is 0.53 w/c. For curing at a given temperature, the

necessary prehardening, time can be expressed as a function of time and water-cement ratio.

399. Powers. T. C. Resistance of Concrete to Frost at Early Ages, Portland Cement
Association, Research and Development Division, Chicago, IL.

Freezing in fresh concrete is like freezing in frost heaving soils, and freezing in
set but green concrete may be like that in mature concrete. Therefore, in winter
concreting, freezing phenomena of all kinds must be considered. Freezing effects
in set concrete are dis,.ussed in terms of tw 9 models and three pressure producing
mechanisms which can be combined according to different theories. The models
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are: (I) Closed vessel having impermeable walls, and (2) a closed vessel having
permeable walls. Pressure producing mechanisms are • (1) Displacement of
water from freezing site (hydraulic pressureL(2) movement of water to freezing
site, producing osmotic pressureand microscopic segregation of ice, and (3)
movement of water to the freezing site, producing macroscopic segregation of ice.
Theories based on Model 1 do not account for behavior of concrete at any stage of
hydration, or the beneficial effect of entrained air. Those based on Model 2 and
Mechanism 1 and 2 for some features of the behavior of matureconcrete that is
not too permeable. For matureconcrete of relatively high permeability and low
strength, and in green or fresh concrete, Model 2 after ruptureor initially without
tensile strength, and Mechanism 3, are applicable. The concept of critical size or
thickness together with data on physical characteristics _fpaste and aggregate
lead to adequate theories concerning the amounts of entrained air required to
protect hardened paste frompressure by Mechanisms 1 and 2. Futurework on
theory and practice is expected to refine theory and produce empirical data needed

. for practical design of air-entrainedconcrete for all conditions and ages of
exposure.

400. Powers, T. C. "Resistance to Weathering - Freezing and Thawing." Significance of
Tests and Properties of Concrete and Concrete Aggregates S'I'P-169(1956):•
pp. 182-187.

Rate of weathering of concrete in areas outside the u'opicsand subtropics is in
many cases affected by freezing. Effects of freezing may be anything from
negligible to catastrophic, depending on various factors. Consequently, there are
freezing-and-thawing tests for concrete.

The four ASTM Tentative Methods permit a wide choice of test conditions,
especially in regard to permissible cooling rates. In ASTM Method C 290, the
maximum rate is limited by the restriction on temperature difference; but
specimen dimensions are not specified, and thus a wide range in maximum rates
is still possible. In ASTM Method C291. there is no limit on the maximum rate.
All four methods suggest starting the test on moist-cured specimens, 14 days old
without preliminary drying, and keeping specimens wet throughout the test. Test
conditions in various laboratories seem to differ more than is permissible under or
suggested by the tentative methods. Cooling rates differ, particularly in the range

•below 32° F. and various curing schedules are used.

This paper, an evaluation of freezing-and-thawing tests in the light of our present
understanding of frost action in concrete, is abstracted from a longer discussion of
this subject by the author.

_01. Powers, T. C. "Structure and Physical Properties of Hardened Portland Cement
•Paste." Journal of the American Ceramic Society Vol. 41 (January 1958): pp. 1-6.

Methods of studying the submicroscopic structure of portland cement paste are
described, and deductions about structure are presented. The main component,
cement gel, is deposited in water-filled space within the visible boundaries of a • "
body of paste. Space filled with gel contains gel pores; space not filled by gel or
other solid material is capillary space. Hygroscopicity of cement gel, and
capillar3."pores, accounts for various aspects of the properties and behavior of
concrete. Data on gel and paste structure are used in discussing strength,
permeability, volume stability, and action of frost.
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402. Powers. T. C. "'Topics in Concrete Technology: 3. Mixtures Containing
Intentionally Entrained Air." Journal of the PCA (September 1964): pp. 19-42.

Air bubbles are intentionally entrained in concrete to protect hardened concrete
from frost action, orsometimes to improve workability. Air-entraining agents
(AE agents) are either surfactants or insoluble hydrophobic colloids formed in the
mixture by reaction with Ca(OH)2; such agents stabilize bubbles produced
mechanically by stirring or kneading. Air can be entrained in water, in wet
aggregate, or in cement paste. In water, air accumulates as supernatant foam, but
only if an AE agent is present; in wet aggregate it is trapped by the "aggregate
screen," with or without an AE agent; in paste it accumulates by emulsification,
but it cannot ordinarily be retained without an AE agent. The quantity entrained
in paste depends mainly on paste consistency and stirring procedure; the quantity
in concrete depends on emulsification in paste and on the aggregate screen effect,
which is relatively large in lean mixtures. Grading, as a whole, controls mesh-
size of the aggregate screen. Point B of the specific-void-content diagram occurs
at about the same mix. regardless of air content. At constant cement content and
constant slump, AE displaces aggregate and water, the more water and less
aggregate the leaner the mixture; a surfactant AE agent may reduce water more
than does a non-surfactant. Air bubbles can be used to replace an equal solid
volume of sand, with little or no effect on slump.

403. Powers, T. C. "Topics in Concrete Technology: 4. Characteristics of Air-Void
Systems." Journal of the PCA (January 1965): pp. 25-41.

To serve its principal purposes, entrained air must be distributed through the paste
as small bubbles; the number of bubbles per unit volume of air or mean bubble
size is a pre-eminent characteristic. At present, specific surface area. 'a', is the
most useful function of mean bubble size. Determinants of 'a' in concrete in neat
paste are the kind and dosage of air-entraining agent (AE agent), duration of
stirring, stirrer speed (shear stress), and paste viscosity. Determinants of 'a' in
concrete are the same as for paste, plus the influence of void characteristics of the
aggregate, and the effects of manipulation. With a given AE agent, 'a',.is
determined approximately bY 'a(o)', a value when no AE agent is pre_nt; 'a(t)', a
value characteristic of the void-increment due to the presence of the AE agent;
and the fraction of the total air content that is due to the agent. Manipulatio n may
decrease air content while it increases 'a'.

Bubble size distribution is indicated approximately by: a spacing factor computed
from 'a', paste content, and air content. The actual size distribution about the
mean size can, in principle, be determined by methods use.d, but whether or not
the results are accurate and worth the time and effort is yet to be learned.
Theoretically, bubble size distribution might be expected to change while the
concret: is fresh and the paste fluid; small bubbles diminishing while larger
bubbles grow. Actually, it seems that the bubbles become stable as soon as
mixing ceases, probably because of the cohesive strength of fresh paste.
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404. Powers. T. C. "'Void Spacing as a Basis for Producing Air-Entrained Soncrete.'"
Journal of the American Concrete Institute Vol. 25. No. 9 (May 1954): pp. 741-
759.

Basic studies show that the function of entrained air is to protect the paste and that
the effectiveness depends on the distance from void to void in the paste. F:reezmg
and thawing tests show different mixes have nearly equal frost resistance when
the spacing factor is about 0.01 in. The amount of air required for a given spacin_
factor is directly proportional to the paste content, and it is greater as the specific
surface of the air voids becomes smaller.

The void system is made up of relatively coarse natural voids and entrained
bubbles. Characteristics of natural voids vary with aggregate grading,
consistency, and other mix characteristics. With a given amount of air-entraining
agent in the mixing water, the amount of entrained bubbles is smaller as the
quantity of cement or other fine solids in the water becomes greater.

A procedure is suggested for designing a fixed spacing factor where such
procedure is economically feasible.

405. Powers, T. C. "A Working Hypothesis for Further Studies of Frost Resistance of
Concrete.'" Journal of the American Concrete Institute VoL 41, No. 4 (February
1945): pp. 245-272.

Basic information is given on the freezing of water in concrete. From this
information and other published material an explanation of the mechanism of the
action of frost on concrete is developed. The explanation takes into account such
factors as the degree of saturation of the concrete, the permeability and strength of
the concrete, hydraulic pressures generated during freezing, and air-filled cavities.
It is suggested that the hypothesis be made the basis of further laboratory studies
of the action of frost in concrete.

-_06. Powers, T. C., and T. L. Brownyard. "Studies of the Physical Properties of Hardened
Portland Cement Paste, Part 1." Journal of the American Concrete Institute
Vol. 18, No. 2 (October 1946): pp. 101-132.

This paper deals mainly with data on water fixation in hardened portland cement
paste, the properties of evaporable water, the density of the solid substance, and
the porosity, of the paste as a whole. The studies of the cvaporable water include
water-vapor-adsorption characteristics and the thermodynamics of adsorption.
The discussion include the following topics:

(1) Theoretical interpretation of adsorption data:
(2) The specific surface of hardened portland cement paste;
(3) Minimum porosity of hardened paste;
14) Relative amounts of gel-water and capillary water;
(5) The thermodynamics of adsorption;
(6) The energy of binding of water in hardened paste;
(7) Swelling pressure;
(8_ Mechanism of shrinking and swelling;
19_ Capillary-flow and moisture diffusion:
110] Estimation of absolute volume of solid phase in hardened paste:
¢111 Specific volumes of evaporable and non-evaporable water;
121 Computation of volume of solid phase in hardened paste;
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(I 3) Limit of hydration of portland cement:
(14) Relation of physical characteristics of paste to compressive strength:
(15) Permeability and absorptivity: and
(16} Freezing of water in hardenedportland cement paste.

a07. Powers, T. C., and T. L Brownyard."Studies of the Physical Properties of Hardened
Portland Cement Paste, Part 2." Journal of the American Concrete Institute
Vol. 18. No. 3 (November 1946): pp. 249-335.

In the preceding part of this paper some of the methods of studying hydrated
portland cement paste were reviewed and the principal results obtained by
previous investigators were presented. In this part of the paper the studies of
water fixation carried out in this laboratory will be described.

408. Powers, T. C., and T.L. Brownyard. "Studies of the Physical Properties of Hardened
Portland Cement Paste, Part 3. Theoretical Interpretation of Adsorption Data."
Journal of the American Concrete Institute Vol: 18, No. 4 (December 1946):
pp. 469-504.

The adsorption isotherms obtained from hardened cement paste are identical in
several respects with those obtained from other materials that are very different in
chemical and physical properties. For example, when glass spheres or oxide-
coated cathodes or radio tubes are exposed to nitrogen vapor (at the temperature
of liquid air), or when a r!ane mercury surface is exposed to CCIavapor (11" C),
the adsorption curves obtained are of the same type as those for water vapor on
cement paste. Also, the same type of curve is obtained when crystalline solids
such as titanic oxide, stannic oxide, zinc oxide or pulverized quartz are exposed to
water vapor at room temperature. Moreover, curves of the same type may be
obtained with different vapors on the same solid.

The similarities just mentioned exist not only among materials that are not porous.
that is. materials on which adsorption is confined to the visible surfaces, but also
among many porous solids having negligible superficial surface areas. With
suitable vapors the following materials, some porous, some not, all give the same
type of isotherm: building stone; cotton; asbestos fibre; wood; wood pulp; carbon
black: titania gel, ferric oxide gel, rice grains; cellophane; bonechar; cellulose;
silica gel: proteins; soils; wool.

It appears therefore that the curves found for portland cement paste are not
characteristic of the particular substances composing the paste but represent some
factor common to many dissimilar substances. We will see in what follows that
this common factor is probably nothing other than a solid surface that has an
attraction for the adsorbed substance.

-,1.09.Powers. T. C., and T. L. Brownyard. "Studies of the Physical Properties of Hardened
Portland Cement Paste, Part 4. The Thermodynamics of Adsorption of Water on
Hardened Paste.'" Journal of the American Concrete Institute Vol. 18, No. 5
{Janua_ 1947): pp. 549-602.

This discussion pertains to the energy changes that take place when water is
adsorbed by hardened cement paste. The relationship of these changes to such
physical effects as shrinking and swelling, capillary flow, and moisture diffusion
will be considered briefly. Comparisons are made of the energy of binding of
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evaporable and non-evaporable water. Analysis of the energy changes into the
two main forms of energy and consideration of the relative amounts of each are of
interest i.n connection with the question of the extent to which water is modified
when it is adsorbed on the solid.

410. Powers, T. C., and T. L. Brawnyard. "'Studies of the Physical Properties of Hardened
Portland Cement Paste, Pan 5." Journal of the American Concrete Institute
Vol. 18, No. 6 (February 1947): pp. 669-712.

This paper discusses studies of the hardened paste by means of specific-voh,me
measurements.

-%11. Powers, T. C., and T. L. Brownyard. "Studies of the Physical Properties of Hardened
Portland Cement Paste, Parts 6 & 7." Journal of the American Concrete Institute
Vol. 18, No. 7 (March 1947): pp. 845-880.

Part 6 discusses the relation of physical characteristics of the paste to compressive
strength and Part 7 discusses permeability and absorptivity.

412. Powers, T. C., and T. L. Brownyard. "Studies of the Physical Properties of Hardened
Portland Cement Paste, Part 8." Journal of the American Concrete Institute
Vol. 18, No. 8 (April 1947): pp. 933-969.

This part of the paper contains data on the amount of ice that can exist in
hardened portland cement paste under given conditions. Also some theoretical
aspects of the data are considered.

413. Powers, T. C., and T. L. Brownyard. "Studies of the Physical Properties of Hardened
Portland Cement Paste, Part 9." Journal of the American Concrete Institute
Vol. 18, No. 8 (April 1947): pp. 971-992.

In this. the final pan of the paper, the concepts concerning the characteristics of
hardened paste that have emerged from this study are set down in brief. It is
implied that the concepts are new and unique. On the contrary, they agree in
general with previously expressed views of those who have believed the colloidal
state of the hydration products to be a dominant characteristic of the hardened
paste. However, it is now possible to consider these characteristics in more detail
and on a quantitative or semi-quantitative basis.

This summary includes only the facts and relationships that can be set down with
a minimum of discussion. The reader should not depend on this part alone for an
understanding of the subject, since the finer points of interpretation and many
significant details and illustrative graphs are omitted.

Some of the relationships given below do not appear in the preceding part of the
paper, but they are derived from relationships already given. In the preceding
pans of this paper the sequence of topics was determined according to the
requirements for an orderly development of concepts and interrelationships
between variables. In this summary it is assumed that the reader is familiar with
the backuound material and the subject is presented, as far as possible, in the
form of an analysis of the properties of hardened paste.

.The following should be noted carefully before proceeding with the summary:
.-,,11the data and relationships discussed below pertain only to specimens cured
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continuously at about 70 F. Without modification, they do not apply to other
curing conditions.

41-k Powers, T. C., L. E. Copeland, ./. C. Hayes, and H. M. Mann. "Perrr_ability. of
Portland Cement Paste." Journal of the American Concrete Institute Vol. 51,
No. 14 (November t954): pp. 285-297.

This paper deals with experiments on the permeability to water of portland
cement paste. The relationship of the permeability of the paste to that of concrete
as a whole is understood in a general way. The paste is a continuous body
enveloping and isolating the individual aggregate particles. The over-all
permeability is a function of the paste permeability, the permeability of the
aggregate particles, and the relative proportions of the two. Fissures under the
aggregate particles formed during the period of bleeding, and cracks caused by
volume-change restraint also play a part. The permeability of paste has also an

.. important bearing on the vulnerability of concrete to frost action. It determines
the relative ease with which the cement paste and the aggregate may become
resaturated after drying, and it is a principal factor determining the destructiveness
of freezing -- once the paste becomes water-soaked. This latter subject has been
treated extensively in other papers. Studies of paste permeability have

• illuminated the question of hydrostatic pressure in the interior of dams. Along
with othex:information they have helped to identify the "ultimate particles" against
which hydraulic forces inside the concrete can develop. With these particles
identified and their wettable .a_as measured, the order of magnitude of the area
factor for computing hydrostatic uplift forces within concrete dams could be
established.

415. Powers, T. C., and R. A. Helmuth. "'Theory of Volume Changes in Hardened
Portland-Cement Paste During Freezing." Proceedings of the Thirty-Second
Ann,al Meeting of the Highway Research Board (1953): pp. 285-297.

New experimental data are, presented on the freezing of hardened portland-cement
pastes with and without entrained air. They are explained in terms of two
mechanisms: 1) the generation of hydraulic pressure as water freezes in capillary
cavities and 2) the growth of the bodies of ice in the capillary cavities or air voids
bv diffusion of water from the gel. Air voids limit the hydraulic pressure and
shorten the period during which the ice in the cavities can increase. The closer the
air voids are to each other the more effective they are in controlling either
mechanism. ,

•_16. Powers, T. C., and H. H. Steinour. "An Interpretation of Published Researches on the
Alkali-Aggregate Reaction Part 1 - The Chemical Reactions and Mechanism of
Expansion.'" Journal of the American Concrete Institute Vol. 26, No. 6 (February

. 1955): pp. 497-516.

Research results are interpreted as having the following indications: (1) the
relative reactivity of • given form of silica is determined by the number of
interrupted silicon-oxygen-silicon linkages, a matter of specific surface and ..
"holes" due to disorderly atomic arrangements; (2) caustic attack on reactive silica
in the presence of excess lime produces a non swelling lime-alkali-silica complex
if chemical equilibrium is reached: (3) in affected concrete some of this complex
is produced, but abnormal swelling is due to the formation of an alkali-silica
complex which is not in equilibrium with lime: (4) the persistence of the

: nonequilibrium product appears to be due to the inability of lime to diffuse into
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the reactive particle where alkali-silica complex has formed: (5) expansion of
concrete is probably due primarily to the swelling of solid alkali-silica complex,
but it may also be due to hydraulic pressure generated by osmosis, or by both
mechanisms.

417. Price. W. H. "'Factors Influencing Concrete Strength." Journal of the American
Concrete Institute Vol. 47, No. 6 (February 1951): pp. 417-430.

The effect of mix proportions, type and brand of cement, availability of moisture
for curing, accelerators and curing temperatures on the rate and potential strength
development of concrete are discussed. The influence of rate and frequency of
load applications, dimensions of test specimens and lateral restraint on the
indicated strength are also discussed: and information is furnished on the variation
in strength that might be expected on a typical job. Compressive, tensile, flexural,
bond and shearing strengths are compared, and the strengths of control cylinders
are compared with the strengths of cores drilled from structures at later ages.
Information is also furnished on strength loss from freezing and thawing and
alkali-aggregate expansion.

zl18. Raecke. D., and J. Lott. First Progress Report-- The Control of'Cracking of
Concrete, Department of Theoretical and Applied Mechanics, University of
Illinois, Urbana, Illinois, Texas A & M Report No. 667, August 1966.

This report covers the two areas in which work has been performed. A cracking
hypothesis is developed for the simple model of a reinforced concrete member
with the reinforcement loaded in direct tension. The proposed cracking
mechanism is based on similarities between the cracking phenomenon in
reinforced concrete and the stable crack growth obtained in certain fracture
toughness tests.

An experimental study of the resistance of several pastes and mortars to the
propagation of an artificial flaw, i.e., the fracture toughness of the material, is
described. Factors that might affect the crack growth have been investigated in
order to better understand crack development. The coefficient of variation of the
5"acture toughness is generally much higher for pastes than for mortars.. This is
probably due to a greater degree of internal cracking of the pastes, caused by the
high initial shrinkage of the pastes as compared to the mortars.

In the paste series, there seems to be a trend for the fracture toughness to decrease
with increasing w/c ratio. In the mortar series, the trend is not evident.

In both the paste and mortar series, there is a trend for decreasing fracture
toughness with increasing air content.

The fracture toughness of the mortars is generally higher than that of the pastes
even though the w/c ratios of the mortars are greater. This would indicate that the
addition of fine aggregate increased the fracture toughness although there does not

seem to be a clear trend for the fracture toughness to increase with increasing
sand-cement ratio.
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419. RamakTishnan, V., and P. Balaguru. "'Durability of Concrete Containing Cement Kiln
Dust." Editor .I.M. Scanlon, Kathanne and Bryant Mather International
Conference. Atlanta. GA, April 2"I- May I, 1987.

This paper presents the results of a performance evaluation study of concrete
containing fly ash. The properties of fly ash concrete have been compared with
their corresponding properties of regular concrete. The plastic properties of
concrete compared are slump, aircontent, vibe-time, temperature, unit weight,
and setting time of concrete. The hardened concrete properties compared are unit
weight, compressive strength, splitting tensile strength, flexural ;trength,static
modulus of elasticity, dynamic modulus of elasticity, pulse velocity, and
absorption coefficient. These propertiesare compared at four different ages: 3, 7,
28, and 90 days. Durability under rapid freeze-thaw conditions and shrinkage
deformations are also discussed.

