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[bookmark: _GoBack]3. PAVEMENT MATERIALS

Materials play an important role in the performance of pavement structures.  Understanding of material properties and behavior is essential for understanding pavement structures, behavior, and performance.  This section provides a summary of the important physical and engineering properties of soils and aggregates, and binder types, additives, mix types, and mix design for both asphalt and concrete pavements.

[bookmark: _Toc295918600]Soil and Aggregate
Soil, commonly referred to as the roadbed or subgrade, is the natural material upon which the pavement is constructed.  Often, the less desirable surface soil is removed and the newly exposed underlying soil reworked and compacted.  If the soil possesses less than ideal characteristics, it may be stabilized through the use of various materials or products or mechanical means.  Aggregates are the stones and sand from which the layers constructed on the prepared subgrade are principally composed, including the subbase, base, and surface.  Aggregates are commonly mined from natural sources, but also might be manufactured from industrial byproducts or recycled materials.

[bookmark: _Toc295918601]Important Physical and Engineering Properties
The important physical and engineering properties of soils and aggregates used in pavement construction include:

[bookmark: _Toc295918602]Gradation
The most basic property of a soil or aggregate is its gradation.  The gradation has a significant impact on the engineering properties of a soil and aggregate and thus is specified for almost all applications.  The size of the particles influences strength, stiffness, cohesiveness, moisture-density relationship, and the potential for frost heave.  It also has a large impact on the suitability of aggregates being evaluated for use in concrete and asphalt mixtures.

The gradation of a soil is described in AASHTO T 88, Standard Method of Test for Particle Size Analysis of Soils.  The method includes 1) a sieve analysis for the fraction of the soil retained on the No. 10 sieve, 2) a hydrometer test on the material passing the No. 10 sieve, and 3) a sieve analysis (sieve Nos. 200 through 400) of the material from the hydrometer test after being washed on a No. 200 sieve.

The test to determine gradation for aggregates is slightly different, being described in AASHTO T 27, Standard Method of Test for Sieve Analysis of Fine and Coarse Aggregate.  In addition, AASHTO T 11, Standard Method of Test for Materials Finer than the No. 200 Sieve in Mineral Aggregates by Washing is often used in which the aggregate is first washed and the decanted wash water containing suspended and dissolved material is passed through a No. 200 (0.0029 in) sieve.  The loss in mass due to washing (loss by wash) is reported as the percent material finer than the No. 200 sieve.

The gradation of soil and aggregates is reported as a cumulative percentage of particles either retained on or passing specific standard sieves, which are based on application.  Table 3-1 lists the sieve designations and sizes most commonly used for soils and aggregates (ASTM E11), Standard Specification for Woven Wire Test Sieve Cloth and Test Sieves).
[bookmark: _Toc295918108][bookmark: t1]Table 3-1.  Common sieve designations and sizes used in highway construction.
	Sieve Designation
	Nominal Sieve Opening

	Standard
	US Customary
	mm
	in.

	100 mm
	4"
	100
	3.937"

	90 mm
	3-1/2"
	90
	3.543"

	75 mm
	3"
	75
	2.952"

	63 mm
	2-1/2"
	63
	2.480"

	50 mm
	2"
	50
	1.968"

	37.5 mm
	1-1/2"
	37.5
	1.476"

	25.0 mm
	1"
	25.0
	0.984"

	19.0 mm
	3/4"
	19.0
	0.748"

	12.5 mm
	1/2"
	12.5
	0.492"

	9.5 mm
	3/8"
	9.5
	0.374"

	6.3 mm
	1/4"
	6.3
	0.248"

	4.75 mm
	No. 4
	4.75
	0.187"

	2.36 mm
	No. 8
	2.36
	0.093"

	2.00 mm
	No. 10
	2.00
	0.078"

	1.18 mm
	No. 16
	1.180
	0.0464"

	600 µm
	No. 30
	0.600
	0.0236"

	450 µm
	No. 40
	0.425
	0.0167”

	300 µm
	No. 50
	0.300
	0.0118"

	250 µm
	No. 60
	0.250
	0.0098"

	150 µm
	No. 100
	0.150
	0.0059"

	75 µm
	No. 200
	0.075
	0.0029"

	45 µm
	No. 325
	0.045
	0.0017"




A typical gradation chart will have the percentage retained or passing on the vertical axis and the sieve size plotted on the horizontal axis.  It is common to transform the sieve size (horizontal axis) either using a logarithmic scale or by raising the ratio of sieve size to maximum aggregate size to a power (e.g., 0.45).  The latter was developed by Fuller and Thompson (1907) as a way to define the maximum density (minimum voids) gradation achievable through particle packing using the following relationship:

		(3-1)
where:
	Pi	=	Percent passing a sieve of size di.
	di	=	Sieve size in question.
	D	=	Maximum size of the particle.
	n	=	Power to which ratio of sieve size to maximum particle size is raised, commonly being 0.45.

Fuller and Thompson (1907) originally recommended that the exponent n be 0.50, but subsequent research found that 0.45 provided better results.  Since the 1960’s, the “0.45 power” gradation chart has been in common use to evaluate the aggregate gradation for asphalt mixtures, and more recently is being used to evaluate aggregate gradations for use with concrete.
Examples of a semi-log and 0.45 power gradation charts are presented in Figures 3-1 and 3-2, respectively.
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[bookmark: _Ref274309799][bookmark: _Toc295918025][bookmark: F2]Figure 3-1.  Semi-log plot of a sample gradation.
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[bookmark: _Ref274309801][bookmark: _Toc295918026][bookmark: F3]Figure 3-2.  0.45 power scale of the same gradation shown in Figure 3-1.

[bookmark: _Toc295918603]Atterberg Limits
Depending on moisture content, soils exist in one of four states: solid, semi-solid, plastic, and liquid.  As the moisture content of the soil changes, so does the state, which also changes the engineering properties.  Thus understanding at what moisture content the soil changes state is important.  The Atterberg limits have been established to determine at what moisture content the transition occurs between the various states.  As such, they are used to differentiate non-plastic soils (silts) from plastic soils (clays), and are thus required to classify soil.

There are three laboratory tests used to determine the Atterberg limits: the shrinkage limit (SL) test, the plastic limit (PL) test, and the liquid limit (LL) test.  The shrinkage limit test is described in ASTM D4943, Standard test method for Shrinkage Factors of Soils by the Wax Method.  The shrinkage limit, expressed in moisture content in percent to the nearest whole number, is used to help determine the shrinkage potential of cohesive soils.  This is the least commonly used of the three tests.

The plastic limit is determined using AASHTO T 90, Standard Method of Test for Determining the Plastic Limit and Plasticity Index of Soils whereas the liquid limit is determined using AASHTO T 89, Standard Method of Test for Determining the Liquid Limits of Soils.  These are common tests; the results of which are used to compute the plasticity index (PI), which is:

		(3-2)
where:
	PI	=	Plasticity Index
	LL	=	Liquid Limit
	PL	=	Plastic Limit

The liquid limit test involves a piece of equipment called the Casagrande device.  Moistened soil is molded into the cup, a standard groove is cut in the soil, and the cup is tapped 25 times against the base.  The liquid limit is the moisture content at which the groove is closed for ½ inch with 25 blows.  The number of blows needed to close the gap at multiple water contents can be determined by several trials, and the results can be plotted to determine the exact liquid limit.

The plastic limit test involves rolling a piece of soil into a cylinder with a diameter of 1/8 in.  The plastic limit is the water content at which the soil can be formed into the cylinder which just on the edge of crumbling.  At just the right water content, the cylinder should crumble into 1/8 to 3/8 in. long segments.

[bookmark: _Toc295918604]Poisson’s ratio
The Poisson’s ratio is the ratio of transverse strain to the longitudinal or axial strain, when loading is longitudinal or along the axis.  It is a simple way of expressing what is obvious for most materials, that when stretched in one direction, they get thinner in the other two directions or conversely, if compressed in one direction, it grows thicker in the other two directions.  Theoretically, the Poisson’s ratio is between -1.0 and 0.5, although for most soil and aggregate materials it lies between 0.3 and 0.5 (e.g., ~ 0.40 for crushed aggregate base, ~0.45 for fine-grained soil).

[bookmark: _Toc295918605]Resilient modulus
The resilient modulus of a soil or aggregate (MR) is a common input into many pavement design methods.  The resilient modulus is the relationship between the stress applied from a repeated load or under traffic loading conditions and the recoverable strain.  Inherent in this definition is that the material being tested is behaving as an elastic material, an assumption that is true for soils and aggregates at low strain levels and/or under rapid rates of loading.  As such, the permanent strain (or deformation) is not included in the estimation of resilient modulus, but instead only that portion of the strain that is resilient (or recoverable).  This is valid for pavement design since subgrade and unstabilized base materials are located deep within the pavement structure, and are thus subjected to reduced magnitude of loading, and because the fast moving vehicle imparts a rapid rate of loading.

Determining the resilient modulus of a soil or aggregate is not easy.  The standard laboratory test method is described in AASHTO T 307, Standard Method of Test for Determining the Resilient Modulus of Soils and Aggregate Materials.  Several other acceptable resilient modulus testing protocol exist, all using test specimens carefully prepared and cyclically tested in a triaxial cell using sophisticated servo-controlled equipment, as schematically shown in Figure 3-3 (NCHRP 1-28A).  The cylindrical specimen is confined within a membrane, and a confining pressure is applied and varied around the specimen as an axial load is applied (combined confining stress and cyclic deviator stress).  The resilient modulus is calculated as:

		(3-3)

where:
	MR	=	Resilient modulus, psi
	σd	=	Cyclic deviator stress, psi
	εr	=	Recoverable axial strain, in/in.

The resilient modulus of a soil or aggregate is dependent on many factors including the type of material, the density, moisture content, and stress state.  The material properties are controlled through careful specimen preparation.  As these materials are known to be “stress-sensitive,” meaning that the resilient modulus changes as the stress state is varied, the testing protocol is run at various confining stresses and deviator stresses.  In a design method such as the AASHTO Mechanistic-Empirical Pavement Design Guide (MEPDG), the collected data is used to establish elastic response coefficients for the universal constitutive model, which can be expressed as:

		(3-4)

Which is often simplified to:

		(3-5)

where:
	MR	=	Resilient modulus, psi
	Pa	=	Normalizing stress (atmospheric pressure, e.g. 14.7 psi)
	θ	=	Bulk stress
		=	3σc + σd
	σc	=	Confining stress, psi
	σd	=	Deviatoric stress, psi
	ki	=	Elastic response coefficients
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[bookmark: _Ref274315837][bookmark: _Toc295918028][bookmark: F5]Figure 3-3.  Triaxial cell for testing cylindrical specimens (NCHRP 1-28A).


Due to the complexity of laboratory testing, soil and aggregate resilient modulus is often estimated from soil properties or backcalculated from an existing pavement using non-destructive deflection testing.

[bookmark: _Toc295918606]k-value
The k-value, or modulus of subgrade reaction, represents the degree a concrete slab is being supported by the underlying layers.  The use of a k-value indicates that the pavement model assumes the concrete slab is lying on a bed of springs known as a Winkler foundation.  In the past, the k-value was often measured in accordance with AASHTO T 221, Standard Method of Test for Repetitive Static Plate Load Test of Soils and Flexible Pavement Components, for Use in Evaluation and Design of Airport and Highway Pavements or by AASHTO T 222, Standard Method of Test for Nonrepetitive Static Plate Load Test of Soils and Flexible Pavement Components, for Use in Evaluation and Design of Airport and Highway Pavements. 

In either test, a stack of steel plates, with the bottom plate having a 30-in diameter, is pressed into the foundation layer under hydraulic pressure, and the resulting surface deformation is recorded.  The modulus of subgrade reaction is calculated as follows:

		(3-6)
where:
	k	=	Spring constant or modulus of subgrade reaction, psi/in
	P	=	Applied pressure, psi
	Δ	=	Measured surface deflection, in.

Since it is common today to be designing new pavements to replace existing pavements, the k-value is often backcalculated from data collected using non-destructive deflection testing.  Even for new construction on a new grade, the plate load test is so cumbersome that the k-value is often estimated from soil properties.  Typical k-values for different soil types are shown in Table 3-2.
[bookmark: _Toc295918110][bookmark: t3]Table 3-2.  Subgrade soil types and approximate k values
	Type of soil
	Support
	k Values
(lb/in3)

	Fine-grained soils in which silt and clay-size particles predominate
	Low
	75-120

	Sands and sand-gravel mixtures with moderate amounts of silt and clay
	Medium
	130-170

	Sands and sand-gravel mixtures relatively free of plastic fines
	High
	180-220

	Cement-treated subbases
	Very high
	250-400



[bookmark: _Toc295918607]California Bearing Ratio
For decades, the California Bearing Ratio (CBR) test was the standard test used to develop an empirical understanding of the shear capacity of a soil or granular material.  Described under AASHTO T 193, Standard Method of Test for the California Bearing Ratio, the test method compares the pressure required to insert a small diameter piston (1.95-in) into the material at a rate of 0.05 in/min to the pressure required to insert the same piston into a standard well-graded crushed stone.  The CBR is computed using the following equation:

		(3-7)
where:
	CBR	=	California Bearing Ratio
	x	=	Unit load on the piston for 0.1 in. or 0.2 in. of penetration, psi
	y	=	Unit load on the piston for a well-graded crushed stone equal to 1000 psi at 0.1 in. and 1500 psi at 0.2 in
The CBR test is purely empirical as the test conditions prevent the measure of a fundamental material property.  Further, as a static shear test, it is not measuring how a soil or aggregate base is expected to fail under a paved surface.  Yet, because the CBR test has been around for many decades, there is considerable intuitive knowledge that exists relating CBR to performance and thus the test is still used today, though on a limited basis. The following relationship is used to estimate Resilient Modulus from CBR:
MRopt = 2555 (CBR)0.64).
 Figure 3-4 illustrates approximate relationships between CBR and other soil classifications and properties.

[bookmark: _Toc295918608][bookmark: _Toc295918609]Triaxial Shear Strength
Unlike the CBR, the triaxial shear strength is an intrinsic property of the material.  As such, the shear strength determined through AASHTO T 296, Standard Method of Test for Unconsolidated, Undrained Compressive Strength of Cohesive Soils in Triaxial Compression, and AASHTO T 297, Standard Method of Test for Consolidated-Undrained Triaxial Compression Test on Cohesive Soils can be used to develop the Mohr stress circle for use in geotechnical applications.  In these test methods, cylindrical specimens are covered with a membrane, and may be subjected to a confining stress while being loaded to failure under a slowly applied axial force.  Further, the AASHTO T 208, Standard Method of Test for Unconfined Compressive Strength of Cohesive Soils is a special case of a triaxial test in which the confining stress is set to zero.  

Triaxial shear strength tests are rarely used in pavement engineering since shear is not the typical mode of failure of unbound materials.  In addition, triaxial shear strength tests are static tests and do not adequately simulate the dynamic loading typical in pavements.

Moisture Content
The moisture content of soil or aggregate can have profound impacts on performance, whether the material is being used as a pavement foundation or as an aggregate in concrete and asphalt mixtures.  In the case of soils and unbound aggregate layers, moisture content affects the ability to achieve the desired density during construction, and while in service, will affect the material’s strength, stiffness, and permanent deformation characteristics, as well as shrinkage/swelling and potential for frost heave.  In the case of aggregates being used in bound layers, the moisture content must be known prior to mixing with hydraulic cement as it will impact the desire to achieve the design water-to-cementitious ratio.  In the case of asphalt mixtures, high aggregate moisture contents will result in additional heating energy consumed in the drum mixer due to drying.

Moisture content of soil is determined in the laboratory using AASHTO T 265, Standard Method of Test for Laboratory Determination of Moisture Content of Soils.  This test requires that a representative quantity of moist soil be weighed, oven-dried, and weighed again, with the percent loss in mass being equated to moisture loss.  In the field, AASHTO T 310, Standard Specification for In-Place Density and Moisture Content of Soil and Soil-Aggregate by Nuclear Methods (Shallow Depth) can be used to determine the density, moisture content, and relative compaction of soil and soil-aggregate mixtures.
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[bookmark: _Ref274322365][bookmark: _Toc295918030][bookmark: F7]Figure 3-4.  Approximate relationships between various soil classifications and properties
(redrawn from PCA 1992).


In the laboratory, the moisture content of aggregate is determined using AASHTO T 255, Standard Method of Test for Total Moisture Content of Aggregate by Drying.  The method is similar to AASHTO T 265, except in the case of aggregate, the heat source used for drying may be a conventional oven, microwave oven, or a hot plate.

Water exists within soil or aggregate in a number of ways.  For the purpose of this discussion, only water that is not chemically bound in the material is considered.  This is important as many minerals will be altered if the chemically bound water is lost during heating.  Thus, an oven-dried soil or aggregate has had all the water removed from pores that exist within and between the particles under controlled drying.  In the case of fine-grained soils, free water is found in the pore space that exists between the particles, being physically held under capillary action or present as gravitational water (water that will drain under the forces of gravity).  Capillary action, or capillarity, is due to surface tension and adhesion and is what causes water to rise in a thin tube against the forces of gravity.  The smaller the diameter of the tube, the stronger the capillary action and the higher the water will rise in the tube.  Thus, all things equal, the finer the particles that make up a soil, the greater the capillary forces.  Thus an air-dried soil will likely contain water in the smallest pores, but the larger pores will remain dry.  As the moisture content increases, all available pores become filled and the soil becomes saturated.  Additional water will be present as gravitational water that separates the soil particles.  The mass-volume relationship between air, water, and solids (particles) in a soil are often expressed in a soil phase diagram as shown in Figure 3-5.
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[bookmark: _Ref274326809][bookmark: _Toc295918031][bookmark: F8]Figure 3-5.  Volumetric and mass relationships for a soil shown as a phase diagram.

