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            The importance of using the right type and quality of aggregates cannot be overemphasized. The fine and coarse aggregates generally occupy 60% to 75% of the concrete volume (70% to 85% by mass) and strongly influ- ence the concrete’s freshly mixed and hardened proper- ties, mixture proportions, and economy. Fine aggregates (Fig. 5-1) generally consist of natural sand or crushed stone with most particles smaller than 5 mm (0.2 in.). Coarse aggregates (Fig. 5-2) consist of one or a com- CHAPTER 5 Aggregates for Concrete bination of gravels or crushed stone with particles predominantly larger than 5 mm (0.2 in.) and generally between 9.5 mm and 37.5 mm ( 3 / 8 in. and 1 1 / 2 in.). Some natural aggregate deposits, called pit-run gravel, consist of gravel and sand that can be readily used in concrete after minimal processing. Natural gravel and sand are usually dug or dredged from a pit, river, lake, or seabed. Crushed stone is produced by crushing quarry rock, boul- ders, cobbles, or large-size gravel. Crushed air-cooled blast-furnace slag is also used as fine or coarse aggregate. The aggregates are usually washed and graded at the pit or plant. Some variation in the type, quality, cleanli- ness, grading, moisture content, and other properties is expected. Close to half of the coarse aggregates used in portland cement concrete in North America are gravels; most of the remainder are crushed stones. Naturally occurring concrete aggregates are a mixture of rocks and minerals (see Table 5-1). A mineral is a natu- rally occurring solid substance with an orderly internal structure and a chemical composition that ranges within narrow limits. Rocks, which are classified as igneous, sedi- mentary, or metamorphic, depending on origin, are gener- ally composed of several minerals. For example, granite contains quartz, feldspar, mica, and a few other minerals; most limestones consist of calcite, dolomite, and minor amounts of quartz, feldspar, and clay. Weathering and erosion of rocks produce particles of stone, gravel, sand, silt, and clay. Recycled concrete, or crushed waste concrete, is a feasible source of aggregates and an economic reality, especially where good aggregates are scarce. Conven- tional stone crushing equipment can be used, and new equipment has been developed to reduce noise and dust. Aggregates must conform to certain standards for optimum engineering use: they must be clean, hard, strong, durable particles free of absorbed chemicals, coat- ings of clay, and other fine materials in amounts that could affect hydration and bond of the cement paste. Aggregate particles that are friable or capable of being split are unde- sirable. Aggregates containing any appreciable amounts of shale or other shaly rocks, soft and porous materials, Fig. 5-1. Closeup of fine aggregate (sand). (69792) Fig. 5-2. Coarse aggregate. Rounded gravel (left) and crushed stone (right). (69791) 79 HOME PAGE 
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The importance of using the right type and quality ofaggregates cannot be overemphasized. The fine andcoarse aggregates generally occupy 60% to 75% of theconcrete volume (70% to 85% by mass) and strongly influ-ence the concrete’s freshly mixed and hardened proper-ties, mixture proportions, and economy. Fine aggregates(Fig. 5-1) generally consist of natural sand or crushedstone with most particles smaller than 5 mm (0.2 in.).Coarse aggregates (Fig. 5-2) consist of one or a com-
 CHAPTER 5
 Aggregates for Concrete
 bination of gravels or crushed stone with particlespredominantly larger than 5 mm (0.2 in.) and generallybetween 9.5 mm and 37.5 mm (3⁄8 in. and 11⁄2 in.). Somenatural aggregate deposits, called pit-run gravel, consistof gravel and sand that can be readily used in concreteafter minimal processing. Natural gravel and sand areusually dug or dredged from a pit, river, lake, or seabed.Crushed stone is produced by crushing quarry rock, boul-ders, cobbles, or large-size gravel. Crushed air-cooledblast-furnace slag is also used as fine or coarse aggregate.
 The aggregates are usually washed and graded at thepit or plant. Some variation in the type, quality, cleanli-ness, grading, moisture content, and other properties isexpected. Close to half of the coarse aggregates used inportland cement concrete in North America are gravels;most of the remainder are crushed stones.
 Naturally occurring concrete aggregates are a mixtureof rocks and minerals (see Table 5-1). A mineral is a natu-rally occurring solid substance with an orderly internalstructure and a chemical composition that ranges withinnarrow limits. Rocks, which are classified as igneous, sedi-mentary, or metamorphic, depending on origin, are gener-ally composed of several minerals. For example, granitecontains quartz, feldspar, mica, and a few other minerals;most limestones consist of calcite, dolomite, and minoramounts of quartz, feldspar, and clay. Weathering anderosion of rocks produce particles of stone, gravel, sand,silt, and clay.
 Recycled concrete, or crushed waste concrete, is afeasible source of aggregates and an economic reality,especially where good aggregates are scarce. Conven-tional stone crushing equipment can be used, and newequipment has been developed to reduce noise and dust.
 Aggregates must conform to certain standards foroptimum engineering use: they must be clean, hard,strong, durable particles free of absorbed chemicals, coat-ings of clay, and other fine materials in amounts that couldaffect hydration and bond of the cement paste. Aggregateparticles that are friable or capable of being split are unde-sirable. Aggregates containing any appreciable amountsof shale or other shaly rocks, soft and porous materials,
 Fig. 5-1. Closeup of fine aggregate (sand). (69792)
 Fig. 5-2. Coarse aggregate. Rounded gravel (left) andcrushed stone (right). (69791)
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should be avoided; certain types of chert should be espe-cially avoided since they have low resistance to weather-ing and can cause surface defects such as popouts.
 Identification of the constituents of an aggregatecannot alone provide a basis for predicting the behavior ofaggregates in service. Visual inspection will often discloseweaknesses in coarse aggregates. Service records areinvaluable in evaluating aggregates. In the absence of aperformance record, the aggregates should be testedbefore they are used in concrete. The most commonly usedaggregates—sand, gravel, crushed stone, and air-cooledblast-furnace slag—produce freshly mixed normal-weightconcrete with a density (unit weight) of 2200 to 2400kg/m3 (140 to 150 lb/ft3). Aggregates of expanded shale,clay, slate, and slag (Fig. 5-3) are used to produce struc-tural lightweight concrete with a freshly mixed densityranging from about 1350 to 1850 kg/m3 (90 to 120 lb/ft3).Other lightweight materials such as pumice, scoria,perlite, vermiculite, and diatomite are used to produceinsulating lightweight concretes ranging in density fromabout 250 to 1450 kg/m3 (15 to 90 lb/ft3). Heavyweightmaterials such as barite, limonite, magnetite, ilmenite,hematite, iron, and steel punchings or shot are used toproduce heavyweight concrete and radiation-shieldingconcrete (ASTM C 637 and C 638). Only normal-weightaggregates are discussed in this chapter. See Chapter 18for special types of aggregates and concretes.
 Normal-weight aggregates should meet the require-ments of ASTM C 33 or AASHTO M 6/M 80. These speci-fications limit the permissible amounts of deleterioussubstances and provide requirements for aggregate char-acteristics. Compliance is determined by using one ormore of the several standard tests cited in the followingsections and tables. However, the fact that aggregatessatisfy ASTM C 33 or AASHTO M 6/M 80 requirementsdoes not necessarily assure defect-free concrete.
 For adequate consolidation of concrete, the desirableamount of air, water, cement, and fine aggregate (that is,the mortar fraction) should be about 50% to 65% byabsolute volume (45% to 60% by mass). Rounded aggre-gate, such as gravel, requires slightly lower values, whilecrushed aggregate requires slightly higher values. Fineaggregate content is usually 35% to 45% by mass orvolume of the total aggregate content.
 CHARACTERISTICS OF AGGREGATES
 The important characteristics of aggregates for concrete arelisted in Table 5-2 and most are discussed in the followingsection:
 Grading
 Grading is the particle-size distribution of an aggregate asdetermined by a sieve analysis (ASTM C 136 or AASHTO
 80
 Design and Control of Concrete Mixtures � EB001
 Table 5-1. Rock and Mineral Constituents inAggregates
 Minerals Igneous rocks Metamorphic rocks
 Silica Granite MarbleQuartz Syenite MetaquartziteOpal Diorite Slate Chalcedony Gabbro Phyllite Tridymite Peridotite Schist Cristobalite Pegmatite Amphibolite
 Silicates Volcanic glass Hornfels Feldspars Obsidian Gneiss Ferromagnesian Pumice Serpentinite
 Hornblende TuffAugite Scoria
 Clay PerliteIllites PitchstoneKaolins FelsiteChlorites BasaltMontmorillonites
 Mica Sedimentary rocks
 Zeolite ConglomerateCarbonate Sandstone
 Calcite QuartziteDolomite Graywacke
 Sulfate SubgraywackeGypsum ArkoseAnhydrite Claystone, siltstone,
 Iron sulfide argillite, and shalePyrite CarbonatesMarcasite LimestonePyrrhotite Dolomite
 Iron oxide MarlMagnetite ChalkHematite ChertGoethitelmeniteLimonite
 For brief descriptions, see “Standard Descriptive Nomenclature ofConstituents of Natural Mineral Aggregates” (ASTM C 294).
 Fig. 5-3. Lightweight aggregate. Expanded clay (left) andexpanded shale (right). (69793)
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T 27). The range of particle sizes in aggregate is illustratedin Fig. 5-4. The aggregate particle size is determined byusing wire-mesh sieves with square openings. The sevenstandard ASTM C 33 (AASHTO M 6/M 80) sieves for fineaggregate have openings ranging from 150 µm to 9.5 mm(No. 100 sieve to 3⁄8 in.). The 13 standard sieves for coarseaggregate have openings ranging from 1.18 mm to 100 mm
 (0.046 in. to 4 in.). Tolerances for the dimensions of open-ings in sieves are listed in ASTM E 11 (AASHTO M 92).