A comparison of the physical propertiesof fresh concrete, on the basis of
approximately equal slump and entrained air has shown the relative ease of
placing and finishing of concretes containing fly ash. The rateof stiffening is
lower for fly ash concretes containing Type I cement.

In general, fly ash concretes show higher strengths and higher modulus values at
90 days than their corresponding regularconcretes. However, fly ash concrete has
slightly higher drying shrinkage than regular concrete. The strength and elastic
modulus relationships are approximately the same for both concretes.

420. Ramakrishnan, V., W. V. Coyle, J. Brown, P. A. Tlustus, and P. Venkataramanujam.
"'Performance Characteristics of Concretes Containing Fly Ash." Symposium on
Effects of Fly Ash Incorporation in Cement and Concrete, pp. 233-242. Boston:
Materials Research Society, 1981.

This paper presents the results of a performance evaluation of study of concrete
containing fly ash. The propertiesof fly ash concrete have been compared with
their corresponding properties of regular concrete. The plastic properties of
concrete compared are _lump, air content, vebe-tim¢, temperature,unit weight,
and setting time of concrete. The hardened concrete properties compared are unit
weight, compressive strength, splitting tensile strength, flexural strength, static
modulus of elasticity, dynamic modulus of elasticity, pulse velocity, and
absorption coefficient. These propertiesare compared at four different ages: 3, 7,
28. and 90 days. Durability under rapid freeze-thaw conditions and shrinkage
deformations are also discussed.

A comparison of the physical properties of fresh concrete, on the basis of
approximately equal slump and entrained air, has shown the relative ease of
placing and finishing of concretes containing fly ash. The rate of stiffening is
lower for fly ash concretes containing Type I cement.

In general, fly ash concretes show higher strengths and higher modulus values at
90 days than their corresponding regular concretes. However, fly ash concrete has
slightly higher drying shrinkage than regular concrete. The strength and elastic
modulus relationships are approximately the same for both concretes.

421. Ramakrishnan, V., and W. V. Coyle. Superplastici:ed Concretes for Rehabilitation of
Brid.ce Decks and Highway Parements, U. S. Department of Transportation.
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Research and Special Programs Administration, Washington, D. C.,
DOT/RSPA/DPB-5018 I/3, January 198 I.

The object of this research was to develop guidelines for assuring the troublefree
placement of tough, high-strength, high density, durable concrete for bridge deck
construction through the use of superplasticizers and steel fibers. The study was
made with superplasticizers through the use of experimental mixtures conforming
to the requirements dictated by statistically valid factorial designs, so that analysis
of variance could be used in the evaluation. The second phase extended the
findings into an evaluation of superplasticized concretes containing steel fibers.
This report describes the first phase study of the statistical evaluation of
superplasticized concrete properties.

Two mixes, one with medium workability and high cement content suitable for
bridge deck replacement and another with high workability suitable for smactural
and pavement concrete were selected for intensive study. For these mixes,
properties of the fresh concrete (slump, vebe-time, flow table spread, air content,
initial and final setting times) are reported. The effects of rel_mpering are
described. The influence of three types of cements on the properties of plastic and
hardened concrete is e,")lalned. Complete results of the following rests are
presented: compressive strength, Icnsile strength, flexural strength, static
modulus of elasticity, dynamic modulus of elasticity, pulse velocity and dry unit
weight at I, 3, 28 and 90 days curing. The selected concretes had high durability
and satisfactory resistance against deicer scaling.

422. Reading, T. J. "'Durability of Shotcrete." Concrete International (January 1981):
pp. 2"]-33. -

The low water-cement ratio of shotcrete enhances its durability for most types of
exposure. However, some concern has been expressed about its resistance to frost
action even though most service record reports are good, because air entrainment
is not normally used and the findings of previous research are inconclusive.
Samples of shotcrete from several jobs were tested for strength, air content, air
spacing factor, and other properties. Most of the specimens performed poorly in
the accelerated freeze-thaw test frequently used for conventional concrete.
Performance in a less accelerated test-- exposure in seawater off the coast of
Maine -- was much better. At the present state-of-the-art it appears that dense
shotcrete with a low water-cement ratio should be durable under ordinary freezing
and thawing. Caution should be exercised, however, where special mixes are
used or the exposure is very severe.

-1_,. Reagel, F. V. "'Freezing and Thawing Tests of Concrete.'" Highway Research Board
(Bulletin) Proceedings Vol. 20 (1940): pp. 556-599.

The scope and purpose ol this investigation is covered in the early part of the
report by a statement of the following questions: (I) What weathering conditions
are the major factors causing deterioration of concrete?; (2) To what cycles of
freezing and thawing may concrete be subjected in service?; (3) How shall the
deterior..ation of concrete subjected to freezing and thawing be measured?; (4)
What are the effects of various curing treatments prior to freezing?; (5) What
cycle of freezing and thawing should be used?; (6) Can the effect of aggregates on
_e durability of concrete be predicted by a freezing and thawing
The report offers some data obtained in connection with research directed toward
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producing a yardstick by which some accelerated measure of concrete durability
may be obtained.

The datapresented are based on tests made on concretes fabricated from a fixed
mortar of good quality and coarse aggregates of varying quality. The freezing and
thawing cycle used is of a fbced length of 12 hr., using varying thawing and
freezing temperatures.

The needs for co-operative standardization work in this field and accurate conu'ol
of test conditions are stressed.

424. Regourd, M., H. Homain, P. C. Aitcin, and S. Sarkar. "Durability of an Arctic
Concrete." Editor J. M. Scanlon, Katharine and Bryant Mather Imemational
Conference, Adanta, GA, April 27 - May I, 1987.

The use of unconventional aggregates, which includes several sulphide minerals
in making concrete in the Canadian Arctic aroused the interest of the authors to
investigate the durability of such a concrete subjected to a very cold environment.
Compressive su'ength measurements on concrete samples 3 and 9 years old, cored
in a dock, show that the concrete is still very strong, at least 28 MPa (4000 psi).
A close examination of the aggregates and concrete microsu'ucture suggests the
concrete is durable. The presence of these aggregates does not give rise to any
deleterious effect. The concrete is found to be a dense one. Only a superficial
layer of a few millimeters thick has been transformed by carbonation. This zone,
enriched in potassium, does not contain any Ca(OH)2 crystal. Its C-S-H has a low
CaO/SiO 2 ratio and is sometimes replaced by a siliceous gel. Penetration of
chloride and sulfate ions is also observed but is not related to any concrete
damage. The presence of a large amount of Ca(OH) 2 and calcium rich C-S-H
below the thin carbonated layer corresponds to a high chemical stability of the
concrete.

425. Regourd.M..H.Hornain.andB.Mortureux."MicrostructureofConcretein
Aggressive Environments." Durability of Building Materials and Components -
ASTM STP 691 (1980): pp. 253-268.

All the constituents of concrete can be attacked. Some degradation occur after a
long period of time. So, it is important to know the chemical and physical
mechanisms of the corrosion and the behavior of built structures. In our studies
on the durability of concrete, chemical and technological tests have been
completed by microstructure examination with scanning electron microscopy and
x-ray diffraction. In the present stage of our research into the attack of concrete
by seawater, several factors can be noted. The formation of expansive ettringite is
related to the content, the crystalline form, and the granularity of tricalcium
aluminate. The carbonation reaction _ransforms ettringite into thaumasite. The
dissolving of lime-rich compounds like hydrated silicates C-S-H brings about
their pro,m'essive a'ansftrmation into Ca-Mg silicates. Some aggregates have been
found to have reacted with alkalis. A dense concrete with a high cement content
will offer a good resistance to chemical and physical attacks.

°.

• .
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426. Regourd. M.. B. Mortureux. P. C. Aitcin. and P. Pinsonneauh. "Microstructures of
Field Concretes Containing Silica Fume." Proceedings of the 4th International
Conference on Cement Microscopy. pp. 193-202. April 1982.

Scanning electron microscopy and electron probe mieroanalysis have been used in
the study of the microstructure of field concretes containing condensed silica
fume and used as a pavement in Canada. The texture and the elemental
composition of CSH. the cement paste-aggregate bond. and the microcracks path
have been considered in relation with the compressive strengths and the resistance
to freezing and thawing cycles.

427. Regourd. M.. B. Mortureux. and H. Hornain. "Use of Condensed Silica Fume as a
Filler in Blended Cements." Proceedings of the Second International Conference
on the Use o.fFly Ash, Silica Fume, Slag and Other Mineral By-Products in
Concrete. ACI SP-91 (1986): pp. 847-867.

At early ages, blended cement mortars with 30% hydraulic slags or active
•" pozzolans have lower mechanical strengths than mortars incorporating 100%

portland cement. The action of 5% condensed silica fume replacement for slag or
pozzolan or material considered as inert has been studied from seven days to three
months by measuring the mechanical su'engths of mortars made according to the
ISO test method and by observing the microstructure of fractured samples. The
action of the condensed silica fume is a function of the nature of the additive.
With hydraulic slags, there is competition between slag and silica fume for the
available lime. With slightly or slowly reactive pozzolans (volcanic rock, fly
ash), mechanical strengths and microporosity of mortars show improvement at 28
days. With inert material (crystalline slag or quartz), the improvement is more
marked. This is due to the formation of dense C-S-H, strong cement-paste-
aggregate bond and 20% increase in mechanical strength.

.j.

-_28. Reidenouer. D. R., and R. H. Howe. Air Content of Plastic and Hardened Concrete,
Pennsylvania Dept. of Transportation, Harrisburg, PA, research project no. 73-1,
February. 1975.

A combined field and laboratory testing program was conducted to compare air
content in plastic and hardened concrete and to study the relationship of air
content to vibration and compressive strength. Twelve plain concrete slabs were

. placed under normal field conditions. The slabs represented three levels of air
content, two levels of vibration, and two types of coarse aggregate. Both the
plastic and hardened concrete was subjected to a number of different tests.

Air meter (Acme type) tests performed by different operators on the .same batch of
plastic concrete have a 95% probability of being within 0.80% of the mean.
Analysis of variance of linear traverse data revealed that that that test also has
good precision, as long as the air content does not exceed 7%; both within-
operator and between-operator variances were non-significant below this level of
air. When air meter results are compared to the entrained air content of hardened
concrete, as determined by the linear traverse test, there is a 95% probability that

, : :.: the maximum variation between the means of the two will not exceed 1.65%. ..
There is essentially no change in the entrained air content between plastic and
hardened concrete. However, vibration does very significantly reduce entrapped
air. Results of freeze/thaw tests reaffirm the value of entrained air voids in
cement paste in preventing frost damage to concrete. Compressive strength is
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directly related to the total air content: for each percent increase in total air, the
compressive strength decreases about 400 psi.

429. "'Resistanceof High-Strength Concrete to Freezing and Thawing." Concrete
Construction (March 1988): pp. 34,:)=347.

The standard test for freezing and thawing, ASTM C 666, particularly Procedure
A. is a good test for judging the frost resistance of structural concrete under very
severe conditions and may be used to screen aggregates for D-cracking potential.

Inclusion of silica fume in structural concrete produces a less permeable product,
but it may requite a longer time for reaction. Even the 14 days of water curing in
C 666 is at times inadequate for air-entrained concrete containing silica fume.

The synthesis report also recommends that silica fume not be used in large
quantities when durability is important.

,.)30. Rhoades. R.. and R. C. Mielenz. "Petrography of Concrete Aggregates." Journal of
American Concrete Institute Vol. 17, No. 6 (1946): p. 581.

Serviceability of a concrete aggregate depends upon the manner in which it joins
with cement to determine the quality of concrete. Yet, standard acceptance tests
do not measure properties which are directly responsible for performance of
aggregates enclosed in concrete; new methods of aggregat(_ investigation are
needed. Experience shows that petrographic study can supply valuable
information on a routine basis, and that, wherever possible, ordinary acceptance
tests should be supplemented by examination by a petrographer familiar also with
problems of concrete. The significant properties of aggregates are discussed, and
methods of petrographic study of aggregates are described.

An extensive bibliography is appended and referenced in the text for the benefit of
readers, especially petrographers, wishing to explore further the concepts treated
only briefly in this paper.

-)31. Richard, T. G. "Low Temperature Behavior of Cellular Concrete.'" Journal of the
American Concrete Institute Vol. 74, No. 17 (April 1977): pp. 173-178.

Cellular concrete has attractive potential as a load bearing insulation in large
cryogenic applications. This investigation indicates that the thermal and "-
mechanical properties of low density cellular concrete, coupled with its cost, ease
of fabrication, and availability may make this material a feasible alternative to
other more expensive load-bearing insulations. Data obtained in this investigation
illustrate significant increases in the strength and stiffness of selected densities,
along with appreciable decreases in the thermal conductivity of cellular concrete
at liquid nitrogen temperatures (-196" C).

This conclusion is supported by a characterization of the elastic modulus, secant
modulus, ultimate compressive strength, and thermal conductivity of a ran.ge of
dry densities from 25 to 90 pcf at -196" C. These low temperature properues are
compared to room temperature (23* C) response.
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432. "'RILEM Recommendation: Methods of Carrying Out and Reporting Freeze-Thaw
Tests on Concrete with Deicing Chemicals." Materials and Structures. Research
and Testing, RILEM, Paris, Vol. 10, No. 58, July - August 1977, pp. 213-215.

Although the freezing and thawing program proposed in this recommendation is
standardized, the approach to observing the damage caused is not. Surface weight
loss is a general and average weight loss, which does not tell one if the damage is
uniform or concentrated in one place. This is one of the main reasons why
"before and after" photographs are specified. The depth of scaling may be of
interest in the case of a road or a footpath where danger to traffic or pedestrians
could be likely. The percentage area is more of an architectural aspect and the
visual description is a general assessment covering any of the risks in a general
way. In effect one must select the assessment to be used depending upon what
sort of concrete is going to be subject to the risk.

Air-entrainment is known to improve the performance of concretes to freeze-thaw
attack. One should not assume that this results in the same improved resistance to
deicing salts as this particular test is much more sensitive to the bubble size and
spacing of the air than the ordinary freeze-thaw test.

In all cases a 3% solution of chemical (weight/volume in water) is used as this is
one of the most critical concentrations.

The solution is placed in a dam an,d then frozen. Although deicing chemicals are
often spread onto frozen concrete, the tests described herein give qualitatively
correct results in most cases.

-133. "RILEM Recommendation: Methods of Carrying Out and Reporting Freeze-Thaw
Tests on Concrete without Deicing Chemicals." Materials and Structures,
Research and Testing, RILEM, Paris, Vol. 10, No. 58, July - August 1977,
pp. 209-211.

The particular test or tests one selects depends upon one's interest and what risks
are involved. The dilation test is the most sensitive because frost-prone concretes
expand significantly more than frost-resistant concretes irrespective of the attack
being in the aggregate or the mortar system. The flexural resonant frequency has
been selected as the best of the testing geometries because the whole prism is
flexed during the vibration. The longitudinal and torsional methods, although
useful for determining the elasticity of the concrete, leave large sections of
concrete undisturbed and these sections, if they have frost damage in them, would
be undetected. The ultrasonic method was considered at length; but the consensus
of opinion was that it was not $o sensitive as the flexural resonant frequency
method, and it was subject to large errors. The weight change method was also
considered but rejected because of its insensitivity.

Destructive end tests are included for comparison purpose; these are carried out at
.., the end of the test on cycled units and identical control units stored in water that

have not been cycled. Dummy or control units should always be tested at the
same age as the cycled units since due to the aging effect during the test, errors
will arise if one compares final with initial observations.

Air-entrainment is known to improve the performance of concretes to freeze-thaw
attack as well as attack by deicing chemicals: however, for the test described one
should not expect resistance to deicing chemicals even if air-entrainment is used
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since the deicing chemical test is much more sensitive to the bubble size and
spacing of the air than the ordinary freeze-thaw test. These tests are covered in a
separate report.

434. RILEM Technical Comrrdttees. "An Introduction to RILEM Methods of Testing
Resistance of Concrete to Freezing and Thawing and the International Co-
operative Tests on the Critical Degree of Saturation Method." Materials and
Stn4crures Vol. I0, No. 58: pp. 205-252.

RILEM 4-CDC held its last meeting in Madrid 1975 and decided that the
following four reports would be best published in a single issue of Materials and
Structures. Although 4-CDC no longer exists, the following describes the
remaining work quota of that Committee: (I) dealing with international comments
on the two tentative methods published in 1974 Materials and Structures,
integrating these comments into final drafts and submitting them as
Recommendations; (2) publication of a new tentative method dealing with the
critical degree of saturation for international comment prior to its final submission
as a Recommendation: and (3) publication of the international co-operative
laboratory test program where the critical saturation method was used as an
assessment.

435. Roberts, L. R., and P. Scheiner. "'Air Void System and Frost Resistance of Concrete
Containing Superplasticizers.'" Developments in the Use of Superplasticizers, A CI
SP-81 (1981): pp. 189-213.

Previous workers have shown that the air-void system in air-entrained concrete
containing a superplasticizer tends toward larger bubbles. This effect leads to

spacing factors larger than the 0.2 _tm normally accepted as a requirement for
durability. Nevertheless, concretes containing such admixtures generally have
been found to be frost-resistant.

The present work is an attempt to understand the reasons for durability when the

accepted 0.2 l.tm spacing factor requirement is not met. The distribution of air-
void sizes in air-entrained concretes made with and without a naphthalene
sulfonate type superplasticizer were examined, using a new microprocessor-based
Rosiwal linear traverse apparatus. The individual chord intercepts available with
this system were fitted to a zeroth-order logarithmic disuibution function, and the
parameters of the fitted function were related to frost resistance as tested for by
ASTM: C 666, procedure A.

Concretes containing the superplasticizer were frost-resistant, despite spacing

factors in excess of 0.2 l.tm. The most frequently encountered chord lengths in
superplasticizer-containing concrete did not change relative to equal slump
reference concrete.

436. Roberts-Seymour, M. "'The Effect.of High-Range Water-Reducing Admixtures on
Some I_urabilitv Parameters of Silica Fume Portland Cement Concretes.'" Editor
J. M. Scanlon, Katharine and Bryant Mather Imemational Conference, Atlanta,
GA, April 27 - May I. 1987, pp. 577-585.

The author presents three experimental programs employing high-range, water-
reducing admixtures to modify durability,performance in portland cement silica
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fume concrete. Resistivity and chloride permeability are shown to be
significantly improved where fume-replaced concrete utilizes a superplasticizer.
Superplasticizing has some demonstrated drawbacks where silica fume is
introduced to reduce alkali-aggregate reactions.

437. Robson, G. "'Durability of High-Strength Concrete Containing a High-Range of
Water-Reducer.'" Editor J. M. Scanlon, Katharine and Bryant Mother International
Conference, Atlanta, GA, April 27 - May I, 1987.

Recent construction of a segmental, precast concrete, cable stayed bridge across
the Ohio River at Huntington, W'V involved two special designed concretes: one
with 6,000 psi minimum strength and one with 8,000 psi minimum strength.
Attaining these strength levels was markedly enhanced by the availability and use
of high-range water-reducers, even though the fear of non-durable concretes was
also heightened.

Tests of the concretes produced during this field trial indicated that air entrained
high strength concretes containing HRWR easily met the minimum strength
requirements but would not withstand the freeze-thaw cycling of ASTM C 666.

This paper discusses the efforts involved in developing suitable concrete
proportions for this work and compares freeze-thaw durability of high strength
concretes with and without entrained air and with and without high-range water-
reducing admixtures. ".

438. Rodway, L. E. "Durability of Concrete.'" Cement, Concrete and Aggregates Vol. "7,
No. I (Summer 1985): pp. 43-48.

The durability of concrete is obviously a complex topic. This paper deals with an
overview in four parts: The first pan consists of durability as affected by more
than 200 individual separate items involved in its constituent materials; the effect
of practical matters in preparing and handling concrete aggregates; cement storage
and handling and construction techniques; the physical properties of the hardened
concrete: nature of exposure of the concrete; and finally the types of loading to
which concrete is exposed. Second, examples of durability of nonstructural
exposed concrete are given in terms of resistance to freeze-thaw forces in relation
to air-void characteristics of normal concrete. Third, an example of nondurable,
load bearing structural concrete is illustrated along with the causes of distress and
method of repair. Finally, a recent example of a high strength structural con.crete
bridge deck containing a superplasticizer is presented in terms of its durability
characteristics. Detailed data on each of these four classifications has been
referenced to facilitate a more in-depth study by those parties who may have an
interest in one or more of those topics.