As an aside, particle size and capillary action also affect the ability of water to move upward through the soil above the water table, and thus impact phenomena such as the potential for frost heave.  This is why fine silty soils have a higher potential for frost heave than sands.  It is noted that although highly plastic clays are composed of very fine particles and have high capillarity, often the potential for frost heave is reduced because the plastic nature of the clay reduces permeability, slowing the formation of ice lenses.

For aggregates, the importance of water accessible voids within the particles themselves becomes important.  As with soils, an oven-dried aggregate has no free water contained within the internal pores that are within the aggregate.  In an air-dried state, aggregate will have some water contained within the smallest water accessible pores, but the larger pores remain dry.  The next moisture state, known as saturated surface dry (SSD), is important for proportioning concrete, as it is the condition when all the internal pores are saturated, yet the surface of the particles are dry.  An aggregate in this state will neither absorb water from its surroundings, nor contribute water, and thus from a concrete mix design perspective, will not influence the ratio of water to cement.  The last state is simply known as wet, characterized by a fully saturated aggregate that has additional water present on the surface.  For fine aggregate, early stages of this latter condition is accompanied by an increase in volume known as “bulking” due to the formation of menisci between the sand particles, which is an important consideration if materials are being proportioned by volume.  Figure 3-6 illustrates the four moisture states for an aggregate particle.

Porosity and absorption are important properties in the development of asphalt mixtures, as aggregates that absorb more liquid will require higher amounts of liquid asphalt.

[bookmark: _Toc295918610]Density
The density of a material is defined as its mass per unit volume, mathematically expressed as:

		(3-8)

where:
	ρ	=	Density, lb/cu ft
	m	=	Mass, lb
	V	=	Volume, cu ft
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[bookmark: _Ref274326850][bookmark: _Toc295918032][bookmark: F9]Figure 3-6.  Four moisture states of aggregate: a) oven-dry, 
b) air-dry, c) saturated surface-dry, and d) wet.

Although it is simple to obtain a direct measure of the mass of a soil and aggregate, the measured mass is influenced by the moisture state (oven-dried, air-dried, saturated surface dry, or wet) of the material as previously discussed and the degree of compaction.  Further, choosing the volume to include in the equation is also important.

In general, the density for a soil is reported as a bulk dry density or simply dry density, which is the mass of the oven-dried material divided by the volume occupied by the particles (including solids and internal voids) and inter-particle void volume (which is filled with water and/or air).  Thus, as a soil is compacted, the mass remains constant but the volume decreases as the inter-particle void volume is reduced, thus the density increases.  Up to a point, moisture facilitates this process, lubricating the particles and assisting in densification.  But beyond this point, additional water pushes the particles apart, resulting in a decrease in density.

Determining the moisture content at which dry density is at its highest level for a given compactive effort is the focus of AASHTO T 99, Standard Method of Test for the Moisture-Density Relations of Soil Using a 5.5 pound Rammer and 12-inch Drop and AASHTO T 180, Standard Method of Test for the Moisture-Density Relations of Soil Using a 10 pound Rammer and 18-inch Drop.  In these test methods, a series of soil samples are prepared at different moisture contents and compacted using the specified compactive effort.  The dry density of each is determined and plotted against the moisture content to develop a moisture-density curve such as that shown in Figure 3-7.  In this example, the maximum unit weight is 115.2 lb/ft3 at a moisture content of 13.8 percent.
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[bookmark: _Toc295918033][bookmark: f10]Figure 3-7.  Typical moisture-density plot illustrating optimal moisture content.


AASHTO T 99 and T 180 Methods C and D can also be used to determine the moisture density-relationships for dense-graded aggregate for use in the construction of subbases and bases.

Permeability

Permeability is the rate of flow through a cross sectional area.  It is a function of particle size, with fine grained soils having very low permeability and large grained soils without significant fines having very high permeability.  Permeability is also an engineering property of asphalt, concrete, and porous pavement materials.  Test methods include, among others, ASTM D2434-68, ASTM D6391-11

Specific Gravity
The specific gravities of the aggregate must also be known for mixture design.  The specific gravity is a dimensionless property that is the ratio of the density of the material to that of a standard material, which is almost always water.  The specific gravities of aggregates are determined in accordance with AASHTO T 84, Standard Method of Test for Specific Gravity and Absorption of Fine Aggregate and AASHTO T 85, Standard Method of Test for Specific Gravity and Absorption of Coarse Aggregate.

For aggregates used in concrete mixture design, the following specific gravities are required:

		(3-9)

		(3-10)

		(3-11)

where:
	γw	=	Unit weight of water, 62.27 lb/ft3 at 73.4°F
	Ws	=	Weight of solids, lb
	Wp	=	Weight of water in permeable voids, lb
	Vs	=	Volume of solids, ft3
	Vi 	=	Volume of impermeable voids, ft3
	Vp	=	Volume of permeable voids, ft3

In addition, the effective specific gravity is needed for asphalt mixture design, as it accounts for the penetration of asphalt binder into the aggregate making sure sufficient binder is present to effectively coat the aggregates.  It is defined as follows:

		(3-12)

where:
	Ws	=	Weight of solids, lb
	Vs	=	Volume of solids, ft3
	Vnf	=	Volume of voids not filled with binder, ft3
	γw	=	Unit weight of water, 62.27 lb/ft3 at 73.4°F

The absorption of the fine and coarse aggregates is also calculated as part of AASHTO T 84 and AASHTO T 85, respectively.  These are very important parameters when it comes to concrete and asphalt mix design and proportioning, as they influence constructability as well as performance.

[bookmark: _Toc295918611]Particle Shape and Texture
Another important aggregate parameter is the shape of the particle, defined by its angularity (Figure 3-8) and flakiness (Figure 3-9).  In general, aggregates mined as sands and gravels from naturally deposited pits have rounded edges whereas those blasted from quarries and crushed are highly angular with sharp edges.  Whether rounded or angular, the flakiness of the aggregate is also important.  Flakiness is related to how flat and/or long the particle is, and can vary from source to source and if crushed, method of crushing.  Both angularity and flakiness are important, as they influence constructability as well as performance of the constructed layer, and therefore test methods are established to measure both properties.

Angularity of fine aggregate is most often specified for asphalt mixtures, as rounded sand particles can result in rutting under high traffic volumes.  AASHTO T 304, Standard Method of Test for Uncompacted Void Content of Fine Aggregate is the most common test measure for estimating fine aggregate angularity.  AASHTO T 304 indirectly measures angularity and surface texture of the sand particles by measuring the weight of uncompacted sand that fills a cylinder of known volume with more highly angular sands having a higher void content.
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	a.  Rounded aggregate.
	b.  One fractured face.
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	c.  Multiple fractured faces.
	d.  100 percent fractured faces.


[bookmark: _Ref274372744][bookmark: _Toc295918034][bookmark: f11]Figure 3-8.  Particle angularity (photo courtesy WSDOT).
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[bookmark: _Ref274372794][bookmark: _Toc295918035][bookmark: f12]Figure 3-9.  Flat and elongated particles (photo courtesy WSDOT).


AASHTO T 335, Standard Method of Test for Determining the Percent of Fracture in Coarse Aggregate is followed to determine the percent fractured faces in coarse aggregate.  In this method, each coarse aggregate particle in the test sample is visually assessed to determine the degree of fracture.  This is important when rounded gravel has been run through a crusher to obtain the crushed aggregate.  Some specifications require the number of fractured sides be determined as well.  Figure 3-10 illustrates the difference between aggregate with no fractured faces and aggregate with all fractured faces. 
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	a.  100 % non-fractured.
	b.  100% fractured.


[bookmark: f13][bookmark: _Toc295918037]Figure 3-10.  Aggregate with 100 percent non-fractured faces and aggregate with 100
percent fractured faces (photo courtesy WSDOT).

Flat and elongated particles may interfere with consolidation and result in harsh, difficult to place, materials.  They are determined using ASTM D4791, Standard Test Method for Flat Particles, Elongated Particles, or Flat and Elongated Particles in Coarse Aggregate.  In this test, specially designed calipers (Figure 3-11) are used to measure the ratio of the largest dimension to the smallest, with a maximum ratio of 5:1 usually established in specifications as the limit, although this varies with application and agency.
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[bookmark: _Ref274373110][bookmark: f14][bookmark: _Toc295918038]Figure 3-11.  Calipers for evaluating flat and elongated particles
(photo courtesy WSDOT).

[bookmark: _Toc295918612]Durability
A number of durability issues can affect the performance of aggregates for various applications.  As a general measure of aggregate quality, specifications will commonly use the following test methods:

· AASHTO T 104, Standard Method of Test for Soundness of Aggregate by Use of Sodium Sulfate or Magnesium Sulfate
· AASHTO T 112, Standard Method of Test for Clay Lumps and Friable Particles in Aggregate
· AASHTO T 113, Standard Method of Test for Lightweight Pieces in Aggregate

In addition, a number of test methods are used to assess the resistance of aggregates to abrasion and wear including:

· AASHTO T 96, Standard Method of Test for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles Machine
· AASHTO T 279, Standard Method of Test for Accelerated Polishing of Aggregates Using the British Wheel
· AASHTO T 327, Standard Method of Test for Resistance of Coarse Aggregate to Degradation by Abrasion in the Micro-Deval Apparatus

[bookmark: _Toc295918613]Soil Classification 
Soils are classified for engineering purposes using the results of particle size analysis and Atterberg limits, being grossly classified as being either “coarse-grained” or “fine-grained” soils.  Coarse-grained soils are further divided into gravels and sands whereas fine-grained soils are further divided into silt and clay.  The latter are further characterized as being low-plasticity or high-plasticity depending on their Atterberg limits.

Two major soil classification systems used by engineers are the AASHTO M 145, Standard Specification for Classification of Soil and Soil-Aggregate Mixtures for Highway Construction Purposes as shown in Table 3-3 and ASTM D2487, Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil Classification System) illustrated in Table 3-4.  Using these classification systems, engineers can understand and communicate a great deal about the soil that they are working with using simple designations.

A complete classification of a soil using the AASHTO method also involves calculating the group index, which is reported as a whole, non-negative number in parentheses after the symbol, such as A-2-6(3) or A-7-5(17).  The group index is calculated using a nomograph or the equation below.

		(3-13)
where:
	GI	=	Group Index
	F	=	Percent passing No. 200 (0.075 mm) sieve
	LL	=	Liquid limit
	PI	=	Plasticity index

When working from A-2-6 and A-2-7, a partial group index is determined using only the PI.
[bookmark: _Toc295918111]
[bookmark: t4]Table 3-3.  AASHTO Soil Classification.
	General Classification
	Granular Materials (35 percent or Less Passing No. 200)
	Silt-Clay Materials (More than 35 percent Passing No. 200)

	Group Classification
	A-1
	A-3
	A-2
	A-4
	A-5
	A-6
	A-7

	
	A-1-a
	A-1-b
	
	A-2-4
	A-2-5
	A-2-6
	A-2-7
	
	
	
	A-7-5, A-7-6

	Sieve Analysis, percent passing
	
	
	
	
	
	
	
	
	
	
	

	No. 10
	50 max
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	No. 40
	30 max
	50 max
	51 min
	–
	–
	–
	–
	–
	–
	–
	–

	No. 200
	15 max
	25 max
	10 max
	35 max
	35 max
	35 max
	35 max
	36 min
	36 min
	36 min
	36 min

	Characteristics of fraction passing No. 40:
	
	
	
	
	
	
	
	
	
	
	

	Liquid Limit
	–
	–
	40 max
	41 min
	40 max
	41 min
	40 max
	41 min
	40 max
	41 min

	Plasticity Index
	6 max
	NP
	10 max
	10 max
	11 min
	11 min
	10 max
	10 max
	11 min
	11 min*

	Usual types of significant constituent materials
	Stone fragments, gravel and sand
	Fine sand
	Silty or clayey gravel and sand
	Silty soils
	Clayey soils

	General rating as subgrade
	Excellent to good
	Fair to poor

	* Plasticity index of A-7-5 subgroup is equal to or less than LL minus 30.  Plasticity index of A-7-6 subgroup is greater than LL minus 30



[bookmark: _Toc295918112]
[bookmark: _Toc295918614]AASHTO Aggregate Gradations
In addition to providing a standard specification for classifying soils, AASHTO provides standard aggregate gradations in AASHTO M 43, Standard Specifications for Sizes of Aggregate for Road and Bridge Construction.  In this specification, the standard aggregate size gradations presented in Table 3-5 are provided to standardize the use of aggregates for subbase, base, asphalt mixtures, and concrete applications.

[bookmark: _Toc295918615]Other Aggregate
In addition to naturally-derived aggregates obtained from gravel pits and quarries, a number of other aggregate sources can be used on transportation products.  These include industrial byproducts, such as iron blast furnace slag, electric arc steel furnace slag, bottom ash, and foundry sand, and recycled materials including recycled concrete aggregate (RCA), recycled asphalt pavement (RAP), and recycled glass, to name a few.  The increasing emphasis on improving the sustainability of infrastructure will likely result in an increased emphasis to appropriately use industrial byproduct and recycled materials as aggregate, whether in unbound subbases or bases, or as aggregate bound with asphalt or hydraulic cement.  Although each of these materials share many similarities with naturally-derived aggregate, they are unique in their own way.  Thus an engineer must familiarize themselves with the materials being contemplated for use and select applications which will ensure the desired performance for the design life.  Considerable information on the use of the most common industrial byproduct and recycled aggregate can be found at the FHWA supported Recycled Materials Resource Center (http://www.recycledmaterials.org/).


[bookmark: t5]Table 3-4.  USCS Classification.
	Major Divisions
	Group 
Symbols
	Typical Names
	Laboratory Classification Criteria

	Coarse-grained soils
(More than half of material is larger than No. 200 sieve size)
	Gravels
(More than half of coarse fraction is larger than No. 4 sieve size)
	Clean gravels
(Little to no fines)
	GW
	Well-graded gravels, gravel-sand mixtures, little or no fines
	Determine percentages of sand and gravel from grain-size curve.
Depending on percentage of fines (fraction smaller than No. 200 sieve size), coarse-grained soils are classified as follows:
Less than 5%          GW, GP, SW, SP
More than 12%        GM, GC, SM, SC
5-12%                     Borderline cases requiring dual symbols**
	

  greater than 4;  between 1 and 3

	
	
	
	GP
	Poorly graded gravels, gravel-sand mixtures, little or no fines
	
	 Not meeting all gradation requirements for GW 

	
	
	Gravels with fines
(Appreciable amount of fines)
	GM*
	d
	Silty gravels, gravel-sand-silt mixtures
	
	Atterberg limits below "A" line or PI less than 4
	Above "A" line with PI between 4 and 7 are borderline cases requiring use of dual symbols

	
	
	
	
	u
	
	
	
	

	
	
	
	GC
	Clayey gravels, gravel-sand-clay mixtures
	
	Atterberg limits above "A" line with PI greater than 7
	

	
	Sands
(More than half of coarse fraction is smaller than No. 4 sieve size)
	Clean sands
(Little to no fines)
	SW
	Well-graded sands, gravelly sands, little or no fines
	
	

  greater than 6;  between 1 and 3

	
	
	
	SP
	Poorly graded sands, gravelly sands, little or no fines
	
	Not meeting all gradation requirements for SW

	
	
	Sands with fines
(Appreciable amount of fines)
	SM*
	d
	Silty sands, sand-silt mixtures
	
	Atterberg limits below "A" line or PI less than 4
	Limits plotting in hatched zone with PI between 4 and 7 are borderline cases requiring use of dual symbols

	
	
	
	
	u
	
	
	
	

	
	
	
	SC
	Clayey sands, sand-clay mixtures
	
	Atterberg limits above "A" line with PI greater than 7
	

	Fine-grained soils
(More than half material is smaller than No. 200 sieve)
	Silts and clays
(Liquid limit less than 50)
	ML
	Inorganic silts and very fine sands, rock flour, silty or clayey fine sands, or clayey silts with slight plasticity
	[image: ]

	
	
	CL
	Inorganic clays of low to medium plasticity, gravelly clays, sandy clays, silty clays, lean clays
	

	
	
	OL
	Organic silts and organic silty clays of low plasticity
	

	
	Silts and clays
(Liquid limit greater than 50)
	MH
	Inorganic silts, micaceous or diatomaceous fine sandy or silty soils, elastic silts
	

	
	
	CH
	Inorganic clays of high plasticity, fat clays
	

	
	
	OH
	Organic clays of medium to high plasticity, organic silts
	

	
	Highly organic soils
	Pt
	Peat and other highly organic soils
	


*	Division of GM and SM groups into subdivisions of d and u are for roads and airfields only.  Subdivision of based on Atterberg limits; suffix d used when LL is 28 or less and the PI is 6 or less; the suffix u used when LL is greater than 28.
**	Borderline classifications, used for soils possessing characteristics of two groups, are designated by combinations of group symbols.  For example: GW-GC, well-graded gravel-sand mixture with clay binder.
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[bookmark: _Toc295918113][bookmark: t6]Table 3-5.  AASHTO coarse aggregate gradations.
	AASHTO Coarse Aggregate Gradations