 Size numbers (grading sizes) for coarse aggregatesapply to the amounts of aggregate (by mass) in percent-ages that pass through an assortment of sieves (Fig. 5-5).For highway construction, ASTM D 448 (AASHTO M 43)lists the same 13 size numbers as in ASTM C 33
 81
 Chapter 5 � Aggregates for Concrete
 Table 5.2. Characteristics and Tests of Aggregate
 Characteristic Significance Test designation* Requirement or item reportedResistance to abrasion Index of aggregate quality; ASTM C 131 (AASHTO T 96) Maximum percentage ofand degradation wear resistance of floors and ASTM C 535 weight loss. Depth of wear
 pavements ASTM C 779 and time
 Resistance to freezing Surface scaling, roughness, ASTM C 666 (AASHTO T 161) Maximum number of cyclesand thawing loss of section, and ASTM C 682 or period of frost immunity;
 aesthetics (AASHTO T 103 durability factor
 Resistance to disintegration Soundness against ASTM C 88 (AASHTO T 104) Weight loss, particlesby sulfates weathering action exhibiting distress
 Particle shape and Workability of fresh ASTM C 295 Maximum percentage of flatsurface texture concrete ASTM D 3398 and elongated particles
 Grading Workability of fresh concrete; ASTM C 117 (AASHTO T 11) Minimum and maximumeconomy ASTM C 136 (AASHTO T 27) percentage passing
 standard sieves
 Fine aggregate degradation Index of aggregate quality; ASTM C 1137 Change in gradingResistance to degradationduring mixing
 Uncompacted void content Workability of fresh ASTM C 1252 (AASHTO T 304) Uncompacted voids andof fine aggregate concrete specific gravity values
 Bulk density Mix design calculations; ASTM C 29 (AASHTO T 19) Compact weight and(unit weight) classification loose weight
 Relative density Mix design calculations ASTM C 127 (AASHTO T 85) —(specific gravity) fine aggregate
 ASTM C 128 (AASHTO T 84)coarse aggregate
 Absorption and surface Control of concrete quality ASTM C 70 —moisture (water-cement ratio) ASTM C 127 (AASHTO T 85)
 ASTM C 128 (AASHTO T 84)ASTM C 566 (AASHTO T 255)
 Compressive and flexural Acceptability of fine ASTM C 39 (AASHTO T 22) Strength to exceed 95% ofstrength aggregate failing other tests ASTM C 78 (AASHTO T 97) strength achieved with purified
 sand
 Definitions of constituents Clear understanding and ASTM C 125 —communication ASTM C 294
 Aggregate constituents Determine amount of ASTM C 40 (AASHTO T 21) Maximum percentage alloweddeleterious and organic ASTM C 87 (AASHTO T 71) of individual constituentsmaterials ASTM C 117 (AASHTO T 11)
 ASTM C 123 (AASHTO T 113)ASTM C 142 (AASHTO T 112)ASTM C 295
 Resistance to alkali Soundness against ASTM C 227 Maximum length change,reactivity and volume volume change ASTM C 289 constituents and amountchange ASTM C 295 of silica, and alkalinity
 ASTM C 342ASTM C 586ASTM C 1260 (AASHTO T 303)ASTM C 1293
 * The majority of the tests and characteristics listed are referenced in ASTM C 33 (AASHTO M 6/M 80). ACI 221R-96 presents additional testmethods and properties of concrete influenced by aggregate characteristics.
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aggregate proportions as well as cement and waterrequirements, workability, pumpability, economy, poros-ity, shrinkage, and durability of concrete. Variations ingrading can seriously affect the uniformity of concretefrom batch to batch. Very fine sands are often uneconomi-cal; very coarse sands and coarse aggregate can produceharsh, unworkable mixtures. In general, aggregates thatdo not have a large deficiency or excess of any size andgive a smooth grading curve will produce the most satis-factory results.
 The effect of a collection of various sizes in reducingthe total volume of voids between aggregates is illustratedby the simple method shown in Fig. 5-7. The beaker on theleft is filled with large aggregate particles of uniform size
 (AASHTO M 6/ M 80) plus an additional six more coarseaggregate size numbers. Fine aggregate or sand has onlyone range of particle sizes for general construction andhighway work.
 The grading and grading limits are usually expressedas the percentage of material passing each sieve. Fig. 5-6shows these limits for fine aggregate and for one size ofcoarse aggregate.
 There are several reasons for specifying grading limitsand nominal maximum aggregate size; they affect relative
 82
 Design and Control of Concrete Mixtures � EB001
 Fig. 5-4. Range of particle sizes found in aggregate for usein concrete. (8985)
 Fig. 5-5. Making a sieve analysis test of coarse aggregatein a laboratory. (30175-A)
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and shape; the middle beaker is filled with an equalvolume of small aggregate particles of uniform size andshape; and the beaker on the right is filled with particlesof both sizes. Below each beaker is a graduate with theamount of water required to fill the voids in that beaker.Note that when the beakers are filled with one particle sizeof equal volume, the void content is constant, regardless ofthe particle size. When the two aggregate sizes arecombined, the void content is decreased. If this operationwere repeated with several additional sizes, a furtherreduction in voids would occur. The cement paste require-ment for concrete is related to the void content of thecombined aggregates.
 During the early years of concrete technology it wassometimes assumed that the smallest percentage of voids(greatest density of aggregates) was the most suitable forconcrete. At the same time, limits were placed on theamount and size of the smallest particles. It is now knownthat, even on this restricted basis, this is not the best targetfor the mix designer. However, production of satisfactory,economical concrete requires aggregates of low voidcontent, but not the lowest. Voids in aggregates can betested according to ASTM C 29 or AASHTO T 19.
 In reality, the amount of cement paste required inconcrete is greater than the volume of voids between theaggregates. This is illustrated in Fig. 5-8. Sketch A repre-sents large aggregates alone, with all particles in contact.Sketch B represents the dispersal of aggregates in a matrixof paste. The amount of paste is necessarily greater thanthe void content of sketch A in order to provide workabil-ity to the concrete; the actual amount is influenced by theworkability and cohesiveness of the paste.
 Fine-Aggregate Grading
 Requirements of ASTM C 33 or AASHTO M 6/M 43 per-mit a relatively wide range in fine-aggregate gradation,but specifications by other organizations are sometimesmore restrictive. The most desirable fine-aggregate grad-ing depends on the type of work, the richness of themixture, and the maximum size of coarse aggregate. Inleaner mixtures, or when small-size coarse aggregates areused, a grading that approaches the maximum recom-mended percentage passing each sieve is desirable forworkability. In general, if the water-cement ratio is keptconstant and the ratio of fine-to-coarse aggregate is chosencorrectly, a wide range in grading can be used withoutmeasurable effect on strength. However, the best economywill sometimes be achieved by adjusting the concretemixture to suit the gradation of the local aggregates.
 Fine-aggregate grading within the limits of ASTM C33 (AASHTO M 6) is generally satisfactory for mostconcretes. The ASTM C 33 (AASHTO M 6) limits withrespect to sieve size are shown in Table 5-3.
 83
 Chapter 5 � Aggregates for Concrete
 A
 B
 Fig. 5-8. Illustration of the dispersion of aggregates in co-hesive concrete mixtures.
 Table 5-3. Fine-Aggregate Grading Limits(ASTM C 33/AASHTO M 6)
 Sieve size Percent passing by mass
 9.5 mm (3⁄8 in.) 1004.75 mm (No. 4) 95 to 1002.36 mm (No. 8) 80 to 1001.18 mm (No. 16) 50 to 85
 600 µm (No. 30) 25 to 60300 µm (No. 50) 5 to 30 (AASHTO 10 to 30)150 µm (No. 100) 0 to 10 (AASHTO 2 to 10)
 The AASHTO specifications permit the minimumpercentages (by mass) of material passing the 300 µm (No.50) and 150 µm (No. 100) sieves to be reduced to 5% and0% respectively, provided:
 1. The aggregate is used in air-entrained concretecontaining more than 237 kilograms of cement percubic meter (400 lb of cement per cubic yard) andhaving an air content of more than 3%.
 2. The aggregate is used in concrete containing morethan 297 kilograms of cement per cubic meter (500 lbof cement per cubic yard) when the concrete is not air-entrained.
 3. An approved supplementary cementitious material isused to supply the deficiency in material passingthese two sieves.
 Other requirements of ASTM C 33 (AASTHO M 6) are:
 1. The fine aggregate must not have more than 45%retained between any two consecutive standardsieves.
 2. The fineness modulus must be not less than 2.3 normore than 3.1, nor vary more than 0.2 from the typicalvalue of the aggregate source. If this value is ex-

Page 6
                        

given maximum-size coarse aggregate can be varied overa moderate range without appreciable effect on cementand water requirement of a mixture if the proportion offine aggregate to total aggregate produces concrete ofgood workability. Mixture proportions should be changedto produce workable concrete if wide variations occur inthe coarse-aggregate grading. Since variations are difficultto anticipate, it is often more economical to maintainuniformity in manufacturing and handling coarse aggre-gate than to reduce variations in gradation.
 The maximum size of coarse aggregate used in con-crete has a bearing on the economy of concrete. Usuallymore water and cement is required for small-size aggre-gates than for large sizes, due to an increase in total aggre-gate surface area. The water and cement required for aslump of approximately 75 mm (3 in.) is shown in Fig. 5-9for a wide range of coarse-aggregate sizes. Fig. 5-9 showsthat, for a given water-cement ratio, the amount of cementrequired decreases as the maximum size of coarse aggre-gate increases. The increased cost of obtaining and/or
 ceeded, the fine aggregate should be rejected unlesssuitable adjustments are made in proportions of fineand coarse aggregate.
 The amounts of fine aggregate passing the 300 µm(No. 50) and 150, µm (No. 100) sieves affect workability,surface texture, air content, and bleeding of concrete. Mostspecifications allow 5% to 30% to pass the 300 µm (No. 50)sieve. The lower limit may be sufficient for easy placingconditions or where concrete is mechanically finished,such as in pavements. However, for hand-finishedconcrete floors, or where a smooth surface texture is de-sired, fine aggregate with at least 15% passing the 300 µm(No. 50) sieve and 3% or more passing the 150 µm (No.100) sieve should be used.
 Fineness Modulus. The fineness modulus (FM) of eitherfine or coarse aggregate according to ASTM C 125 is calcu-lated by adding the cumulative percentages by massretained on each of a specified series of sieves and divid-ing the sum by 100. The specified sieves for determiningFM are: 150 µm (No. 100), 300 µm (No. 50), 600 µm (No.30), 1.18 mm (No. 16), 2.36 mm (No. 8), 4.75 mm (No. 4),9.5 mm (3⁄8 in.), 19.0 mm (3⁄4 in.), 37.5 mm (11⁄2 in.), 75 mm(3 in.) and, 150 mm (6 in.).