439. Rodway, L. E. "'Effect of Air-Entraining Agent on Air-Void Parameters of Low- and
High-Calcium Fly Ash Concretes.'" Cement, Concrete, and Aggregates Vol. I0,
No. I (Summer 1988): pp. 35-38.

Five fly ashes with widely varying lime contents from three countries were used
for 25% of the cement by mass in identical concrete mixes, including the same
quantity of air-entraining agent in each case. The hardened concrete resulted in a

p satisfactory, air-void in terms of freezing-thawing resistance, regardless ofsystem
" the lime content of fly ash.
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•.$40. Rogers. C. A., and B. Chojnacki. "'Destruction of Concrete Water Tanks in a Severe
Climate Due to Ice Lensing." Editor J. M. Scanlon, Katharine and Bryant Mather
International Conference, Atlanta. GA, April 2"7- May I, 1987.

Rogers and Chojnacki reported deterioration of a fish tank due to ice formation in
the interior of the concrete wall. The wail was exposed from one side to continual
cold temperatures and supplied continually with warm water from the other side.
Based on the petrographic examination, core samples taken from faile,d areas
showed a high water cement ratio of the cement paste, resulting in a poor
aggTegate-paste bound, a poor air-entrained content, and air void spacing factors
exceeded ASTM recommendations. The failure was then attributed to formation
of an ice lens within the permeable concrete.

The authorssuggestedthataonesurfacefreezingtestwouldbeanexcellent
model,comparedtoconventionalF-Ttests,inordertoassessdurabilityof
concretesubjectedtosuchenvironment.

,I_I. Romer.B..andG. Dobrolubov."AppliedMicroscopyinBuildingMaterialsTesting-
Concrete,Mortar,Cement,Lime,Gypsum,Ceramics."Mitt.Wissenschaftund
TechnikVol.Bd.VI (April1974):pp.135-144.

Microscopycanrevealthefinesn'uctureofa body.Thismakes itpossibleto
recognizetheintrinsicrelationsespeciallywithheterogeneousandanistropic
substances.

The microscopic structural investigation is evaluated quantitatively with
corresponding stereological evaluation, as well as qualitatively, i.e. purely
morphologically.

This report is confined to the relations in the microstructure of a substance,
distinguishing between the main components such as: .

Cementing agents in h_dened form
Aggregates and fillers
Cavities (capillaries. pores, cracks)

The article does not claim to be comprehensive in the description of all
" possibilities. It outlines the simplest and most useful principle of investigation for

practicing building experts. The main emphasis lies on the description of the
methods of investigation used by the author within the last 5 years.

The report does not describe in detail the purely microscopically analytical
procedure: it is confined to the discussion of the relations of component analysis
in the microscope with regard to the image differentiation required for this, as

• well as the relation to the qualitatively morphological assessment.

442. Roshore. E. C. "'Durability and Behavior of Pretensioned Beams." Journal of the
America,, Concrete Institute Vol. 61, No. 47 (July 1964): pp. 811-840. • •

To develop data on the factors affecting the durability of pretensioned concrete
beams. 28 large beams containing pretensioning strands and 412 small companion
specimens without pretensioning strands were fabricated. The concrete in 22 of
the beams was air-entrained. :hat in the other six was not. An appendix presents
computation used in designing the beams.
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Some of the beams were subjected to laboratory tests, which indicated that the air-
entrained beams showed less average camber and less midspan deflection, but the
non air-entrained beams withstood greater average flexural loads. A number of
the auxiliary specimens were also tested in the laboratory to determine the
strength, elastic, and plasdc properties of the concrete.

Some specimens were exposed to natural weathering. A few early results are
noted.

443. Rossello, S. A., and1. A. L. Albala. "Study on the Permeability of Concreteswith Fly
Ash Using the Caie Method." ACFRILEM Symposium'85: Technology of
ConcreteWhen Pozzolans,Slags, andChemical Admixtures Are Used,
Monterrey,Mexico,1985,pp.341-375.

Thispaperpresentsanew methodformeasuringthepermeabilityofconcreteto
liquidsandgases.The analysisandderivationofequationsforthecoefficientof
permeabilityaccordingtothismethodandthemethodologyaredetailed.The
experimentalresultsofusingthismethodonflyashconcretearepresented,and
theimprovementontheimpermeabilityofconcretebytheuseofflyashis
confirmed.The improvementisenhancedby theuseofplasticizeradmixturesin
flyashconcrete.

444. Rostasy,F.S.,U.Schneider,andG.Wiedemann."BehaviourofMortarandConcrete
atExtremelyLow Temperatures."Cementand ConcreteResearchVol.9,No.3
(May 1979):pp.365-376.

The behaviourofhydratedcementpaste,mortarandconcretespecimenswas
investigatedatlow temperaturesandaftercyclictemperaturetimehistories.The
relativechangesofthermalstrains,compressiveandtensilesplittings_engthas
wellasthealterationofporestructurewerestudied.The strengthinthefrozen
stateincreaseswithdecreasingtemperatureandrisingmoisturecontent.Ifthe
frozenwater-saturatedmortarorconcreteisreheatedtoroom temperaturea loss
ofstrengthisregistered.The lossofstrengthincreaseswiththenumberof
temperaturecycles.St,o,-mgthespecimensatrelativehumiditybelow85%, no
losseswereregisteredandnoirreversibleexpansionoccurred.Water-saturated
mortarshowedafteronly12cyclesanirreversiblepositivestrainof2.'/%,
indicatinginternaldamage whichwasalsoprovedbymercuryporosimetry.Thus,
themoisturecontentseemstobeoneofthedecisivefactorsaffectingthe
sensitivityofmortarandconcretesubjectedtoextremelylow temperatureS:

-_5. Roy,D.M.,andG. M. Idom."RelationBetweenStrength,PoreSn'uctureand
AssociatedPropertiesofSlag-ContainingCementitiousMaterials."VeryHigh
StrengthCementBasedMaterialsVol.42 (1985):pp.133-142.

Substantialincreasesofthestrengthofcementpasteand.mortarsmay beobtained
•inconventionalprocessingby optimizingthematerial'scomponents,therheology
and thecuring,and therebyimprovingthemicrostructures.Cementidous
materialswithhighproportionsofgranulatedblast-furnaceslaghavebeen
investigated.HigherstrengthsofASTM C 109mortarswereobtainedwith40 to
65% substitutionofportlandcementby slag,thanwithordinarymixcompositions
and processing.

Foronesetofmixtures,28-daystrengthsgreaterthan100MPa (someashighas
240 MPa) wereconsistentlyattainedaftercuringattemperaturesrangingfrom27
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to 2500 C. The slag substitutions developed finerpore su'uctures as revealed by
intrusion porosimetry measurements, than those with pure portland cement. This
is believed to be a major reason for their enhanced durability. At each stage from
3 to 28 days, increase of curing temperatures from 2"]to 90° C decreased porosity
and increased the strength, reflecting an increased maturity.

Implications for prat_ticeand suggestions for further work are discussed.

.,I.46. Roy, D. M., and K. M. Parker."'Microstructure and Properties of Granulated Slag
Portland Cement Blends at Normal and Elevated Temperatures." Fly Ash, Silica
Fume, Slag and other Mineral By.Products in Concrete Vol. 1 (1984): pp. 397-
414.

Blendsof separatelyground(fine) granulatedblastfurnaceslagwith portland
cement generally possess propertiesequivalent to or in ways su.periorto typical
portland cements. Heats of hydration, apparent activation energies for reaction,
and structuredevelopment are modified in high slag content mixtures, by three
days the strength development of blends is equivalent to that of pureportland
cement at normal temperatures but this stage is achieved morerapidly at elevated
temperatures, while a veryfine pore structure is developed with longer time.
Phase changes, microstructuraland propertydevelopment including permeability
development as a function of time are discussed.

647. Rutkowski. T. S. Evaluation of Penetrating Surface Treatments of Bridge Deck
Concretes, Wisconsin Dept. of Transportation, research file no. 81-5, November
1988.

The intent of this study was to develop a laboratory procedure that would
determine the degree to which a surface treatment, commonly called a sealer, will
protect the substrate of a concrete bridge deck from penetration of moisture in
general and chloride ions in particular. The sealer is purported to prevent future
surface spalling and to protect the reinforcing steel from corrosion: due to chloride
contamination of the concrete. The protection is developed by means of a
membrane or barriercreated in the substrate below the surface by a volume of
solids, or by creating a hydrophobic surface in the capillaries.

A literature search indicated the widespread use of surface treatments, despite
adverse effects in early trials, which included lack of vapor permeability,
concrete color change, and loss of friction. The search revealed a lack of
standards or specifications accepted in the industry. At present, the primary mode
of evaluation for field applied penetrating sealers in Wisconsin is visual,
subjective and based on the incidence of surface distress.

WisDOT presendy specifies one of four proprietary sealers as alternatives, in the
contract bid item for "protective surface treatment" on all bridge repaircontracts

" dealing with concrete overlays, deck replacements and new bridges. Linseed oil
.... •was at one time the most common surface treatment, with an approximate

>- effective iife of five years. The linseed oil treatment resisted subsequent
.... retreatment using other products.

This study evaluated the tests of absorption, resistance to chloride ion penetration
and vapor permeability. These three tests were common to most evaluations in
the available literature. Absorption and resistance to chloride permeability tests

.. '. ' were taken from AASHTO procedures, but an in-house vapor permeability test
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was attempted for this study. A rapid electrical cell test procedure, developed by
PCA and FHWA. was also added to the testing program. An abrasion tzchnique,
used for soil cement evaluation, AASHTO T 136-76 was adapted from _ standard
Florida DOT evaluation procedure for sealers and added to the testing program.

The sealers used forthe study had frequent use on WisDOT projects or were
included just before the testing was begun. Linseed oil treatment was included in
the test pr%n'am since it was previously the WisDOT standard. A control group
of untreated concrete was also included in the testing program.

The majority of test specimens were cast of WisDOT Class D-AE concrete, which
is a standard _or bridge decks. Some impressed voltage specimens were cast of
WisDOT Class B-AE concrete. All the aggregate used came from a single pit
location and all the cement was from the same production batch. The sealers were
applied by brushing or spraying, in accordance with the manufacturer's
insu'uctions and applicauon rates. Four of the proprietary sealers were one
component and two were two co_:_ponen_,as was the linseed oil treatment. "l'be
linseed oil treatment also was unique in requiring two l_atment applications.

The sealing rates were monitored during application by weighing either the
sealing material or both the material and sealing application apparatus. An
evaporation rate was computed for each test sealer to allow con'ections to the
application rate during sealing operations. Abrasion of test specimens, when
required, was performed immediately before commencing each test period.

The individual test procedures, with the exception of the rapid electrical cell tests
effecti_ ely differentiated between the proprietary products. The test results
indicated that individual products could be ranked as qualitatively more effective
or "better than" another product. It was not possible to extrapolate the laboratory
test results to years of sealer field performance, None of the applied sealers
appeared to be able to completely stop the penetration of moisture or chloride ions
into the concrete substrate. The abrasion technique used in the study had no
apparent effect on the test results of the second series of the impressed voltage
testing where abrasion effect is also common in the rest of the test program. The
depth of penetration test results, within the second series of the impressed voltage
procedure, appeared to give indication of treatment penetration, but the test results
were inconclusive.

[t is recommended that a laboratory evaluation procedure for penetrating surface
sealers be performed on candidate sealing products as a means of screening
products for potential WisDOT acceptance. The average test results from a
freeze-thaw scaling test and the impressedvoltage test procedures used in this
study would form the basis of this screening procedure. The results would be
assessed to make judgments on potential field use. The rapid elecu'ical cell test

•procedure, used in a modified form, had such variable results that it was
withdrawn from the testing program consideration.

4,48. Ryel!. J.. and P. Smith. "case Histories of Poor Concrete Durability in Ontario
Highw.ay Structures." Performance o/Concrete (1968): pp. 180-204.

The purpose of this paper is to examine facets of the role (usually detrimental)
water has played in the performance of highway structures in Ontario, by

" documenting investigations of performance undertaken by the Materials and
Testing Division of the Department of Highways over the last decade.
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The examples cited illustrate the importance of carefully planning such
investigations and selecting methods appropriate to the circumstances. Water is
the common factor in each case history described. Each of the case histories
described concludes with a brief mention of the acuon taken.

449 Sajadi, J. "'The Development and Freeze-Thaw Durability of High Fly Ash Content
Concrete.'" Ph.D. diss., West Virginia University, 1987.

The objectives of the study were to investigate the effects on concrete su'ength,
drying shrinkage, freeze-thaw durability, and air-void system parameters of
replacing various amounts of portland cement with different types of fly ash and
to compare selected characteristics of such fly ash concretes and fly ash concretes
containing a high-range water-reducing admixture to those of a conu'ol mixture.

It was concluded that concrete mixtures with 90-day compressive strengths equal
to the control could be produced when large amounts of cement were replaced by
fly ash. When the high-range water-reducing admixture was employed, very large
amounts of cement could be replaced by fly ash to yield mixtures whose
compressive strengths were equal to or greater than the strengths of the control
mix at all ages. The maximum amount of cement that could be replaced for equal
strength mixtures depended upon the nature of the fly ash.

Relative to conditions imposed by ASTM Standard Test Method C 666, most of
the fly ash concrete mixtures performed well in freeze-thaw tests. A few
mixtures, particularly those containing large amounts of fly ash, performed poorly
when assessment of surface conditions and/or weight loss were the bases of
performance.

Different types and various amounts of fly ash had no significant effect on air-
void system characteristics of concrete mixtures. Spacing factors for all concrete
mixtures were smaller than the recommended value (0.008 in) for frost resistant
concrete.

The optimum fly ash content in a concrete that is comparable in su'engt.h and
durability to a conventional (control) concrete was influenced by the chemical and
physical characteristics of the fly ash.

450. Salcedo. M. A. "Identification of Frost Susceptible Aggregates and Their Use in
Concrete or Bituminous Pavements." Ph.D. diss., Purdue University, 1984.

Z

Recently, serious damage of bituminous pavements was observed where the
coarse aggregatefraction played an important role. In some concrete and
bituminous pavements, a typical pattern of surface damage was also found
associated to the application of deicers.

The present study was designed to investigate the significance of the details of the
pore su'ucture on the frost resistance of concrete aggregates. Likewise, the surface
failure taking place in concrete and bituminous pavements were used to
accomplish the objectives of this investigation: Statistical Analysis of
observational data, and the Experimental Method. In addition, a simplified
theoretical analysis of the freezing process was offered.

Based On field data. a discriminating function was obtained to differentiate
.. between aggregates of varying frost resistance. This function was derived by
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taking into consideration the details of the pore structure of coarse aggregates in
concrete pavements.

451. Sama.,-in,A. "Methodology of Modeling for Concrete Durability." Editor J. M.
Scanlon. Katharine and Bryant Mather International Conference, Atlanta, GA,
April 27 - May 1, 1987.

The main objective of this study is to provide an ar.chitector a structural engineer
with the methodology of modeling for concrete durability under various
conditions of reinforced concrete - environment interaction, which is divided into
three main types: (1) concrete continuously submerged in water, (2) concrete
continuously exposed to air, (3) concrete subjected to cycles of wetting and
drying.

Various modes of interaction between reinforced concrete and either existing or
artificially created environment are expressed as a loss in concrete serviceability,
utilizing the concept of Limit State Design.

This methodology should provide the basis for an evaluation of the most
important factors of architectural, structural and technological design of
reinforced concrete. It clearly defines the appropriate quality assurance practices,
which are both necessary and sufficient to meet the specific durability
requirements for each particular case of the material - environment interaction.

452. Sawan, J."'Cracking Due to FrosrAc_n in Portland Cement Concrete Pavements
A Literature Survey." Editor J. M. Scanlon, Katharine and Bryant Mather
International Conference, Atlanta, GA, April 27 - May 1, 1987.

A comprehensive reviev, of the literature about durability (D-) cracking due to
frost action in portland cement concrete pavements is developed. An inu'oduction
as to the definition and description of durability cracking starts this paper..The
mechanisms causing this type of cracking are then discussed. Factors such as
physical characteristics of aggregates and mortar, geographic location, maximum
size of coarse aggregates, source of aggregates, and use of deicing agents are
found to be among the main factors that affect the development of durability.

Tests to indicate frost resistance in aggregate are also reviewed. These tests may
' be divided into two general types: (1) Weathering tests such as unconfined and

confined freeze-thaw tests; and (2) measurements of a physical property that is
correlated with performance such as porosity, pore size and absorption tests.

-_53. Scanlon, J. M., and I. F. Lamond. "Field Applications of Fly Ash Concrete
Advantages and Precautions." MSU Symposium, January 1988.

- The U.S. Army Corps of Engineers has been using fly ash in concrete since 1956
and one of the authors was fortunate to have been serving on the Corps of
Engineers Engineer Training Program on the particular project that was chosen
for the first use of fly ash. This project was the Sutton Dam in West Virginia. ..
Prior to actually using fly ash by the Corps much research was performed on the
use of fly ash in concrete at t_ Concrete Technology Laboratory, U.S. Army
Engineer Waterways Experiment Station, Vicksburg, Mississippi. The research
performed included the effects of fly ash on bleeding, permeability, heat rise,
resistance to freezing and thawing, elasticity and compressive and flexural
stren,,th.,development. More recently, research was performed on such things as
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the effects of fly ash on alkali, reactivity, sulphate resistance and carbonate-rock
reactivity. Even today, the primary reason that the Corps of Engineers uses fly
_sh in concrete is for economy. All fly ash referred to in this paper complies with
the requirements of ASTM C 618.

454. Schaffer, R. J. The Weathering of Natural Building Stones, His Majesty's Stationery
Office. Dept. of Scientific and Industrial Research, London, Great Britain, sp.ecial
report no. 18, 1932.

Crystallization tests, in which salts are allowed to crystalize in the pores under
controlled conditions, furnish a useful method of investigating the properties of
building materials. Tests of this kind originated with BrarcLwho used a saturated
solution of sodium sulphate. Specimens of stone were soaked in the solution and
were allowed to dry in the air at the ordinary temperature. Brard's object was to
predict the resistance to frost, but a number of investigators have since carried out
comparative tests to determine the relative intensity of this artificial frost test as
compared with actual freezing tests. The general consensus of opinion is that the
sodium sulphate test is very much the more dr_tic, and that it does not give a
reliable estimate to frost resistance.

455. Scholer, C. H. "'Studying the Durability of Concrete." Journal of the American
Concrete Institute Vol. 32 (May - June 1936): pp. 593-607.

A general discussion of the problem Ofconcrete durability is presented. The
various components of concrete, the method of handling, placing, finishing, and
curing, and the inter-relationship of these fa.ctors and the effects of each on the
character of the concrete are considered.

Methods of studying durability in the laboratory and the field and some of the
variable to be evaluated in such studies are briefly presented.

_ -156. Schrader. E.. and R. A. Kaden. "Durability of Shotcrete." editor ]. M. Scanlon,
Concrete Durability: Katharine and Bryant Mather International Conference,
Atlanta, GA, April 27 - May 1, 1987, pp. 1071-1101.

The normally high cement factors, low water/cement ratio, and good compaction
of shotcrete typically produce strong, dense, and well bonded materials when
properly applied by either the wet- or dry-mix process. However, the dry-mi'x
process is incapable of reliably, predictably, and routinely providing an .
adequately air-entrained hardened material that will withstand freeze-thaw cycles
under conditions of saturation. Wet-mix process also has had its problems
associated with conveying/pumping. Latex modifiers can be added to shotcrete,
which will produce a freeze-thaw durable material. The modifiers should not be
used directly as a bonding agent. Very good bond can be achieved between
shotcrete layers and to a concrete substrate by unmodified shotcrete placed against
a surface that is near or somewhat below a saturated surface dry condition.