	Size
No.
	Nominal size
square openings (1)
	Amounts finer than each laboratory sieve (square openings), percentage by weight (also called percent passing)

	
	
	4
	3 1/2
	3
	2 1/2
	2
	1 1/2
	1
	3/4
	1/2
	3/8
	No. 4
	No. 8
	No. 18
	No. 50
	No. 100

	1
	3-1/2 to 1-1/2
	100
	90 to 100
	
	25 to 60
	
	0 to 15
	
	0 to 5
	
	
	
	
	
	
	

	2
	2-1/2 to 1-1/2
	
	
	100
	90 to 100
	35 to 70
	0 to 15
	
	0 to 5
	
	
	
	
	
	
	

	24
	3-1/2 to 3/4
	
	
	100
	90 to 100
	
	25 to 60
	
	0 to 10
	0 to 5
	
	
	
	
	
	

	3
	2 to 1
	
	
	
	100
	90 to 100
	35 to 70
	0 to 15
	
	0 to 5
	
	
	
	
	
	

	357
	2 to No. 4
	
	
	
	100
	95 to 100
	
	35 to 70
	
	10 to 30
	
	0 to 5
	
	
	
	

	4
	1-1/2 to 3/4
	
	
	
	
	100
	90 to 100
	20 to 55
	0 to 15
	
	0 to 5
	
	
	
	
	

	467
	1-1/2 to No. 4
	
	
	
	
	100
	95 to 100
	
	35 to 70
	
	10 to 30
	0 to 5
	
	
	
	

	5
	1 to 1/2
	
	
	
	
	
	100
	90 to 100
	20 to 55
	0 to 10
	0 to 5
	
	
	
	
	

	56
	1 to 3/8
	
	
	
	
	
	100
	90 to 100
	40 to 75
	15 to 35
	0 to 15
	0 to 5
	
	
	
	

	57
	1 to No. 4
	
	
	
	
	
	100
	95 to 100
	
	25 to 60
	
	0 to 10
	0 to 5
	
	
	

	6
	3/4 to 3/8
	
	
	
	
	
	
	100
	90 to 100
	20 to 55
	0 to 15
	0 to 5
	
	
	
	

	67
	3/4 to No. 4
	
	
	
	
	
	
	100
	90 to 100
	
	20 to 55
	0 to 10
	0 to 5
	
	
	

	68
	3/4 to No. 8
	
	
	
	
	
	
	100
	90 to 100
	
	30 to 65
	5 to 25
	0 to 10
	0 to 5
	
	

	7
	1/2 to No. 4
	
	
	
	
	
	
	
	100
	90 to 100
	40 to 70
	0 to 15
	0 to 5
	
	
	

	78
	1/2 to No. 8
	
	
	
	
	
	
	
	100
	90 to 100
	40 to 75
	5 to 25
	0 to 10
	0 to 5
	
	

	8
	3/8 to No. 8
	
	
	
	
	
	
	
	
	100
	85 to 100
	10 to 30
	0 to 10
	0 to 5
	
	

	89
	3/8 to No. 16
	
	
	
	
	
	
	
	
	100
	90 to 100
	20 to 55
	5 to 30
	0 to 10
	0 to 5
	

	9
	No. 4 to No. 16
	
	
	
	
	
	
	
	
	
	100
	85 to 100
	10 to 40
	0 to 10
	0 to 5
	

	10
	No. 4 to 0 (2)
	
	
	
	
	
	
	
	
	
	100
	85 to 100
	
	
	
	10 to 30

	(1) In inches, except where otherwise indicated.  Numbered sieves are those of the United States Standard Sieve Series.

	(2) Screenings.

	Where standard sizes of coarse aggregate designated by two or three digit numbers are specified, the specified gradation may be obtained by combining the appropriate single digit standard size aggregates by a suitable proportioning device which has a separate compartment for each coarse aggregate combined. The blending shall be done as directed by the Laboratory.
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[bookmark: _Toc295918616]Asphalt Pavement
This section will describe and summarize the various aspects of asphalt binders, additives and modifiers, asphalt pavement mix types, and asphalt mixture design methods.

[bookmark: _Toc295918617]Asphalt Binder Types
A variety of asphalt binders are commonly used in the construction of asphalt pavements.  This section will describe asphalt cement, emulsified asphalt, and cutback asphalt binders.  Bio-derived asphalt binders are being developed but will not be described here.

[bookmark: _Toc295918618]Asphalt Cement Binders
Asphalt cement is derived from petroleum, being the carefully refined residue that remains after the lighter fractions are removed during distillation (Figure 3-12).  It is different from tar, which is produced through the destructive distillation of coal.  

Asphalt cement is a visco-elastic material, meaning it possesses both viscous and elastic properties.  The properties are significantly impacted by temperature.  For example, at elevated temperature, asphalt cement is either a highly viscous/semi-solid material that will briefly maintain its shape but will slowly deform and flow under gravity.  As it is cooled, it becomes close to an elastic solid that is susceptible to cracking.  Heating asphalt cement will eliminate its elastic properties, whereas it becomes a viscous liquid.  It is asphalt’s visco-elastic properties that allows heated asphalt cement to be mixed with heated aggregate, transported, placed, and compacted to create paved surfaces that will carry traffic with minimal deformation upon cooling.

The properties of the asphalt cement at various temperatures influences constructability, high-temperature rutting, intermediate-temperature fatigue cracking, and cold-temperature thermal cracking.  Asphalt cement also stiffens as it ages (primarily due to volatilization and oxidation but other factors play a role), a phenomenon that must also be considered when choosing asphalt cement for given climatic and traffic conditions.

The visco-elastic and aging characteristics of asphalt binder are considered in the Superpave performance-graded (PG) binder specifications.  Binder constructability is assessed at high temperature using a rotational viscometer (RV), which measures the viscosity of the asphalt binder for the purpose of selecting mixing and compaction temperatures.  The dynamic shear rheometer (DSR) is used to measure both the viscous and elastic behavior of the asphalt binder at the high-end of in-service temperatures to assess the potential for rutting under traffic.  Testing is conducted before aging and after short-term aging using the rolling thin-film oven (RTFO) test, which is used to simulate oxidative aging that would be expected to occur during construction.  This is because the potential for rutting would be higher before the binder aged and stiffened excessively.  The DSR results are used to determine the complex shear modulus (G*) and phase angle (δ) from which the binder’s resistance to shear deformation in the linear elastic region is defined.  For rutting, a minimum value is established for the ratio of G*/sin(δ) to ensure that the asphalt binder is sufficiently stiff to resist rutting.

The DSR is also used to test the asphalt binder at intermediate temperature to evaluate the potential for fatigue cracking.  In this case, the binder that has already undergone aging in the RTFO is placed in the pressure aging vessel (PAV) to simulate long-term oxidative aging of approximately 5 to 10 years in-service.  The same G* and δ are determined, but in this case the specification is established to ensure that the binder has not undergone excessive hardening as this would result in a greater propensity for fatigue cracking.  Therefore a maximum limit is set for the parameter G*sin(δ).

Another procedure, AASHTO MP19, Standard Specification for Performance-Graded Asphalt Binder Using Multiple Creep Recovery Test (MSCR) uses a different binder grading terminology and a different test method for DSR.

A combination of creep compliance and tensile strength is used to determine an asphalt binder’s susceptibility to thermal cracking.  The creep compliance is measured on an asphalt binder, after undergoing short-term RTFO and long-term PAV aging, using a bending beam rheometer (BBR) at low temperatures.  The higher the creep compliance number, the less stiff an asphalt binder is at cold temperatures, and the greater its ability to resist cold-temperature cracking.  The tensile strength of an asphalt binder is also measured at low temperatures.  The higher the tensile strength of the binder, the greater its ability to resist cold-temperature cracking.

Based on this testing, asphalt binders are Performance Graded (PG) for specific environmental and loading conditions.  In this approach, the average seven-day maximum pavement design temperature (°C) and minimum pavement design temperature (°C) are selected based on historical climatic data, pavement temperature models, and the level of desired reliability.  Reliability is chosen based on the level of service the pavement is being designed to provide.  For example, a low volume local road may be designed for a reliability level of 50 to 70 percent, meaning that the pavement is expected to have a 50 to 70 percent chance of reaching its design life without exceeding critical levels of rutting, fatigue cracking, or low-temperature cracking (based on binder properties).  This level of reliability would be insufficient for a more critical pavement such as an urban interstate, which would likely be designed to have a reliability of 95 to 98 percent.  The Virtual Superpave Laboratory provides a summary of the methodology used in the performance-graded asphalt binder specifications (NAPA 2010).  The specifications as presented in AASHTO M 320, Standard Specification for Performance-Graded Asphalt Binder, are summarized in Table 3-6.

As is seen in Table 3-6, the PG binder is selected once the minimum and maximum pavement design temperatures are determined.  For example, if the seven-day maximum pavement design temperature is 58°C and the minimum pavement design temperature is -28°C, the appropriate binder would be a PG 58-28, where the first number corresponds to the high temperature and the second number to the low temperature requirements.

[image: ]
[bookmark: _Ref274549063][bookmark: f16][bookmark: _Toc295918040]Figure 3-12.  Distillation of crude petroleum (Asphalt Institute 2007).
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[bookmark: _Toc295918114][bookmark: t7]Table 3-6.  Performance graded asphalt binder specification (AASHTO 2009) Used by permission.
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PG binders are specified at 6°C increments as shown in Table 3-7.  This often requires that the binder is rounded up to the next highest temperature grade and/or rounded down to the next lowest temperature grade.  For example, if the maximum seven-day maximum pavement design temperature and the minimum pavement design temperature are 61°C and -20°C, respectively, the appropriate binder would be a PG 64-22.

[bookmark: _Toc295918115][bookmark: t8]Table 3-7.  Binder grades in the performance-graded asphalt binder specifications.
	High
Temperature Grades
(°C)
	Low
Temperature
Grades
(°C)

	PG 46
	-34, -40, -46

	PG 52
	-10, -16, -22, -28, -34, -40, -46

	PG 58
	-16, -22, -28, -34, -40

	PG 64
	-10, -16, -22, -28, -34, -40

	PG 70
	-10, -16, -22, -28, -34, -40

	PG 76
	-10, -16, -22, -28, -34

	PG 82
	-10, -16, -22, -28, -34



The final input that can influence binder grade selection is the amount and type of traffic using the facility.  It is common to increase the high temperature grade of the binder by one grade for slow transient truck traffic and two grades if the truck traffic is stationary.  Slow moving or stationary traffic can occur near intersections, toll booths, and bus stops.  It must be recognized that although arbitrarily bumping the high temperature grade will provide an extra level of reliability, it can also lead to a significant increase in cost, especially if the binder ultimately specified requires polymer-modification.

[bookmark: _Toc295918619]Emulsified Asphalt
To overcome the need for heating, asphalt cement can be blended with water and emulsifying agents in special mills to produce an emulsion of finely divided asphalt particles suspended in water.  These emulsions are often used for seal coats, surface treatments, and in cold-mix asphalt mixture applications, and may include polymer additives.  Asphalt emulsions are specified under AASHTO M 140, Standard Specification for Emulsified Asphalt.  There are basically four criteria by which asphalt emulsions are specified:

· Electrical charge of emulsifying agent – Emulsions are specified as being either positively charged (cationic) or negatively charged (anionic) depending on the surface charge of the aggregate.  As opposites attract, the emulsion charge should be opposite of the aggregates to facilitate bonding.  Cationic emulsions are designated with a “C” as the first letter when naming an emulsion. 
· Rate that emulsion breaks (sets) – Emulsions are designed to be rapid-setting (within 5 to 10 minutes), medium-setting (several hours), and slow-setting (within a few months), with the choice based on application.
· Viscosity of the emulsion – The flow of the emulsion is assessed using viscosity at 77°F or 122°F in accordance with AASHTO T 72, Standard Method of Test for Saybolt Viscosity.
· Hardness of the asphalt cement – The hardness of the asphalt cement is measured using AASHTO T 49, Standard Method of Test for Penetration of Bituminous Materials which is conducted at 77°F.  The higher the penetration, the softer the binder, as it is a measure of how far a weighted needle penetrates into the binder in 5 seconds. 

Additional testing beyond the Saybolt-Viscosity and the Penetration test are also important in selecting an emulsion.

High float residue emulsions and quick-set emulsions are also produced.  Specifications for emulsions, as summarized in Table 3-8, are provided in AASHTO M 140.  See also AASHTO M 208 and M 316.
[bookmark: _Toc295918116][bookmark: t9]Table 3-8.  Grades of asphalt emulsions.
	Charge
	Grade
	Setting
Speed
	Viscosity
(@ 25°C)
(seconds)
	Penetration
(1/100 cm)

	Anionic
	RS-1
	Rapid
	20-100
	100-200

	
	RS-2
	Rapid
	75-400*
	100-200

	
	MS-1
	Medium
	20-100
	100-200

	
	MS-2
	Medium
	≥100
	100-200

	
	MS-2h
	Medium
	≥100
	60-100

	
	SS-1
	Slow
	20-100
	100-200

	
	SS-1h
	Slow
	20-100
	60-100

	Cationic
	CRS-1
	Rapid
	20-100
	100-250

	
	CRS-2
	Rapid
	100-400*
	100-250

	
	CMS-2
	Medium
	50-450
	100-250

	
	CMS-2h
	Medium
	50-450
	60-100

	
	CSS-1
	Slow
	20-100
	100-250

	
	CSS-1h
	Slow
	20-100
	60-100


* Viscosity at 50°C

[bookmark: _Toc295918620]Cutback Asphalt
As a petroleum product, asphalt readily dissolves in the lighter, more volatile petroleum distillates such as gasoline, kerosene, and fuel oil.  In the past, it was common to “cutback” asphalt with one of these distillates in order to place the binder at ambient temperatures for various surface coats or for cold-mix.  Due to environmental concerns surrounding the release of volatile organic carbon (VOC) into the atmosphere, the use of cutbacks has largely been curtailed being replaced by emulsions, but cutbacks will still be used in cold, wet climates where emulsions are less effective.

Cutbacks are specified under AASHTO M 81 and M 82 and ASTM D2026, ASTM D2027, and ASTM D2028.  They are classified as rapid-curing (dissolved in a highly volatile solvent such as gasoline), medium-curing (dissolved in less volatile solvent such as kerosene), and slow curing (in which the solvent is typically a fuel oil).  A rapid-curing (RC) cutback will cure in 5 to 10 minutes, medium-curing (MC) in a few days and slow-curing (SC) within a few months.  Because cutbacks are non-polar, there is no electrical charge and thus aggregate surface charge is not a concern.  Viscosity grading is done at 140°F in accordance with AASHTO T 201, Standard Method of Test for Kinematic Viscosity of Asphalts (Bitumens), with Grades of 30, 70, 250, 800, and 3000 established in the specifications.  For example, an SC-800 is a slow-curing cutback with a viscosity grade of 800. 

[bookmark: _Toc295918622]Asphalt Additives/Modifiers
As a material derived from a natural source, the properties of the asphalt binder are largely controlled by the source petroleum and refining process.  As such, asphalt binders will not always be available that possess the properties needed for the design.  Most commonly, it is difficult to find a binder with the desired temperature range, being stiff enough to resist rutting at high temperatures while being adequately pliable at cold temperatures to resist low-temperature cracking.  This property, referred to as temperature susceptibility, can be added to a natural binder through modification, including the addition of polymers and fibers.

In addition, other additives can be added to modify the properties of the asphalt binder for other reasons including modification of mixing and compaction temperature through warm-mix technologies or increased sustainability through the addition of recycled material including crumb rubber and asphalt shingles.  Chemical additives include polyphosphoric acid (PPA), which is added to increase the high-temperature stiffness of the asphalt binder.

The following discussion will briefly introduce each of these additives/modifiers.

[bookmark: _Toc295918623]Polymers
In simplest terms, polymers are complex chain or cluster molecules formed from many (poly) small molecules (monomers).  Polymers used for modifying asphalt binders are varied, but can be broadly grouped into two categories: elastomers (rubber) and plastomer (plastic).  Common elastomers added to asphalt include natural rubbers, styrene-butadiene rubber (SBR) latexes, styrene-isoprene-styrene (SIS) block copolymers, polychloroprene latexes, and crumb rubber modifiers made from ground tires.  Plastomers used as asphalt-modifiers include polyethylene, polypropylene, ethyl vinyl acetate (EVA), polyvinyl chloride (PVC), ethylene propylene (EPDM), and polyolefins. Styrene-butadiene-styrene (SBS) is a commonly used plastomer.

In general, elastomers resist deformation by stretching and quickly recovering their shape once the load is released.  In addition, their tensile strength increases as they are elongated.  In contrast, the rigid three-dimensional structure of plastomers resists deformation.  Thus they demonstrate high-early strength when loaded but may fracture under strain.

Polymers are sold under a number of brand names and each is unique in its properties and use.  Some are pre-blended and sold as a graded binder whereas others are blended with the neat asphalt binder at the hot-mix plant.  Polymer-modification is commonly used to increase the high-temperature range of a binder without significantly impacting its low temperature properties, and thus is required in some climatic conditions, particularly under high, slow moving traffic.  Polymer-modification is also common in emulsions used for surface treatments, particularly those sold as proprietary materials.