 FM is an index of the fineness of an aggregate—thehigher the FM, the coarser the aggregate. Different aggre-gate grading may have the same FM. FM of fine aggregateis useful in estimating proportions of fine and coarseaggregates in concrete mixtures. An example of how theFM of a fine aggregate is determined (with an assumedsieve analysis) is shown in Table 5-4.
 Degradation of fine aggregate due to friction andabrasion will decrease the FM and increase the amount ofmaterials finer than the 75 µm (No. 200) sieve.
 Coarse-Aggregate Grading
 The coarse aggregate grading requirements of ASTM C 33(AASHTO M 80) permit a wide range in grading and avariety of grading sizes (see Table 5-5). The grading for a
 84
 Design and Control of Concrete Mixtures � EB001
 Table 5-5. Grading Requirements for Coarse Aggregates (ASTM C 33 and AASHTO M 80)
 Amounts finer than each laboratory sieve, mass percent passingSize Nominal size, sieves 100 mm 90 mm 75 mm 63 mm 50 mm
 number with square openings (4 in.) (31⁄2 in.) (3 in.) (21⁄2 in.) (2 in.)
 1 90 to 37.5 mm (31⁄2 to 11⁄2 in.) 100 90 to 100 — 25 to 60 —2 63 to 37.5 mm (21⁄2 to 11⁄2 in.) — — 100 90 to 100 35 to 703 50 to 25.0 mm (2 to 1 in.) — — — 100 90 to 100
 357 50 to 4.75 mm (2 in. to No. 4) — — — 100 95 to 1004 37.5 to 19.0 mm (11⁄2 to 3⁄4 in.) — — — — 100
 467 37.5 to 4.75 mm (11⁄2 in. to No. 4) — — — — 1005 25.0 to 12.5 mm (1 to 1⁄2 in.) — — — — —56 25.0 to 9.5 mm (1 to 3⁄8 in.) — — — — —57 25.0 to 4.75 mm (1 in. to No. 4) — — — — —6 19.0 to 9.5 mm (3⁄4 to 3⁄8 in.) — — — — —67 19.0 to 4.75 mm (3⁄4 in. to No. 4) — — — — —7 12.5 to 4.75 mm (1⁄2 in. to No. 4) — — — — —8 9.5 to 2.36 mm (3⁄8 in. to No. 8) — — — — —
 Table 5-4. Determination of Fineness Modulus ofFine Aggregates
 Percentageof individual Cumulative
 fraction Percentage percentageretained, passing, retained,
 Sieve size by mass by mass by mass9.5 mm (3⁄8 in.) 0 100 04.75 mm (No. 4) 2 98 22.36 mm (No. 8) 13 85 151.18 mm (No. 16) 20 65 35600 µm (No. 30) 20 45 55300 µm (No. 50) 24 21 79150 µm (No. 100) 18 3 97
 Pan 3 0 —Total 100 283
 Fineness modulus= 283 ÷ 100 = 2.83
  BKerkhoff
 Video
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handling aggregates much larger than 50 mm (2 in.) mayoffset the savings in using less cement. Furthermore,aggregates of different maximum sizes may give slightlydifferent concrete strengths for the same water-cementratio. In some instances, at the same water-cement ratio,concrete with a smaller maximum-size aggregate couldhave higher compressive strength. This is especially truefor high-strength concrete. The optimum maximum sizeof coarse aggregate for higher strength depends on factorssuch as relative strength of the cement paste, cement-aggregate bond, and strength of the aggregate particles.
 The terminology used to specify size of coarse aggre-gate must be chosen carefully. Particle size is determinedby size of sieve and applies to the aggregate passing thatsieve and not passing the next smaller sieve. When speak-ing of an assortment of particle sizes, the size number (orgrading size) of the gradation is used. The size numberapplies to the collective amount of aggregate that passesthrough an assortment of sieves. As shown in Table 5-5,the amount of aggregate passing the respective sieves isgiven in percentages; it is called a sieve analysis.
 Because of past usage, there is sometimes confusionabout what is meant by the maximum size of aggregate.ASTM C 125 and ACI 116 define this term and distinguishit from nominal maximum size of aggregate. The maxi-mum size of an aggregate is the smallest sieve that all of aparticular aggregate must pass through. The nominalmaximum size of an aggregate is the smallest sieve sizethrough which the major portion of the aggregate mustpass. The nominal maximum-size sieve may retain 5% to15% of the aggregate depending on the size number. Forexample, aggregate size number 67 has a maximum size of25 mm (1 in.) and a nominal maximum size of 19 mm (3⁄4in.). Ninety to one hundred percent of this aggregate mustpass the 19-mm (3⁄4-in.) sieve and all of the particles mustpass the 25-mm (1-in.) sieve.
 The maximum size of aggregate that can be usedgenerally depends on the size and shape of the concretemember and the amount and distribution of reinforcingsteel. The maximum size of aggregate particles generallyshould not exceed:
 85
 Chapter 5 � Aggregates for Concrete
 3/8
 4.75 9.5 12.5 19.0 25.0 37.5 50.0 75.0 112.0
 1/2 3/4 1 11/2 43/82 33/16
 Non-air-entrained concrete
 Air-entrained concrete
 Non-air-entrained concrete
 Air-entrained concrete
 Slump approximately 75 mm (3 in.)w/c ratio: 0.54 by mass
 Slump approximately 75 mm (3 in.)w/c ratio: 0.54 by mass
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 Fig. 5-9. Cement and water contents in relation to maximumsize of aggregate for air-entrained and non-air-entrained con-crete. Less cement and water are required in mixtures havinglarge coarse aggregate (Bureau of Reclamation 1981).
 37.5 mm 25.0 mm 19.0 mm 12.5 mm 9.5 mm 4.75 mm 2.36 mm 1.18 mm(11⁄2 in.) (1 in.) (3⁄4 in.) (1⁄2 in.) (3⁄8 in.) (No. 4) (No. 8) (No. 16)
 0 to 15 — 0 to 5 — — — — —0 to 15 — 0 to 5 — — — — —35 to 70 0 to 15 — 0 to 5 — — — —
 — 35 to 70 — 10 to 30 — 0 to 5 — —90 to 100 20 to 55 0 to 15 — 0 to 5 — — —95 to 100 — 35 to 70 — 10 to 30 0 to 5 — —
 100 90 to 100 20 to 55 0 to 10 0 to 5 — — —100 90 to 100 40 to 85 10 to 40 0 to 15 0 to 5 — —100 95 to 100 — 25 to 60 — 0 to 10 0 to 5 —— 100 90 to 100 20 to 55 0 to 15 0 to 5 — —— 100 90 to 100 — 25 to 55 0 to 10 0 to 5 —— — 100 90 to 100 40 to 70 0 to 15 0 to 5 —— — — 100 85 to 100 10 to 30 0 to 10 0 to 5
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• The optimum mixture has the least particle interfer-ence and responds best to a high frequency, highamplitude vibrator.
 However, this optimum mixture cannot be used forall construction due to variations in placing and finishingneeds and availability. Crouch (2000) found in his studieson air-entrained concrete that the water-cement ratiocould be reduced by over 8% using combined aggregategradation. Shilstone (1990) also analyzes aggregate grada-tion by coarseness and workability factors to improveaggregate gradation.
 Gap-Graded Aggregates
 In gap-graded aggregates certain particle sizes are inten-tionally omitted. For cast-in-place concrete, typical gap-graded aggregates consist of only one size of coarseaggregate with all the particles of fine aggregate able topass through the voids in the compacted coarse aggregate.Gap-graded mixes are used in architectural concrete toobtain uniform textures in exposed-aggregate finishes.They can also used in normal structural concrete becauseof possible improvements in some concrete properties, andto permit the use of local aggregate gradations (Houston1962 and Litvin and Pfeifer 1965).
 For an aggregate of 19-mm (3⁄4-in.) maximum size, the4.75 mm to 9.5 mm (No. 4 to 3⁄8 in.) particles can be omit-ted without making the concrete unduly harsh or subjectto segregation. In the case of 37.5 mm (11⁄2 in.) aggregate,usually the 4.75 mm to 19 mm (No. 4 to 3⁄4 in.) sizes areomitted.
 Care must be taken in choosing the percentage of fineaggregate in a gap-graded mixture. A wrong choice canresult in concrete that is likely to segregate or honeycombbecause of an excess of coarse aggregate. Also, concretewith an excess of fine aggregate could have a high waterdemand resulting in a low-density concrete. Fine aggregateis usually 25% to 35% by volume of the total aggregate. Thelower percentage is used with rounded aggregates and thehigher with crushed material. For a smooth off-the-formfinish, a somewhat higher percentage of fine aggregate tototal aggregate may be used than for an exposed-aggregatefinish, but both use a lower fine aggregate content thancontinuously graded mixtures. Fine aggregate content alsodepends upon cement content, type of aggregate, andworkability.
 Air entrainment is usually required for workabilitysince low-slump, gap-graded mixes use a low fine aggre-gate percentage and produce harsh mixes withoutentrained air.
 Segregation of gap-graded mixes must be preventedby restricting the slump to the lowest value consistent withgood consolidation. This may vary from zero to 75 mm (to3 in.) depending on the thickness of the section, amount ofreinforcement, and height of casting. Close control of grad-ing and water content is also required because variationsmight cause segregation. If a stiff mixture is required, gap-
 1. One-fifth the narrowest dimension of a concretemember
 2. Three-quarters the clear spacing between reinforcingbars and between the reinforcing bars and forms
 3. One-third the depth of slabs
 These requirements may be waived if, in the judg-ment of the engineer, the mixture possesses sufficientworkability that the concrete can be properly placed with-out honeycomb or voids.
 Combined Aggregate Grading
 Aggregate is sometimes analyzed using the combinedgrading of fine and coarse aggregate together, as they existin a concrete mixture. This provides a more thoroughanalysis of how the aggregates will perform in concrete.Sometimes mid-sized aggregate, around the 9.5 mm (3⁄8in.) size, is lacking in an aggregate supply, resulting in aconcrete with high shrinkage properties, high waterdemand, poor workability, poor pumpability, and poorplaceability. Strength and durability may also be affected.
 Fig. 5-10 illustrates an ideal gradation; however, aperfect gradation does not exist in the field—but we cantry to approach it. If problems develop due to a poorgradation, alternative aggregates, blending, or specialscreening of existing aggregates, should be considered.Refer to Shilstone (1990) for options on obtaining optimalgrading of aggregate.