• Durability is directly related to permeability of shotcretes.

4_7. Schwartz, D. R. D-Cracking of Concrete Pavements, Transportation Research Board,
NCHRP no. 134. October 1987.

D-cracking is associated primarily with the use of coarse aggregates in concrete
that disintegrate when they become saturated and are subjected to repeated cycles

_ - of freezing and thawing. The cracking originates in the coarse aggregates
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panicles and then propagates through the mortar mamx surrounding the
aggregate. Identification of D-cracking before signs are evident on the pavement
surface <:an be accomplished only by examination of full-depth cores taken
through the pavement near intersections of longitudinal and transverse joints and
cracks. There is nosimple, quick and economical test procedure for determining
the D-cracking susceptibility of a coarse aggregate. The testing for material
acceptance should be done on a source-by-source or project-by-project basis.

458. Schwartz, D. R. D-Cracking of Concrete Pavements, National Cooperative Highway
Research Program. Transportation Research Board, Washington, D. C., report
no. 134, October 1987.

This synthesis will be of interest to pavement designers, materials engineers,
maintenance engineers, and others concerned with design, construction, and
maintenance of portland cement concrete pavements. Information is presented on
the causes of and potential means for minimizing D-cracking of concrete
pavements.

459. Scripture, E. W., lr. "Methods of Entraining Air in Concrete." Journal of the
American Concrete Institute Vol. 42 (June 1946): pp. 645-648.

Discusses methods for and mechanisms of air entrainment in concrete mixes.
Methods include use of aluminum and hydrogen peroxide for entrainment of
hydrogen or oxygen, respectively., use of cement dispersing agents, perhaps
protective colloids. Data are reported to record the relation of air content to
durability as determined by freezing and thawing.

460. Scripture, E. W., Jr., S. W. Benedict, and F. J. Litwinowicz. "Air Entrainment and
Resistance to Freezing and Thawing.'" Journal of the American Concrete Institute
Vol. 48 (December 1951): pp. 297-308.

Investigations were under'taken to determine the suitability of various air-
entraining agents for use in concrete, the relative effects of slow and rapid cycles
of freezing and thawing, and the optimum range of air contents for concrete. With
normal air-entraining agents the resistance to freezing and thawing varies mainly
with the air content not with the particular agent used. A rapid freezing and
thawing cycle is considerably more destructive than a slow cycle, and abnormal
results appear to be produced in some cases by a very fast cycle. With increasing
entrained aft resistance to freezing and thawing increases to a maximum and
thereafter no further benefit appears to be secured. The optimum amount seems to
be about 2 1/2 to 3 percent added entrained air.

461. Scripture, E. W., Jr., F. B. Hornibrook, and D. E. Bryant. "Influence of Size Grading
of Sand on Air Entrainment." Journal of the American Concrete Institute Vol. 20,
No. 3 (November 1948): pp. 217-228.

Field reports indicated difficulty with certain sands in securing the desired amount
of entrained air, this was frequently am-ibuted to the size grading of the sand,
particularly to a deficiency in the finer fractions. An experimental investigation
was undertaken in view of the paucity of published data on this subject. Mixes of
sand and water alone, 1:4 and 1:2 mortars, and concrete mixes were made with
and without air-entraining agents and the air contents determined. While size
grading of the sand had a very large influence on air entrainment in a mixture of

• sand and water alone, this effect was smaller in mortars and very small in concrete
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mixes. It was found that maximum air was entrained by the 28-48 mesh size sand
rather than the 48-100 mesh size.

462. Scripture. E. W.. Jr,, and F. J. Litwinowicz, "'Effects of Mixing Time, Size of Batch
and Brand of Cement on Air Entrainment.'"Journal of the American Concrete
Institute Vol. 20, No. 9 (May 1949):pp. 653-662.

A prom2m. partially described in previous papers, to investigate various factors
affecting the amount of air entrained in concrete has been continued. The factors
covered in this paper are mixing time, size of batch, and brand of cement. The
entrained air rises to a maximum in the early stages of mixing and thereafter
decreases. Provided mixing is adequate, the size of the batch does not appear to
affect the amountof airentrained. Wide variations arefound in the amounts of air
entrainedbydifferentcerncnts,anditdoesnotappearpossibletocorrelatethese
variationswithanyeasilyandquicklydeterminablecharacteristicofthecement.

463. Scripture.E.W..Jr.,andF.J.Litwinowicz."Some.FactorsAffectingAir
Entrainment."JournaloftheAmericanConcreteInstituteVol.20,No.6
(February1949):pp.433-442.

A programwasundertakentoinvestigatetheinfluenceofvariousfactorsonthe
amountofairentrainedinconcretemixeswithandwithoutair-entrainingagent
added.Thevariablessofarstudiedarcslump,cementfactor,andsand-total
aggregateratio.Theresultsin.dicatethatthetwolatterfactorsareofmajor
import,an,..:butthatslumphaslesseffect.Ingeneral,entrainedaircontent
increaseswithincreasingslum,decreaseswithincreasingcementfactor,and
increaseswithincreasingsand-totalaggregateratio.

464. Seegcbrecht,G.W.,A.Litvin.andS.H.Gebler."DurabilityofDry-MixShotcrete."
ConcreteInternational:Design& ConstructionVol.II,No.I0(October1989):
pp. 47-50.

Dry-mix shotcrete specimens sawed from field-shot panels were tested for freeze-
thaw durability, resistance to chloride-ion penetration, compressive strength.
characteristics of their air-void systems, and absorption. Results showed that
characteristics of the air-void systems, relatively high compressive strength, and
low permeability resulted in freeze-thaw resistance in a fresh water environment
comparable to that of properly air-entrained concrete. However, for salt water
exposure in a freeze-thaw environment, dry-mix shotcrete made with portland
cement may require treatment with sealers or coatings, or greater cover of
shotcrete may be necessary to protect embedded steel reinforcement.

465. Sellevold. E. J. "'Condensed Silica Fume in Concrete - A World Review.'" CANMET
Publication. No. M38-15/86-8E, 1987.

This review is intended to cover the properties of concrete containing CSF in the
fresh state, during hardening and in the hardened state (with emphasis on
durability). It is based on published reports, of which about 400 are available, the • ..
majority of which are written in Norwegian_ Most of the reports contain original
laboratory, data. some are review articles covering limited topics, and a few are
concerned with laboratory investigations of concrete from old structures.
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466. Senbetta. E.. and G. Malchow. "Studies on Control of Durability of Concrete
Through Proper Curing." Editor J. M. Scanlon. Katharine and B_ant Mather
International Conference. Atlanta. GA. April 2"/- May 1,198"7.

This work was undertaken to develop test data that show the effect of curing on
the durability of concrete. It was intended to obtain more data about what is
already known or suspected and was not intended to be an original research to
discover new facts. It is hoped that the information derived from this study will
be of benefit in the continuing effort to teach practitioners the virtues of adhering
to good concreting practices and the consequences of deviating from them. It was
necessary to undertake this work because most of the concrete that is placed in
both residential and industrial construction is not being cured properly. The result
is premature failure and deterioration that, for the most part, can be prevented or
at the least postponed. Quantitatively showing the cause and effect relationship
between curing of concrete and the concrete's performance under service
conditions is believed to help in increasing the awareness of practitioners and
encouraging good concreting practices.

,16"1. Senbetta, E., and C. F. Scholer. "A New Approach for Testing Concrete Curing
Efficiency.'"American Concrete Institute Journal Proceedings Voi. 81, No. 12
(Jan-Feb 1984): p. 82-86.

The findings of a research project undertaken to develop a new approach and a
new test procedure for making a quantitative assessment of how well concrete is
cured is presented. This assessment was done by subjecting mortar slabs to
widely different curing conditions and examining the difference in the pore
structure of the paste at different depths of each test slab by means of the
absorptivity of the paste. The idea was proposed that ff a sample was adequately
cured, it would have approximately the same pore structure at the surface region
as that farther beneath the surface, and in a case of poor curing, the opposite
would be true. Abrasion testing of the surface of each test specimen was also
done according to ASTM C 418.

The test procedure is quick and uncomplicated, and was found to be extremely
sensitive to changes in the paste as influenced by the curing condition.. Curves
that show changes in absorptivity with depth of the mortar test slabs were
produced. The results showed significantly large changes in absorptivity of the
paste between the surface and the bottom regions of poorly cured samples and
negligible changes for well-cured samples.

Based on these differences in absorptivity values at depths of I and 6 cm _om the
surface, a quantitative dividing line between adequate and inadequate curing was
established. The abrasion test results were also found to be in agreement with
those of the absorptivity test.

468. Senior, S. A.. and C. A. Rogers. Laboratory Tests for Predicting Coarse Aggregate
Performance in Ontario, Ministry of Transportation, Ontario, Engineering
Materials Office, Downsview, Ontario, Canada, paper no. 910443, January 1991.

Coarse aggregates used in granularbase and asphaltic and Portland cement
concrete must be sound and capable of withstanding the prevailing environment.
In Canada. agb'regates must be frost resistant. Durability of coarse aggregate is
normally evaluated in the sulfate soundness test and water absorption tests, and by
measuring resistance to impact in the Los Angeles abrasion and impact test.
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These tests suffer from some disadvantages: poor precision and inadequate
correlation with field performance. The Ministry of Transportation has been
develop!rig and evaluating new test procedures for a number of years. This paper
presents a summary of some of the major findings. The likely performance of
aggregates in granular base in best measured by the micro-Deval test and water
absorption. The physical quality of Portland cement concrete aggregates is best
measured by the micro-Deval test, water absorption, and unconfined freezing and
thawing. The quality of asphaltic concrete aggregates is best measured by the
micro-Deval test, polished stoned value test, and unconfined freezing and
thawing. Petrographic examination is also an essential tool in the evaluation of
aggregate quality.

469. Shakoor. A. "Evaluation Durability Characteristics of Argillaceous Carbonate
Aggregates for Highway Pavements." Ph.D. diss., Purdue University, May 1982.

Coarse aggregate from three quarries and from pavement cores were studied to
determine petrography, insoluble residue and clay contents, and pore size
distribution.

Results indicate the poorly performing ledges are highly argillaceous, fine-
grained, dolimites and dolomitic limestones with insoluble residues ranging from
20 - 50% consisting of low plasticity silts to medium plasticity silty clays, lllite is
the predominant clay mineral (by x-ray diffraction).

Aggregates with poorest performance are not necessarily those with the greatest
insoluble residue percentage; the nature and mode of insolubles control extremes
of deterioration. Rocks with more clay as insoluables, evenly distributed
throughout the rock, are less durable than those with greater total insolubles
consisting of silty concentrations of streaks and laminations.

470. Shako,_r.A.. and C, F. Scholer. "Comparison of Aggregate Pore Characteristii:s as
Measured by Mercury Intrusion Porosimeter and Iowa Pore Index Tests." .[ournal
of the American Concrete Institute Vol. 82 (July - August 1985): p. 453.

Freeze-thaw durability of concrete aggregates is strongly influenced by the size,
shape, and distribution of their pores. Pore characteristics of 30 aggregate

• samples were investigated first by mercury inwasion porosimetry and then by the
Iowa pore index test. Many of these aggregates, when used in Indiana pavements,
resulted in extensive pitting and popouts in only one severe winter.

A comparison of the results of the two tests with field performance Of the
aggregates studied shows that the pore index test can be used as a reliable less
expensive, and quicker replacement of mercury intrusion porosimetry for
predicting aggregate durability. Also the test results are more representative of
the parent rock because of the large volume of the sample involved. Repetition of
the test on the same aggregate sample shows that the test is reproducible and gives
consistent results. It is concliadedthat the Iowa pore index method can be used as
a quality control test for production run aggregate of varied composition.
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4"7I. Shakoor.A., T. R. West, and C. F. Scholer."'PhysicalCharacteristics of Some
Indiana Argillaceous Carbonates Regarding'Their Freeze-Thaw Resistance in
Concrete." Bulletin of the Association of EngineeringGeologists, 1982, pp. 371-
384.

Argillaceous carbonate aggregates areparticularly prone to freeze-thaw failures,
vet standard acceptance tests commonly do not prevent their use. Recently
several indiana highways have experienced such extensive pitting and popouts of
highly argillaceous dolomites and dolomitic limestone that resuffacing was
requiredwithin one year. Coarseaggregate from three quarries and from
pavement cores were studied to determinepetrography, insoluble residue and clay
contents, and pore size distributions.

Results indicate the poorlyperforming ledges are highly argillaceous, fine-
grained, limestones and dolomites with insoluble residues of from 20-45 percent
consisting of low plasticity silts to medium plasticity silty clays. IUite is the
predominant clay mineral. Aggregates with poorestperformance are not
necessarily those with the greatest insoluble residue percentage; the nature and
mode of insolubles control extremes of deterioration. Rocks with more clay as
insolubles, evenly dismbuted throughout the rock, ate less durable than those with
greater insolubles consisting of silty concentrations of streaks and laminations.

Insoluble residue content of silt and clay size and porecharacteristics, as
measured by either the mercury intrusion method or the pore index test, are the
most reliable indicators of freeze-thaw durability. Nondurableaggregates are
characterized by a residue content in excess of 20 l_rcent, a large pore volume
with small pore diameters, most being less that 0.1 gin, and pore index value
more than 50 ml.

Additional tests including sulphate soundness, unconfined freeze-thaw, and
absorption-adsorption tests were conducted and their results correlated with
percent insoluble residue. The purpose is to develop a simpler, reliable, and more
economical test to exclude nondurable argillaceous carbonate aggregates.

472. Shideler, J. J., H. W. Brewer,and W. H. Chamberlin. "Entrained Air Simplifies
WinterCuring." Journal of the American Concrete Institute Vol. 47 (February
1951): pp. 449-460.

The investigation described was undertaken to determine the winter protection
required to protect air-entrained concrete from damage by freezing. Cylinders
made with Types II and V cement and various percentages of calcium chloride
were cured at temperaturesranging from 10 to 70° F and tested for strength at
ages ranging from 3 to 180days. The resistance of these concretes to accelerated
freezing and thawing was compared. The results indicate that the amount of
winter protection, as presently specified by the Bureau.of Reclamation, can be

• reduced when air-entrained concrete is used.

473. Sidebottom, E. W., and G. G. Litvan. "Phase Transitions of Adsorbates, Part 2:
Vapour Pressureand Extension Isotherms of the Porous-Glass + Water System
Below 0 ° C.'" pp. 2726-2736.

The vapour pressure and extension isotherms of the water-porous 96% silica glas¢
v_eredetermined at +1.5. -6.4. -14.6. -25.4 and -35.3° C. Isotherms obtained at
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these temperatures coincided if the amount of adsorbed water, "a", was plotted
against the relative pressure with reference to that of undercooled water. This
demonstrates that the isothermally adsorbed water is in a liquid-like state and
conf'm'ns that the drastic reduction of "a" with declining temperature is due to a
decrease of the maximum in the extension isotherm at low concentration was
found, indicating that adjacent hydrogen-bonded silanol groups of the glass may
not be the site of water adsorption as has been assumed in the past. Examination
of the pertinent literature suggests that a minimum of the extension isotherm is
obtained on the adsorption of most substances if the experimental temperature is
not higher than the bulk boiling point. The contraction effect and the secondary
hysteresis at low coverages are assumed to be caused by microporosity.

474. Smith, G. M. "Physical Incompatibility of Matrix and Aggregate in Concrete."
Journal of the American Concrete Institute Vol. 52 (March 1956): pp. 791-798.

A theoretical analysis is made of the stresses that might result in a matrix
surrounding a spherical body due to the thermal incompatibility of the matrix and
the spherical body. The analysis indicates that the magnitude of the stresses
depends upon the thermal expansion, Poisson's ratio, the modulus of elasticity,
and the size of the inclusion. Although the analysis is purely qualitative, it does
show the complexity of the term "thermal incompatibility," so frequently related
to the durability of concrete subjected to freezing and thawing. G.raphs are
constructed to illustrate the effect of the various physical properues on the thermal
stresses developed in a matrix..The matrix is considered to consist of cement
paste or a mixture of paste, aggregate, and voids.

475. Sorensen, E. V. "'Freeze-Thaw Resistance of Microsilica Concrete Exposed ,_
Deicing Chemicals." Editor V. M. Malhotra, First CANMET/ACI International
Conference on the Use of Fly Ash, Slag and Other Mineral By-Products in
Concrete, Montebello, Quebec, Canada, July - August 1983, pp. 709-718.

Scaling of concrete due to freezing-and-thawing action in conjunction with the
use of deicing chemicals has become a severe concrete-durability problem. This
paper reports the results of freezing-and-thawing experiments performed to
evaluate the effect of microsilica (beneficiated condensed silica fume) addition to
concrete. Tests performed using a standard and a modified method show that the
drying-rewetting history of the concrete before freezing and thawing has a
significant influence on conventional concrete, where as microsilica concrete is
relatively unaffected. Air entrainment has a marked beneficial effect on both
conventional and microsilica concrete, although microsilica concrete with
relatively low cement contents can be manufactured to be frost resistance without
air entrainment.

476. Stark, D. C. "'Characteristics and Utilization of Coarse Aggregates Associated with
D-Cracking.'" PCA Research and Development Bulletin No. 47 (1976).

The degree of saturation of the coarse aggregate and its response to freezing and
thawing are important aspects of the problem of D-cracking. Studies have
indicated that nondurable materials may reach critical saturation when the
concrete is in contact only with capillary-held water. Sorption properties and
freeze-thaw test differentiate between durable and nondurable materials.
Reducing maximum aggregate panicle sizes, as indicated by the laboratory
freeze-thaw test. is the most feasible method of improving durability.
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477. Stark. D. C. "'Effect of Vibration on the Air-Void System and Freeze-Thaw Durability
of Concrete." Portland Cement Association RD092T (1986).

Concretes made with water-cement ratios of 0.40, 0.50, 0.60 and 0.70 were
subjected to internal vibration at frequencies of0:8000:11,000: and 14,000 vpm.
Test prisms made from these concretes were then subjected to freezing and
thawing in the presence of NaCI solution. Linear traverse measurements indicated
that vibration generally had a detrimental effect on quality of the entrained air-
void systems, particularly in the higher water-cement ratio concretes subjected to
a vibration frequency of 14,000 vpm. This trend was reflected, for the most part,
in the freeze-thaw durability of hardened concretes.

478. Stark. D. C. "'The Significance of Pavement Design and Materials in D-Cracking
(Interim Report)." FHWA/OH-86/008, December 1986.

A two-phase program was undertaken to verify, under field conditions, that
reducing maximum aggregate particle size can minimize or eliminate D-cracking.
This study was carried out also to determine the role of other materials and
environmental factors in D-cracking which are not amenable to laboratory study.
One phase consisted of repeat pavement surveys of existing pavements to
determine whether reducing maximum particle sizes has alleviated D-cracking.
The other, primary, phase consisted of monitoring the performance of a test road
near Vermilion. Ohio, using visual inspections and moisture measurements and
examinations of concrete cores. Visual inspections conftrm that reducing the
maximum particle size does minimize or eliminate D-cracking. Other
observations indicate that pavement concrete on clay subgrade, stabilized and
granular bases with and without artificial drains, and vapor barriers, performed
similarly with respect to the initial development of D-cracking. Type of joint seal,
including no seal, had no significant effect on D-cracking. Moisture
measurements of cores indicated an increase in degree of saturation of concrete
after one year. with a general leveling off after that period. Saturation levels were,
overall, somewhat higher near the bottom than near the top of the slab.
Examination of cores revealed that D-cracking is developing upward from near
the bottom of the slab. Other observations revealed that where maximum
aggregate particle size was reduced to avoid D-cracking, a greater incidence of
intermediate transverse cracking developed with attendant faulting. It is
recommended that the test road continue to be monitored through visual
inspection and examination of cores.

479. Stark. D. C.. and P. Klieger. "'Effects of Maximum Size of Coarse Aggregate on D-
Cracking in Concrete Pavements.'" Highway Research Record No. 441 (1973):
p. 33.