[bookmark: _Toc295918624]Fibers
Natural and synthetic fibers have been used in asphalt mixtures for years.  Today, almost all fibers used are manufactured or synthetic, with their use most common in high asphalt content mixtures such as open-graded friction courses, porous asphalt, and stone matrix asphalt (SMA).  The fibers help thicken the binder, reducing drain down and maintaining thick films to enhance durability.  Common fibers in use today include polypropylene, polyester, cellulose, and mineral fibers

[bookmark: _Toc295918625]Warm-Mix Asphalt Additives
Primarily due to environmental concerns, but also to enhanced constructability, the use of various warm-mix asphalt (WMA) additives is increasing dramatically.  There are over 30 WMA systems currently on the market, all proprietary in nature, and the number continues to grow.  In general, WMA systems reduce the viscosity of the binder at lower temperatures through foaming processes or the addition of chemical additives.  Foaming technologies are used to increase the volume of binder to provide better aggregate coating at lower temperatures.  Surfactant additives work by reducing the surface tension of the asphalt which also allows better coating at lower production temperatures.  Long-chain paraffin additives reduce the viscosity of binder at the lower end of the working temperature range.  As a rapidly developing technology, WMA will continue to evolve.

[bookmark: _Toc295918626]Reclaimed Additives
A reclaimed material is a waste product that is used in another process to offset the use of new material in the production cycle.  Crumb rubber or ground tire rubber (GTR) from scrap tires is the most common reclaimed material additive, having been used as an asphalt-modifier for decades, and the technology for its incorporation is very mature.  One of two processes is used: either a wet process or dry process.  In the wet process, GTR is blended with the asphalt binder, using a cross-linking agent, prior to use on the project.  The blend is commonly called asphalt-rubber.  In the dry process, the crumb rubber is blended with the aggregate prior to the addition of the asphalt binder.  Best methods of specifying testing and accepting rubber additives are under discussion.

[bookmark: _Toc295918627]Asphalt Mixture Types
There are a number of asphalt concrete mixes (blends of asphalt cement and aggregate) commonly used in pavement structures.  All higher quality mix types were generally lumped under the category of hot-mix asphalt (HMA), because of the same high temperature requirements for production (usually 300ºF to 325ºF), but WMA is becoming increasingly popular as an alternate means of production.  Mix types that vary based on their materials and volumetric properties, include porous asphalt, SMA, asphalt-rubber, surface treatments, etc.  Further, increasing emphasis on wise resource utilization has led to renewed interest in various recycling options that use asphalt as a binding material.

[bookmark: _Toc295918628]Dense-Graded Asphalt Mixtures
Dense-graded asphalt mixtures are the most commonly used asphalt paving material, being produced by blending heated, densely-graded aggregates with a hot asphalt cement binder.  Key elements of dense-graded asphalt mixtures are a carefully controlled aggregate gradation with all particle sizes represented, a specified range of material passing the No. 200 sieve (mineral filler) needed for the creation of the mastic, an optimal asphalt binder content (typically around 5 percent), and a design air void content of around 4 percent.  Typically, mixing and compaction temperatures range from 275°F to 350°F.  The aggregate gradation used in dense-graded asphalt mixtures will closely follow the maximum density line plotted on the 0.45 power curve, although never directly along it as space must be provided for the asphalt cement binder.  If the plotted aggregate gradation predominantly falls above the maximum density line, especially in the vicinity of the No. 8 sieve, the mix would be considered a fine mix, meaning it has a high percentage of fine material.  Such mixtures have very tight surfaces.  Alternatively, a coarse mixture has a higher percentage of coarse material, resulting in a more open surface.  Modern mixtures designed under Superpave are commonly considered coarse.

Warm Mix Asphalt (WMA)
Warm mix asphalt (WMA) has the addition of an additive that allows mixing and compaction at lower temperatures.  There are a number of different additives, and depending on the type used, mixing temperatures can be reduced from 30°F to 50°F, although some reports claim temperature reductions of up to 100°F.  Other than the lower temperatures, WMA mixtures are expected to perform similarly to asphalt mixtures, although long-term performance data is still being gathered.

[bookmark: _Toc295918630]Open-Graded Friction Courses, Asphalt-Treated Permeable Bases, and Porous Asphalt Surfaces
This family of asphalt mixtures, although related, serves very different purposes.  All have the common feature of a very open, porous structure created by mainly using only the coarser aggregate fraction.  To prevent the binder from running down, a thickened mastic is created using mineral dust, fibers, polymers, and/or other materials.  The interconnected pore system allows water to flow through the mixture.  In the case of an open-graded friction course (also referred to as a porous friction course), a thin lift of open-graded asphalt mixture is placed as the riding surface, providing improved wet weather friction properties, reducing the effects of splash and spray, and providing a quieter riding surface.  Asphalt-treated permeable bases are open-graded cold-mix or asphalt mixture placed beneath the surface layer (either asphalt or concrete) and are designed to drain infiltrating water.  Most often they are connected to a sub-surface drainage system, but may alternatively be “daylighted” directly to the ditch.  Porous asphalt pavements are a relatively new development, designed to allow precipitation to percolate directly through the surface into the base/subgrade layers.  The underlying layers are designed to store infiltrating water, releasing it to the subgrade or into a specially design sub-surface drainage system.  Most often used in parking lots and alleyways, porous asphalt pavements are increasingly being considered for shoulder applications on higher-volume roadways.

[bookmark: _Toc295918631]Stone Matrix Asphalt Mixtures
SMA is a deformation resistant gap-graded asphalt mixture specifically designed for high traffic applications.  The mixture is designed to maximize the aggregate-to-aggregate contact, thus transferring deformation from the binder to the aggregate.  As indicated, the aggregate gradation is gap-graded, typically consisting of a high quality coarse aggregate, manufactured sands, and mineral filler.  Due to the gap in the gradation, the asphalt binder content is typically 20 to 25 percent higher than for asphalt mixtures.  To maintain film thickness, the binder is often modified with polymers and/or fibers.  SMA surfaces are not only rut resistant; they also provide improved wet weather skid resistance and lower tire noise.  They also help minimize the severity of joint and crack reflection cracking.

[bookmark: _Toc295918632]Recycled Asphalt Pavement and Full Depth Reclamation
Recycled material (a waste product that is reintroduced back into the process that produced it) has always been a part of asphalt pavement technology and with the current emphasis on sustainability and environmental stewardship, this emphasis is only increasing.  Existing asphalt pavements can be recycled in a number of ways including in-place surface recycling, full-depth reclamation, in-plant recycling, and the use of recycled asphalt pavement (RAP) as aggregate in asphalt mixtures.  In-place surface recycling can use either hot or cold processes to remove part of the existing surface, rejuvenate it, add new material as needed, and relay it, all in one operation (single-unit or multi-unit operations).  This provides a new riding surface, but does not structurally improve the pavement.  

As the name implies, full-depth reclamation recycles all of the surface and one or more of the supporting layers.  It can be done in-place using heavy equipment specially designed to pulverize the pavement to a depth of 12 in. or more, while adding desired modifiers such as fly ash, portland cement, asphalt emulsion, or foamed asphalt.  Once compacted and cured, the reclaimed material is often treated with a surface treatment or asphalt surface.  Full-depth reclamation can also entail removing the surface and hot or cold recycling it off-site while reclaiming the underlying layers in-place.  

RAP is most often created through cold-milling an existing asphalt pavement surface, although it can also be produced from asphalt pavement that has been removed by other means and crushed.  RAP contains both aggregate and binder, and is thus valued as an addition to asphalt mixtures and WMA, as well as for use as surface dressing for low-volume pavement applications.  Typically, the RAP content is limited in asphalt mixtures due to environmental concerns regarding emissions from the drum mixer, a problem largely solved when WMA is being produced.  Concerns regarding accelerated aging of RAP containing mixtures, among other issues, also exist, and thus, higher RAP contents are allowed more often in base and binder mixtures than in surface mixtures.

[bookmark: _Toc295918633]Asphalt Mixture Test Methods
A number of mechanical tests are used to determine the acceptability of an asphalt mixture for a given application.  The volumetric mix design procedure previously described was originally envisioned as the first level in a three level mixture design process, in which Level 2 and 3 used intensive mixture testing to determine performance as relates to asphalt pavement rutting, fatigue cracking, and low temperature cracking.  The following describes several test methods for quantifying the asphalt mixture (AAT 2011).

Short- and Long-Term Oven Conditioning
Oven conditioning simulates the effects of short- and long-term aging and is essential for conducting asphalt mixture performance tests.  Short-term oven conditioning simulates the aging effects during asphalt mixture production and construction.  While long-term oven conditioning simulates the aging effects that occur over the in-service life of the asphalt pavement.  Samples evaluated for rutting potential receive short-term oven conditioning and samples evaluated for fatigue and thermal cracking receive long-term oven conditioning.  Both short- and long-term oven conditioning are conducted in accordance with AASHTO R 30, Standard Practice for Mixture Conditioning of Hot Mix Asphalt (HMA).

Moisture Sensitivity Testing
Moisture sensitivity of the asphalt mixture can be evaluated using either the Modified Lottman Procedure (AASHTO T 283, Standard Method of Test for Resistance of Compacted Hot Mix Asphalt (HMA) to Moisture-Induced Damage) and/or the Hamburg Wheel-Tracking Test (AASHTO T 324, Standard Method of Test for Hamburg Wheel-Track Testing of Compacted Hot Mix Asphalt (HMA)).  The Modified Lottman Procedure subjects three out of six samples of the asphalt mixture to freezing and thawing cycles and a warm water soak prior to testing.  Moisture sensitivity using the Modified Lottman Procedure is based on the ratio of the average tensile strength of the conditioned to unconditioned samples and a visual assessment of stripping (AAT 2011).  For the Hamburg Wheel-Tracking tests, asphalt mixture samples are submerged in water during testing.  Moisture sensitivity with the Hamburg Wheel-Tracking test is based on computing the stripping inflection point (slope intersection of the creep and stripping portions of the rut depth versus number of wheel passes) (AAT 2011)s.

Low-Temperature Indirect Tensile Strength Test
Evaluation of an asphalt mixtures resistance to thermal cracking is evaluated using the low-temperature indirect tensile strength test.  Testing is conducted in accordance with AASHTO T 322, Standard Method of Test for Determining the Creep Compliance and Strength of Hot Mix Asphalt (HMA) Using the Indirect Tensile Test Device.  Samples for this test procedure are cored from the middle of a gyratory-compacted specimen and sawed for attachment to the testing apparatus.  Samples are exposed to long-term oven conditioning.  This test procedure requires an expensive environmental chamber; therefore, only a few United States laboratories currently conduct this test (AAT 2011).

High-Temperature Indirect Tensile Strength Test
This test is conducted to evaluate the long term stripping susceptibility of the asphalt concrete.  Testing is conducted using standard gyratory compactor prepared samples that have received short-term aging.  Testing is conducted using the indirect tensile strength equipment specified in AASHTO T 283, Standard Method of Test for Resistance of Compacted Hot Mix Asphalt (HMA) to Moisture-Induced Damage.

Flexural Fatigue Test
Asphalt mixture beams compacted using a kneading or rolling wheel compaction apparatus are tested for fatigue in accordance with AASHTO T 321, Standard Method of Test for Determining the Fatigue Life of Compacted Hot-Mix Asphalt (HMA) Subjected to Repeated Flexural Bending.  The flexural fatigue test is used to determine the fatigue endurance limit of the asphalt mixture and is therefore used in fatigue models to predict fatigue cracking in pavements.

Asphalt Mixture Performance Test (AMPT)
The AMPT is a computer–controlled hydraulic testing machine that applies a cyclic loading to a compacted asphalt mixture specimen over a range of temperatures and frequencies (Bonaquist, Christensen, and Stump 2003).  This test method evaluates the mixtures resistance to rutting and measures the dynamic modulus of the asphalt mixture (Witczak 2007).  The AMPT uses the dynamic modulus test, the flow number test, or the flow time test to evaluate the asphalt mixtures resistance to rutting.  Testing is conducted in accordance with AASHTO TP 79, Determining the Dynamic Modulus and Flow Number for Hot Mix Asphalt (HMA) Using the Asphalt Mixture Performance Tester (AMPT).

Combining the dynamic modulus test results at different temperature and loading frequencies allows for the development of the asphalt mixture master curve which is the primary asphalt materials input for the AASHTO MEPDG (AASHTO 2008).

The flow number is used in the evaluation of rutting resistance and evaluates the mixture at high temperature when subjected to repeated compressive stress pulses.  The flow number is defined when the rate of permanent strain reaches a minimum value.  Increases in flow number relate to increases in the asphalt mixtures resistance to rutting. As with flow number, flow time is used to evaluate an asphalt mixture’s resistance to rutting.  However, the flow number applies a constant load to the asphalt mixture sample.  The flow time is defined as the time required for the asphalt mixture sample to initiate tertiary creep.

Superpave Shear Tester
The Superpave Shear Tester is used to evaluate the rut resistance of an asphalt mixture using the repeated shear at constant height test.  Testing is conducted in accordance with AASHTO T 320, Standard Method of Test for Determining the Permanent Shear Strain and Stiffness of Asphalt Mixtures Using the Superpave Shear Tester (SST).  The Superpave Shear Tester is a complicated and expensive piece of equipment and can be difficult to conduct the required testing.  Therefore, this equipment is typically purchased and operated at research-based facilities (AAT 2011).

Asphalt Pavement Analyzer
The Asphalt Pavement Analyzer is a proof test for rut resistance.  The Asphalt Pavement Analyzer is an empirical test method described under AASHTO T 340, Standard Method of Test for Determining the Rutting Susceptibility of Hot Mix Asphalt (HMA) Using the Asphalt Pavement Analyzer (APA).  This test includes the application of a load applied through a rubber hose that is inflated to a specified pressure.  This test is commonly used on mixtures prepared using the Superpave gyratory compactor. The Hamburg test is also used to test rut resistance.

Asphalt Mixture Design
Over the years, a number of mix design procedures have been used to determine the binder content given the binder type and aggregate structure.  These include the Marshall mixture design method and the Hveem method.  The Marshall method was developed by Bruce Marshall of the Mississippi Highway Department around 1939, and was the most popular method in the Eastern part of the United States, as well as by the Federal Aviation Administration.  The Hveem method was developed by Francis Hveem of the California Division of Highways in the 1920’s and 1930’s, and was the predominant method used in the Western part of the United States.  Although empirical in nature, both methods were effectively used to design asphalt mixtures for many decades, slowly being replaced by the Superpave method which was developed in the 1980’s.  As most transportation agencies are now using Superpave mix design, it will be the focus of the following discussion.

[bookmark: _Toc295918634]Volumetrics
All asphalt mix design procedures are based on laboratory testing in which asphalt mixtures are mixed and compacted in the laboratory at various asphalt binder contents.  The mixture volumetrics, including density and air voids, are then assessed to select the design asphalt binder content.  Volumetrics refers to the relationship between the volume and mass of the various mixture components (aggregate, binder, and air), as illustrated in the phase diagram presented in Figure 3-13.  Key mixture parameters that are calculated include the percent air voids, also called the voids in total mix (VTM), voids in the mineral aggregate (VMA), and the voids filled with asphalt (VFA), calculated as follows:

		(3-14)

		(3-15)

		(3-16)
where:
	VTM	=	Voids in total mix
	VMA	=	Voids in mineral aggregate
	VFA	=	Voids filled with asphalt
	Va	=	Volume of air voids
	Vbe	=	Volume of effective asphalt binder, which is the total asphalt minus the absorbed asphalt
	VT	=	total volume of the mixture
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[bookmark: f17][bookmark: _Toc295918041]Figure 3-13.  Asphalt mixture phase diagram (Yu and Shen 2011).


The volumetric analysis requires that the theoretical maximum specific gravity (Gmm) be determined in accordance with AASHTO T 209, Standard Method of Test for Theoretical Specific Gravity and Density of Hot-Mix Asphalt Paving Mixtures.  Once Gmm is calculated, the effective specific gravity of aggregate coated with asphalt (Gse) is determined as follows:

		(3-17)

where:
	Gse	=	Effective specific gravity of aggregate coated with asphalt
	Gmm	=	Theoretical maximum specific gravity
	Ps	=	Percent weight of the aggregate
	Pb	=	Percent weight of the asphalt cement
	Gb	=	Specific gravity of the asphalt binder

Once the Gmm and the Gse are determined, the bulk specific gravity (Gmb) of the compacted mixture is determined in accordance with AASHTO T 166, Standard Method of Test for Bulk Specific Gravity of Compacted Asphalt Mixtures Using Saturated Surface-Dry Specimens.  

The VTM, VMA, and VFA are calculated as follows:

		(3-18)
		(3-19)

		(3-20)
where:
	VTM	=	Voids in total mix
	VMA	=	Voids in mineral aggregate
	VFA	=	Voids filled with asphalt
	Gmb	=	Bulk specific gravity
	Gmm	=	Theoretical maximum specific gravity
	Gsb	=	Bulk specific gravity of the aggregate
	Ps	=	Percent weight of the aggregate

[bookmark: _Toc295918635]Superpave Mixture Design
The Superpave mixture design method, as described in AASHTO M 323, Standard Specification for Superpave Volumetric Mixture Design consists of the following five steps:

1. Aggregate selection.
2. Binder selection.
3. Determine design aggregate structure.
4. Determine design binder content.
5. Evaluate moisture susceptibility.