 The combined gradation can be used to better controlworkability, pumpability, shrinkage, and other propertiesof concrete. Abrams (1918) and Shilstone (1990) demon-strate the benefits of a combined aggregate analysis:
 • With constant cement content and constant consis-tency, there is an optimum for every combination ofaggregates that will produce the most effective waterto cement ratio and highest strength.
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graded aggregates may produce higher strengths thannormal aggregates used with comparable cement contents.Because of their low fine-aggregate volumes and lowwater-cement ratios, gap-graded mixtures might beconsidered unworkable for some cast-in-place construc-tion. When properly proportioned, however, these con-cretes are readily consolidated with vibration.
 Particle Shape and Surface Texture
 The particle shape and surface texture of an aggregateinfluence the properties of freshly mixed concrete morethan the properties of hardened concrete. Rough-textured,angular, elongated particles require more water toproduce workable concrete than do smooth, rounded,compact aggregates. Hence, aggregate particles that areangular require more cement to maintain the same water-cement ratio. However, with satisfactory gradation, bothcrushed and noncrushed aggregates (of the same rocktypes) generally give essentially the same strength for thesame cement factor. Angular or poorly graded aggregatescan also be more difficult to pump.
 The bond between cement paste and a given aggre-gate generally increases as particles change from smoothand rounded to rough and angular. This increase in bondis a consideration in selecting aggregates for concretewhere flexural strength is important or where highcompressive strength is needed.
 Void contents of compacted fine or coarse aggregatecan be used as an index of differences in the shape andtexture of aggregates of the same grading. The mixingwater and cement requirement tend to increase as aggre-gate void content increases. Voids between aggregate par-ticles increase with aggregate angularity.
 Aggregate should be relatively free of flat and elon-gated particles. A particle is called flat and elongatedwhen the ratio of length to thickness exceeds a specifiedvalue. See ASTM D 4791 for determination of flat, and/orelongated particles. ASTM D 3398 provides an indirectmethod of establishing a particle index as an overall meas-ure of particle shape or texture, while ASTM C 295provides procedures for the petrographic examination ofaggregate.
 Flat and elongated aggregate particles should beavoided or at least limited to about 15% by mass of the totalaggregate. This requirement is equally important for coarseand for crushed fine aggregate, since fine aggregate madeby crushing stone often contains flat and elongated parti-cles. Such aggregate particles require an increase in mixingwater and thus may affect the strength of concrete, particu-larly in flexure, if the water-cement ratio is not adjusted.
 A number of automated test machines are availablefor rapid determination of the particle size distribution ofaggregate. Designed to provide a faster alternative to thestandard sieve analysis test, these machines capture andanalyze digital images of the aggregate particles to deter-mine gradation. Fig. 5-11 shows a videograder that meas-ures size and shape of an aggregate by using line-scan
 cameras wherein two-dimensional images are constructedfrom a series of line images. Other machines use matrix-scan cameras to capture two-dimensional snapshots of thefalling aggregate. Maerz and Lusher (2001) developed adynamic prototype imaging system that provides particlesize and shape information by using a miniconveyorsystem to parade individual fragments past two orthogo-nally oriented, synchronized cameras.
 Bulk Density (Unit Weight) and Voids
 The bulk density or unit weight of an aggregate is themass or weight of the aggregate required to fill a containerof a specified unit volume. The volume referred to here isthat occupied by both aggregates and the voids betweenaggregate particles.
 The approximate bulk density of aggregate com-monly used in normal-weight concrete ranges from about1200 to 1750 kg/m3 (75 to 110 lb/ft3). The void contentbetween particles affects paste requirements in mix design(see preceding sections, “Particle Shape and SurfaceTexture” and “Grading”). Void contents range from about30% to 45% for coarse aggregates to about 40% to 50% forfine aggregate. Angularity increases void content whilelarger sizes of well-graded aggregate and improved grad-ing decreases void content (Fig. 5-7). Methods of deter-mining the bulk density of aggregates and void contentare given in ASTM C 29 (AASHTO T 19). In these stan-dards, three methods are described for consolidating theaggregate in the container depending on the maximumsize of the aggregate: rodding, jigging, and shoveling. Themeasurement of loose uncompacted void content of fineaggregate is described in ASTM C 1252.
 Relative Density (Specific Gravity)
 The relative density (specific gravity) of an aggregate is theratio of its mass to the mass of an equal absolute volume of
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aggregates in order to accurately meet the water require-ment of the mix design. If the water content of the concretemixture is not kept constant, the water-cement ratio willvary from batch to batch causing other properties, such asthe compressive strength and workability to vary frombatch to batch.
 Coarse and fine aggregate will generally have absorp-tion levels (moisture contents at SSD) in the range of 0.2%to 4% and 0.2% to 2%, respectively. Free-water contents willusually range from 0.5% to 2% for coarse aggregate and 2%to 6% for fine aggregate. The maximum water content ofdrained coarse aggregate is usually less than that of fineaggregate. Most fine aggregates can maintain a maximumdrained moisture content of about 3% to 8% whereas coarseaggregates can maintain only about 1% to 6%.
 Bulking. Bulking is the increase in total volume of moistfine aggregate over the same mass dry. Surface tension inthe moisture holds the particles apart, causing an increasein volume. Bulking of a fine aggregate (such as sand)occurs when it is shoveled or otherwise moved in a dampcondition, even though it may have been fully consoli-
 water. It is used in certain computations for mixtureproportioning and control, such as the volume occupied bythe aggregate in the absolute volume method of mixdesign. It is not generally used as a measure of aggregatequality, though some porous aggregates that exhibit accel-erated freeze-thaw deterioration do have low specific grav-ities. Most natural aggregates have relative densitiesbetween 2.4 and 2.9 with corresponding particle (mass)densities of 2400 and 2900 kg/m3 (150 and 181 lb/ft3).
 Test methods for determining relative densities forcoarse and fine aggregates are described in ASTM C 127(AASHTO T 85) and ASTM C 128 (AASHTO T 84), respec-tively. The relative density of an aggregate may be deter-mined on an ovendry basis or a saturated surface-dry (SSD)basis. Both the ovendry and saturated surface-dry relativedensities may be used in concrete mixture proportioningcalculations. Ovendry aggregates do not contain anyabsorbed or free water. They are dried in an oven to con-stant weight. Saturated surface-dry aggregates are those inwhich the pores in each aggregate particle are filled withwater but there is no excess water on the particle surface.
 Density
 The density of aggregate particles used in mixture propor-tioning computations (not including voids between parti-cles) is determined by multiplying the relative density(specific gravity) of the aggregate times the density ofwater. An approximate value of 1000 kg/m3 (62.4 lb/ft3) isoften used for the density of water. The density of aggre-gate, along with more accurate values for water density,are provided in ASTM C 127 (AASHTO T 85) and ASTMC 128 (AASHTO T 84). Most natural aggregates haveparticle densities of between 2400 and 2900 kg/m3 (150and 181 lb/ft3).
 Absorption and Surface Moisture
 The absorption and surface moisture of aggregates shouldbe determined according to ASTM C 70, C 127, C 128, andC 566 (AASHTO T 255) so that the total water content ofthe concrete can be controlled and correct batch weightsdetermined. The internal structure of an aggregate particleis made up of solid matter and voids that may or may notcontain water.
 The moisture conditions of aggregates are shown inFig. 5-12. They are designated as:
 1. Ovendry—fully absorbent2. Air dry—dry at the particle surface but containing
 some interior moisture, thus still somewhat absorbent3. Saturated surface dry (SSD)—neither absorbing water
 from nor contributing water to the concrete mixture4. Damp or wet—containing an excess of moisture on
 the surface (free water)
 The amount of water added at the concrete batchplant must be adjusted for the moisture conditions of the
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dated beforehand. Fig. 5-13 illustrates how the amount ofbulking of fine aggregate varies with moisture content andgrading; fine gradings bulk more than coarse gradings fora given amount of moisture. Fig. 5-14 shows similar infor-mation in terms of weight for a particular fine aggregate.Since most fine aggregates are delivered in a damp condi-tion, wide variations can occur in batch quantities if batch-ing is done by volume. For this reason, good practice haslong favored weighing the aggregate and adjusting formoisture content when proportioning concrete.
 Resistance to Freezing and Thawing
 The frost resistance of an aggregate, an important charac-teristic for exterior concrete, is related to its porosity,absorption, permeability, and pore structure. An aggre-gate particle may absorb so much water (to critical satura-tion) that it cannot accommodate the expansion andhydraulic pressure that occurs during the freezing ofwater. If enough of the offending particles are present, theresult can be expansion of the aggregate and possibledisintegration of the concrete. If a single problem particleis near the surface of the concrete, it can cause a popout.Popouts generally appear as conical fragments that breakout of the concrete surface. The offending aggregate parti-cle or a part of it is usually found at the bottom of the void.Generally it is coarse rather than fine aggregate particles
 with higher porosity values and medium-sized pores (0.1to 5 µm) that are easily saturated and cause concrete dete-rioration and popouts. Larger pores do not usually be-come saturated or cause concrete distress, and water invery fine pores may not freeze readily.
 At any freezing rate, there may be a critical particle sizeabove which a particle will fail if frozen when criticallysaturated. This critical size is dependent upon the rate offreezing and the porosity, permeability, and tensile strengthof the particle. For fine-grained aggregates with low perme-ability (cherts for example), the critical particle size may bewithin the range of normal aggregate sizes. It is higher forcoarse-grained materials or those with capillary systemsinterrupted by numerous macropores (voids too large tohold moisture by capillary action). For these aggregates thecritical particle size may be sufficiently large to be of noconsequence, even though the absorption may be high. Ifpotentially vulnerable aggregates are used in concretesubjected to periodic drying while in service, they maynever become sufficiently saturated to cause failure.
 Cracking of concrete pavements caused by the freeze-thaw deterioration of the aggregate within concrete iscalled D-cracking. This type of cracking has been ob-served in some pavements after three or more years ofservice. D-cracked concrete resembles frost-damagedconcrete caused by paste deterioration. D-cracks areclosely spaced crack formations parallel to transverse andlongitudinal joints that later multiply outward from thejoints toward the center of the pavement panel (Fig. 5-15).D-cracking is a function of the pore properties of certaintypes of aggregate particles and the environment in whichthe pavement is placed. Due to the natural accumulationof water under pavements in the base and subbase layers,the aggregate may eventually become saturated. Then
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ovendried and the percentage of weight loss calculated.Unfortunately, this test is sometimes misleading.Aggregates behaving satisfactorily in the test mightproduce concrete with low freeze-thaw resistance;conversely, aggregates performing poorly might produceconcrete with adequate resistance. This is attributed, atleast in part, to the fact that the aggregates in the test arenot confined by cement paste (as they would be inconcrete) and the mechanisms of attack are not the same asin freezing and thawing. The test is most reliable for strat-ified rocks with porous layers or weak bedding planes.