Field and laboratory observations have indicated the D-cracking is caused by
freeze-thaw failures in certain types of coarse aggregate particles. In areas where
durable aggregates are not available, it has been found that the rate of
development of D-cracking can be reduced by decreasing the maximum particle
size. These observations were'extended during a laboratory investigation what ..
was carried out to find a test procedure that would distinguish between durable
coarse .'iggregates and those that cause D-cracking and provide an indication of
the benefits to be derived by reducing the maximum particle size. Exploratory
work indicated that a rapid freeze-thaw procedure similar to ASTM Designation
C666-71 would be suitable, k failure criterion of 0.032 to 0.033 percent
expansion in 350 or fewer cycles was established on the basis of the service
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records of 15 sources from which the test materials were obtained. Studies of the
effect of maximum panicle size on durability indicated that decreasing the size
from I- I/2 in. to I in. and I/2 in. reduced expansions to varying degrees. These
findings are in line with the critical size concept for aggregate that was developed
in previous work. It is recommended thaL where D-cracking is a problem, similar
resting programs be set up to evaluate coarse aggregate sources on an individual
basis and to determine the benefits to be derived by reducing maximum particle
sizes to improve durability.

480. Stroeven, P. "'Application of Stereological Methods to Non-Metallic Building
Materials with Particular Reference to Cemem-Based Ones.'" Ph.D. diss., Delft
University of Technology, September 1982.

A iru'stlogical step towards the establishment of a structural basis for physico-
mechanical behaviour is concrete petrography. Petrographic examination of
hardened mortar of concrete - a man-maderock - aims at deposition of the mortar
or concrete and to classify it as to type, condition, and serviceability. Such
microscopical observations date back to the beginning of this century as far as the
aggregate is concerned. A recommended practice for petrographic examinauon of
concrete aggregate is available. The use of the microscope for the study of the
cement paste is even older. One century ago Lc Chatelier published what is
considered a first example of such an approach.

481. Sturrup, V. R., R. D. Hooton, and T. G. Clendening. "Durability of Fly Ash
Concrete." Fly Ash, Silica Fume, Slag and Other Mineral By-Products in
Concrete ACI SP-79. Vol. 1 (19"84):pp. 71-87.

Since before the first utilization of imported fly ash by Ontario Hydro as a
pozzolan in mass concrete in 1950, research programs on many aspects of its
influence on durability were undertaken. Major areas addressed have been: (1)
thermal crack resistance in mass concrete, (2) reduction of alkali reactivity, (3)
freezing and thawing resistance, and (4) sulphate resistance (preliminary).

Major findings of the research include:

1. Fly ash has and is being used successfully in lieu of both CSA Types 20
and 40 (ASTM Types 1Iand IV) moderate and low-heat cements to
control temperature rise and thermally induced cracking in mass
concrete.

2. The replacement of 25 percent of normal portland cement with fly _sh
has been found to be effective in re.flucingalkali silicate expansions.

3. As long as adequate air contents .arcobtained, carbon contentdoes not
adversely affect the freezing and thawing resistance of concrete at least
within the 12 percent CSA and ASTM limits. As long as carbon contents
are established for each delivery of fly ash, dosages of air-entraining
agents can be modified easily.

482. Sturrup, V. R., R. D. Hooton, P. K. Mukherjee, and T. Carmichael. "Evaluation and
Prediction of Concrete Durability - Ontario Hydro's Experience." Editor L M.
Scanlon. Katharine and Bryant Mather International Conference, Atlanta, GA,
April 27 - May 1. 1987.

This paper reviews Ontario Hydro's experience in predicting the durability of
concrete and assessing its service performance. Included are data from 28 ye.:s
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of outdoor exposure studies, with accelerated laboratory tests on companion
specimens and constituent materials, on air- and non air-entrained concretes.
concretes with fly ashes of variable quality and different proportions, and
concretes containing aggTegates of dubious quality. The results axe compared
with the performance of concrete in actual structures up to 50 years old.

-_83. Sugiyama, M., K. Tanaka, M. Sakuta. and T. Urana. "Durability of Concrete
Containing a Shrinkage Reducing Admixture." Editor J. M. Scanlon, Katharine
and Bryant Mather International Conference, Arianm, GA, April 27 - May I,
1987.

The authors studied the effect of shrinkage-reducing admixture on concrete
durability. Three kinds of shrinkage-reducing agents were used: water-insoluable
glycol ether derivative A, and water-soluable alcohol ether derivative B and C.
Because of the antifoaming effect present in the derivative and acting inside the
concrete mix, the addition of this glycol ether derivative produced a significant
reduction of drying shrinkage of concrete (about 50 to 60% at4% dosage)
compared to conventional air-entrained concrete.

Measurements of air-void content and spacing factor in hardened concrete
indicated nearly the same air content for both concretes (about 1%). However,
concretes with glycol ether derivative had an air=void system extremely fine=
textured. But still a large number of air voids existed. This was due to the
dispersed oil drops (glycol ether exists in concrete as oil drops) believed to greatly
improve the durability of concrete.

484. Sukhotskaya, S. S., V. P. Mazhorova, and Yu N. Terekhin. "Effect of Autogenous
Healing of Concrete Subjected to Periodic Freeze-Thaw Cycles.'" Hydrotechnical
Construction Vol. 17, No. 6 (June 1983): pp. 294-296.

It is shown that if concrete that was subjected to a load (not to failure) is placed
,'rider favorable temperature and moisture conditions, partial or complete recovery
• f its original solidity will occur. Such a phenomenon is called autogenous
healing of concrete. During cyclic freezing and thawing of concrete internal
stresses occur in it. leading to the formation of microcracks and to a change in the
structure of the material similar to that which occurs under the effect of an
external load. As a result of the formation of microcracks unhydrated cement
particles are exposed, which leads to the development of hydrolysis and hydration
processes. In, the case of a small opening of the cracks under conditions of a
damp environment the latter are closed by newly formed products. During
hardening of concrete in air carbonization of calcium hydroxide occurs and the
microcracks are f'dled with calcite. Equilibrium of the saturated solution with the
solid phase is dynamic. Therefore, with the appearance of new active surfaces
equilibrium is disturbed and the process of precipitation of the solid phase with
m"adual filling of the microcracks begins anew.

485. Swayze, M. A. "'Finishing and Curing: A Key to Durable Concrete Surfaces.'"
Journal of the American Coiwrete Institute Vol. 47 (December 1950): pp. 317-
332.

After a comparison of past and present pavement curing and finishing techniques
the significance of timing and character of finishing and the timing and mode of
curing are discussed. Laboratory tests are cited to show the effect of time of
finishing and curing on surface durability to freezing and thawing. It is
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recommended that all concrete exposed to frost contain entrained air, have a low
water-cement ratio and be thoroughly compacted after placing. A finishing and
curing procedure is suggested that is adapted to the ambient conditions and to the
hydration needs of the cement.

486. Sweet, H. S. "'Research on Concrete Durability as Affected by Coarse Aggregate."
ASTM Proceedings Vol. 48 (1948): pp. 988-1016.

This paper summarizes the results of laboratory studies undertaken to establish the
characteristics of aggregates causing concrete pavement deterioration and of those
having satisfactory performance in pavements in Indiana. Extensive field surveys
have previously established the relationship in Indiana between concrete
pavement performance, in terms of blowups and concrete deterioration, anLithe
coarse aggregate component of the concrete.

The physical properties of 16 coarse aggregate materials are described, and the
results of laboratory freezing and thawing tests on concrete containing these
materials are presented. It is concluded, on the basis of the comparison of field
performance, aggregate characteristics, and resistance of laboratory concrete to
freezing and thawing, that freezing and thawing tests on concrete beams
containing the aggregate can be used to differentiate materials with good field
performance from those with poor performance. The other aggregate properties
that were investigated showed no consistent relationship with field performance
with the exception of the factor of pore volume and size; the volume of voius
smaller in diameter than 0.005 ram, expressed as a ratio to the volume of solids,
was less than 0.06 for the aggregates with good field performance and greater than
0.10 for the aggregates with poor service records.

487. Sweet, H. S., and K. B. Woods. "Evaluation of Aggregate Performance in Pavement
Concrete." Journal of the American Concrete Institute Vol. 44 (June 1948):
pp. 1033-1040.

This report consists essentially of a review of published information on aggregate
as a variable influencing the durability characteristics of portland cement
concrete. Covers the evaluation techniques that have been used in field
performance studies, particularly with respect to isolating the causes of the
performance. Some emphasis has been placed on such studies made in Indiana
where it has been found that ma: _ miles of concrete pavements have deteriorated
when certain coarse aggregates .. ere used regardless of other variables, such as
cement fine aggregate, traffic, etc. In contrast, many more miles of Indiana
pavements, constructed with other coarse aggregates, are in excellent condition
after as many as 20 years of service. The reacuons between high alkali cements
and certain aggregates are mentioned, but not treated in detail. It is concluded that
aggregate acceptance tests in common use are not adequate to differentiate
betweengoodandbadaggregatematerials.

-)88.Taber.S."'FrostHeaving."JournalofGeologyVol.37,No.5 (luly-August1929):
pp.-$28--$6I.

Thispaperdescribesalaboratoryinve:,tigationofproblemsconnectedwithfrost
heaving.The principlesdevelopedhaveapplicationingeology,plantphysio!ogy,

..... andengineering.Pressureeffectsaccompanyingthefreezingofsoilsaredueto
"- the m'owth of ice crystals and not change in volume. Pressure is developed in the

,.... dffection of crystal growth, which is determined chiefly by the direction of
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cooling. Heavin8 is often greamr than can be explained by expansion. It is due to
the segregation of water as it freezes, more water being drawn up by molecular
cohesion. The chief factors controlling segregationand excessive heaving are:
size of soil panicle, amount of water available, size and percentageof voids, and
rate of cooling. The pressuredeveloped is limited by the tensile strength of the
water. More v,atermay be concentrated in the surface soil through ice
segregation followed by thawing than in any other way. Segregation causes
shrinkage cracks below if the supply of water is limited or the soil very
impermeable. Differential heaving is due chiefly to differences in soil texture and
in the amount of available water, but differences in the kind and amountof soil
cover are also factors.

489. Takagi, S. "'An Analysis of Ice Lens Formation.'"Water Resources Research Vol. 6,
No. 3 (June 19'70):pp. '736-'149.

A mechanism of ice lens formationis presented on the assumption that its main
cause is the simultaneous flow of heat and water. The differential equations thus
formulated are solved approximately by the use of a generalizationof Goodman's
integral n'.ethod. The result is found to be"not completely satisfactory when
compared with an experiment. The following progress has however been made:
(I) The existence of a solution to the differential equations of ice lens formation is
demonstrated. (2) The solution exists for a very narrowrange of initial water
content determined by the amount of surcharge on the ice lens. The narrowness
of the range probably accounts fo.rthe observed intermittence of lenses. (3) The
Goodman technique or any generalization of it cannot yield a satisfactorysolution
ot he problem. (4) A simplification of Portnov's method has been found. (5) The
possibility of obtaining an exact solutionfor a short initial time interval arises
when the independent variables x and t are reduced to x/'_ or simply "_, where
x is the vertical coordinate and t is the time. (6) With development of the ....
mathematical method, improvements in the assumed mechanism, and refinements
in the measurements of soil properties, we may be able to completely formulate
frost heavingand thereby,solve a long-standing problem.

-_90. Tallamy, B. D. "'Control of Concrete Pavement Scaling Caused by Chloride Salts.'"
American Concrete Institute Proceedings Vol. 45, No. 28 (September 1948 - June
1949): p. 513.

Under modern traffic requirements on heavily traveled roads salt-treated abrasives
will not remove ice quickly enough. As maintenance forces have struggled to
meet the demand for uninterrupted service, the use of straight salts has become
increasingly common. Direct applications of up to 600 lb of salt per two-lane
mile are required to combat extreme icing conditions. Pavements constructed to
withstand the weak brines deposited by salt-treated abrasives cannot stand up
under straight salt. New pavements appear more vulnerable than those two or
more years old.

The observed resistance to salt action of the oil-soaked center streak of uphill
traffic lanes led New York state highway engineers to investigate the feasibility of
the use of dilute oil applications as a protective measure. Laboratory tests
indicate successful results may be expected. In the late summer of 1948, oil spray
equipment was developed in time to treat nearly 60 miles of new concrete
highways, which should provide a wide base for field observation of the
effectiveness of the method.

173



49l. Tanahashi, I., S. Ohgishi, H. Ono, and K. Mizutani. "'Evaluation of Durability for
Concrete in Terms of Watertightness by 'Permeability Coefficient Test Results'."
Editor J. M. Scanlon. Katharine and Bryant Mather International Conference,
Atlanta_ GA. April 27 - May 1, 1987.

Effects of fluidity and mix proportion on the permeability was investigated on a
concrete of typical specimen (disk and hollow disk types). Next, the permeability
coefficient of structural concrete (wall and floor) were investigated and evaluation
of concrete durability was carried out. From these experiments, the following
conclusion was obtained.

The permeability coefficient of typical specimen that f'dled into the form
sufficiently can be represented by an experimental equation.

The durability of structural concrete can be evaluated from the water-tighmess
that is derived from comparison of measured permeability coefficient and the
theoretical permeability coefficient obtained by.substituting the water-cement
ratio and unit water quantity of designed mix proportion into the equation.

492. Taylor, T. G. "Effect of Carbon Black and Black Iron Oxide on Air Content and
Durability of Concrete.'" Journal of the American Concrete Institute Vol. 44
(April 1948): pp. 613-624.

The practice of using air-entraining cement and air-entraining admixtures has
made it necessary to re-examine many of the materials added to concrete to
determine their effect on these types of concrete. This paper reports tests made to
determine the effect of certain coloring agents on the air content and durability of
concrete.

The tests indicate that some materials when added to concrete reduce the capacity
of the cement to entrain air and thereby reduce the resistance of the concrete to
freezing and thawing. A recommended procedure for evaluating coloring agents
for use in air-entrained concrete is given.

493. Teodoru, G. "'Aggregate m The Decisive Element in the Frost Resistance of
Concrete.'" Editor J. M. Scanlon, Katharine and Bryant Mather International
Conference, Atlanta, GA, April 27 - May 1, 1987.

Experimentation was done to determine the influence of mineralogical structure,
physical-chemical properties of aggregate and their granulometric composition
tespecially the fine fraction). The influence of cement type and content and of
admixture on the resistance of concrete to freezing was included. Investigations
were done using measurements of the logarigthmic decrement from the resonance
curve as well as from the decay curve of the free vibrations. For comparison, the
dynamic modulus of elasticity variation and the variations of strength in
compression and tensile of concrete were used.

The value of the logarithmic decrement is given. It is noted that concrete above • •
that value is not resistant to frost damage.
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494. Thompson. S. R., M. P. J. Olsen, and B. J. Dempsey. Synthesis Report: D-Cracking
in Portland Cement Concrete Pavements, University of Illinois at Urbana-
Champaign, Urbana, IL 61801. UILI-ENG-80-2014. June 1980.

A comprehensive literature review was conducted to determine the mechanisms
and testing procedures for D-cracking in portland cement concrete pavements.
Beneficiation procedures were also investigated. The three general responses to
freezing in the ag_egate/paste system included elastic accommodation, high
internal pressure, and high external pressure. It was found that the critical
aggregate parameters influencing D.,crackind were degree of saturation, maximum
particle size, permeability, porosity, and pore size distribution. Evaluation of
present laboratory testing procedures indicated that the ASTM C666, VPI slow-
cool. Mercury Porosimetry, and Iowa Pore Index Tests correlated the best with
field performance of concrete with respect to D-cracking.

495. Thomson, W. T. "Measuring Changes in Physical Properties of Concrete by the
Dynamic Method." American Society for Testing Materials, Proceedings, Forty-
Third Annual Meeting,, June 1940.

In investigating the durability of concrete by freezing-and-thawing tests, it has
been found that the deterioration of the specimen is accompanied by certain
changes in the physical properties of the material. The properties of the material
most readily affected by deterioration are the modulus of elasticity and the
decrement of vibration, both of which can be measured by the dynamic method.
This paper presents tests performed on concrete composed of various aggregates
with different water-cement ratios. Included, also, ate certain peculiarities of
results obtained by the dynamic method.

496. Tikalsky, P. J., and R. L. Carrasquillo. Durability of Concrete Containing Fly Ash,
Center for Transportation Research, University of Texas at Austin, Report 364-3,
May 1986.

The variability in the chemical composition and physical properties of fly ash
from different sources affect both the fresh and hardened properties of concrete
containing fly ash. Resident engineers and manufacturers that ignore these
differences do not ensure proper quality or durable concrete.

This report summarizes the observations and conclusions from an experimental
prouam investigating the durability of concrete containing fly ash. Tests were
performed to determine the freeze-thaw resistance, strength, shrinkage, creep,
abrasion resistance, and air entrainment characteristics of concrete containing fly
ash. Types A and B fly ash were used in this study as a replacement for 0, 20, and
35% Type I portland cement by weight. In addition, Type IP cement containing
20% Type A fly as was used:

The results from this study reveal that concrete containing fly ash can be designed
to meet present Texas SDHPT specifications. In many cases concrete containing
no fly ash is shown to be more durable and economical than plain concrete.

This report provides the resident engineer with recommendations to ensure the
durability of concrete containing fly ash and points out concerns for future
investigations.
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-197. Tikalsky. P. J.. P. M. Carrasquillo. and R. L. Carrasquillo. "Strength and Durabtlity
Considerations Affecting Mix Proportioning of Concrete Containing Fly Ash."
ACI Material Journal (November 1988).

The results of a three-year study on the properties of concrete containing fly ash
are presented. Both the fresh and hardened properties are reported of concrete
made using Type I cement, river gravel, natural sand, and fly ashes from several
sources. The mixtures were proportioned to have similar slump and a constant
cementitious content, by weight. It is shown that concrete containing fly ash can
be proportioned having equal strength properties and adequate durabi'_ty when a
suitable ASTM C618 Class C or F fly ash is used. Test data on over, 600
laboratory and field specimens tested for freeze-thaw resistance, flexural strength,
compressive strength, creep, shrinkage, and abrasion resistance are presented. Fly
ash contents ranging from 0 to 35 percent by weight of portland cement were used
with both Class C and Class F fly ashes. Guidelines for the selection of materials
and their proportions for producing concrete containing fly ash to meet existing
highway specifications for concrete are presented.

498. Tognon, G., and S. Cangiano. "Air Contained in Superplasticized Concretes." ACI
Journal (September-October 1982): pp. 350-354.

The air-entraining activity of superplasticizers based on sulfonated naphthalene
formaldehyde condensates was studied in concretes made with different water-
cement ratios. Results indicated that these admixtures cause air-entrainment
which is directly related to the workability of mixes.

Nevertheless, the comparison with concretes containing an air-entraining agent
showed that the air bubbles introduced by the superplasticizers are not bound to
the cement particles and are characterized by sizes two to four times as high as
those due to an air-entraining agent. Also, when working with superplasticized
self-leveling concretes, a vibrating, even if moderate, action is necessary to
eliminate the entrained ai_ r,hat, because of its size, is not useful against frost
action.

-199. Torrans. P. H., and D. L. lvey. "Air Void Systems Affected By Chemical Admixtures
and Mixing Methods.'" Highway Research Record No. 226 (1968): pp. 1-10.

Variations in the entrained-air system in hydraulic cement mortars due to different
chemical tylScSof air-entraining agents and retarders and different mixing
methods were investigated. Twenty-seven mortar batches were prepared at a
fundamentally constant air content using different combinations of 3 mixing
sequences. 3 air-entraining agents, and 3 retarders. The Powers and Philleo
spacing factors were determined on specimens from each batch, and were used as
the criteria for comparison of the air void systems. Observed differences in the
Powers spacing factor were found to be statistically significant for different
mixing methods and different air-entraining agents. Comparatively large values
of the Powers spacing factor, were observed when the air-entraining agent and
retarder were combined in the same water phase before being combined with the •
cement and sand. Relatively low values of Powers spacing factor were observed
when the organic acid retarder was used, regardless of the air-entraining agent
used.
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500. Traetteberg. A. "'FrostAction in Mortar of Blended Cement with Silica Dust.'"
Durabilio' of Building. Materials and Components, ASTM STP 691 (1980):
pp. 536-548.