Aggregate Selection
Aggregates used in Superpave mixture design must be well graded.  It is recommended that the 0.45 power curve be used, with standard gradations set for nominal maximum aggregate sizes of 1.5 in, 1 in, 0.75 in, 0.5 in, and 0.375 in.  Control points are established, such as shown in Figure 3-14, in which the design aggregate gradation should pass through.  In addition, the following consensus aggregate properties are required:

· Coarse aggregate angularity – measures the percentage of fractured faces, in accordance with AASHTO T 335, Standard Method of Test for Determining the Percentage of Fracture in Coarse Aggregate.  Higher percentage of fracture results in increased mix resistance to rutting.
· Fine aggregate angularity – Assesses the angularity of fine aggregate in accordance with AASHTO T 304, Standard Method of Test for Uncompacted Void Content of Fine Aggregate (Fine Aggregate Angularity Test).  Higher angularity results in increased resistance to rutting.
· Flat and elongated particles – Assess coarse aggregate particle shape in accordance with ASTM D4791.
· Sand equivalent test – Measure of clay content in fine aggregate in accordance with AASHTO T 176, Standard Method of Test for Plastic Fines in Graded Aggregates and Soils by Use of the Sand Equivalent Test.  High clay content is thought to relate to moisture susceptibility.
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[bookmark: _Ref274556668][bookmark: f18][bookmark: _Toc295918042]Figure 3-14.  Superpave gradation control plot for 12.5 mm nominal maximum aggregate size (Huber n.d.).  Note: the restricted zone is no longer required.


Table 3-9 summarizes the recommended Superpave aggregate consensus properties.

[bookmark: _Toc295918117][bookmark: t10]Table 3-9.  Recommended Superpave aggregate consensus properties.
	Design Level
	Coarse Aggregate Angularity
(% minimum)
	Fine Aggregate Angularity
(% minimum)
	Flat and Elongated
(% maximum)
	Sand Equivalent
(% minimum)

	Light Traffic
	55/-
	–
	–
	40

	Medium Traffic
	75/-
	40
	10
	40

	Heavy Traffic
	85/80*
	45
	10
	45


*85/80 indicates one fractured face/two or more fractured faces.


In addition, recommended nominal maximum aggregate size by application type is shown in Table 3-10.  Nominal maximum aggregate size for other types of mix (e.g., gap-graded, open-graded) can be found in NCHRP Report 673 (AAT 2011).



Table 3-10.  Nominal maximum aggregate size by application (AAT 2011).
	Application
	Recommended
NMAS
	Recommended Lift Thickness, mm

	
	
	Fine-Graded
Mixtures
	Coarse-Graded
Mixtures

	Leveling course mixtures
	No. 4
	15 to 25
	20 to 25

	
	3/8 in
	30 to 50
	40 to 50

	Wearing course mixtures
	No.4
	15 to 25
	20 to 25

	
	3/8 in
	30 to 50
	40 to 50

	
	1/2 in
	40 to 65
	50 to 65

	Intermediate course mixtures
	3/4 in
	60 to 100
	75 to 100

	
	1 in
	75 to 125
	100 to 125

	Base course mixtures
	3/4 in
	60 to 100
	75 to 100

	
	1 in
	75 to 125
	100 to 125

	
	1-1/2 in
	115 to 150
	150

	Rich base course mixtures
	3/8 in
	30 to 50
	40 to 50

	
	1/2 in
	40 to 65
	50 to 65



Binder Selection
As previously discussed, the binder grade is selected based on the 7-day maximum pavement temperature and the minimum low temperature.  The high temperature grade can also be increased depending on speed of traffic (see Table 3-11).

Table 3-11.  High temperature grade adjustments by traffic level and speed (AAT 2011).
	Design Traffic
(MESALs)
	High Temperature Grade Adjustment for Vehicle Speed (mph)

	
	< 25
	25 to < 70
	 70

	< 0.3
	a
	a
	a

	0.3 to < 3
	12
	6
	a

	3 to < 10
	18
	13
	6

	10 to < 30
	22b
	16b
	10

	 30
	---
	21b
	15b


a No adjustment.
b Consider using polymer-modified binder.

Determine Design Aggregate Structure
Three different aggregate structures are selected, each tested with three different binder contents.  Mixtures are made and compacted using the gyratory compactor (see Figure 3-15), with the number of gyrations selected based on the design traffic levels as specified in Table 3-12.

[bookmark: _Toc295918118]

[bookmark: t11]Table 3-12.  Ndesign at specific design traffic levels (AAT 2011).
	Design Traffic
(MESALs)
	Number of Gyrations

	< 0.3
	50

	0.3 to > 3
	75

	3 to < 10
	100

	10 to < 30
	100

	 30
	125




Table 3-12 , Ndesign corresponds to the level of compaction that is expected to be obtained at an air void content of 4 percent.
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[bookmark: _Ref274556809][bookmark: f19][bookmark: _Toc295918043]Figure 3-15.  Superpave gyratory compactor (FHWA 2010).


Mixture design plots are generated with percent Gmm on the vertical axis and number of gyrations on the horizontal axis, allowing comparisons to be made between the three aggregate structures and three binder contents to select the mixture(s) that best meet the design criteria.  Mixture selection should also target 4.0 percent air voids (typical range of 3.5 to 4.5) and VMA as shown in Table 3-13.

Table 3-13.  VMA targets by nominal maximum aggregate size (AAT 2011).
	Nominal Maximum Aggregate Size
	Minimum VMA
(%)
	Maximum VMA
(%)

	No. 4
	16
	18

	3/8 in
	15
	17

	1/2 in
	14
	16

	3/4 in
	13
	15

	1 in
	12
	14

	1-1/2 in
	11
	13



An additional criterion is called the dust proportion (DP), which is the ratio of percent aggregate passing the No. 200 sieve (dust) and the effective binder content.  The DP should be between 0.6 and 1.2.

Determine Design Binder Content
An additional eight specimens are prepared, two at each of the four binder contents.  Binder contents are selected to be the estimated optimum, 0.5 percent less than optimum, 0.5 percent above optimum, and 1.0 percent above optimum.  The volumetric properties are determined, generating plots of VTM, VMA, VFA, percent Gmm, and DP on the vertical axis against percent binder.  Based on these results, the optimum binder content is selected and verified with additional specimens.

Evaluate Moisture Susceptibility
AASHTO T 283, Standard Method of Test for Resistance of Compacted Hot Mix Asphalt (HMA) to Moisture Induced Damage is used to determine the moisture susceptibility of the design mixture.  Mixes must achieve a tensile strength ratio (TSR) of 80 percent or greater, which is the ratio of the tensile strength of the mixture after conditioning to that prior to conditioning.  Mixtures found to be susceptible to moisture damage must be treated with an acceptable anti-stripping additive

[bookmark: _Toc295918637]Concrete Pavement
Because of its relatively low cost, widespread availability, versatility, and hallmark longevity, concrete is the most widely used man-made building material on the planet, with approximately 1 yd3 (4,000 lb) of concrete used annually for each of the Earth’s nearly 7 billion human inhabitants.  concrete is used in a variety of applications, including pavements, foundations, hydraulic structures, bridges, retaining walls, barriers, curb and gutter, and sidewalks.

[bookmark: _Toc295918638]Concrete Binder Types
The primary binder in concrete is portland cement, but other supplementary cementitious materials (SCMs) are also used including fly ash, slag cement, and natural pozzolans.  Further, a number of emerging binders are appearing on the market that have a reduced environmental footprint that have the potential, in time, to increase the overall sustainability of concrete structures.  Table 3-14 summarizes the application of some of these cements.  Each type is described in more detail in Table 3-14.
[bookmark: _Toc295918120][bookmark: t13]Table 3-14.  Applications for hydraulic cements (Kosmatka and Wilson 2011).
[image: ]***

* * *The option for low reactivity with ASR-susceptible ASR resistant in accordance with ASTM C227 mortar bar maximum expansion limits of 0.020% at 14 days and 0.060% at 56 days.


[bookmark: _Toc295918639]Portland Cement
The cement used in concrete is traditionally portland cement as specified under ASTM C150 or AASHTO M 85.  These two specifications have differed in years past, but recent stakeholder efforts resulted in the publication of harmonized standards in 2009 (Tennis and Melander 2010).  Portland cement is manufactured by pyroprocessing sources of calcium (typically limestone, although seashells and chalk are also used), silicon, aluminum, and iron (often from clays or shales, but various other raw material sources can be blended to create the required proportions) in a rotary kiln at temperatures in excess of 2,700 oF.  Under these conditions, the raw materials are chemically altered forming hard nodules called “clinker” that are composed of four principal chemical phases: tricalcium silicate, dicalcium silicate, tricalcium aluminate, and tetracalcium aluminoferrite.  The clinker is finely ground with calcium sulfate (added to control setting) to create the grey powder known as portland cement.  A thorough description of the manufacturing, chemistry, and hydration of portland cement can be found in Kosmatka, Kerkhoff, and Panarese (2002).  A modern dry-process cement manufacturing process is illustrated in Figure 3-16.

Under AASHTO M 85, portland cement is designated as follows:

· Type I – Normal, general purpose cement.
· Type IA – Normal, general purpose air-entraining cement.
· Type II – Moderate sulfate resistance.
· Type IIA- Moderate sulfate resistance, air-entraining.
· Type III – High early strength.
· Type IIIA – High early strength, air-entraining.
· Type IV – Low heat of hydration (no longer available).
· Type V – High sulfate resistance
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As implied, each type of cement is formulated for a specific application.  As will be discussed later, air-entraining is used to protect the concrete against damage from cyclic freezing and thawing in a saturated state whereas concrete placed in a sulfate environment (most commonly from sulfate in soils) should be made with the appropriate cement.
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[bookmark: f20]Figure 3-16.  Manufacturing process for portland cement (Kosmatka and Wilson 2011).  Steps 1 and 2
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Figure 3-16.  Manufacturing process for portland cement (Kosmatka and Wilson 2011).  Steps 3 and 4
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It is well known that the pyroprocessing and calcination of limestone (converting calcium carbonate into calcium oxide) that occurs in the manufacturing of portland cement releases a significant amount of carbon dioxide into the atmosphere.  In the most recent nationally published statistics, it is estimated that on average the manufacturing of one ton of cement in the U.S. releases 0.927 tons of carbon dioxide to the atmosphere.  As a result, considerable efforts are underway to reduce the overall carbon-footprint of concrete structures, with most attention focused on reducing the amount of clinker ultimately used in concrete.

[bookmark: _Toc295918640]To this end, strategies are being employed to dilute the clinker with other inert or reactive constituents to not only reduce the carbon footprint of the cement, but also enhance cement performance of the concrete.  Some type of “grinding aids” have always been used in small quantities to assist in the grinding process, but recent modifications to AASHTO M 85 have allowed up to 5 percent high-quality natural limestone to be interground with the clinker.  It was commonly believed that the limestone would remain inert, but research suggests that most, if not all, of the limestone will chemically react in a generally positive fashion, reducing porosity and increasing strength (Mataschei, Lothenbach, and Glasser 2007).  Unquestionably such additions have a significant environmental benefit as the replacement of clinker with limestone (or any other material) directly reduces the CO2 associated with the cement.

Blended Portland Cement
When cement manufacturers intergrind or blend portland cement with fly ash or natural pozzolans or slag cement, or when they create a ternary combination of SCMs, the blended cement is specified under AASHTO M 240 (ASTM C595), Standard Specification for Blended Hydraulic Cements.  These materials are designated as follows:

· Type IP(X) to indicate a portland-pozzolan (P) cement in which “X” denotes the targeted percent of pozzolan expressed as a whole number by mass of the final blended cement.  Thus, Type IP(15) is cement that contains 15 percent pozzolan.
· Type IS(X) to indicate a portland-slag (S) cement in which “X” denotes the targeted percent of slag cement expressed as a whole number by mass of the final blended cement.  Thus, Type IS(25) is cement that contains 25 percent slag cement..
· Type IT(AX)(BY) to indicate ternary (T) blended cement in which the “A” refers to the type of SCM (either “P” for pozzolan or “S” for slag cement) that is present in the larger amount by mass and the “B” refers to the SCM (again, either “P” for pozzolan or “S” for slag cement) that is present in the lesser amount.  The “X” and “Y” refer to targeted percentage of mass for constituent “A” and “B” respectively.  For example, a material designated as Type IT(S25)(P15) contains 60 percent portland cement, 25 percent slag cement, and 15 percent pozzolan.  If the percentages of the SCMs are the same, the pozzolan material is listed first, i.e., Type IT(P15)(S15).  Two different pozzolans can also be blended together to create a Type IT(PX)(PY).

Typical replacement rates for blended cements are 15 to 25 percent for Type IP and 30 to 50 percent for Type IS.  A Type IT might have 15 to 30 percent slag cement and 10 to 20 percent pozzolan, although these can vary significantly depending on the characteristics of the specific SCMs.

In addition to the above designations, blended cements can be further designated with the following suffixes:

· “A” to indicate air-entrained material.
· “MS” or “HS” to indicate moderate or high sulfate resistance.
· “MH” or “LH” to indicate moderate or low heat of hydration.

Although it has been a more common practice to blend cement with SCMs at the concrete plant, when the SCMs are interground or blended by the cement supplier under AASHTO M 240, there is a greater level of quality control over the final product with less potential for unforeseen interactions and incompatibilities (Taylor et al. 2006).  In addition, the use of AASHTO M 240 blended cements helps avoid the potential for proportioning mistakes that can occur in the field.  However, this does limit the concrete supplier’s ability to adjust the SCM content in response to changing conditions (e.g., cooler weather).

[bookmark: _Toc295918641]Performance Cement
The AASHTO M 85 and AASHTO M 240 cement specifications discussed thus far are largely prescriptive; that is, they are based on measured chemical and physical properties of the cement that are assumed to be related to the performance of the cement in concrete.  In contrast, ASTM C1157, Performance Specification for Hydraulic Cement, simply requires that the hydraulic cement meets certain physical performance test requirements, thus focusing on material performance and not material composition.  This approach promotes innovative development of composite portland cements (portland cement blended with multiple SCMs and/or limestone) and also opens the door to non-portland cement hydraulic binders that have the potential to significantly reduce the CO2 associated with concrete production.  Six hydraulic cement types are available under ASTM C1157:

· GU (general use). 
· LH (low heat of hydration).
· MH (moderate heat of hydration). 
· HE (high early strength).
· MS (moderate sulfate-resistance).
· HS (high sulfate-resistance).  

The two major categories of ASTM C1157 cements currently being marketed in the U.S. are portland-limestone cements (PLC) and activated fly ash cements.  These are briefly described in the following sections, along with a short discussion on emerging cement technologies.

Portland-Limestone Cement (PLC)
PLC is manufactured by intergrinding portland cement clinker with limestone at percentages greater than the 5 percent currently allowed by AASHTO M 85 (ASTM C150).  PLC has been used in Europe for over 25 years, where the most popular type contains up to 20 percent limestone, and it has recently been approved for use in Canada (CAC 2009).  The Canadian PLC contains from 6 to 15 percent limestone and follows the same basic nomenclature as ASTM C1157 cements (GU-L, LH-L, MH-L, and HE-L) except there are currently no provisions for moderate or high sulfate resistance (MS or HS, respectively).  The 15 percent limit is in place to ensure the PLC performs similarly to conventional portland cement and blended cements.  At this replacement level, it is estimated that the use of CSA A30001 PLC reduces CO2 emissions by up to 10 percent compared to regular portland cement (CAC 2009).

Although the major motivation to use PLC is to reduce the CO2 emissions, there are a number of other advantages of PLC.  Because limestone is softer than clinker, when the two are interground the resulting limestone particles are finer than the clinker particles, resulting in improved particle distribution and packing.  The fine limestone particles also act as dispersed sites on which the formation of hydration products initiates, further densifying the microstructure as hydration proceeds.  And, as previously mentioned, the limestone is not chemically inert, but instead reacts with the aluminate phases in portland cement and many SCMs to create carboaluminate phases (Mataschei, Lothenbach, and Glasser 2007).  The net result is that cement manufacturers can optimize the chemical and physical properties of a PLC to achieve equivalent, or even improved, performance to that obtained using conventional  portland cement.  Several North American field studies have demonstrated that PLC can be used similarly to ASTM C150 and ASTM C595 cements in the construction of concrete pavements (Thomas et al. 2010; Van Dam, Smartz, and Laker 2010).

Activated Fly Ash
Although PLCs are the most prevalent cement currently specified under ASTM C1157, a number of alternative hydraulic cements are also specifiable under the standard.  One such cementitious system is activated fly ash, which consists of a very high volume of Class C fly ash (in excess of 90 percent) in which the rate of hydration is controlled through activators and/or retarders.  The primary cementing material is Class C fly ash, which is mineralogically and chemically characterized using proprietary means to ensure predicable product performance over a range of fly ash sources and placement temperatures (Hicks et al. 2009).  Stated strength gains are impressive, with compressive strengths of 3,000 lb/in2 at 6 hours and 10,000 lb/in2 at 28-days. 

Emerging Technologies in Hydraulic Cements
In addition to PLC and activated fly ash, a number of other potential hydraulic cements exist or are emerging.  Although limited information on the nature of these products is available, at a minimum the resulting carbonates may be suitable for use in PLC to further reduce the carbon footprint of the cement.  

[bookmark: _Toc295918642]Supplementary Cementitious Materials (SCMs)
SCMs cannot only reduce the carbon footprint of concrete, they can also enhance durability and thus improve long-term performance.  There are many SCMs that are available with those most commonly used being fly ash, slag cement, silica fume, and natural pozzolans as described below.