 An additional test that can be used to evaluate aggre-gates for potential D-cracking is the rapid pressure releasemethod. An aggregate is placed in a pressurized chamberand the pressure is rapidly released causing the aggregatewith a questionable pore system to fracture (Janssen andSnyder 1994). The amount of fracturing relates to thepotential for D-cracking.
 Wetting and Drying Properties
 Weathering due to wetting and drying can also affect thedurability of aggregates. The expansion and contractioncoefficients of rocks vary with temperature and moisturecontent. If alternate wetting and drying occurs, severestrain can develop in some aggregates, and with certaintypes of rock this can cause a permanent increase involume of the concrete and eventual breakdown. Claylumps and other friable particles can degrade rapidly withrepeated wetting and drying. Popouts can also developdue to the moisture-swelling characteristics of certainaggregates, especially clay balls and shales. While nospecific tests are available to determine this tendency, anexperienced petrographer can often be of assistance indetermining this potential for distress.
 Abrasion and Skid Resistance
 The abrasion resistance of an aggregate is often used as ageneral index of its quality. Abrasion resistance is essentialwhen the aggregate is to be used in concrete subject toabrasion, as in heavy-duty floors or pavements. Low abra-sion resistance of an aggregate may increase the quantityof fines in the concrete during mixing; consequently, thismay increase the water requirement and require an adjust-ment in the water-cement ratio.
 The most common test for abrasion resistance is theLos Angeles abrasion test (rattler method) performed inaccordance with ASTM C 131 (AASHTO T 96) or ASTM C535. In this test a specified quantity of aggregate is placedin a steel drum containing steel balls, the drum is rotated,and the percentage of material worn away is measured.Specifications often set an upper limit on this mass loss.However, a comparison of the results of aggregate abra-sion tests with the abrasion resistance of concrete madewith the same aggregate do not generally show a clear
 with freezing and thawing cycles, cracking of the concretestarts in the saturated aggregate (Fig. 5-16) at the bottomof the slab and progresses upward until it reaches thewearing surface. This problem can be reduced either byselecting aggregates that perform better in freeze-thawcycles or, where marginal aggregates must be used, byreducing the maximum particle size. Also, installation ofeffective drainage systems for carrying free water outfrom under the pavement may be helpful.
 The performance of aggregates under exposure tofreezing and thawing can be evaluated in two ways: (1)past performance in the field, and (2) laboratory freeze-thaw tests of concrete specimens. If aggregates from thesame source have previously given satisfactory servicewhen used in concrete, they might be considered suitable.Aggregates not having a service record can be consideredacceptable if they perform satisfactorily in air-entrainedconcretes subjected to freeze-thaw tests according toASTM C 666 (AASHTO T 161). In these tests concrete spe-cimens made with the aggregate in question are subjectedto alternate cycles of freezing and thawing in water.Deterioration is measured by (1) the reduction in thedynamic modulus of elasticity, (2) linear expansion, and(3) weight loss of the specimens. An expansion failurecriterion of 0.035% in 350 freeze-thaw cycles or less is usedby a number of state highway departments to help indi-cate whether or not an aggregate is susceptible to D-crack-ing. Different aggregate types may influence the criterialevels and empirical correlations between laboratoryfreeze-thaw tests. Field service records should be made toselect the proper criterion (Vogler and Grove 1989).
 Specifications may require that resistance to weather-ing be demonstrated by a sodium sulfate or magnesiumsulfate test (ASTM C 88 or AASHTO T 104). The testconsists of a number of immersion cycles for a sample ofthe aggregate in a sulfate solution; this creates a pressurethrough salt-crystal growth in the aggregate pores similarto that produced by freezing water. The sample is then
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 Fig. 5-16. Fractured carbonate aggregate particle as asource of distress in D-cracking (magnification 2.5X) (Stark1976). (30639-A)
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correlation. Mass loss due to impact in the rattler is oftenas much as that due to abrasion. The wear resistance ofconcrete is determined more accurately by abrasion testsof the concrete itself (see Chapter 1).
 To provide good skid resistance on pavements, thesiliceous particle content of the fine aggregate should be atleast 25%. For specification purposes, the siliceous particlecontent is considered equal to the insoluble residuecontent after treatment in hydrochloric acid under stan-dardized conditions (ASTM D 3042). Certain manufac-tured sands produce slippery pavement surfaces andshould be investigated for acceptance before use.
 Strength and Shrinkage
 The strength of an aggregate is rarely tested and generallydoes not influence the strength of conventional concrete asmuch as the strength of the paste and the paste-aggregatebond. However, aggregate strength does become importantin high-strength concrete. Aggregate stress levels in concreteare often much higher than the average stress over the entirecross section of the concrete. Aggregate tensile strengthsrange from 2 to 15 MPa (300 to 2300 psi) and compressivestrengths from 65 to 270 MPa (10,000 to 40,000 psi).
 Different aggregate types have different compressibil-ity, modulus of elasticity, and moisture-related shrinkagecharacteristics that can influence the same properties inconcrete. Aggregates with high absorption may have highshrinkage on drying. Quartz and feldspar aggregates,along with limestone, dolomite, and granite, are consid-ered low shrinkage aggregates; while aggregates withsandstone, shale, slate, hornblende, and graywacke areoften associated with high shrinkage in concrete (Fig. 5-17).
 Resistance to Acid and Other Corrosive Substances
 Portland cement concrete is durable in most natural envi-ronments; however, concrete in service is occasionallyexposed to substances that will attack it.
 Most acidic solutions will slowly or rapidly disinte-grate portland cement concrete depending on the type andconcentration of acid. Certain acids, such as oxalic acid, areharmless. Weak solutions of some acids have insignificanteffects. Although acids generally attack and leach away thecalcium compounds of the cement paste, they may notreadily attack certain aggregates, such as siliceous aggre-gates. Calcareous aggregates often react readily with acids.However, the sacrificial effect of calcareous aggregates isoften a benefit over siliceous aggregate in mild acid expo-sures or in areas where water is not flowing. With calcare-ous aggregate, the acid attacks the entire exposed concretesurface uniformly, reducing the rate of attack on the pasteand preventing loss of aggregate particles at the surface.Calcareous aggregates also tend to neutralize the acid,especially in stagnant locations. Acids can also discolor
 concrete. Siliceous aggregate should be avoided whenstrong solutions of sodium hydroxide are present, as thesesolutions attack this type of aggregate.
 Acid rain (often with a pH of 4 to 4.5) can slightly etchconcrete surfaces, usually without affecting the perform-ance of exposed concrete structures. Extreme acid rain orstrong acid water conditions may warrant special concretedesigns or precautions, especially in submerged areas.Continuous replenishment in acid with a pH of less than4 is considered highly aggressive to buried concrete, suchas pipe (Scanlon 1987). Concrete continuously exposed toliquid with a pH of less than 3 should be protected in amanner similar to concrete exposed to dilute acid solu-tions (ACI 515.1R).
 Natural waters usually have a pH of more than 7 andseldom less than 6. Waters with a pH greater than 6.5 maybe aggressive if they contain bicarbonates. Carbonic acidsolutions with concentrations between 0.9 and 3 parts permillion are considered to be destructive to concrete (ACI515.1R and Kerkhoff 2001).
 A low water-cement ratio, low permeability, and low-to-moderate cement content can increase the acid or corro-sion resistance of concrete. A low permeability resultingfrom a low water-cement ratio or the use of silica fume orother pozzolans, helps keep the corrosive agent frompenetrating into the concrete. Low-to-moderate cementcontents result in less available paste to attack. The use ofsacrificial calcareous aggregates should be consideredwhere indicated.
 Certain acids, gases, salts, and other substances thatare not mentioned here also can disintegrate concrete.Acids and other chemicals that severely attack portlandcement concrete should be prevented from coming incontact with the concrete by using protective coatings(Kerkhoff 2001).
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Fire Resistance and Thermal Properties
 The fire resistance and thermal properties of concrete—conductivity, diffusivity, and coefficient of thermal expan-sion—depend to some extent on the mineral constituentsof the aggregates used. Manufactured and some naturallyoccurring lightweight aggregates are more fire resistantthan normal-weight aggregates due to their insulatingproperties and high-temperature stability. Concretecontaining a calcareous coarse aggregate performs betterunder fire exposure than a concrete containing quartz orsiliceous aggregate such as granite or quartzite. At about590°C (1060°F), quartz expands 0.85% causing disruptiveexpansion (ACI 216 and ACI 221). The coefficient of ther-mal expansion of aggregates ranges from 0.55 x 10-6 per °Cto 5 x 10-6 per °C (1 x 10-6 per °F to 9 x 10-6 per °F). Formore information refer to Chapter 15 for temperature-induced volume changes and to Chapter 18 for thermalconductivity and mass concrete considerations.
 POTENTIALLY HARMFUL MATERIALS
 Harmful substances that may be present in aggregatesinclude organic impurities, silt, clay, shale, iron oxide, coal,lignite, and certain lightweight and soft particles (Table5-6). In addition, rocks and minerals such as some cherts,strained quartz (Buck and Mather 1984), and certain dolo-mitic limestones are alkali reactive (see Table 5-7). Gypsumand anhydrite may cause sulfate attack. Certain aggre-gates, such as some shales, will cause popouts by swelling(simply by absorbing water) or by freezing of absorbedwater (Fig. 5-18). Most specifications limit the permissibleamounts of these substances. The performance history ofan aggregate should be a determining factor in setting thelimits for harmful substances. Test methods for detectingharmful substances qualitatively or quantitatively arelisted in Table 5-6.
 Aggregates are potentially harmful if they containcompounds known to react chemically with portlandcement concrete and produce any of the following: (1)significant volume changes of the paste, aggregates, orboth; (2) interference with the normal hydration ofcement; and (3) otherwise harmful byproducts.
 Organic impurities may delay setting and hardeningof concrete, may reduce strength gain, and in unusualcases may cause deterioration. Organic impurities such aspeat, humus, and organic loam may not be as detrimentalbut should be avoided.