Examinations of mortar prisms exposed to freeze-thaw cycling have been
performed in order to evaluate the influence of silica dust on the frost resistance of
concrete. The results, mainly based on measurements of residual length change.
show that the addition of silica dust improves the durability of the mortars against
frost attack. Air entrainment does not seem to have much effect in combination
with silica dust. Despite the reduction in water requirement when a plasticizer is
used, the admixture is not necessary to obtain a frost-resistance concrete. The
improved effect caused by silica dust may be explained by an alteration of the
pore size distribution leading to an increased amount of pores that seem to be
efficient in combating frost action.

501. Transportation Research Board. Admixtures and G'round Slag for Concrete, TRB
Committee. on Chemical Additions and Admixtures for Concrete ('A2E05).
National Research Council, Washington, D. C, Transportation Research Circular
No. 365, December 1990.

This report was prepared by the Transportation Research Board Committee on
Chemical Additions and Admixtures for Concrete (A2E05). It is intended to
provide practical information on admixtures and slag to practitioners dealing with
concretes in the transportation field. The report supersedes information in Special
Report 119 published in 1971 on accelerating, air-entraining, water-reducing, and
pozzolani¢ (Type F fly ash) admixtures. In.addition, it includes information
concerning latex, high-range water-reducing, corrosion inhibiting, Type C fly ash.
and silica fume pozzolanic admixtures and slag. The summary table in Chapter 1
provides a quick reference concerning major expected advantages and possible
detrimental effects but should not be construed as being all inclusive. Significant
contributions were made by past and present members of the Committee and other
knowledgeable persons in the field. The Committee hopes to continue updating
this document as new information is developed.

502. Traylor. M. L. "Efforts to Eliminate D-Cracking in Illinois." Transportation Research
Record No. 853 p. 9-14.

Severe D-cracking on Interstate pavements prompted the Illinois Department of
Transportation to initiate a program to identify and eliminate the use of
D-cracking aggregate. More than 200 crushed-stone and gravel sources were
evaluated by using both the Iowa Pore Index and ASTM C 666 freeze-thaw tests.
Shortcomings in the Iowa pore index test have resulted in its use being limited to
a screening test. The results of the freeze-thaw program have formed the basis for
a specification that the state believes will guarantee the durability of future
pavements. • •

503. Tremper. B.. and D. L. Spellman. "Tests for Freeze-Thaw Durability of Concrete
Aggregates." Highway Research Board Bulletin .No. 305 (1961): pp. 28-50.

Tests of aggregate in air-entrained concrete have been made by methods
suggested by T. C. Powers for resistance to freezing and thawing. The procedure
differs from that of currentlv used test methods in several important respects.
Among these are: _1_ maintenance of the original moisture in the aggregates. _2)

testing of the largest panicle sizes to be used in the work, t3) subsequent
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conditioning of the cured concreteby drying to a degree found appropriateto
exposure conditions at the site of construction, and (4) freezing at a rate
commensurate with natural conditions• Methods and apparatus used in
conducting the tests aredescribed, and results of variations in test procedureare
shown.

Specifications based on the test procedure have been used for the acceptanceof
agm'egates in construction work that is subject to severe winterconditions at high
elevations in California. Many of the aggregates would not be considered to be
acceptable under commonly used freeze-thaw methods. One hundred and
seventy-three lane-miles of pavement have been subjected to one or two winters
of severe exposure. At present, the concrete is judged to have withstood the
effects of exposure without evidence of distress due to freezing and thawing.

504. Troxell, G. E., and H. E. Davis• Composition and Properties of Concrete. New York,
N'Y':McGraw-Hill Book Co., Inc., 1956.

Today, more than ever before, the civil engineer is required to give thought and
time to the problems of concrete making and utilization. The results
accomplished in the field by the construction engineer and the concrete inspector
depend upon their knowledge of concrete and of the materials from which it is
made. Satisfactory designs of structures are dependent ton considerable extent
upon the familiarity of the design engineer with the desirable and the undesh'able
characteristics of concrete.

This text and manual is designed as a guide to the student in a comprehensive
course in the study of plain concrete. Part I is a descriptive text in which
sufficient information is provided so that the eng!neer can inteUigenfly understand
the many factors having a bearing on the propomoning, production, testing, and
control of plain concrete. Much of this information has appeared in publications
of various technical societies and associations but has been selected and
condensed here to make it more useful to the student. It may well serve as a guide
to the practicing engineer in selecting and using the cement, fine aggregate, coarse
aggregate, and admixtures for a given structure. It covers the proportioning and
mixing of these materials, as well as the placing and curing of the concrete, to
produce a finished product of suitable and predictable quality and economy.

505. Turner. L. "'The Healing of Cement and Concrete." Concrete and Constructional
Engineering Vol. 32 (February 1937): pp. 141-144.

It is not generally appreciated that cement and concrete possess to a remarkable
degree the property of self-healing in the presence of motsture. In certain
conditions a crack caused by failure in tension or compression is capable of
healinu to such an extent that the material is stronger than when fhst broken.
About'six years ago, when the writer applied vibration to bridge construction, the
importance of the effect on green or partly hardened concrete of the condition that
can be caused by shock being fracture and separation of surfaces, it was necessary
to investigate the capability of healing in the cementitious material h-actured,
because the healing properties of the aggregate alone can be disregarded.

178



506. Tuthill, L. H., and W. A. Cordon. "'Properties and Uses of Initially Retarded
Concrete.'" Journal of the American Concrete [nstitute Proceedings Vol. 52,
No. 3 INovember 1955): pp. 273-286.

Loss of slump and workability and higher water requirement, particularly in warm
weather, often impair quality of concrete. Investigation of corrective agents
included development of a penetration resistance test to measure rate and progress
of hardening, which is described. The effect of various factors such as
temperature, character and amount of cement, and tYl_. and amount of retarding
agent on rate of hardening, early strength, water requtrement' and durability, are
reported.

507. Tuutti, K., and G. Fagerlund. "Fly Ash - Its Properties and Fields of Application in
the Cement Industry." ACFRILEM Symposium '85: Technology of Concrete
When Pozzolans, Slags, and Chemical Admixtures Are Used, Monterrey, Mexico.
1985, pp. 103-119.

This paper presents a number of investigations and results that supplement
previous studies of fly ash. Fly ash from coal-firing is a relatively new material to
be used in the cement and concrete industry in Sweden. The investigations are
confined to Class F fly ash with a low CaO content. The following aspects of fly
ash are studied in these investigations: fineness, glass content, and residual
carbon content of fly ash, addition of fly ash (1) to the cement when grinding
cement clinker. (2) as a partial replacement of cement in concrete, and durability
aspects such as frost resistance and corrosion of reinforcement when using fly ash
in concrete.

508. Tynes. W. O. Investigation of High-Strength Frost-Resistant Concrete, U. S. Army
Engineer Waterways Experiment Station, Concrete Laboratory, Vicksburg, Miss .......
miscellaneous paper no. C-75-6, June 1975.

This study was conducted to determine if reduction in air content by vibration of a
well proportioned concrete mixture of relatively high cement content reduces the
frost resistance of the hardened concrete and also to determine the effect of such
reduction in air content on compressive strength. One 3/4-in. (19.0-ram)
maximum-size crushed limestone aggregate concrete mixture was proportioned to
have a compressive strength of approximately 5500 psi (37.92 MPa) at 28 days
age. The mixture had an air content of 8 plus or minus 1 percent. Various
vibration times were used to reduce the air content until the samples had an air
content as low as could be practically obtained. Specimens were cast for
determining compressive strength, resistance to freezing and thawing, and air void
parameters to evaluate the effect of reduction in air content of the concrete on
strength and frost resistance. Strength test results indicate that the suength did
increase as the air content decreased. The results of the tests for determining

: resistance to freezing and thawing indicate that frost.resistance decreased as air
- content decreased. However. it appears that even though the durability decreased

as the air content was reduced, the concrete still had adequate frost resistance with
nominal air contents 0fl.5 percent. Even though this is a low air content
percentage, the air void spacing factor was 0.0068 in. (0.1727 ram), which is
below the value that is considered adequate, i.e., 0.0080 in. (0.2032 ram).
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509. Valore. R. C.. Jr. "'Volume Changes in Small Concrete Cylinders During Freezing
and Thawing." Journal of the American Concrete Institute Vol. 46, No. 6
¢February 1950): pp. 417-436.

The volume-temperature behavior of small concrete cylinders was observed, using
a new mercury-displacement dilatometer, during freezing and thawing cycles in
which the range 40 tO -20 ° F was traversed at various rates. Specimens cast from
a mix containing 6 bags of portland cement per cu yd, plain and modified by the
addition of an air-entraining agent, were tested in air-dry, vacuum-saturated and
partially saturated conditions.

Volume-temperature relationships for air-dry specimens yielded uniform thermal
expansion data, but those for vacuum-saturated specimens showed departures in
the form of transient expansions during freezing, and residual expansions
following thawing of about 0.8 and 0.4 percent, respectively; as a single slow
cycle produced decreases in dynamic E exceeding 60 percent.

Much smaller departures were observed for partially saturated specimens (65 to
85 percent of vacuum-saturation) and included, in addition to transient and
residual expansions, secondary effects of freezing termed "shrinkage" and
relaxation phenomena. The magnitude of the transient and residual expansions
appeared to depend upon the rate of cooling and heating, the degree of saturation
of the specimen and, during the slow cycle, upon the degree of supercooling
before freezing.

510. Valore, R. C., Jr., and C. William. "Air Replaces Sand in No-Fines Concrete."
Journal of the American Concrete Institute Vol. 47, No. 10 (June 1951): pp. 833-
846.

Concretes containing r,,_h-early strength cement, 20 to 30 percent entrained air in
place of fine aggregate, siliceous pea gravel and a proprietary resin of detergent
air-entraining agent, were made using ordinary rotating tilt-drum mixers. The
maximum air contents in mixes having a compressive strength of 500 psi (28
days) were 25 percent (3.3 bag mix) and 29 percent (5.6 bag mix). The ratio of
compressive to transverse and bond strengths was about 3. The saturation
coefficient and capillarity were much lower, the resistance to freezing and
thawing generally higher, and the thermal conductivity (k) 30 to 40 percent lower
than for a nonaerated sand-gravel concrete. The drying shrinkage was about the
same as for a nonaerated concrete. The compressive strength of all mixes
decreased about 100 psi for each percent increase in air content, which wa.¢ :
difficult to control.

511. van Genuchten. M. Th. "'A Closed-form Equation for Predicting the Hydraulic
Conductivity of Unsaturated Soils." Soil Sci. Am. J. Vol. 44 (1980): pp. 8q2-898.

A new and relatively simple equation for the soil-waterc0ntent-pressure head
curve, O(h), is described in this paper. The particular form of the equation enables
one to derive closed-form analytical expressions for the relative hydraulic
conductivity, Kr, when substituted in the predictive conductivity models of N, T.
Burdine or Y. Mualem. The resulting expressions for Kr(h) contain three
independent parameters which may be obtained by fitting the proposed soil-water
retention model to experimental data. Results obtained with the closed-form
analytical expressions based on the Mualem theory are compared with observed
hydraulic conductivity data for five soils with a wide range of hydraulic
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properties. The unsaturated hydraulic conductivity is predicted well in four out of
five cases. It is found that a reasonable description of the soil-water retention
curve at low water contents is important for an accurate prediction of the
unsaturated hydraulic conductivity.

512. van Genuchten. R. Calculating the Unsaturated Hydraulic Conductivity with a New
Closed-Form Analytical Model. Dept. of Civil Engineering, Princeton University.
Princeton, N.I',research report no. 78-WR-08, September 1978.

A new and relatively simple equation for the soil moisture content-pressure head

curve, O(h), is described in this report. The particular form of the equation
enables one to derive closed-form analytical expressions for the relative hydraulic
conductivity, Kr, when substituted in the predictive conductivity models of
Burdine (1953) or Mualem (1976a). The resulting expressions for Kr(h) contain
three independent parameters which may be obtained by fitting the proposed soil
moisture retention model to experimental data. Two different methods of curve-
fitting are discussed in the report, a simple but effective graphical method, and a
least-squares method requiring computer assistance An existing non-linear least-
squares curve-fitting program was modified for this purpose and is included in an
appendix, together with detailed instructions regarding its use.

Results obtained with the closed form analytical expressions based on the Mualem
theory were compared with observed relative hydraulic conductivity data for five
soils with a wide range in hydraulic properties. The relative hydraulic
conductivity was predicted well in four out of five cases. It was found that a
reasonable description of the soil moisture retention curve at low moisture
contents is necessary if an accurate prediction of the hydraulic conductivity is to
be made.

513. Verbeck. G. ,L "'Pore Structure." Significance of Tests and Properties of Concrete and
Concrete Making Materials. AS TM STP- 169B (1978): pp. 262-274.

The pores, or voids, in concrete consist of pores in the hardened cement paste,
entrained or untrapped air voids, and voids in the pieces of aggregate. Most of the
important properties of concrete are related to the quality and the characteristics of
the various types of pores in the concrete. The engineering properties, such as

• strength, durability, shrinkage, creep, permeability, and frost durability, are
directly influenced or controlled by the relative amounts of the different types and
sizes of pores_

51..l. Verbeck. G. J., and W. E. Haas. "'Dilatometer Method for Determination of Thermal
Coefficient of Expansion of Fine and Coarse Aggregate.'" Highway Research
Board Proceedings Vol. 30 (1950): p. 192.

The thermal coefficients of the paste and aggregate components of concrete to a
considerable extent goyem th.e degree of physical compatibility of the
components and hence may affect the durability of concrete subject to changes in
temperature.

The described dilatometer method is suitable for the determination of the thermal
coefficeient of expansion of sand and coarse aggregate. The method is
particularly adaptable to the study of sands and also provides a means of obtaining
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and testing a representative sample of a heterogeneous coarse aggregate or of the
various mineralogical portions comprising the coarseaggregate.

The method determines the cubical thermal coefficient of expansion from which
the mean linear thermal expansion may be calculated. With the present apparatus.
the thermal coefficient is measured over a range of approximately 7° F. Both the
temperature increment and the base temperature used in the determination can be
easily modified.

The accuracyof the apparatushas been verified by the comparison of results
obtained with materials of known thermal coefficients of expansion. The thermal
coefficients of expansion of various fine and coarse aggregatesare included.

515. Verbeck. G. J., andP. Klieger. Calorimeter-Strain Apparatus for Study of Freezing
and Thawing Concrete, Highway Research Board, Washington, D. C., Bulletin
No. 176. 1958. pp. 9-22.

Information and techniques availablein the past have not been sufficient for a
complete evaluation of the role of the various factors influencing the resistance of
concrete to freezing and thawing.

It has long been recognized that the destructionof concrete exposed to freezing
and thawing is due principally to the freezing of water within the concrete;
concrete in a dry state will not be damaged by freezing. Water-saturatednon-air-
entrained concrete of normal water-cement ratio cannot resist the disruptive forces
generated by the freezing of the water. Air entrainment provides a practical and
fundamental solution to this freezing problem. Frost resistance is controlled by
the freezable water content, airvoid characteristics, paste permeability, aggregate
characteristics, and other factors, none of which are readily evaluated
experimentally.

This paper describes the development and operation of an apparatusfor
determining (1) the amount of water actually freezing within a concrete specimen
as a function of temperature and time, and (2) the physical response of the
specimen in terms of length change as this water is frozen. Examples of the type
of information that can be obtained are presented and discussed.

516. Verbeck, G. J.. and P. Klieger. Studies of'Salt' Scaling of Concrete, Highway
Research Board, Washington, D. C., Bulletin No. 150, 1956. pp. 1-13.

The service record of air-entrained concrete pavements exposed to deicing salts is
excellent. However, the mechanism by which deicers cause or accelerate surface
scaling of non-air-entrained concrete is unknown. Furthermore, there is not a
complete understanding of why entrained air is beneficial in this regard.

Although field experience indicates that air entrainment is a practical remedy for
surface scaling, some laboratory tests indicate that undercertain extremely severe
conditions entrained air does not give complete protection.

The objective of this study is to provide more information on the effect of type
and concentration of deicer, curing condition of concrete, air entrainment, and
other variables on the surface scaling of concrete. This informadon should lead to
a better understanding of the effect of these variations and should be of assistance
in the establishment of further remedial measures.
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517. Verbeck. G. J.. and R. Landgren. "'Influence of Physical Characteristics of Aggregates
on Frost Resistance of Concrete.'" ASTM Proceedings Vol. 60 (1960): pp. I063-
I079.

The durability of concretes made with different aggregates depends upon the rate
at which the aggregates become critically saturated in the concrete and upon the
different physical responses of the aggregates to freezing. The time requirements
for saturation of aggregates in concrete are analyzed in terms of the physical
characteristics of the aggregates and the concrete. Impot-mnt factors are the
porosity and pore size distribution of the aggregate and the permeability and
thickness of the mortar cover protecting the aggregates from water.

The different responses of aggregates and the cement paste are shown. Saturated
aggregates of low porosity may accommodate pore water _eezing by simple
elastic expansion. Saturated aggregates of moderate or high porosity may fail
internally because the particle dimension exceeds a certain critical size or may
cause failure in the paste immediately adjacent to the aggregate particle because
of aggregate pore water displacement. The magnitude of the hydraulic pressures
developed is significandy influenced by the size of the aggregate particle and the
permeability and air content of the surrounding paste.

The avplicability of certain types of laboratory tests of the frost resistance of
aggregates and concretes is questioned on the basis of these mechanisms.

518. Verhasselt. A. "Low-Calcium Fly/_sh as a Mineral Admixture for Lean Concrete."
Second CANMET/ACI International Conference on the Use of Fly Ash, Silica
Fume, Slag, and Natural Pozzolans in Concrete, Madr,d, Spain, 1986, pp. 803-
820.

The useofflyashasa mineraladmixtureforleanconcrete(roadbaseconcrete)
hasarousedaratherlimitedinterestuntilnow. However,thiscomparativestudy
showsthattherearesome'advantagesinusinglow-calciumflyashinlean
concretes.The compactibilityofleanconcreteisimproved;themaximum level
ofcompaction(ModifiedProctortest)isachievedatabout5 percentflyash
addition,whereasitisequalat0 percentand I0percentaddition.The CBR
indexesofthemixesaresimilaratProctormaximum, butthehighertheflyash
content,themore sensitivetheindexistoanincreaseinmoisturecontent.At an

earlystage,flyashisnotveryeffectiveinstrengthdevelopment:itisessentially
theportland'cementcontent(2to5 percent)thatgovernstherateofstrength
evolution.On theotherhand,atlongerperiods(morethan6 months),flyash
contributesverylargelytostrength:a factorof1.5betweentheweakestmix and
thereferenceleanconcretewithoutflyash.Accordingly,areductionofthe
cementcontentinpracticecanbetakenintoconsideration.Waterstability,which
isobtainedrapidly,isnotmuch affectedbythepresenceoftheadmixture.On the
theotherhand.resistancetorepeatedfreezingandthawingcyclesisdelayed
becauseoftheslowerstrengthgainformixescontainingmoreflyashandless
cement.The resultsonthewholeshow thattheoptimumlow-calciumflyash
contentinleanconcreteforroadbaseliesaround5 percentbymasswiththe
possibilityofreducingthecementcontentappreciably.

519. Virtanen.J."'Freeze-ThawResistanceofConcreteContainingBlast-FurnaceSlag,
FlyAsh orCondensedSilicaFume."FirstCAN,'MET/ACIInternational
Conferenceon theUse ofFlyAsh.SilicaFume.SlagandOtherMineralBy-
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Products in Concrete, Montebello, Quebec. Canada. July - August 1983. pp. 923-
962.

The use of GGFBS and fly ash has increased considerably in Finland. Silica fume
has not been used in concrete in Finland so far. but research on its properties has
been carried out for some years. The use of these materials has been limited
because of the lack of knowledge on the durability of concrete containing slag, fly
ash, or silica. The freeze-thaw resistance of concrete has been evaluated using
five different methods. Both air-entrained and non air-entrained concretes were
tested.

520. Vogler, R. H., and G. H. Grove. Freeze-Thaw Testing of Coarse Aggregate in
Concrete: Procedures Used by Michigan Department of Transportation and
Other Agencies, Michigan Department of Transportation, November 1987.