[bookmark: _Toc295918643]Fly ash
Fly ash is the byproduct of the burning of pulverized coal in power plants, being collected from the exhaust gases by electrostatic precipitators or bag filters.  It is most widely used SCM in concrete, resembling portland cement in appearance and particle size, but the particles are spherical in shape as shown in Figure 3-17.  The spherical nature of fly ash particles improves the workability of concrete.
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[bookmark: _Ref274921794][bookmark: f21][bookmark: _Toc295918045]Figure 3-17.  Fly ash (a) and a scanning electron micrograph of fly ash particles 
(b) magnified 1000X (Kostmatka and Wilson 2011).

Fly ash is specified under AASHTO M 295 (ASTM C618), Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolans for Use in Concrete.  Two classes of fly ash are identified, with the main differentiator between the two being the silicon dioxide plus aluminum oxide, plus iron oxide content, which has to be greater than 70.0 percent for a fly ash to be classified as Class F.  As a result, Class F fly ash is often lower in calcium oxide (lime), typically being less than 15 percent compared to Class C fly ash.  This makes Class F fly ash more pozzolanic and Class C fly ash more cementitious.  Class F fly ash often has higher carbon contents, and thus the loss on ignition (LOI) must be controlled to prevent incompatibilities with air-entraining admixtures.

Typical replacement rates for Class F fly ash is 10 to 20 percent whereas Class C fly ash is often added at a higher dosage of 15 to 35 percent replacement.  Testing is required to assure that the dosage rate is sufficient to mitigate ASR.  This is primarily due to Class F fly ash being more effective at mitigating ASR than Class C.  Both are effective at reducing the overall heat of hydration generated, although Class F fly ash is more effective than Class C fly ash in this regard.

As will be discussed, fly ash is often used to improve the durability of concrete, with Class F fly ash being particularly adept at mitigating alkali-silica reactivity (ASR) and sulfate attack.  As the calcium oxide content increases, the ability for a Class C fly ash to effectively mitigate ASR and sulfate attack is diminished.  Further, because of its self cementing properties, Class C fly ash is more prone to harmful incompatibilities that result in early or late setting.

Recently, the EPA has ruled that coal-fired power plants begin capturing mercury from the exhaust gases.  The most common technique being employed to do this feature the use of activated carbon, which can be collected from the exhaust gases along with the fly ash.  The co-mingling of the fly ash with activated carbon can have a very negative impact on the ability to entrain air in the concrete, and thus such fly ash must be treated in some way to mitigate this problem.

[bookmark: _Toc295918644]Slag Cement
Slag cement, also known as ground granulated blast furnace slag, is a byproduct of the smelting of iron ore in a blast furnace.  As the molten slag at a temperature above 2700oF is transported from blast furnace, it is processed through a granulator, which rapidly chills the material by quenching it in water, producing glassy, sand-like, granules which are subsequently ground to less than 45 microns.  The particles are thus similar in size and shape to portland cement.  This is shown in Figure 3-18.
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[bookmark: _Ref274922176][bookmark: f22][bookmark: _Toc295918046]Figure 3-18.  Slag cement (a) and a scanning electron micrograph of slag particles (b) 
magnified 2100X (Kostmatka and Wilson 2011).


Slag cement is specified under AASHTO M 302 (ASTM C989), Standard Specification for Slag Cement for Use in Concrete and Mortars.  In the specification, three grades of slag cement are designated, Grade 80, Grade 100, and Grade 120, in order of increasing reactivity.  Most slag cement on the market today is Grade 120, and a surprising amount of granulated slag is imported into the U.S. market and then ground for domestic use.

Slag cement is a very effective SCM, typically being added to concrete at a replacement level of 25 to 50 percent, although mixes of 70 percent slag or more have been used.  Concrete made with slag cement has low chloride permeability and good resistance to ASR and sulfate attack.  Slag cement also significantly lowers the heat of hydration making it exceptionally useful for large concrete placements.

One downside is that slag cement does slow early strength gain, especially if the ambient temperatures drop below 60oF.  Concerns have also been expressed regarding scaling of concrete surfaces containing slag cement that were placed late in the construction season and did not have adequate time to cure prior to being subjected to freezing and thawing in the presence of deicers.  This problem has been almost exclusively isolated to hand-finished slabs and is not thought to be a problem for slipformed concrete.

[bookmark: _Toc295918645]Silica Fume
Silica fume (also known as microsilica) is the byproduct of the reduction of high-purity quartz in an electric arc furnace in the high technology manufacturing of silicon and ferrosilicon alloy.  The temperature in this processing exceeds 3,600oF, with the silica fume condensing from an oxidized vapor and being collected in cloth bags.  Silica fume particles are exceedingly fine (average diameter is about 0.1 microns being finer than those in cigarette smoke) and spherical in shape, being composed of amorphous silica (see Figure 3-19).  When shipped dry, it is densified which leads to agglomerations of particles.
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[bookmark: _Ref274922655][bookmark: f23][bookmark: _Toc295918047]Figure 3-19.  Silica fume (a) and a scanning electron micrograph of silica fume (b) 
magnified 20,000X (Kostmatka and Wilson 2011).


Silica fume is specified under AASHTO M 307 (ASTM C1240), Standard Specification for Silica Fume Used in Cementitious Mixtures.  Its use is often reserved to concrete structures requiring high strength and/or low permeability such as bridge decks and other structural elements.  Due to the high cost of silica fume and the requirements for additional curing, it typically is not used in paving applications.

[bookmark: _Toc295918646]Natural Pozzolans
A number of natural pozzolans have been used in concrete for millenniums, including those used to construct the Roman Pantheon and aqueducts.  The history of the use of natural pozzolans predates ancient Rome, likely going back to 2000 BC.  The term pozzolan was coined from the name of the town, Pozzuoli, from which volcanic ash from Mt. Vesuvius was mined by the Romans.  Although volcanic ash continues to be a great source of pozzolan in many countries, in the U.S. the most common natural pozzolans are processed materials that heat-treated in a kiln and ground including calcined clay, calcined shale, and metakaolin.  Figure 3-20 shows pictures of metakaolin and calcined clay.
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[bookmark: _Ref274924151][bookmark: f24][bookmark: _Toc295918048]Figure 3-20.  Metakaolin (a) and a scanning electron micrograph of calcined clay particles 
(b) magnified 2,000X (Kostmatka and Wilson 2011).

Natural pozzolans are specified under the same standard as fly ash, AASHTO M 295 (ASTM C618), Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolans for Use in Concrete.  Most natural pozzolans are similar in particle size and shape to that of portland cement, although the way they effect concrete properties varies widely.  In general, natural pozzolans are very effective at mitigating ASR and sulfate attack and reducing the heat of hydration.  Most will slow the rate of strength gain.  Metakaolin, which is gaining somewhat in popularity, acts very similarly to silica fume, significantly decreasing permeability and increasing strength, but at the same time increasing water demand and the occurrence of early-age shrinkage.

[bookmark: _Toc295918647]Summary
A number of SCMs are available that can be added to or used to replace portland cement in concrete.  The most common is fly ash, with slag cement, silica fume, and natural pozzolans also being employed.  Figure 3-21 is a ternary diagram showing the composition of cement and various SCMs.  In this type of diagram, each corner of the triangle represents 100 percent of that compound.  For example, silica fume is almost 100 percent silica (SiO2) whereas metakaolin has slightly more silicon dioxide than aluminum oxide (Al2O3) and no calcium oxide (CaO).  From this figure you can see that cement is primarily calcium oxide and silica, with a little aluminum oxide.  What this figure indicates is that self cementing materials, such as cement, slag, and Class C fly ash, have a combination of calcium oxide, silica, and aluminum dioxide whereas pozzolanic materials such as silica fume, Class F fly ash, and metakaolin have little to no calcium oxide.
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[bookmark: _Ref274924264][bookmark: f25][bookmark: _Toc295918049]Figure 3-21.  Ternary diagram illustrating the oxide composition of cement 
and common SCMs (Taylor et al. 2006).


Figure 3-22shows the particle size distribution of these same SCMs.  It can be seen that the most common SCMs (fly ash and slag cement) have a particle size distribution similar to cement whereas silica fume is significantly finer and metakaolin is finer.
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[bookmark: _Ref274924293][bookmark: f26][bookmark: _Toc295918050]Figure 3-22.  Diagram illustrating the particle size distribution of cement 
and common SCMs (Taylor et al. 2006).

The properties of fresh and hardened concrete, whether an SCM is added at the concrete plant or introduced through a blended and performance cements, are largely controlled by the characteristics of the SCM used.  Table 3-15 summarizes some of the effects SCMs have on the fresh and hardened concrete properties.
[bookmark: _Toc295918121]
[bookmark: t14]Table 3-15.  Summary of effects of SCMs on the fresh and hardened properties of concrete.
	Property/Characteristic/Attribute
	Type F
	Type C
	Slag Cement

	Workability
	Improved
	Improved
	Improved

	Setting Time
	Prolonged
	Varies depending on characteristics of ash
	Prolonged

	Heat of Hydration
	Reduced
	Varies depending on characteristics of ash
	Reduced

	Bleeding
	Reduced
	Reduced
	Reduced

	Air Void System
	May adversely affect the establishment of a stable air-void system.

	Strength 
	Slower early strength gain. but long-term strength commonly increased.

	Permeability
	Reduced
	Reduced
	Reduced

	Resistance to Alkali-Silica Reactivity
	Increased
	Varies depending on characteristics of ash
	Increased




In general, concrete containing Class F fly ash, slag cement, calcined shale, and/or calcined clay exhibit improved workability, increased setting time, reduced heat of hydration, and reduced bleeding (Taylor et al. 2006).  The longer setting times and the reduced heat of hydration can be advantageous during hot-weather concreting, but may be problematic under low placement temperatures.  In particular, late season placements with concrete containing Class F fly ash or slag cement can result in slow strength gain, which can hinder timely joint sawing operations and can also make the concrete vulnerable to freeze-thaw damage.  At the same time, the longer setting times and reduced bleeding characteristics of these SCMs may create conditions that will foster plastic shrinkage cracking.

The impact of Class C fly ash on fresh concrete properties is more varied.  Although water requirements are typically reduced, workability improves and bleeding is reduced.  The effects of Class C fly ash on early setting and heat of hydration can vary greatly depending on the properties of the specific fly ash being used.  Additionally, the potential for material incompatibilities are increased with a Class C fly ash, which can lead to early setting problems particularly as ambient temperatures increase (Taylor et al. 2006).

One important property often affected by the presence of SCMs is the quality of the entrained air-void system that is needed to protect the concrete against freeze-thaw damage.  Both the fineness of the SCM and the nature of carbon it contains can negatively impact the ability to create a suitable air-void system in concrete.  Most SCMs will require additional air entraining admixture to achieve target air contents.  In the case of fly ash, particularly Class F fly ash, the higher carbon content can result in a collapse of the air-void system.  This has become more relevant as activated carbon, which is being used to mitigate mercury emissions at power plants, is at times co-mingled with the fly ash and requires beneficiation. 

The two major physical properties of hardened concrete made with blended and performance cements containing SCMs are the strength gain and permeability.  Although early strength gain is often delayed by most SCMs (e.g. Class F fly ash, slag cement, most natural pozzolans), long-term strength is commonly increased.  This positive attribute is a result of the improved microstructure resulting from pozzolanic and supplementary hydraulic reactions.  These reactions create more desirable hydration products while reducing permeability.

SCMs can be specifically selected to address alkali-silica reactivity (ASR) and/or sulfate attack.  The effectiveness of the cementitious system in mitigating ASR is an optional requirement at the purchaser’s request when purchasing blended or performance cements, based on the expansion results from ASTM C227, Standard Test Method for Potential Alkali Reactivity of Cement-Aggregate Combinations (Mortar-Bar Method).  In addition, ASTM C1567, Standard Test Method for Determining the Potential Alkali-Silica Reactivity of Combinations of Cementitious Materials and Aggregate (Accelerated Mortar-Bar Method), and AASHTO PP 65, Standard Practice for Determining the Reactivity of Concrete Aggregates and Selecting Appropriate Measures for preventing Deleterious Expansion in New Concrete Construction can be used to determine the effectiveness of the selected cementitious system that includes portland cement and one or more SCMs in mitigating ASR (Thomas, Fournier, and Folliard 2008).

Resistance to sulfate attack is another optional requirement at the purchaser’s request for both AASHTO M 240 and ASTM C1157 cements.  In both cases, cement can be designated as moderate sulfate resistance (MS) or high sulfate resistance based on the expansion results from ASTM C1012, Standard Test Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate Solution.  The same test method is used demonstrate the effectiveness of SCMs to be added at the concrete plant.

[bookmark: _Toc295918648]Concrete Additives/Modifiers
A number of chemical admixtures and modifiers are used in concrete, and the number continues to grow.  This is one of the major differences between modern concrete and that of 30 years ago, as the use of admixtures/additives have made it possible to pump concrete great distances, to have it self-consolidate, to reach unimaginable strengths and ductility, and to be aesthetically pleasing.  This section presents a brief introduction to some of the more common chemical additives/modifiers used in transportation concrete.  More in depth information is provided by Kosmatka, Kerkhoff, and Panarese (2002) and Taylor et al. (2006).

[bookmark: _Toc295918649]Chemical Admixtures
A variety of chemical admixtures are used in concrete.  These can be generally broken down into the following categories:

· Air-entraining admixtures.
· Water-reducing admixtures.
· Plasticizers.
· Accelerating admixtures.
· Retarding admixtures.
· Hydration-control admixtures.
· Corrosion inhibitors.
· Shrinkage reducers.
· Alkali-silica reactivity inhibitors.
· Coloring admixtures.
· Miscellaneous admixtures such as workability, bonding, dampproofing, permeability reducing, grouting, gas-forming, antiwashout, foaming, and pumping admixtures.

Kosmatka, Kerkhoff, and Panarese (2002) provides an excellent summary of the various chemical admixtures that are available for use in concrete.  The following is a summary of the most commonly used chemical admixtures in concrete (see also Table 3-16).

[bookmark: _Toc295918650]Air-Entraining Admixtures (AEAs)
Air-entraining admixtures (AEAs) are used to purposely entrain small, spherical air bubbles into the concrete primarily for the purpose of protecting it from damage in a cyclic freeze-thaw environment.  Ideally, the microscopic air bubbles are uniformly distributed throughout the paste.  For thermodynamic reasons, even in saturated concrete, these bubbles remain empty, so as water in the much smaller capillary pores begins to freeze, the space provided by the entrained air is available to relieve the pressure generated, thus preventing cracking in the concrete.  A stereomicroscope micrograph of cut and polished air-entrained concrete is shown in Figure 3-23.  As can be seen, the spherical air bubbles, which appear as dark circles, are prevalent and distributed throughout the paste.

In the past air-entraining cement was readily available where an air-entraining addition was interground with the cement, adding an “A” designation to the cement type (e.g. Type IA).  Today, is far more common to add the AEA to the concrete making materials either before or during mixing. 

[bookmark: _Ref274924796][bookmark: _Toc295918122]

[bookmark: t15]Table 3-16.  Concrete admixtures for concrete by classification (Kostmatka and Wilson 2011).
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Table 3-16.  Concrete admixtures for concrete by classification (continued).
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[bookmark: _Ref274924990][bookmark: f27][bookmark: _Toc295918051]Figure 3-23.  Stereomicroscope micrograph of entrained air-void system (magnified 7X) (photo courtesy of Karl Peterson).

The primary materials used in AEAs are listed in Table 3-16.  Vinsol resins were the most commonly used material and still are considered to be an excellent material for an AEA, but numerous other formulations are available.  AEAs are specified under AASHTO M 154 (ASTM C260), Standard Specification for Air-Entraining Admixtures for Concrete and tested under AASHTO T 157, Standard Method of Test for Air-Entraining Admixtures for Concrete.

Providing the required amount of total air in concrete having the desired air-void system properties continues to be a challenge.  It is not the total air in the concrete that matters, but instead how closely the individual air bubbles are spaced one from another.  The most common parameter used to assess this is referred to as the spacing factor, which can be thought of as the average distance between the furthest point in the paste and the closest air void as illustrated in Figure 3-24.  This is measured in hardened concrete in accordance with ASTM C457, Standard Test Method for Microscopical Determination of Parameters of the Air-Void System in Hardened Concrete.  The commonly accepted value for an acceptable spacing factor is 0.008 in.
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[bookmark: _Ref274925213][bookmark: f28][bookmark: _Toc295918052]Figure 3-24.  Illustration of spacing factor (figure courtesy of the Virginia DOT).

The ability of a given AEA to entrain a stable air-void system that will survive the construction process depends on many factors including the AEA formulation, other mixture constituents (especially any sources of carbon), time of mixing, time to placement, retempering, concrete temperature, placement method, and finishing.  As the durability of the concrete is directly impacted by the characteristics of the air-void system (ACI 201), especially for pavements placed in a freeze-thaw environment, it is essential that the adequate testing be conducted to ensure that the AEA is compatible with all mix constituents and remains effective throughout the construction process (Taylor et al. 2006).

The addition of entrained air will improve the properties of the fresh concrete, creating a more workable, cohesive mixture with reduced bleeding and ease of finishing.  But for every 1 percent air added, the strength of the concrete is reduced by approximately 5 percent, an occurrence that can generally be overcome by reducing the water-cementitious material ratio (w/cm) which is possible due to the improved workability.