 Materials finer than the 75-µm (No. 200) sieve, espe-cially silt and clay, may be present as loose dust and mayform a coating on the aggregate particles. Even thin coat-ings of silt or clay on gravel particles can be harmfulbecause they may weaken the bond between the cementpaste and aggregate. If certain types of silt or clay are pres-ent in excessive amounts, water requirements mayincrease significantly.
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 Effect on TestSubstances concrete designation
 Organic Affects setting ASTM C 40 (AASHTO T 21)impurities and hardening, ASTM C 87 (AASHTO T 71)
 may cause deterioration
 Materials finer Affects bond, ASTM C 117 (AASHTO T 11)than the 75-µm increases water (No. 200) sieve requirement
 Coal, lignite, Affects durability, ASTM C 123 (AASHTO T 113)or other may causelightweight stains andmaterials popouts
 Soft particles Affects durability ASTM C 235
 Clay lumps Affects work- ASTM C 142 (AASHTO T 112)and friable ability andparticles durability, may
 cause popouts
 Chert of less Affects ASTM C 123 (AASHTO T 113)than 2.40 durability, may ASTM C 295relative density cause popouts
 Alkali-reactive Causes ASTM C 227aggregates abnormal ASTM C 289
 expansion, ASTM C 295map cracking, ASTM C 342and popouts ASTM C 586
 ASTM C 1260 (AASHTO T 303)ASTM C 1293
 Table 5-6. Harmful Materials in Aggregates
 Table 5-7. Some Potentially Harmful ReactiveMinerals, Rock, and Synthetic Materials
 Alkali-carbonateAlkali-silica reactive substances* reactive substances**
 Andesites Opal Calcitic dolomitesArgillites Opaline shales Dolomitic limestonesCertain siliceous Phylites Fine-grained dolomites
 limestones Quartzitesand dolomites Quartzoses
 Chalcedonic cherts ChertsChalcedony RhyolitesCristobalite SchistsDacites Siliceous shalesGlassy or Strained quartz
 cryptocrystalline and certainvolcanics other forms
 Granite gneiss of quartzGraywackes Synthetic andMetagraywackes natural silicious
 glassTridymite
 * Several of the rocks listed (granite gneiss and certain quartz for-mations for example) react very slowly and may not show evi-dence of any harmful degree of reactivity until the concrete is over20 years old.
 ** Only certain sources of these materials have shown reactivity.
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There is a tendency for some fine aggregates todegrade from the grinding action in a concrete mixer; thiseffect, which is measured using ASTM C 1137, may altermixing water, entrained air and slump requirements.
 Coal or lignite, or other low-density materials such aswood or fibrous materials, in excessive amounts will affectthe durability of concrete. If these impurities occur at ornear the surface, they might disintegrate, pop out, orcause stains. Potentially harmful chert in coarse aggregatecan be identified by using ASTM C 123 (AASHTO T 113).
 Soft particles in coarse aggregate are especially objec-tionable because they cause popouts and can affect dura-bility and wear resistance of concrete. If friable, they couldbreak up during mixing and thereby increase the amountof water required. Where abrasion resistance is critical,such as in heavy-duty industrial floors, testing may indi-cate that further investigation or another aggregate sourceis warranted.
 Clay lumps present in concrete may absorb some ofthe mixing water, cause popouts in hardened concrete,and affect durability and wear resistance. They can alsobreak up during mixing and thereby increase the mixing-water demand.
 Aggregates can occasionally contain particles of ironoxide and iron sulfide that result in unsightly stains onexposed concrete surfaces (Fig. 5-19). The aggregateshould meet the staining requirements of ASTM C 330(AASHTO M 195) when tested according to ASTM C 641;the quarry face and aggregate stockpiles should not showevidence of staining.
 As an additional aid in identifying staining particles,the aggregate can be immersed in a lime slurry. If stainingparticles are present, a blue-green gelatinous precipitatewill form within 5 to 10 minutes; this will rapidly changeto a brown color on exposure to air and light. The reactionshould be complete within 30 minutes. If no brown gelat-inous precipitate is formed when a suspect aggregate is
 placed in the lime slurry,there is little likelihood ofany reaction taking place inconcrete. These tests shouldbe required when aggregateswith no record of successfulprior use are used in archi-tectural concrete.
 ALKALI-AGGREGATEREACTIVITY
 Aggregates containing certainconstituents can react withalkali hydroxides in concrete.The reactivity is potentiallyharmful only when it produces significant expansion(Mather 1975). This alkali-aggregate reactivity (AAR) hastwo forms—alkali-silica reaction (ASR) and alkali-carbonatereaction (ACR). ASR is of more concern than ACR becausethe occurrence of aggregates containing reactive silicaminerals is more common. Alkali-reactive carbonate aggre-gates have a specific composition that is not very common.
 Alkali-silica reactivity has been recognized as a poten-tial source of distress in concrete since the late 1930s(Stanton 1940 and PCA 1940). Even though potentiallyreactive aggregates exist throughout North America, ASRdistress in structural concrete is not common. There are anumber of reasons for this:
 • Most aggregates are chemically stable in hydraulic-cement concrete.
 • Aggregates with good service records are abundant inmany areas.
 • Most concrete in service is dry enough to inhibit ASR.• Use of certain pozzolans or slags can control ASR.• In many concrete mixtures, the alkali content of the
 concrete is low enough to control harmful ASR.• Some forms of ASR do not produce significant delete-
 rious expansion.
 To reduce ASR potential requires understanding theASR mechanism; properly using tests to identify poten-tially reactive aggregates; and, if needed, taking steps tominimize the potential for expansion and related cracking.
 Alkali-Silica Reaction
 Visual Symptoms of Expansive ASR. Typical indicatorsof ASR might be any of the following: a network of cracks(Fig. 5-20); closed or spalled joints; relative displacementsof different parts of a structure; or fragments breaking outof the surface of the concrete (popouts) (Fig. 5-21). BecauseASR deterioration is slow, the risk of catastrophic failure islow. However, ASR can cause serviceability problems andcan exacerbate other deterioration mechanisms such asthose that occur in frost, deicer, or sulfate exposures.
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 Fig. 5-18. A popout is the breaking away of a small frag-ment of concrete surface due to internal pressure thatleaves a shallow, typically conical depression. (113)
 Fig. 5-19. Iron oxide staincaused by impurities in thecoarse aggregate. (70024)
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Mechanism of ASR. The alkali-silica reaction forms a gelthat swells as it draws water from the surrounding cementpaste. Reaction products from ASR have a great affinityfor moisture. In absorbing water, these gels can inducepressure, expansion, and cracking of the aggregate andsurrounding paste. The reaction can be visualized as atwo-step process:
 1. Alkali hydroxide + reactive silica gel → reaction prod-uct (alkali-silica gel)
 2. Gel reaction product + moisture → expansion
 The amount of gel formed in the concrete depends onthe amount and type of silica and alkali hydroxideconcentration. The presence of gel does not always coin-cide with distress, and thus, gel presence does not neces-sarily indicate destructive ASR.
 Factors Affecting ASR. For alkali-silica reaction to occur,the following three conditions must be present:
 1. reactive forms of silica in the aggregate,2. high-alkali (pH) pore solution, and3. sufficient moisture.
 If one of these conditions is absent, ASR cannot occur.
 Test Methods for Identifying ASR Distress. It is impor-tant to distinguish between the reaction and damageresulting from the reaction. In the diagnosis of concretedeterioration, it is most likely that a gel product will beidentified. But, in some cases significant amounts of gel areformed without causing damage to concrete. To pinpointASR as the cause of damage, the presence of deleteriousASR gel must be verified. A site of expansive reaction canbe defined as an aggregate particle that is recognizablyreactive or potentially reactive and is at least partiallyreplaced by gel. Gel can be present in cracks and voids andmay also be present in a ring surrounding an aggregateparticle at its edges. A network of internal cracks connect-ing reacted aggregate particles is an almost certain indica-tion that ASR is responsible for cracking. A petrographicexamination (ASTM C 856) is the most positive method foridentifying ASR gel in concrete (Powers 1999).Petrography, when used to study a known reactedconcrete, can confirm the presence of reaction productsand verify ASR as an underlying cause of deterioration(Fig. 5-22).
 Control of ASR in New Concrete. The best way to avoidASR is to take appropriate precautions before concrete isplaced. Standard concrete specifications may requiremodifications to address ASR. These modifications shouldbe carefully tailored to avoid limiting the concrete pro-ducer’s options. This permits careful analysis of cementi-tious materials and aggregates and choosing a controlstrategy that optimizes effectiveness and the economicselection of materials. If the aggregate is not reactive byhistorical identification or testing, no special requirementsare needed.
 94
 Design and Control of Concrete Mixtures � EB001
 Fig. 5-20 (top and bottom). Cracking of concrete from alkali-silica reactivity. (69549, 58352)
 Fig. 5-21. Popouts caused by ASR of sand-sized particles.Inset shows closeup of a popout. (51117, 51118)Fig. 5-21. Popouts caused by ASR of sand-sized particles.Inset shows closeup of a popout. (51117, 51118)
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Identification of Potentially Reactive Aggregates. Fieldperformance history is the best method of evaluating thesusceptibility of an aggregate to ASR. For the most defini-tive evaluation, the existing concrete should have been inservice for at least 15 years. Comparisons should be madebetween the existing and proposed concrete’s mix propor-tions, ingredients, and service environments. This processshould tell whether special requirements are needed, arenot needed, or whether testing of the aggregate or jobconcrete is required. The use of newer, faster test methodscan be utilized for initial screening. Where uncertaintiesarise, lengthier tests can be used to confirm results. Table5-8 describes different test methods used to evaluatepotential alkali-silica reactivity. These tests should not beused to disqualify use of potentially reactive aggregates,as reactive aggregates can be safely used with the carefulselection of cementitious materials as discussed below.Materials and Methods to Control ASR. The most effec-tive way of controlling expansion due to ASR is to designmixtures specifically to control ASR, preferably usinglocally available materials. The following options are notlisted in priority order and, although usually not neces-sary, they can be used in combination with one another.