The procedures used to evaluate the durability of coarse aggregate in concrete by
• freezing and thawing were determined by a survey. Results indicate that a

number of State transportation agencies use freeze-thaw procedures in place of, or
in addition to, sulfate soundness and other tests. However, each agency's
procedure has unique aspects. ASTM Method C 666 describes the procedures for
freeze.thaw cycling and gives partial information on expressing these results, but
ASTM has no standard procedure to guide the testing agency in important aspects
such as: aggregate grading, aggregate moisture treatment and pretreatment'

concrete mixture proportioning including cement content, air content of concrete,
or curing procedure. The ASTM procedure s method of expressing results for
change in length does not permit comparison between different aggregates. The
information in this paper is intended to assist ASTM Committee C9 in preparing a
practice for evaluation of coarse aggregate in concrete by freezing and thawing.

521. Vogler, R. H., and G. H. Grove. "'Freeze-Thaw Testing of Coarse Aggregate in
Concrete: Procedures Used by Michigan Department of Transportation and Other
Agencies.'" Cement. Concrete, and Aggregates Vol. 11, No. 1 (1989): pp. 57-66.

The procedures used to evaluate the durability of coarse aggregate in concrete by
free.zing and thawing were determined by a survey. Results indicate that a
number of state transportation agencies use freeze-thaw procedures in place of, or
in addition to. sulfate soundness and other tests. However, each agency's
procedure has unique aspects. ASTM Test Method for Resistance of Concrete to
Rapid Freezing and Thawing (C 666) describes the procedures for freeze-thaw
cycling and gives partial information on expressing test results, but ASTM has no
standard procedure to guide the testing agency in important aspects such as:
aggregate grading, aggregate moisture treatment and pretreatment, and concrete
mixture proportioning (including cement content, air content of concrete, or
curing procedure). The ASTM C 666 method of expressing results for change in
length does not permit comparison between different aggregates. The information
in this paper is intended to assist ASTM Committee C9 on Concrete and Concrete
Aggregates in preparing a practice for evaluation of coarse aggregate in concrete
by freezing and thawing ....
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522. Vondran, G. "'Making More Durable Concrete with Polymeric Fibers." Editor J. ,'91.
Scanlon. Katharine and Bryant Mather International Conference, Atlanta, GA,
April 27 - May I, 1987.

The use of fibrillated polymeric fibers as secondary reinforcing to improve
concrete durability is presented from a wide range of data with the purpose of
demonstrating major trends. In this paper, results presented are focused on one
type of polymeric fiber, collated fibrillated polypropylene (CFP), at an addition
rate of 1.5 Ib/yd 3. Tests on qualities that can affect durability illustrate CFP fiber
reinforcedconcreteincreasesresistanceto:plasticshrinkagecracking,impact,
abrasion,shattering,freeze-thaw,deicingscaling,permeability,fatigue,andfire.
The toughnessindexisincreasedupto4.9withtheuseofthisfiber.
Polypropylenewillnotdegradeorcorrode,andisnotnegativelyaffectedbyan
alkalineenvironmentofportlandcementconcrete.

523. Walder,J.,andB.HaIIet."A theoreticalmodelofthefractureofrockduring
freezing."GeologicalSocietyofAmericaBulletinVol.96(March1985):pp.336-
346.

We present a mathematical model for the breakdown of porous rock by the
growth of ice within cracks. The model is founded upon well-established
principles of fracture mechanics and recent advances in soil physics, along with
the assumption that progressive crack growth results from water migrating to ice
bodies in cracks, much as water: migrates to ice lenses in freezing soil.

Our model predicts crack-growth rates compatible with empirical data.
Calculations for a granite and a marble indicate that sustained freezing is most
effective in producing crack growth when temperatures range from approximately
-4* C to -15" C. At higher temperatures, thermodynamic limitations prevent ice
pressure from building up sufficiently to produce significant crack growth: at
lower temperatures, the migration of water necessary for sustaining crack growth
is strongly inhibited. In hydraulically "open" systems, in which pore-water
pressure remains near atmospheric pressure during the freezing process, crack-
growth rates during continuous cooling will generally be greatest at low rates of
cooling, less than approximately 0.1-0.5 ° C/h. At higher rates of cooling, the
influx of water to growing cracks is significantly inhibited.

The model delineates clearly the role of material parameters (elastic moduli,
fracture-mechanical properties, grain size and shape, and crack size), ..
environmental conditions (temperature, temperature gradient, water pressure), and
time in frost damage to rocks. Our calculations, along with recent experimental
work on water migration in freezing rocks (Fukuda, 1983), lead us to question the
widely accepted importance of two phenomena m freezing of water in sealed
cracks and freeze-thaw cycling m in the fracture of rock exposed to natural
freezing conditions.

524. Walker, H. N. "'Correlation of Hardened Concrete Air-Void Parameters Obtained by
Linear Traverse with Freeze-Thaw Durability as Found by ASTM C 666."
Cement, Concrete, and Aggregates Vol. 6, No. 1 (Summer 1984): pp. 52-55.

D -The spacing factor for the proportional number of small air voids Lps as proposed
bv Walker in 1980 and the air-void parameters normally obtained by ASTM
_actice for Microscopical Determination of Air-Void Content and Parameters of
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the Air-Void System in Hardened Concrete (C 457) were each correlated with the
durability factor and weight loss found by ASTM Test for Resistance of Concrete
to Rapid Freezing and Thawing (C 666) Procedure A for 151 concretes. The
correlation coefficients were examined, and it was found that for the durability
factor the classical spacing factor from ASTM C 457 gave a slightly but not

si_nificantlv better correlation than did T_ps. The 151 concretes were divided into
th';_'.e_oup's according to their source. Ifi no case did the correlation obtained

from r.ps significantly exceed the spacing factor calculated from ASTM C 457.

525. Walker, H. N. "Formula for Calculating Spacing Factor for Entrained Air Voids."
Cement, Concrete, and Aggregates Vol. 2, No. 2 (Winter 1980): pp. 63-66.

A spacing factor only for small voids is derived from the proportion of small
voids to total voids. The formula can be used with any method of air
determination in hardened concrete that includes denominating some voids as
large and some as small. The formula is not dependent on the size criterion used.
A graphic method of estimating the spacing factors is given: L for total and and
L s for the proportion of small voids.

526. Walker, R. D., and T. C. Hsieh. "'Relationship Between Aggregate Pore
Characteristics and Durability of Concrete Exposed to Freezing and Thawing."
Highway Research Record No. 226 (1968): p. 41.

Various coarse aggregates ranging from crushed limestones and traprock to
gravels from glacial and nonglacial sources were obtained from different parts of
the United States and Canada. Concrete specimens made from these aggregates
were exposed to laboratory freezing and thawing cycles. Specimens for a
mercury, intrusion porosity test were broken into small particles.

For the eight aggregates tested, freeze-thaw durability was compared to aggregate
pore characteristics as determined by the mercury-intrusion porosity test. Several
characteristics were found to relate quite well with freeze-thaw durability,
especially the amount of pores found in the 8-nm range.

527. Walker, R. D., and J. F. McLaughlin. "'Effect of Heavy Media Separation on
Durability of Concrete Made with Indiana Gravels." Highway Research Board
Bulletin No: }.43 (I956): p. 14.

Alternate freezing and thawing are among the most destructive of the natural
weathering conditions to which concrete is subjected. Indiana pavements undergo

•a large number of freezing and thawing cycles each year, and in addition, several
- aggregates of questionable durability are found in the state. The Joint Highway

Research Project at Purdue University has, therefore, done considerable research
- concerning the freezing and t,hawing of concrete.

Previous studies hav¢_produced laboratory data which can be correlated with the
: field performance of aggregates, but in each, either all gravel or all crushed stone

coarse aggregates was used. Indiana's present field practice, however, is to br_.nd
crushed stone (for the larger sizes of the coarse aggregate) with gravel. Also. the
development of commercial heavy media separation methods makes worthy of
consideration the more extensive use of these methods for the improvement of
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gravel aggregates. These two factors merited laboratory research and form the
basis of this study.

528. Walker, R. D., H. J. Pence, W. H. Hazlett, and W. J. Ong. One-Cycle Slow-Free:e
Test for Evaluating Aggregate Performance in Frozen Concrete, National
Cooperative Highway Research Program, Report 65, Highway Research Board,
Washington, D. C.. 1969.

This investigation, which began in 1963. had for its purpose the development of a
simple and fast test that could be used to identify aggregates that cause poor
concrete performance when frozen. In the interim report definite progress toward
the goal of a quick and simple test was reported. This initial work consisted of
placing 3 x 3 x 16-in concrete specimens in a standard deep-freeze unit and
making strain measurements with a Whittemore strain gauge every 10 minutes
over a 3- to 4-hr. period It was found that the slope of the change in length versus
time curve correlated well with aggregate durability as defined by standard
freezing-and-thawing tests.

529. Walker, S. "'Freezing and Thawing Tests of Concrete Made with Different
Aggregates." Journal of the American Concrete Institute Vol. 40 (June 1944):
pp. 573-580.

This report summarizes information of freezing and thawing tests of concrete
made with different coarse aggregates and describes a "durability factor" that may
be calculated as a function of the cycles of freezing and thawing and their effect
on the modulus of elasticity of the concrete as measured dynamically.

530. Walker, S.. and D. L. Bloem. "Studies of Concrete Containing Entrained Air."
Journal of the American Concrete Institute Vol. 17, No. 6 (June 1946): pp. 629-
639.

Problems of air entrainment in concrete have been particularly interesting to the
ready-mixed concrete industry, which has to meet a wide variety of specification
requirements. This prompted exploratory studies in the Research Laboratory of
the National Ready Mixed Concrete Association. Data are reported on the effect
of entrained air on compressive strength and mixing water requirements. Other
factors considered are: mixing time, grading of aggregate, temperature, ratio of
sodium hvdroxide to Vinsol resin, comparisons of fresh and hardened concrete,
and air content at different depths of concrete.

531. Wallace, G. B.. and E. L. Ore. "Structural and Lean Mass Concrete as Affected by
Water-Reducing, Set-Retarding Agents." Effect of Water-Reducing Admixtures
and Set-Retarding Admixtures on Properties of Concrete, ASTM, Philadelphia,
STP No. 266, June 1960. pp. 38-96.

Several commercial water-reducing, set-retarding agents of the lignin and
• hydroxylated carboxylic acid classes are explored as to their effect on mix design

and on the many properties of fresh and hardened concrete. Their benefits and
limitati.ans'are explained so that the agents may be intelligently and confidently
utilized. Methodology consisted of comparing various concretes containing
water-reducing retarding agents with similar concretes without agent. Results of
several hundred laboratory and field test conducted over the past 5 years show
that optimum dosages of many agents on the market today will increase the

compressive, tensile, and shearing strength of mass and structural concrete and
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improve its resistance to freezing and thawing and sulfate-induced expansive
forces. The principal conmbution of water-reducing retarding agents toward
h-_proved workability is through their ability to extend the length of time in which
concrete can be consolidated by vibration and thus reduce the risk of obtaining
cold joints. They do not. however, improve the ease of handling concrete as
gaged by the slump test, and in a few cases will increase the rate of s_ump loss.
Volume change due to wetting and drying, and permeability of mass concrete
not affected by water-reducing retarding agents in amounts sufficient to warrant
changes in design and construction considerations. However, reduced
temperature rise and savings in cooling mass concrete may be achieved as a result
of lower cement requirement attendant to their use.

532. Washa, G. W., and N. H. Withey. "Strength and Durability of Concrete Containing
Chicago Fly Ash." Journal of the American Concrete Institute Vol. 49 (April
1953): pp. 701-712.

Results of laboratory tests indicate the strength that can be obtained when various
amounts of Chicago fly ash are used in concrete mixes under various conditions.
Results of a group of freezing and thawing tests show that air-enuained concretes
made with and without ash in concrete made with Type I portland cement
increased resistance to attack by sulfuric acid. The tests were confined to fly ash
from one electric utility company in Chicago and are not necessarily applicable to
fly ashes from other sources.

533. Washbt_'n, E. W. "Note on a Methodof Determining the Distribution of Pore Sizes in
a Porous Material." National Academy of Science Proceedings Vol. 7 (1921):
pp. 115-116.

A method for determining the effective pore diameters in a porous material, such
as charcoal, is found. Pores of various diameters are present. One may determine
also the fraction of the total porosity which is due to pores having effective
diameters lying between any two stated limits.

534. Waterways Experiment Station. Investigation of Concrete in Eisenhower and Snell
Locks. St. Lawrence Seaway: Examination of Cores, U. S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi, misc. paper no. 6-493,
report 2, July 1963:

During an inspection of the lower miter sill at Eisenhower Lock in April 1962,
local areas of advanced concrete deterioration were observed, especially in the
gate recesses. Cores were drilled from both the Eisenhower and Snell Locks for
laboratory examination. Detailed laboratory study of the cores, including
microscope and X-ray diffraction examinations, revealed them to consist of
concrete of good quality in good physical condition. The concrete had an air
content and an air-void spacing factor in the range regarded as adequate to
provide frost resistance. Some voids had secondary carbonate fillings, but these
did not materially affect air content or spacing factor. No evidence of deleterious
chemical reactions or of undesirable physical or chemical properties in any of the
constituents of the concrete was found.

°"
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535. Whiting. D. A. "'Air Contents and Air-Void Characteristics in Low-Slump Dense
Concretes." Journal of the American Concrete Institute Vol. 82 (September-
October 1985): pp. 716-723.

Air-void systems of low slump, low water-cement ratio concretes (LSDC) used
for "dense" concrete overlays were evaluated. Dosages of neutralized vinsol resin
and alkyl-benzyl sulfonate-based air-entraining agents needed to achieve specified
air contents were approximately ten times those used in conventional concrete
mixtures. For two other types of agents (a tall-oil derivative and an alkali-
stabilized wood resin), specified air contents had been achieved in the fresh
concrete, air content and air-void characteristics in the hardened concrete were
satisfactory. Entrapped air contents ranged from 1 to 2 percent and could be
reduced to below 1 percent if prolonged internal vibration was employed.

536. Whiting, D. A. "Durability of High-Strength Concrete." Editor J. M. Scanlon,
Katharine and Bryant Mather International Conference, Atlanta, GA, April 2" -
May 1. 1987.

Concrete mixtures were designed to nominal 28-day compressive strengths of
6,000, 8,000, and 10,000 psi (41, 55. and 69 MPa) using mix designs typical of
commercial production of high strength concretes. To produce the higher strength
concretes, additions of fly ash (Class C), water reducers, and high-range water-
reducers were utilized.

Concretes were subjected to both moist and air cures. Durability test procedures
included rapid fre"zing and thawing in water, and application of deicing agents.
All moist-cured, non air-entrained concretes performed poorly, exhibiting rapid
deterioration irrespective of strength level. Enu'aJned air contents, measured in
the fresh concrete, of 3 to 4 percent were found to be necessary in order to assure
adequate durability when concretes were subjected to freezing and thawing in
water. However, moist-cured, air-entrained, high strength concretes, prepared at
8,000 and 10,000 psi (55 and 69 MPa), while performing satisfactorily with
respect to freezing and thawing in water, were less resistant to applications of
deicing agents than were air-entrained concretes prepared at the lower strength
level. This was true even with air contents between 7 and 8 percent in the fresh
concrete.

537. Whiting, D. A. "'Permeability of Selected Concretes." Permeability of Concrete ACI
SP-108-11 (1988): pp. 195-222.

A study of permeability was made using six concrete mixtures ranging in water-
to-cementitious material (w/c) ratio from 0.26 to 0.75. Concrete specimens were
tested for permeability to water and air, permeability to chloride ions (rapid and
long-term), volume of permeable voids, and porosity. Results conf'trm that
permeability is a direct function of w/c ratio. The addition of silica fume results
in even greater decreases in permeability than would be anticipated based solely
on w/c ratio. A period of initial moist curing of at least seven days is essential for
achieving low permeability. Results also indicate that rapid test procedures offer
a reasonable alternative to more lengthy and complex conventional permeability .
tests.
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538. Whiting. D. A.. and J. Schmitt. Durabili_' of In-Place Concrete Containing High-
Range Water.Reducing Admixtures. Transportation Research Board. NCHRP
Report No. 296, September 1987.

This report documents and presents the results of a field study of the durability of
portland cement concrete highway wearing surfaces containing high-range water-
reducing admixtures. Durability surveys were carried out on 12 structures
ranging from 4 to 12 years of age. These structures included highway bridge
decks, bridge deck overlays, and pavements. The total area affected by very light
to moderate scaling was minor, amounting to less than 4 percent of the area
surveyed. Less than 1/2 percent was characterized by medium to heavy scaling,
where coarse aggregate particles were significantly exposed. A three-parameter
performance model including water-cement ratio, amount of entrained air
removed from the surface, and air-void spacing factor was developed and offered
reasonable correlation with the field observations. The findings of the study
indicate that high quality, durable concrete can be produced using high-range
water-reducing admixtures.

539. Whiting. D. A., G. W. Seegebrecht, and S. Tayabji. "Effect of Degree of
Consolidation on Some Important Properties of Concrete." In Consolidation of
Concrete, pp. 125-160. S. H. Gebler, ed., American Concrete Institute, 1987.

Concretes were prepared at degrees of consolidation varying from 100 to 85
percent. Mixtures were typical of those used for pavement applications with
cement factors ranging from 520 to 610 pounds per cubic yard (308 to 360 kg/m3)
and air contents ranging from 5 to 9 percent. Additional concretes were
intentionally overvibrated to the point of incipient segregation. Test specimens
were cast for determination of compressive strength, bond of reinforcing steel to
concrete, permeability of concrete to chloride ions, and resistance of concrete to
freezing and thawing in water.

Results show that compressive strength is reduced by about 30 percent for each 5
percent decrease in degree of consolidation. Bond stress is reduced even more
dramatically, suffering a loss of approximately 50 percent for 5 percentreduction
in degree of consolidation. Overconsolidation has little app.arenteffect on
compressive strength, and may increase bond strength by vtrtue of displacement
of air in these air-entrained concretes.

Resistance to chloride ion permeability decreased at reduced degrees of .--
consolidation, especially when aggregate with higher water demand was used and
where high air contents were employed. In most cases, resistance to freezing and
thawing in water was not appreciably affected within the range of variables
studies.

540. Whiting. D. A., and D. C. Stark. Control of Air Content in Concrete, Transportation
Research Board, National Research Council, Washington; D. C., NCHRP Report
No. 258, May 1983.

This study was carried out under NCHRP Project 10-18 "Specifying and
Obtaining Entrained Air in Concrete." Some transportation agencies have felt an
increasing need for more accurate control of the air content in portland cement
concrete, especially as current target values in some specifications are
significantly higher than traditionally accepted limits. This is particularly true in
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low-slump,low-water-cementratio¢.:oncretes.whereproblemsinobtaining
specifiedaircontentshavebeenencountered,orwhereaircontentsareunusually
sensitivetosmalladditionsofwater.Accuratecontrolofaircontentisespecially
importantfortransportationfacilitiesbecauseairentrainmentistheprimary,and
mostcost-effective,means ofprovidingportlandcementconcretewiththe
durabilityneededtowithstandrepeatedcyclesoffreezing,thawing,anddeicer
applications.

The firstphaseofthisinvestigationwas thecompilationofcurrentknowledge
relatingtoentrainedairinconcrete.A comprehensiveliteraturesearchwas
conducted,fromwhicha state-of-the-artreport(App.F)was prepared.A
questionnairewas disu'ibutedtoallstatetransportationdepartments,plusa
numberofotheragenciesintheUnitedStatesandCanada.Informationwas
solicitedoncurrentaircontentspecifications,testprocedures,andproblemsin
controlofaircontent.Interviewswereconductedwithfouragencieswhere
problemsofparticularinterestwerereported.A limitedamountoflaboratory
testingofjobmaterialsreceivedfromtheseagencieswas includedintheprogram.

Thefindingsofthef'trstphaseoftheinvestigationledtoconclusionthatthereis
nogeneralproblemincontrolofaircontent.Problemsmostcommonly
encounteredinvolvefailuretoadequatelycontrolbatchingprocedures,
intermixingofadmixtures,improperstorageofadmixtures,andotherproduction
variables.The nccdforadjustmentofairentrainingagent(AEA) dosagewhen
water-reducersandretardersareused,althoughgenerallyrecognized,stillisnot
fullyappreciated.Mineraladmixtures,thoughnotuniversallyused,do cause
some problemsinareaswheretheyarespecified.Many controlproblemsareofa
uniquenature,andinvolvepeculiaritiesofcertainmaterials,contaminationof
aggregateandwatersupplies,andotherconcernsbesthandledona casebycase
basis.