[bookmark: _Toc295918651]Water-Reducing Admixtures (WRAs)
Water-reducing admixtures (WRA) are used to reduce the amount of water needed to obtain a given workability (as measured by slump).  The reduction in mix water allows for the w/cm to be lowered, yet maintaining adequate workability to place and consolidate the concrete for a given application.  This is very important, as the w/cm is the single most important parameter related to concrete quality, with lower values of w/cm (in the range of 0.40 to 0.45) having significantly higher strength and lower permeability than slightly higher values (0.50) .Through the use of WRAs, workable concrete can be readily mixed, transported, placed, and consolidated while meeting strength and permeability requirements.

WRAs are specified under AASHTO M 194 (ASTM C494), Standard Specification for Chemical Admixtures in Concrete.  These are summarized in Table 3-16 and can be categorized as follows:

· Normal range water-reducing admixture (NRWRA) – AASHTO M 194 Type A.
· NRWRA and accelerator – AASHTO M 194, Type E.
· NRWRA and retarder – AASHTO M 194, Type D.
· Mid-range water-reducing admixture (MRWRA) – No standard specification.
· High-range water reducing admixture (HRWRA) – AASHTO M 194, Type F.
· HRWRA and retarder – AASHTO M 194, Type G.

NRWRA typically reduce water demand by 5 to 10 percent, MRWRA by 6 to 12 percent, and HRWRA by 12 to 30 percent.  As is true with all admixtures, innovations continue to change formulations and new WRA are constantly being introduced that have improved properties including the ability to remain effective for longer periods of time (reduced tendency for slump loss) and having less tendency to retard setting.  The newer HRWRA that are based on co-polymer chemistry are an example of the evolving technology.  HRWRA are also essentially superplasticizers when they meet the requirements of ASTM C1017, Standard Specification for Chemical Admixtures for Use in Producing Flowing Concrete.

Although WRA have been a wonderful innovation for the concrete industry, their frequent use has led to some incompatibility issues.  In particular, MRWRA have been associated with a number of early and delayed setting problems, particularly when used with Class C fly ash during hot temperatures (Taylor et al. 2006).  And it is also known that many HRWRA will impact the characteristics of the air-void system, creating larger air bubbles that are less effective in protecting the concrete against damage from cyclic freezing-thawing (Whiting and Nagi 1998).

[bookmark: _Toc295918652]Accelerating Admixtures
Accelerating admixtures, commonly called accelerators, are used to accelerate hydration, resulting in earlier setting and strength development, although long-term strength often suffers.  They are most often used in the precast industry allowing rapid stripping of forms and when construction is being “fast-tracked.”  Accelerators are often used in conjunction with other methods to accelerate strength gain including Type III cement, lower w/cm, and curing at higher temperatures.  Accelerators are also used when temperature decreases to maintain acceptable setting times, but accelerators are not anti-freeze agents, and thus will not protect concrete against freezing.

Accelerators are specified as Type C, as well as Type E, under AASHTO M 194 (ASTM C494), Standard Specification for Chemical Admixtures in Concrete.  As listed in Table 3-16, calcium chloride is the most common accelerator although non-chloride accelerators are available.  The advantage of calcium chloride is that it is extremely effective at relatively low cost, but it will increase drying shrinkage and may cause corrosion of embedded steel.  It is common to add calcium chloride to the concrete at 1 to 1.5 percent of the mass of the cementitious materials, and in no case should the addition be greater than 2 percent.

[bookmark: _Toc295918653]Retarding Admixtures
Retarding admixtures, commonly called retarders, are used to delay the setting time of concrete.  This is often done during high temperature placements, but this is not recommended as cooling the concrete is much more effective and simply using a retarder can cause some setting problems (Kosmatka, Kerkhoff, and Panarese 2002).  Retarders are helpful under difficult or unusual placement conditions, allowing more time to transport and place concrete before initial set.  For example, when placing concrete monolithically in a large placement, retarders are often used so that successive placements can be vibrated together thus avoiding a cold joint.  Retarders are also used to create exposed aggregate surfaces, which are not only used to improve aesthetics for some applications, but also to create a good surface for some pavement applications.

Retarder are specified as Type B, as well as Types A, D, and G, under AASHTO M 194 (ASTM C494), Standard Specification for Chemical Admixtures in Concrete.  Common materials used as retarders are listed in Table 3-16.  Although early strength gain (within 3 days) can be delayed when retarders are used, it is often observed that long-term strength gain is increased.

[bookmark: _Toc295918654]Other Chemical Admixtures
There are many other chemical admixtures as listed in Table 3-16 that may see use in the construction of transportation infrastructure including ASR inhibitors, antiwashout admixtures, hydration-control admixtures, and permeability reducers.  In addition, new admixtures are being introduced as concrete technology continues to advance (e.g. the advent of self-compacting concrete (SCC) has made the use of viscosity modifying admixtures more common).

[bookmark: _Toc295918655]Coloring Admixtures (Pigments)
The use of pigments in concrete to improve aesthetic, increase safety or to improve the environmental footprint by increasing the surface reflectivity of a project is common.  Pigments are specified in accordance with ASTM C979, Standard Specification for Pigments for Integrally Colored Concrete.  Various natural and synthetic materials are available that will readily change the color of concrete.  These can be used to make bridges, barriers, and sound walls more attractive, differentiate crosswalks and curbs to enhance pedestrian safety, or lighten paved surfaces to reduce the urban heat island effect.  Pigments should not exceed 10 percent by weight of cement in concrete, and in general at addition rates of less than 6 percent, do not affect concrete properties (Kosmatka, Kerkhoff, and Panarese 2002).  One exception is unmodified carbon black, which will substantially reduce air content and therefore compromise freeze-thaw durability.  Pigments should be tested with all other concrete making materials to be used on a given project to ensure compatibility.

[bookmark: _Toc295918656]Fibers
Concrete is a quasi-brittle material that behaves much better in compression than tension.  To compensate for this behavior, steel reinforcement bars are commonly embedded in the structure to carry load in tension.  As an alternative, or as a supplementary reinforcement, small, discrete fibers can be added to the concrete mixture.  Fibers can be made from steel, aramid, carbon, plastic, glass, synthesized rock, or be biologically derived.  Many different types of fibers are currently available, from low addition rate polypropylene fibers used primarily to reduce plastic shrinkage cracking and subsidence cracking to high end steel and aramid fiber systems designed to create high strength, ductile concrete that does not require additional reinforcement.  Structural bridge elements have been manufactured from proprietary fiber-reinforced concrete.  See Kosmatka, Kerkhoff, and Panarese (2002) for additional information on the use of fiber in concrete.

[bookmark: _Toc295918657]Types of Concrete Mixtures
All concrete consists of a blend of aggregates held together by a paste formed by a chemical reaction that occurs between the cementitious materials (e.g. portland cement and/or SCMs) and water.  Air is entrapped and purposefully entrained in the concrete and admixtures and additives are used to modify the fresh and/or hardened properties of the concrete.  The proportion and nature of these basic components are adjusted to create specific types of concrete mixtures.  In general, a concrete mixture consists of 9 to 15 percent cement, 15 to 16 percent water, 25 to 35 percent fine aggregate, and 30-45 percent coarse aggregate.  The paste is defined as the cement plus the water, the mortar is defined as the paste plus the fine aggregate, and finally, the mortar plus the coarse aggregate is defined as concrete.

[bookmark: _Toc295918658]Conventional Concrete
Conventional concrete is made by blending coarse and fine aggregate (can be gap graded or a blended optimized gradation) with enough cementitious paste (typically a minimum of 400 lbs/yd3) at a w/cm of 0.40 to 0.60 (based on strength and durability requirements) to create a dense, relatively impermeable hardened concrete.  Typical 28-day compressive strength for conventional concrete varies from 3000 psi to 6000 psi, but of course this depends on the application and design requirements.  Maximum aggregate size is typically up to 1.5 in., but even larger aggregates can be used.  The total air content typically varies from 4.5 to 7 percent.  At least 90 percent of ready-mix concrete would be categorized as conventional concrete.

For slip-form pavement applications, concrete typically requires lower slump and lower water content, to retain shape, than in hand-formed pavement and structural applications.

[bookmark: _Toc295918659]High Strength Concrete
The definition of high strength concrete (also called high-performance concrete) has continued to change over the years, but it is commonly considered to be a dense concrete with a w/cm ranging from 0.28 to 0.32 and a 28-day and compressive strengths greater than 10,000 psi.  Air contents are typically low (less than 2 percent) as the concrete is so dense there is little freezable water and sufficient strength to resist damage.  As the strength of the mixture increases, the size of the coarse aggregate decreases.  The highest strength concrete mixtures are basically mortars with w/cm below 0.25, and almost always use silica fume as a SCM and HRWRA.  Concrete with design compressive strengths of 19,000 psi have been used in buildings (Kosmatka, Kerkhoff, and Panarese 2002).

[bookmark: _Toc295918660]High-Early Strength Concrete
High-early strength concrete (also called fast-track concrete) is designed to gain strength quickly to allowed rapid stripping of formwork and/or return to service.  The two most common applications for high-early strength concrete is in precast concrete production and for repair materials.  Although cementitious systems exist that can achieve acceptable strength in minute, it is common when using conventional concrete making materials to achieve acceptable strength within a few hours.  This can be accomplished by using a Type III cement, high cement content (675 to 1000 lbs cement/yd3 concrete), low w/cm (0.20 to 0.45), high concrete mixture and curing temperatures, and accelerators.

Although strength can be achieved at an early age, high-early strength concrete mixtures can be difficult to work with and may suffer durability problems (Van Dam et al. 2005).  This is particularly true for mixtures designed for opening times of 8 hours or less.  It is therefore recommended that unless early opening time is absolutely essential that mixtures with opening times of one-day or more be used.

[bookmark: _Toc295918661]Pervious Concrete
Pervious concrete has been used for decades as a base material beneath a conventional concrete surface.  Recently, considerable attention has been focused on creating pervious paved surfaces that will allow surface runoff to permeate through to underlying layers were it will be absorbed into the subgrade.  There are numerous economic and environmental advantages to using pervious surfaces in crowded urban areas including in-situ treatment of runoff, cooler pavement, land use savings through elimination of retention ponds, and even money savings incurred by not treating runoff that infiltrates into sanitary sewers (Van Dam and Taylor 2009).  

Pervious concrete requires that interconnected porosity be created, on the order of 20 percent or more.  This is typically accomplished by eliminating the fine aggregate and carefully controlling the grading of the coarse aggregate.  The w/cm is typically between 0.27 and 0.30, requiring the use of retarders to control set.  AEA are also commonly used to help workability and provide resistance to damage from freezing and thawing.  Additional information is available at http://www.perviouspavement.org/.

[bookmark: _Toc295918662]Roller-Compacted Concrete
Traditionally, roller-compacted concrete (RCC) was used for hydraulic structures such as dams and for pavements in cargo handling facilities.  Recently, interest in the use of roller compacted concrete for pavement construction, particular industrial or heavy-duty pavements, has grown, and there is a new guide available (Harrington et al. 2010).  What differentiates RCC pavements from traditional concrete pavements is the construction method.  RCC uses conventional or high-density asphalt paving equipment for placement and rollers for compaction.  Although the materials used are the same as for conventional concrete, the mixture is much drier.  Additional information is available at: http://www.cement.org/pavements/pv_rcc.asp.

[bookmark: _Toc295918663]Self-Compacting Concrete (SCC)
Self-compacting concrete (SCC) is a relatively new type of concrete that does not require vibration for placement or consolidation.  It is designed to flow under its own weight, completely filling complex formwork and achieving full consolidation, even around congested reinforcement.  The hardened concrete has the same properties of conventional concrete.

The flowable nature of SCC is achieved through careful aggregate grading, high fines content, and the use of co-polymer HRWRA and viscosity-modifying admixture.

[bookmark: _Toc295918664]Key Properties and Test Methods for Fresh Concrete
The following summarizes the key properties and test methods for fresh concrete.  These include: workability, air content, setting, and maturity.

[bookmark: _Toc295918665]Workability
Workability is defined as the ease and homogeneity with which fresh concrete can be mixed, placed, compacted and finished.  Although considerable efforts have been expended to develop a better workability test, the slump test, as described in AASHTO T 119 (ASTM C143), Standard Method of Test for Slump of Hydraulic Cement Concrete continues to be the most commonly specified and used test.

The slump test is valid for a range of results from 0.5 in. to 9 in., which covers all types of concrete except SCC.  Typical slump values differ with the type of application.  For example, for slipform concrete pavement, slump should be between 0.5 to 1.5 in., for fixed form paving from 1 to 3 in., for beams and columns, a slump of 3 to 4 in. is acceptable, and if the concrete is being pumped, slump may be as high as 7 in. or more.

One note on workability is that slump can be increased by adding water, but this is not acceptable if the water has not already been accounted for in the calculation of the w/cm.

[bookmark: _Toc295918666]Air Content
As discussed, air is entrained in concrete to protect it against damage from freezing and thawing in a saturated state.  It is common to measure the total air content of concrete using one of the following three methods:

· AASHTO T 152 (ASTM C231), Standard Method of Test for Air Content of Freshly Mixed Concrete by the Pressure Method – Most common method for measuring air content of fresh concrete, being applicable to dense, normal-weight aggregates with the appropriate aggregate correction factor.
· AASHTO T 196 (ASTM C173), Standard Method of Test for Air Content of Freshly Mixed Concrete by the Volumetric Method – This method, also known as the Rollometer, can be used with dense, cellular, and lightweight aggregates.  It is physically demanding and is thus not often used with normal weight aggregates.
· AASHTO T 121 (ASTM C138), Standard Method of Test for Density (Unit Weight), Yield, and Air Content (Gravimetric) of Concrete – This method requires that the specific gravity of the constituents are known.  It is useful because the determination and plotting of unit weight is useful in tracking the uniformity of the project.

The tests listed above are limited in that they only report total air and do not provide an indication of how the air is distributed.  Currently, there is no standard test of fresh concrete to determine the air-void system parameters, but the air-void analyzer (AVA) has shown promise.  The principle behind the AVA is Stokes’ law, in which air bubbles rise from a sample of the concrete through a viscous liquid, larger bubbles rising faster than smaller bubbles.  The bubbles are captured on a plate mounted to a scale, and the change in buoyancy is used to calculate and air void distribution.  Although work with the AVA has been promising, problems with repeatability are still being worked out.

[bookmark: _Toc295918667]Setting
The time to initial and final set are important parameters that affect the construction process.  Initial set is roughly when the concrete can no longer be worked or handled and final set occurs around the time mechanical strength develops.  This is important from a practical perspective as the concrete must be placed and finished before initial set, and in the case of jointed pavements, sawcutting the joints must commence shortly after final set.

Setting time is influenced by many factors including the w/cm, cement content, cement type, chemical admixtures, timing of the addition of admixtures, mixing, and the type and content of SCMs.  The ambient temperature is also a critical factor, with setting accelerating as temperature increases.

Concrete setting is determined using AASHTO T 197 (ASTM C403), Standard Method of Test for Time of Setting of Concrete Mixtures by Penetration Resistance.  In this test, a standard needle is pushed into the mortar and the penetration resistance is recorded.  Initial and final set are arbitrarily established to occur when penetration resistance is equal to 500 psi and 4000 psi, respectively.

[bookmark: _Toc295918668]Maturity Testing and Temperature Monitoring
Maturity Testing
The hydration of portland cement and SCMs is an exothermic reaction, meaning that heat is generated as hydration progresses.  The correlation between the heat generated and strength gain is extremely strong for a given concrete mixture, and thus the measurement of temperature is a reasonable surrogate for measuring strength gain.  Armed with this knowledge, the maturity concept was developed and standardized for laboratory specimens as described in ASTM C918, Standard Test Method for Measuring Early-Age Compressive Strength and Projecting Later-Age Strength.  ASTM C1074, Standard Practice for Estimating Strength by the Maturity Method, is used to estimate in-place concrete strength from a calculate maturity index.

Maturity testing is well suited both for mixture design and field monitoring.  Based on the method, a maturity function is developed that considers the combined effects of time and temperature on the development of concrete strength.  Temperature probes are embedded in the concrete, whether a laboratory cast specimen or a slab in the field, and temperature over time are recorded.  Commercially available systems are readily available and wireless embedded sensors are emerging to facilitate field data collection.

Calorimetry
To more deeply understand hydration kinetics of hydraulic cements requires a more complex testing system than maturity.  ASTM C1679, Standard Practice for Measuring Hydration Kinetics of Hydraulic Cementitious Mixtures Using Isothermal Calorimetry is used to generate hydration profiles that provide indications relative to setting characteristics, compatibility of different materials, sulfate balance and early strength development.  Primarily a research tool, the more frequent use of isothermal calorimetry is helping expand the basic understand of hydraulic cementitious kinetics.

Adiabatic calorimetry is a simpler approach to studying hydration kinetics, and thus the equipment is considerably less expensive than an isothermal calorimeter.  In this method, the fresh concrete is simply insulated and the temperature rise recorded.  The method is described in the Army Corps Method CRD-C38, Method of Test for Temperature Rise in Concrete.  Although not as accurate as isothermal calorimetry, commercial adiabatic calorimeters are available and the results can be readily interpreted to determine if a change in materials may pose an incompatibility issue. 

[bookmark: _Toc295918669]Key Properties and Test Methods for Hardened Concrete
The key properties and testing methods for hardened concrete are summarized below and include strength, modulus of elasticity, Poisson’s ratio, coefficient of thermal expansion, shrinkage, permeability, and durability.