 In North America, current practices include the use ofa supplementary cementitious material or blended cementproven by testing to control ASR or limiting the alkalicontent of the concrete. Supplementary cementitious mate-rials include fly ash, ground granulated blast-furnace slag,silica fume, and natural pozzolans. Blended cements useslag, fly ash, silica fume, and natural pozzolans to controlASR. Low-alkali portland cement (ASTM C 150) with analkali content of not more than 0.60% (equivalent sodiumoxide) can be used to control ASR. Its use has been success-ful with slightly reactive to moderately reactive aggre-gates. However, low-alkali cements are not available in allareas. Thus, the use of locally available cements in combi-nation with pozzolans, slags, or blended cements is prefer-able for controlling ASR. When pozzolans, slags, orblended cements are used to control ASR, their effective-
 ness must be determined by tests such as ASTM C 1260(modified) or C 1293. Where applicable, different amountsof pozzolan or slag should be tested to determine the opti-mum dosage. Expansion usually decreases as the dosageof the pozzolan or slag increases (see Fig. 5-23). Lithium-based admixtures are also available to control ASR. Lime-stone sweetening (the popular term for replacingapproximately 30% of the reactive sand-gravel aggregatewith crushed limestone) is effective in controlling deterio-ration in some sand-gravel aggregate concretes. SeeAASHTO (2001), Farny and Kosmatka (1997), and PCA(1998) for more information on tests to demonstrate theeffectiveness of the above control measures.
 Alkali-Carbonate Reaction
 Mechanism of ACR. Reactions observed with certaindolomitic rocks are associated with alkali-carbonate reac-tion (ACR). Reactive rocks usually contain large crystals ofdolomite scattered in and surrounded by a fine-grainedmatrix of calcite and clay. Calcite is one of the mineralforms of calcium carbonate; dolomite is the commonname for calcium-magnesium carbonate. ACR is relativelyrare because aggregates susceptible to this reaction areusually unsuitable for use in concrete for other reasons,such as strength potential. Argillaceous dolomitic lime-stone contains calcite and dolomite with appreciableamounts of clay and can contain small amounts of reactivesilica. Alkali reactivity of carbonate rocks is not usuallydependent upon its clay mineral composition (Hadley1961). Aggregates have potential for expansive ACR if thefollowing lithological characteristics exist (Ozol 1994 andSwenson 1967):
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 Fig. 5-22. Polished section view of an alkali reactive aggregatein concrete. Observe the alkali-silica reaction rim around thereactive aggregate and the crack formation. (43090)
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 Fig. 5-23. Influence of different amounts of fly ash, slag,and silica fume by mass of cementing material on mortarbar expansion (ASTM C 1260) after 14 days when usingreactive aggregate (Fournier 1997).
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 Table 5-8. Test Methods for Alkali-Silica Reactivity (Farny and Kosmatka 1997)
 Test name Purpose Type of test Type of sampleASTM C 227, To test the susceptibility of Mortar bars stored over At least 4 mortar bars ofPotential alkali-reactivity cement-aggregate com- water at 37.8°C (100°F) standard dimensions:of cement-aggregate binations to expansive and high relative 25 x 25 x 285 mmcombinations reactions involving humidity (1 x 1 x 111⁄4 in.)(mortar-bar method) alkalies
 ASTM C 289, To determine potential Sample reacted with Three 25-gram samplesPotential alkali-silica reactivity of siliceous alkaline solution at 80°C (176°F) of crushed and sievedreactivity of aggregates aggregates aggregate(chemical method)
 ASTM C 294, To give descriptive Visual identification Varies, but should beConstituents of nomenclature for the representative of entirenatural mineral more common or impor- sourceaggregates tant natural minerals—an
 aid in determining theirperformance
 ASTM C 295, To outline petrographic Visual and microscopic Varies with knowledge ofPetrographic examination procedures examination of prepared quarry: cores 53 to 100 mmexamination of for aggregates—an aid in samples—sieve analysis, in diameter (21⁄8 to 4 in.)aggregates determining their per- microscopy, scratch or 45 kg (100 lb) or 300for concrete formance acid tests pieces, or 2 kg (4 lb)
 ASTM C 342, To determine the poten- Mortar bars stored in Three mortar bars perPotential volume tial ASR expansion of water at 23°C (73.4°F) cement-aggregatechange of cement- cement-aggregate combination of standardaggregate combinations dimensions: 25 x 25 x 285 mmcombinations (1 x 1 x 111⁄4 in.)ASTM C 441, To determine effectiveness Mortar bars—using Pyrex At least 3 mortar barsEffectiveness of mineral of supplementary cementing glass as aggregate— and also 3 mortar barsadmixtures or GBFS in materials in controlling stored over water at of control mixturepreventing excessive expansion from ASR 37.8°C (100°F) andexpansion of concrete high relative humiditydue to alkali-silica reactionASTM C 856, To outline petrographic Visual (unmagnified) At least one 150-mmPetrographic examination procedures and microscopic exam- diameter by 300-mm longexamination of for hardened concrete— ination of prepared core (6-in. diameter by hardened concrete useful in determining samples 12-in. long)
 condition or performance
 ASTM C 856 To identify products of Staining of a freshly- Varies: core with lapped(AASHTO T 299), ASR in hardened exposed concrete surface, core withAnnex uranyl-acetate concrete surface and viewing broken surfacetreatment procedure under UV light
 Los Alamos staining To identify products of Staining of a freshly-exposed Varies: core with lappedmethod ASR in hardened concrete surface with two surface, core with(Powers 1999) concrete different reagents broken surface
 ASTM C 1260 To test the potential for Immersion of mortar At least 3 mortar bars(AASHTO T 303), deleterious alkali-silica bars in alkalinePotential alkali-reactivity reaction of aggregate solution at 80°C (176°F)of aggregates (mortar- in mortar barsbar method)ASTM C 1293, To determine the Concrete prisms stored Three prisms per cement-Determination of length potential ASR expansion over water at 38°C (100.4°F) aggregate combination ofchange of concrete of cement-aggregate standard dimensions:due to alkali-silica combinations 75 x 75 x 285 mmreaction (concrete (3 x 3 x 111⁄4 in.)prism test)Accelerated concrete To determine the Concrete prisms stored Three prisms per cement-prism test (modified potential ASR expansion stored over water aggregate combination ofASTM C 1293) of cement-aggregate at 60°C (140°F) standard dimensions:
 combinations 75 x 75 x 285 mm(3 x 3 x 111⁄4 in.)
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 Duration of test Measurement Criteria CommentsVaries: first measure- Length change Per ASTM C 33, maximum Test may not produce signif-ment at 14 days, then 1,2, 0.10% expansion at 6 months, icant expansion, especially3,4,6,9, and 12 months; or if not available for a 6- for carbonate aggregate.every 6 months after month period, maximum of Long test duration.that as necessary 0.05% at 3 months Expansions may not be
 from AAR.24 hours Drop in alkalinity Point plotted on graph falls Quick results.
 and amount of in deleterious or potentially Some aggregates give lowsilica solubilized deleterious area expansions even though
 they have high silica content.Not reliable.
 Short duration—as long Description of type Not applicable These descriptions are usedas it takes to visually and proportion of to characterize naturally-examine the sample minerals in aggregate occurring minerals that make
 up common aggregatesources.
 Short duration—visual Particle character- Not applicable Usually includes opticalexamination does not istics, such as shape, microscopy. Also may includeinvolve long test size, texture, color, XRD analysis, differentialperiods mineral composition, thermal analysis, or infrared
 and physical condition spectroscopy—see ASTM C 294for descriptive nomenclature.
 52 weeks Length change Per ASTM C 33, unsatis- Primarily used for aggregatesfactory aggregate if expan- from Oklahoma, Kansas,sion equals or exceeds Nebraska, and Iowa.0.200% at 1 year
 Varies: first measure- Length change Per ASTM C 989, minimum Highly reactive artificialment at 14 days, then 1,2, 75% reduction in expansion aggregate may not represent3,4,5,9, and 12 months; or 0.020% maximum expan- real aggregate conditions.every 6 months after sion or per ASTM C 618, com- Pyrex contains alkalies.that as necessary parison against low-alkali
 controlShort duration—includes Is the aggregate known See measurement—this Specimens can be examinedpreparation of samples to be reactive? examination determines with stereomicroscopes,and visual and micro- Orientation and if ASR reactions have polarizing microscopes,scope examination geometry of cracks. taken place and their metallographic microscopes,
 Is there any gel effects upon the concrete. and scanning electronpresent? Used in conjunction with microscope.
 other tests.Immediate results Intensity of Lack of fluorescence Identifies small amounts of
 fluorescence ASR gel whether they causeexpansion or not.Opal, a natural aggregate,and carbonated paste can
 Immediate results Color of stain Dark pink stain corresponds glow—interpret resultsto ASR gel and indicates an accordingly.advanced state of Tests must be supplemented degradation by petrographic examination
 and physical tests for deter-mining concrete expansion.
 16 days Length change If greater than 0.10%, Very fast alternative to C 227.go to supplementary test Useful for slowly reactingprocedures; if greater than aggregates or those that0.20%, indicative of poten- produce expansion late intial deleterious expansion the reaction.
 Varies: first measure- Length change Per Appendix X1, potentially Requires long test durationment at 7 days, then 28 deleteriously reactive if ex- for meaningful results.and 56 days, then 3,6,9, pansion equals or exceeds Use as a supplement to C 227,and 12 months; every 0.04% at one year C 295, C 289, and C 1260.6 months as after that as Similar to CSA A23.2-14A.necessary3 month (91 days) Length change Potentially deleteriously Fast alternative to C 227.
 reactive if expansion Good correlation to ASTMequals or exceeds 0.04% C 227 for carbonate andat 91 days sedimentary rocks.
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minerals and water proportioned to have a relative density(specific gravity) less than that of the desirable aggregateparticles but greater than that of the deleterious particles.The heavier particles sink to the bottom while the lighterparticles float to the surface. This process can be used whenacceptable and harmful particles have distinguishable rela-tive densities.
 Jigging separates particles with small differences indensity by pulsating water current. Upward pulsations ofwater through a jig (a box with a perforated bottom) movethe lighter material into a layer on top of the heavier mate-rial; the top layer is then removed.
 Rising-current classification separates particles withlarge differences in density. Light materials, such as woodand lignite, are floated away in a rapidly upward movingstream of water.
 Crushing is also used to remove soft and friable parti-cles from coarse aggregates. This process is sometimes theonly means of making material suitable for use. Unfortun-ately, with any process some acceptable material is alwayslost and removal of all harmful particles may be difficultor expensive.