Forsourcessurveyed,valuesforaircontentarequiteuniform,andaverageclose
to5 percent.However.tole.rancevaluesshow widerdisparity.Some agencies
preferhistoricallimitssuchasplusorminuslpercent,whileothersallow
considerablymore latitude-uptoplusorminus3 percentinoneinstance.Wider
tolerancesthancurrentlyemployedbymany agenciesmay beappropriateif
specificationsaretorealisticallyreflectactualfieldvariationsinaircontent.In
addition,thereisa needforgreaterdifferentiationofspecifiedaircontentwith
respecttotypeofstructureandexposure.Thoseelementsexposedtosevere
weatheringx'e.quirehighertargetaircontents(andclosertolerances)thenthose
shelteredfromtheelements.

The secondphaseofthisprojectinvolvedlaboratoryinvestigationofcertaintypes
ofconcretemixtures.Aircontentsofmixtureshavingaslumpcloseto2 in.were
foundtobcsensitivetosmallchangesinwatercontent.Forexample,addition1.5
percentofthenetmix watercausedaircontenttoincreasebyafullpercentage
point.Thiswas especiallytrucformixturespreparedusingneutralizedVinsol
resinastheair-entrainingagent.A syntheticair-entrainingagentofthealkyl-
bcnzylsulfonatetypeshowedlesssensitivityataircontentsbetween5 and6
percent,butitwas equallysensitivewhen aircontentsnear7 percentwere
employed.Ifoperationscallingforslumplevelscloseto2 in.areanticipated,
closercontrolofwatercontentandadditionalrestrictionsontheuseof
retemperingwa_ermay berequired.
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Low-slump, low=water-cement ratio concretes used for "dense" concrete overlays
were also subject to laboratory investigations. Dosages of neutralized Vinsol
resin and alkyl-benzyl sulfonate-based air-entraining agents needed to achieve
specified air contents were approximately I0 times those normally used in
conventional concrete nfixtures. For two other types of agents, a tall-oil
derivative, and an alkali-stabilized wood resin, specified a.u"contents could not be
achieved even at dosage rates approaching I/2 percent by weight of cement. Once
specified air _ontents had been achieved in fresh concrete, air content and air-void
characteristics in the hardened concrete were found to be satisfactory, in spite of
these high dosage requirements. Entrapped air contentsranged from I to 2
percentage points, and could be reduced to below I percentage point if prolonged
internal vibration was employed. A set of guidelines (App. C) for control of air
content was prepared. These g.uidelines provide guidance to persons directly
responsible for production testing and placement of air-entrained concrete. The
guidelines arc, in essence, a condensation of the more voluminous literature
synthesis, and incorporate tables that afford easy access to information concerning
the influence of various parameters on air content. Materials, batching and
mixing, transport, placement, consolidation, and finishing techniques are some of
the variables that are addressed in these guidelines. Condense sampling and
testing procedures are also described.

To afford a means of implementing these guidelines in the field, the verification
program presented in Appendix D was developed. This program provides
reference to information concerning control of air content that construction-site
personnel can utilize quickly and efficiently. Materials prequalificafions
procedures, simulation of job mixtures, batch plant and job site operations, and
provisionsfordocumentingtestresultsina standardformatareincluded.

54I. Whitlam,E.F."AutogenousHealingofConcreteinCompression."TheStructural
EngineerVol.32(September1954):pp.235-243.

Concretethathasfailedincompression(ortension)possessesthepropertyof
healing,providingthefracturedpartsaremaintaineddamp andininumate
contact.The experimentalworkdescribedinthispaperwas carriedoatto
ascertainifanyquantitativeresultscouldbefoundconcerninghealingin
compressionandhow itwas connectedwiththegeneralhardeningprocessin
concrete.Onlyonemix ofconcretewas usedandinitialtestsweremade to
ascertainthemostsuitabledegreeoffailureforspecimenstobehealed.Concrete
cylinders5 in.india.x 10in.highwereused.A seriesofthesewas testedat
varyingagesandre-testedafterfurtherperiodsofcuring.Load-compression(or
deformation)curvesweretakenforeachtest.Itwas foundthatthehealing
followedthesameformasthegeneralhardeningprocessinconcreteanditis
thoughtprobablethatthehealingisdependentuponthedamage sustainedbythe
initialcompressiontest.A possiblelawforthedeformationofconcreteuptothe
pointoffailureissuggestedforordinaryandhealedconcrete.Finally,practical
considerationisgiventothehealingprocessineverydaysitework.

542. Wiley,G.,and D.C.Coulson."'ASimpleTestforWaterPermeabilityofConcrete."
JournaloftheAmericanConcreteInstituteVol.34 (September-October193"/):
pp.65-75.

Engineershavelongrecognizedpermeabilityasone ofthemostimportant
qualitiesofconcrete.Often,however,theemphasishasbeenmisplaced.When it

• is realized that leakage through construction joints and cracks may be many
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thousands of times the percolation through the solid concrete itself, the effect of
impermeability on water tightness does not seem so important, The real
significance of impermeable concrete lies not in the fact that it may help to
produce water right structures,but that it is more durable and permanent for all
structures, whether or not actual water tightness is necessary. There is every
reason to believe that permeability has a large effect on resistance of concrete to
freezing and thawing, for if watercan enter its pores, freezeand swell, it wiLltend
to disrupt the structure. Similarly,high permeability indicates poor resistance to
sulphate and alkali watersand even ff exposed only to purewater, permeable
concrete will gradually be destroyed by the leaching out of lime, In their
investigation of the permeabilityof concretes in connection with Boulder Dam,
Ruettgers, Vidal and Wing developed a method whereby the useful life of
concrete can actually be calculated if its permeability is accurately known and
provided the concrete is subject to no other disintegrating forces.

543. Wi_, W., G. Dobrolubov, and B. Romer. "The Development of Quantitative and
Qualitative Microscopic Control of Concrete Quality and Durability and of a
Frost-Salt Resistance Test with Rapid Cycles." International Cement Microscopy
Association m Proceedings pp. 309-329.

New methods of quality control of concrete during pavement construction have
successfully been carried out in Switzerland on all main goad,airport and bridge
pavement projects since 1969. A combined quantitative and qualitative
microscopic analysis has been carriedout on thin sections of 2-day old concrete in
more than 4,000 tests. The quantitative as well as the qualitative analysis
determines the frost-salt resistance (F-S). In addition to the spacing factor, seven
other factors test evaluation considerably. The evaluation of F=Sresistance
foresees a subdivision in three groups according to the durability factor. This is a
further improvement. The qualitative morphological control analysis is done on
the same thin section and at the same time the quantitative analysis is carriedout.
The morphological quality control determines precisely the faults in the concrete
as well as their causes. I_also makes it possible to rectify these faults during
further construction. The morphological quality of concrete influences its
durability and must be considered by the quantitative evaluation of the F-S
resistance. Concrete with a high percentage of morphological faults (disturbance
factor greater than or equal to -10) is controlled by the frost-thaw-salt (F-T-S)
resistance test with rapid cycles. This new Dobrolubov-Romer(D-R)method
makes rapid testing of concrete possible (500 cycles within a fortnight). Based on
the durability factor a very good correlationhas been provenbetween quantitative
and qualitative determination of F=Sresistance on one hand and the test results
with rapid cycles on the other. The aforementioned method was introduced in
1977 as a guiding rule for the determination and testing of frost-salt resistance of
concrete in the Swiss norm SNV-640461.

5-$..LWilk, W., G. Dobrolubov, and B. Romer."'Development in Quality Control of
Concrete During Construction." Transportation Research Record Vol. 504

(1974): pp, 1-26.

New methods of quality control of concrete during pavement construction have
successfully been carried out in Switzerland on all main road projects since 1969.
A combined quantitative and qualitative microscopic analysis has been carriedout
on thin slices of 2-day-old concrete in more than 800 tests. Quantitative analysis

.... determines the frost-salt (F-S) resistance. In addition to the spacing factor, nine
other factors are being considered. The evaluation of F-S resistance foresees a
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subdivision in five groups according to the durability factor. The qualitative,
morphological control analysis is done on the same slice and at the same time the
quantitative analysis is carried out. The morphological quality control determines
precisely the faults in the concrete as well as their causes. It also makes it
possible to rectify these faults during further construction. Concrete with medium
or low F-S resistance (according to the quantitative analysis) or with a high
percentage of morphological faults (disturbance factor greater than or equal to -
I0) is controlled by a frost-thaw-salt (F-T-S) resistance test with rapid cycles.
This new Dobrolubov-Romer (D-R) method makesrapid testing of concrete
possible (500 cycles within a fortnight). Practical application of control on site
during construction is demonstrated.

545. Wilk, W., and G. Dobrolubov. "Microscopic Quality Control of Concrete
Construction." International Cement Microscopy Association _ Proceedings,
pp. 330-343.

- Since approximately 1965 also in Switzerland roads, Bridges and parking areas
are being deiced and kept clear of snow almost exclusively by means of chemical
deicing salts. The use of salts has increased the requirements of durability of
concrete from a lower frost resistance to a much higher frost salt resistance.
Concrete pavements suddenly developed increased frost salt damages in the form
of scaling as well as of concentrated disintegration of the concrete paste smacture.

The durability of concrete under the combined impact of frost and deicing salts is
achieved by air-entraining the.concrete and introducing an increased quantity of
air voids, duly graded according to size and uniform repartition in the cement
paste.

Therefore. the mere determination of the total content of air voids of the fresh
concrete is not sufficient for the evaluation of the frost salt durability of concrete.
Only an appropriate testing method, applied to the hardened concrete can give
pertinent information on the subject.

Such an efficient and easily applicable test method, used in Swiss road
construction during the last decade permits a systematic control of the concrete
quality during mixing and placing as well as of its frost salt durability.

There are many influences which may cause flows in concrete and develop during
mixing, placing and curing stages. The most important ones will be enumerated
later.
With the aid of the mentioned testing method (control of the microstructure of
concrete) not only quality imperfections during placing may be detected but also
their causes may be diagnosed. Thus, errors may be rectified and potential
failures prevented.

5-16. Wills. M. H.. Jr., H. A., Jr. Lepper. R. D. Gaynor, and S. Walker. "Volume Change
as a Measure of Freezing and Thawing Resistance of Concrete Made With
Different Aggregates?" ASTM Proceedings Vol, 63 (1963): pp. 946-965. .

A freezing and thawing procedure, based on the method proposed by Powers in
- 1955. appears to offer a simplified approach to studies of concrete durability. The

test involves relatively long periods of immersion of concrete test specimens in
_,ater, together with a few intervening cycles of freezing and thawing. The

• method has not been nationally standardized nor widely used. The investigation
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described here was made with the objective of learning more about its
applicability and significance. Concrete with two different coarse aggregates and
curing conditions were tested by the approach just described and by ASTM
Method C 29 I. There was good correlation between the two test methods. The
results offer promise that the simplified approach, with procedures standardized
and refined, may provide a good tool for invest/gating concrete durability.

547. Wil_on. A. "'Durability of Concrete and Concrete Structures by Slow Cycle Fatigue.'"
Journal of the American Concrete Institute SP 47-12 (April 1975).

The purpose of this research was to develop and evaluate a slow cycle fatigue
method of testing concrete that might relate in part to the durability of concrete
subjected to cyclic loading conditions. Effects of freezing at an early age as well
as the effects of air entrainment were evaluated and compared to standard cured
specimens. Microscopic study of specimens was used as a further means co
comparison and as a method of observation and evaluation. A calculation of
turability factor and the total number of cycles-to-failure were used to evaluate
me results. It was found that early freezing of concrete had a deteriorating effect
on concrete that was later subject to slow cycle fatigue loadings. This
deteriorating effect was not apparent if the compressive strength alone was taken
as the controlling criteria. It was demonstrated that visible evidence could also be
observed through a microscopic study of concrete specimens. A marked
difference was observed between standard specimens and those damaged by early
freezing. Bond cracks around and adjacent to the large aggregate were typical of
damaged specimens. The slow cycle fatigue test did cause the bond cracks to
expand and extend resulting ultimately in a decrease of the concrete durability.

548. Winslow, D. N. "The Rate of Absorption of Aggregates." Cement, Concrete and
Aggregates Vol. 9. No. 2 (Winter 1987): pp. 154-158.

The rates at which aggregates approach their 24-h water absorption values have
been measured for a variety of aggregates. The aggregates varied widely in both
their total pore volume and median pore size. The rates of water uptake were
found to vary greatly, with some aggregates taking in about 90% of their 24-h
uptake within the first minute and others taking in only about 20%. Larger pore
sizes and pore volumes seem to promote faster rates. It was found that aggregates
w;rh a rapid uptake would have given erroneous Iowa Pore Index test results. It
v,..s also found that there was no correlation between and aggregate's early rate of
absorption and its freeze/thaw durability.

. °.

549. Winslow, D. N., and S. Diamond. "A Mercury. Porosimetry Study of the Evolution of
Porosity in Portland Cement." Journal of Materials, JMLSA Vol. 5, No. 3
(September 1970): pp. 564-585.

The pore size distributions of two series of cement pastes prepared at
water:cement ratios of 0.4 and 0.6 were determined as functions of age, using
mercury porosimetry. The contact angle of mercury on thoroughly dried paste
was measured as 117"; for P-dried paste it was found to be 130". It was found
that much of the pore space present at all ages occurred in pores between 0.1 and

0.01 lain: that is, in between the conventional concepts of capillary and gel pore
diameters. It was further observed that pore volume left unintruded by mercury at
15.000 psi was significantly less than the 28 percent by volume that should be
present in mature pastes according to currently accepted ideas of the nature of
cement gel. On the basis of these observations and direct examination of fracture
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surfaces of cement paste, it was concluded that most of the space present is
neither conventional capillary nor conventional gel space but merely space
between fine individual particles of cement hydration products.

550. Wins[ow. D. N., M. K. Lindgren. and W. L. Dolch. Relationship Between Pavement
D-Cracking and Coarse Aggregate Pore Structure, School of Engineering,
Purdue University, West Lafayette, Indiana.

Previous research developed a relationship between the pore strucrare of a coarse
aggregate and the fi'eeze/thaw durability, measured in the laboratory, of concrete
made withthataggregate.ItpermittedthecalculationofanExpectedDurability
Factor.EDF, fromaknowledgeofanaggregate'smedianporediameterandtotal
porevolume.Thisworkhasbeenextendedtoaconsiderationofin-service
pavements,some ofwhichshowedD-crackingdistressandsome ofwhich
appearedtobedurable.Fortysevenpavementsectionswerecoredandcoarse
aggregatesampleswereremovedandseparatedlithologically.Theirporesize
distributionsweredeterminedby mercuryintrusion.CriteriainvolvingtheEDF
andrelativeamountsofgoodandbadaggregatefractionsinthepavementwere
correlatedwiththeextentofobservedD-cracking.Thesecorrelationswere
distinctlysuperiortoabsorptionmeasurementsatidentifyingbadaggregates.Itis
suggestedthattheestablishedcriteriamightbeusedtopredicttheperformanceto
beexpectedfromaggregatesourcesandmightbeavaluableacceptancestandard.

55I. Winslow,D.N.,M. K.Lindgren,andW. L.Dolch."RelationBetweenPavement
D-CrackingandCoarse-AggregatePoreStructu_."TransportationResearch
RecordNo.853 (1982):pp.17-20.

Previousresearchhasdevelopedarelationbetweentheporestructureofa coarse
aggregateandthefreeze-thawdurability,measuredinthelaboratory,ofconcrete
made withthataggregate.Thishaspermittedthecalculationofanexpected
durabilityfactorfroma knowledgeofanaggregate'smedianporediameterand
totalporevolume.Thisworkhasbeenextendedtoaconsiderationofin-service
pavements,some ofwhichshowedD-crackingdistressandsome ofwhich
appearedtobedurable.Forty-sevenpavementsectionswerecored,andcoarse-
aggregatesampleswereremovedand separatedlithologicaIIy.Theirpore-size
distributionsweredeterminedbymercuryintrusion.Criteriainvolvingthe
expecteddurabilityfactorandrelativeamountsofgoodandbadaggregate
fractionsinthepavementwerecorrelatedwiththeextentofobservedD-cracking.
Thesecorrelationsweredistinctlysuperiortoabsorptionmeasurementsin
identifyingbadaggregates.Itissuggestedthattheestablishedcriteriamightbe
usedtopredicttheperformancetobeexpectedfromaggregatesourcesandmight
bea valuableacceptancestandard.

552. Withey,M. O. "'FreezingandThawing,PermeabilityandStrengthTestson Vibrated
ConcreteCylindersofLow Cement Content."JournaloftheAmericanConcrete
InstituteVol.31 (May -June1935):pp.528-538.

Dataon theinfluenceofexternalvibrationinplacingonthepropertiesofover
200concretecylinderswithcementcontentsbetween3 and4 sackspercubicyard
andw/cratios,byweight,between0.50and0.77aregiven.The advantagesin
usingvibrationinplacingdrymixesoflowcementcontentisindicated.
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553. Withey. M. O. "Progress Report, Committee on Durability of Concrete.'" Highway
Research Board Proceedings Vol. 24 (1944): p. 199.

A reasonably rapid method for ascertaining the resistance of concrete to freezing
and thav;,ing has long been desired by materials testing engineers, but to date such
procedures stipulated in specifications have failed to obtain a large following.
Since the previous Committee on Durability of Concrete as Affected by the
Cement has made some tests in which the effects of different rates of freezing on
resistance of mortars to freezing and thawing had been observed, it seemed
desirable to study further this important subject.

The program of tests involved: (1) a comparison of the relative severity of a
carefullyspecifiedcoordinatingfreezingandthawingtestaspracticedindifferent
laboratories,(2)acomparisonoftheeffectsofthefreezingandthawing
procedurescommonly usedintheselaboratories(localprocedures),and(3)a
comparisonoftheseverityofthecoordinatingtestprocedurewiththelocal
laboratoryprocedures.

554. Wolsiefer,J."'UltraHigh-StrengthFieldPlaceableConcretewithSilicaFume
Admixture."Concret,'International(April1984):pp.25-31.

Ultrahigh-strengthconcreteisnow availabletotheconstructionmarketatfield
placeableslumps,inthecompressionrangeofI0,000to18,000psi(69to24
MPa). Laboratorystudiesandfieldtestprogramshavebeanconductedto
evaluatea new silicafumetypeadmixturc'scapabilitytoproducestate-of-the-art
high-qualityconcreteoverarangeofapplications.The testprogramsincluded
dryingshrinkage,creep,freeze-thaw,andabrasionresistance,among several
others.

555. Wuerpel,C.E."LaboratoryStudiesofConcreteContainingAir-Entraining
Admixtures.'"JournaloftheAmericanConcreteInstituteVol.17,No.4
(February1946):pp.305-359.

The effectsoftheincorporationofeachofninedifferentair-entrainingadmixtures
inconcretewereinvestigatedbythemakingofa largenumberofbatchesof
concreteundercarefullycontrolledlaboratoryconditions.The resultsoftestson
theplasticandhardenedconcretespecimensfrombatchesmade inparallelwith
andwithouteachadmixturearepresentedanddiscussed.An interpretationofthe
significanceofthedataandtheirapplication,thesuccessfuluseofairentrainment
inconcrete,isgiven.

556. Yamamoto.Y.,andS.Kobayashi."EffectofTemperatureonthePropertiesof
Superplasticized Concrete.'" Journal of the American Concrete Institute Vol. 83.
No. 10 (January - February 1986): pp. 80-87.

Properties of superplasticized concrete were examined under three different
• temperatures: 7, 20, and 35* C (44.6, 68, and 95* F). The properties examined

include bleeding, setting time, losses with time of air content and slump,
compressive sn'ength, and freeze-thaw resistance. Three normal types of
superplasticizers were used throughout the experiment. When the tests were made
at 35* C 195° F), the retarding types of the three superplasticizers were also
employed. Additionally, the effect of the presence of a retarding type of water
reducing admixture was studied at the highest temperature.
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