 HANDLING AND STORING AGGREGATES
 Aggregates should be handled and stored in a way thatminimizes segregation and degradation and preventscontamination by deleterious substances (Fig. 5-24). Stock-piles should be built up in thin layers of uniform thicknessto minimize segregation. The most economical andacceptable method of forming aggregate stockpiles is thetruck-dump method, which discharges the loads in a waythat keeps them tightly joined. The aggregate is then re-claimed with a front-end loader. The loader should re-move slices from the edges of the pile from bottom to topso that every slice will contain a portion of each horizon-tal layer.
 • clay content, or insoluble residue content, in the rangeof 5% to 25%;
 • calcite-to-dolomite ratio of approximately 1:1;• increase in the dolomite volume up to a point at
 which interlocking texture becomes a restrainingfactor; and
 • small size of the discrete dolomite crystals (rhombs)suspended in a clay matrix.
 Dedolomitization. Dedolomitization, or the breakingdown of dolomite, is normally associated with expansiveACR (Hadley 1961). Concrete that contains dolomite andhas expanded also contains brucite (magnesium hydrox-ide, Mg(OH)2), which is formed by dedolomitization. De-dolomitization proceeds according to the followingequation (Ozol 1994):
 CaMgCO3 (dolomite) + alkali hydroxide solution →MgOH2 (brucite) + CaCO3 (calcium carbonate) + K2CO3 (potassium carbonate) + alkali hydroxide
 The dedolomitization reaction and subsequent crystalliza-tion of brucite may cause considerable expansion.Whether dedolomitization causes expansion directly orindirectly, it’s usually a prerequisite to other expansiveprocesses (Tang, Deng, Lon, and Han 1994).
 Test Methods for Identifying ACR Distress. The threetest methods commonly used to identify potentially alkali-carbonate reactive aggregate are:
 • petrographic examination (ASTM C 295);• rock cylinder method (ASTM C 586); and• concrete prism test (ASTM C 1105).
 See Farny and Kosmatka (1997) for detailed information.
 Materials and Methods to Control ACR. ACR-suscepti-ble aggregate has a specific composition that is readilyidentified by petrographic testing. If a rock indicates ACR-susceptibility, one of the following preventive measuresshould be taken:
 • selective quarrying to completely avoid reactive ag-gregate;
 • blend aggregate according to Appendix in ASTM C1105; or
 • limit aggregate size to smallest practical.
 Low-alkali cement and pozzolans are generally not veryeffective in controlling expansive ACR.
 AGGREGATE BENEFICIATION
 Aggregate processing consists of: (1) basic processing—crushing, screening, and washing—to obtain proper grada-tion and cleanliness; and (2) beneficiation—upgradingquality by processing methods such as heavy media sepa-ration, jigging, rising-current classification, and crushing.
 In heavy media separation, aggregates are passedthrough a heavy liquid comprised of finely ground heavy
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 Fig. 5-24. Stockpile of aggregate at a ready mix plant. (69552)
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When aggregates are not delivered by truck, accept-able and inexpensive results can be obtained by formingthe stockpile in layers with a clamshell bucket (cast-and-spread method); in the case of aggregates not subject todegradation, spreading the aggregates with a rubber-tiredozer and reclaiming with a front-end loader can be used.By spreading the material in thin layers, segregation isminimized. Whether aggregates are handled by truck,bucket loader, clamshell, or conveyor belt, stockpilesshould not be built up in high, cone-shaped piles since thisresults in segregation. However, if circumstances necessi-tate construction of a conical pile, or if a stockpile hassegregated, gradation variations can be minimized whenthe pile is reclaimed; in such cases aggregates should beloaded by continually moving around the circumferenceof the pile to blend sizes rather than by starting on oneside and working straight through the pile.
 Crushed aggregates segregate less than rounded(gravel) aggregates and larger-size aggregates segregatemore than smaller sizes. To avoid segregation of coarseaggregates, size fractions can be stockpiled and batchedseparately. Proper stockpiling procedures, however,should eliminate the need for this. Specifications providea range in the amount of material permitted in any sizefraction partly because of segregation in stockpiling andbatching operations.
 Washed aggregates should be stockpiled in sufficienttime before use so that they can drain to a uniform mois-ture content. Damp fine material has less tendency tosegregate than dry material. When dry fine aggregate isdropped from buckets or conveyors, wind can blow awaythe fines; this should be avoided if possible.
 Bulkheads or dividers should be used to avoidcontamination of aggregate stockpiles. Partitions betweenstockpiles should be high enough to prevent interminglingof materials. Storage bins should be circular or nearlysquare. Their bottoms should slope not less than 50degrees from the horizontal on all sides to a center outlet.When loading the bin, the material should fall verticallyover the outlet into the bin. Chuting the material into a binat an angle and against the bin sides will cause segregation.Baffle plates or dividers will help minimize segregation.Bins should be kept as full as possible since this reducesbreakage of aggregate particles and the tendency to segre-gate. Recommended methods of handling and storingaggregates are discussed at length in Matthews (1965 to1967), NCHRP (1967), and Bureau of Reclamation (1981).
 MARINE-DREDGED AGGREGATE
 Marine-dredged aggregate from tidal estuaries and sandand gravel from the seashore can be used with caution insome concrete applications when other aggregate sourcesare not available. Aggregates obtained from seabeds havetwo problems: (1) seashells and (2) salt.
 Seashells may be present in the aggregate source.These shells are a hard material that can produce goodquality concrete, however, a higher cement content maybe required. Also, due to the angularity of the shells, addi-tional cement paste is required to obtain the desired work-ability. Aggregate containing complete shells (uncrushed)should be avoided as their presence may result in voids inthe concrete and lower the compressive strength.
 Marine-dredged aggregates often contain salt from theseawater. The primary salts are sodium chloride andmagnesium sulfate and the amount of salt on the aggregateis often not more than about 1% of the mass of the mixingwater. The highest salt content occurs in sands located justabove the high-tide level. Use of these aggregates withdrinkable mix water often contributes less salt to themixture than the use of seawater (as mix water) with salt-free aggregates.
 Marine aggregates can be an appreciable source ofchlorides. The presence of these chlorides may affect theconcrete by (1) altering the time of set, (2) increasing dryingshrinkage, (3) significantly increasing the risk of corrosionof steel reinforcement, and (4) causing efflorescence.Generally, marine aggregates containing large amounts ofchloride should not be used in reinforced concrete.
 Marine-dredged aggregates can be washed with freshwater to reduce the salt content. There is no maximumlimit on the salt content of coarse or fine aggregate;however, the chloride limits presented in Chapter 9should be followed.
 RECYCLED-CONCRETE AGGREGATE
 In recent years, the concept of using old concrete pave-ments, buildings, and other structures as a source of aggre-gate has been demonstrated on several projects, resultingin both material and energy savings (ECCO 1999). Theprocedure involves (1) breaking up and removing the oldconcrete, (2) crushing in primary and secondary crushers(Fig. 5-25), (3) removing reinforcing steel and other embed-
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 Fig. 5-25. Heavily reinforced concrete is crushed with abeamcrusher. (69779)
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adequate compressive strength. The use of recycled fineaggregate can result in minor compressive strength reduc-tions. However, drying shrinkage and creep of concretemade with recycled aggregates is up to 100% higher thanconcrete with a corresponding conventional aggregate.This is due to the large amount of old cement paste andmortar especially in the fine aggregate. Therefore, consid-erably lower values of drying shrinkage can be achievedusing recycled coarse aggregate with natural sand(Kerkhoff and Siebel 2001). As with any new aggregatesource, recycled-concrete aggregate should be tested fordurability, gradation, and other properties.
 Recycled concrete used as coarse aggregate in newconcrete possesses some potential for alkali-silica-reactionif the old concrete contained alkali-reactive aggregate. The
 ded items, (4) grading and washing, and (5) finally stock-piling the resulting coarse and fine aggregate (Fig. 5-26).Dirt, gypsum board, wood, and other foreign materialsshould be prevented from contaminating the final product.
 Recycled concrete is simply old concrete that has beencrushed to produce aggregate. Recycled-concrete aggre-gate is primarily used in pavement reconstruction. It hasbeen satisfactorily used as an aggregate in granularsubbases, lean-concrete subbases, soil-cement, and in newconcrete as the only source of aggregate or as a partialreplacement of new aggregate.
 Recycled-concrete aggregate generally has a higherabsorption and a lower specific gravity than conventionalaggregate. This results from the high absorption of porousmortar and hardened cement paste within the recycledconcrete aggregate. Absorption values typically rangefrom 3% to 10%, depending on the concrete being recy-cled; this absorption lies between those values for naturaland lightweight aggregate. The values increase as coarseparticle size decreases (Fig. 5-27). The high absorption ofthe recycled aggregate makes it necessary to add morewater to achieve the same workability and slump than forconcrete with conventional aggregates. Dry recycledaggregate absorbs water during and after mixing. Toavoid this, recycled aggregate should be prewetted orstockpiles should be kept moist.
 The particle shape of recycled-concrete aggregate issimilar to crushed rock as shown in Fig. 5-28. The relativedensity decreases progressively as particle size decreases.The sulfate content of recycled-concrete aggregate shouldbe determined to assess the possibility of deleterioussulfate reactivity. The chloride content should also bedetermined where applicable.
 New concrete made from recycled-concrete aggregategenerally has good durability. Carbonation, permeability,and resistance to freeze-thaw action have been found to bethe same or even better than concrete with conventionalaggregates. Concrete made with recycled coarse aggre-gates and conventional fine aggregate can obtain an
 100
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 Fig. 5-26. Stockpile of recycled-concrete aggregate. (69813)
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 Fig. 5-28. Recycled-concrete aggregate. (69812)
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alkali content of the cement used in the old concrete haslittle effect on expansion due to alkali-silica-reaction. Forhighly reactive aggregates made from recycled concrete,special measures discussed under “Alkali-Silica Reaction”should be used to control ASR. Also, even if expansiveASR did not develop in the original concrete, it can not beassumed that it will not develop in the new concrete ifspecial control measures are not taken. Petrographicexamination and expansion tests are recommended tomake this judgment (Stark 1996).
 Concrete trial mixtures should be made to check thenew concrete’s quality and to determine the propermixture proportions. One potential problem with usingrecycled concrete is the variability in the properties of theold concrete that may in turn affect the properties of thenew concrete. This can partially be avoided by frequentmonitoring of the properties of the old concrete that isbeing recycled. Adjustments in the mixture proportionsmay then be needed.
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