[bookmark: _Toc295918670]Strength
Strength is the most commonly discussed concrete property, although it is widely acknowledged that it is only one of many properties that need to be considered.  Regardless, many concrete mixtures are ordered by strength alone, primarily because concrete strength is a key structural design input whether designing bridges or pavements.  The three types of strength typically considered are compressive, flexural, and split tensile.

Compressive Strength
The compressive strength of concrete is almost universally used as an indicator of concrete quality, although other parameters must also be considered.  Typical concrete used in transportation infrastructure has 28-day compressive strength that varies from 3500 psi to 6000 psi, but higher values are not uncommon.  The standard method of determining the compressive strength involves specimen preparation, curing, and compression testing of cylindrical specimens obtained either from molded cylinders made from fresh concrete or cores retrieved from hardened concrete.  Specimens should be at least 4 in. in diameter and should have a length-to-width ratio of two (e.g., a 4-in diameter core should be 8 in. long), although adjustments are available if the length-to-width ratio varies slightly from two.

The standard method of compression testing is performed according to AASHTO T 22 (ASTM C39), Standard Method of Test for Compressive Strength of Cylindrical Concrete Specimens.  In this test, the specimen is first capped to provide a uniform top and bottom surface and then placed into a universal testing machine that loads the specimen in uniaxial compression (see Figure 3-25).  Note that capping may not be required by some laboratories if the cylinder is perpendicular. The load is applied at the rate of 20 to 50 psi per second until the specimen fails.  The maximum load sustained by the specimen is used to calculate its compressive strength.  Compressive strength is calculated using the following equation.

		(3-21)
where:
	f’c	=	Compressive strength, psi
	P	=	Maximum applied load, lbs
	Area	=	Cross-sectional area, in2

Depending on the specifications, a concrete cylinder may be tested at different times during the curing process.  Almost always, the 28-day compressive strength is determined as this is used in many specifications as well as in most structural and pavement design methods.  In addition, strength testing might be conducted within 24 hours or sooner for high-early strength concrete applications, and at 56 days or later for large placements with high volumes of SCMs.

This test is relatively easy to conduct and is an established test with a long history of use for concrete strength assessment.

[image: http://upload.wikimedia.org/wikipedia/commons/2/29/Concrete_Compression_Testing.jpg]
[bookmark: _Ref274973210][bookmark: f30][bookmark: _Toc295918054]Figure 3-25.  Compressive strength test (Public Domain 2006).


Flexural Strength
Flexural strength is a measure of the extreme fiber stress developed under slab bending, and is an important parameter in concrete pavement design.  Typical concrete mixtures will have 28-day flexural strengths that vary from 550 psi to 750 psi, although higher values are not uncommon.  The standard method of determining the flexural strength of concrete involves sampling, specimen preparation, curing, and flexural testing of rectangular beams that are 6 in. wide by 6 in. high and at least 21 in. long.  The rectangular beams can be made using fresh concrete or extracted from an existing pavement.

Flexural testing can be conducted under either center-point or third-point loading conditions.  The third-point loading configuration, as described in AASHTO T 97 (ASTM C78), Standard Method of Test for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading), is more commonly used in pavement design and provides a more conservative estimate of the flexural strength than the center-point test.  In the third-point test, the sample is placed in a special loading device that applies the load at points one-third from each end of the specimen (see Figure 3-26).  This configuration provides a uniform bending moment and uniform maximum tensile stress in the bottom fiber of the middle third of the beam.  The load is applied at a rate of 125 to 175 psi per minute until the specimen ruptures.  The maximum load sustained by the specimen is used to calculate its flexural strength.  Flexural strength using the third-point loading is determined using the following equation.

		(3-21)
where:
	R	=	Flexural strength, psi
	P	=	Maximum applied load, lbs
	L	=	Span length, in
	b	=	Average width of specimen, in.
	d	=	Average depth of specimen, in.

[image: cid:image011.jpg@01CBDCB5.AE0FBF50]
[bookmark: _Ref274973423][bookmark: f31][bookmark: _Toc295918055]Figure 3-26.  Third-point flexural testing (UNM 2011).

Depending on the specifications, a flexural beam may be tested at different times during the curing process.  For concrete pavements, the times are usually determined based upon the anticipated time before opening to traffic and range between 2 hours for fast-track mixes to 28 days for conventional mixes.  

One of the advantages of this test is for pavement design purposes, the resultant strength values are believed to be more meaningful than compressive strength values.  But the beams are heavier and more difficult to work with.  Moreover, the results of the flexural strength test are more variable than the compressive strength results.  

Splitting Tensile Strength
The splitting tensile test, also called the indirect tension test, is used primarily to determine the tensile strength of cores obtained from concrete pavements.  The procedure is described in ASTM C496, Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens.  The test involves applying a vertical load at a constant rate of deformation (0.05 in. per min) on the diameter of a cylindrical sample (as shown in Figure 3-27).  The sample will fail in tension along the vertical diameter of the sample and the indirect tensile strength is calculated from the maximum applied load and the dimensions of the specimen. 

This test can be performed on the same cores obtained for slab thickness determination as well as from new cores molded from the fresh concrete.  The advantages of this method include the relative small specimen size, the speed and ease of testing, and, because the specimens are cured “in-place,” they are more representative of the in situ pavement (when the cores are obtained from the concrete pavement).  The primary disadvantage of this method is that it is a destructive test that requires patching after sampling.

[image: cid:image012.jpg@01CBDCB5.AE0FBF50]
[bookmark: _Ref274973895][bookmark: f32][bookmark: _Toc295918056]Figure 3-27.  Splitting tensile strength test (UNM n.d.)

[bookmark: _Toc295918671]Modulus of Elasticity and Poisson’s Ratio
The modulus of elasticity (Econcrete) (also called Young’s modulus) represents the stiffness of the concrete, measured as the slope of the stress-strain curve in the elastic region (up to approximately 40 percent of the ultimate strength).  This test is normally conducted on a cylinder in compression.  Conventional concrete will typically have an Econcrete between 3,000,000 psi and 6,000,000 psi.  It is often estimated from the compressive strength using the following equation:

		(3-22)
where:
	Epcc	=	Modulus of Elasticity, psi
	f’c	=	Compressive strength, psi

The Poisson’s ratio is the ratio of deformation perpendicular to the direction of loading to that in the direction of loading.  For concrete, it typically lies between 0.15 and 0.25.

Both the Econcrete and Poisson’s ratio are measured in accordance with ASTM C469, Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression.

The Econcrete is a required for design of structures and pavements and is also useful for modeling the risk of cracking in concrete.

[bookmark: _Toc295918672]Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) of concrete has become a very important parameter with the release of the new AASHTO MEPDG (AASHTO 2008).  CTE is defined as the change in length (or volume) of the concrete for a given change in temperature.  As the concrete warms, it will expand at a rate dependent upon a number of factors including aggregate type, cement content, w/cm, age, and internal relative humidity.  Of these, the coarse aggregate type has the largest single influence, with concrete made with pure calcium carbonate limestone having one of the lowest CTE values and that made with a pure siliceous quartzite having one of the highest CTE values.

The CTE is measured in accordance with AASHTO T 336, Standard Method of Test for Coefficient of Thermal Expansion of Hydraulic Cement Concrete.  In this test method, a saturated cylindrical concrete specimen is submerged in water and subjected to temperature changes from 50 to 120oF.  The change in length of the cylinder is recorded at the two temperature extremes from which the CTE is calculated.

The CTE has a significant impact on the generation of temperature curling stresses caused by the temperature differential that exist across the slab depth from the surface to the bottom of the slab.  concrete with higher CTE have the potential for wider joint and crack openings, and higher cracking potential.

[bookmark: _Toc295918673]Shrinkage and Cracking Tendency
As concrete cures over time, various mechanisms result in shrinkage.  Total shrinkage will be the sum of the following shrinkage mechanisms:

· Autogenous shrinkage – Occurs at a very early age due to self desiccation of the cement paste.  It becomes important in concrete mixtures with a w/cm less than 0.40 and can result in microcracking if left unchecked.  ASTM C1698, Standard Test Method for Autogenous Strain of Cement Paste and Mortar is used to assess the autogenous shrinkage potential of cementitious systems and mortars.
· Plastic shrinkage – Plastic shrinkage occurs prior to setting due to loss of moisture to the environment.  It is most critical on members with high surface area to volume ratios such as slabs and can cause plastic shrinkage cracking if not addressed by preventing excessive evaporation prior to setting.
· Drying shrinkage – Drying shrinkage occurs after the concrete has set due to continued loss of moisture to the environment.  If the shrinkage is restrained, as it almost always is, the shrinkage can result in drying shrinkage cracking.  Mixtures with high water content are more prone to drying shrinkage.  AASHTO T 160 (ASTM C157), Standard Method of Test for Length Change of Hardened Hydraulic Cement Mortar and Concrete.

The cracking tendency of concrete is a more difficult thing to assess as it is related to both the strength of the concrete and its stiffness.  Test standard, AASHTO T334, Standard Practice for Estimating the Cracking Tendency of Concrete continues to be evaluated but results to date have been variable.

[bookmark: _Toc295918674]Permeability
Permeability of concrete is not an easy parameter to measure due to the relative impermeability of the material.  Even so, a number of methods have been established to assess the penetration of fluids into concrete, most of which are focused on chloride penetration as it results in corrosion of embedded steel.

· AASHTO T 259 (ASTM C1543), Standard Method of Test for Resistance of Concrete to Chloride Ion Penetration was a popular test used for decades by many highway agencies.  A concrete slab is cast and moist cured for 14 days, then air cured to 28 days.  The top surface is broomed and ponded with a salt solution for 90 days.  Cores are then taken from the exposed surface and sliced into approximately half-in. thick discs.  Each disc is crushed and the chloride content of each layer is chemically determined.  Unfortunately, this test requires almost six months and there is no clear way provided for interpretation of the results in the method.  Transport mechanisms in this test also include undefined components of absorption, diffusion, and wicking action.
· AASHTO TP 95, Standard Method of Test for Surface Resistivity Indication of Concrete’s Ability to Resist Chloride Ion Penetration.
· [bookmark: _Ref398375621][bookmark: _Toc399768398]AASHTO T 277 (ASTM C1202), Standard Method of Test for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration.  This test provides excellent correlation to the results obtained by AASHTO T 259, Standard Method of Test for Resistance of Concrete to Chloride Ion Penetration, for a wide variety of concrete types and qualities.  One exception is concrete made with silica fume because the active pozzolanic nature of the material makes it seem more impermeable to chloride ion penetration than it really is.  Another exception is concrete made with certain admixtures that affect the electrical conductivity of the mixture, including calcium chloride or calcium nitrite.  Regardless, the rapidity, ease of use, and reliability make this test very attractive when investigating not only the chloride ion permeability characteristics of concrete, but also to assess permeability in general.  Pavement concrete should have a qualitative permeability not greater than low, and in aggressive environments (exposure to chemical deicers, sulfates, etc.), a qualitative rating of very low or less is desirable.  Although this test has been embraced by many SHAs due to its ease of use, it suffers some limitations that make it impractical when evaluating some mixtures.  The three main limitations are: 1) the current passed is related to all ions in the pore solution and not just chloride ions, 2) the measurements are made before a steady-state migration is achieved, and 3) the temperature of the specimen increases due to the applied voltage.  The first limitation is most problematic for the assessment of concrete permeability in mixtures containing various admixtures (e.g., accelerators, etc.) that will affect the ion concentration of the pore solution. 
· ASTM C1556, Standard Test Method for Determining the Apparent Bulk Diffusion Coefficient of Cementitious Mixtures by Bulk Diffusion.  ASTM C1556 is a more rigorous method than AASHTO T 277, for the calculation of concrete permeability.  In this test the depth of chloride penetration is measured starting after 35 days of soaking in a chloride solution by grinding away successive layers from the specimen and chemically analyzing them.  Although the test is accurate, it is time consuming, taking over three months to complete.
· AASHTO TP 64, Standard Method of Test for Predicting Chloride Penetration of Hydraulic Cement Concrete by the Rapid Migration Procedure.  In AASHTO TP 64, a 2-in. long, 4-in. diameter concrete sample is saturated using the vacuum saturation procedure of AASHTO T 277, with voltage applied across the specimen to rapidly drive chloride ions into the concrete.  After 18-hours, the concrete specimen is split and the depth of chloride penetration assessed using a silver nitrate solution.  This test ranks multiple concretes in the same order as ASTM C1202, but has the advantage of not being influenced by strongly ionic admixtures, such as calcium nitrite.  As well, the specimen does not experience a temperature rise during the test.  The test also has been shown to have a somewhat lower variability than the RCPT.
· ASTM C642, Standard Test Method for Specific Gravity, Absorption, and Voids in Hardened Concrete.  Porosity is a measure of the proportion of the total volume of pore space in concrete irrespective of the interconnectivity of the pores.  Absorption tests can be used to measure porosity, but the degree of interconnectivity between the pores influences the measured absorptivity.  Thus, although porosity and absorptivity are commonly correlated, there is not a direct relationship. A variety of techniques are used for determining the absorption rate of concrete.  One common test is ASTM C 642, which entails drying a concrete specimen at 212 to 230oF and then immersing it in water at 70of for at least 48 hours.  This type of test is commonly used as a quality control test for precast members.
· ASTM C1585, Standard Test Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement Concretes.  As a result of shortcomings in common absorption testing procedures (e.g., ASTM C 642), there has been movement toward a type of testing known as sorptivity testing.  Sorptivity testing measures the rate of absorption by capillary suction of water into the concrete.  Generally, it is too difficult to mathematically model this flow in all but a single direction, and thus sorptivity tests are configured to establish one directional flow into the specimen.  Sorptivity tests typically require that the sample be at a standard moisture content before testing is begun.  The benefits of sorptivity testing are reduced time, low cost of equipment, and simplicity of procedure.  ASTM C1585 requires only a scale, a stopwatch, and a shallow pan of water.  One attractive feature of this approach is that the sample is conditioned for 7 days, with the temperature never exceeding 122oF.  This is important since damage to the concrete microstructure can result at the higher drying temperatures (212oF or higher) recommended in other test methods, thus biasing the test results.  Data reduction includes plotting the gain in mass per unit area over the density of water versus the square root of elapsed time, with the slope of the best-fit line being reported as sorptivity.

Durability
A number of test methods have been specifically established to assess durability requirements of cement and concrete.  These can be categorized as test for freeze-thaw susceptibility, alkali-aggregate reactivity, and sulfate resistance.

Freeze-Thaw Susceptibility
As described, the concrete paste is protected against freeze-thaw damage through the entrainment of an acceptable air-void system.  Aggregates must also be durable to avoid D-cracking.  D-cracking is characterized by the formation of staining, cracks running parallel to the slab edges, and ultimately joint spalling/disintegration (Figure 3-28).  The typical cracking and staining is shown in Figure 3-28.  Aggregates most susceptible to this type of distress have fine pores but relatively high porosity.  Although a number of methods are available to assess the freeze-thaw susceptibility of aggregates, the most common is AASHTO T 161, Resistance of Concrete to Rapid Freezing and Thawing.  In this test, concrete beams are made with the aggregates in question and subjected to rapid and repeated freeze-thaw cycles.  The beams are measured periodically through the testing sequence, from which a Durability Factor (DF) is computed as the ratio of the relative dynamic modulus of elasticity at 300 cycles to the initial relative dynamic modulus of elasticity.  The relative dynamic modulus of elasticity is related to the resonant frequency and density of the concrete mixture.  Alternatively, some states measure the expansion of the beam and report it as dilation.

[image: RW 11--1 Durability cracking]
Figure 3-28.  Durability cracking at Coles County Memorial Airport in Mattoon, IL.


[bookmark: _Toc399768847][bookmark: _Toc433701881][bookmark: _Toc490300190][bookmark: _Toc3690802]ASTM C457, Standard Practice for Microscopical Determination of Parameters of the Air-Void System in Hardened Concrete is commonly used to assess the air-void distribution in hardened concrete.  Most often used as a diagnostic test, ASTM C457 could be applied during the mix design process to assess the adequacy of the air-void system.  It can also be conducted during construction on field cores.  This type of evaluation will assist in determining if incompatibilities between the various constituents have led to changes in the anticipated air-void system.  Test results could also be used as a baseline to determine if field construction is producing an air-void system consistently different than that produced in the lab.

[bookmark: _Toc399768848][bookmark: _Toc433701882][bookmark: _Toc490300191][bookmark: _Toc3690803]AASHTO T 161 (ASTM C666), Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing, is used to assess the resistance of concrete specimens to rapidly repeated cycles of freezing and thawing.  It is considered by many to be the best available test method for evaluating freeze-thaw resistance of aggregate, but it is not without its critics.  In this test method, concrete beams are prepared with the aggregate under evaluation and subjected to rapid freezing and thawing cycles.  In Procedure A, the specimens are frozen and thawed in water whereas in Procedure B freezing occurs in air while thawing is done in water.  Procedure A is the preferred method.  Many SHAs have modified this procedure to address their specific needs and observations.

Deterioration is measured through the reduction in the dynamic modulus of elasticity of the concrete, the linear expansion of the specimen, and/or through the weight loss incurred.  A number of SHAs use an expansion failure criterion of 0.035 percent in 350 freeze-thaw cycles or less to help indicate whether or not an aggregate is susceptible to freeze-thaw deterioration.  Others measure the change in dynamic modulus, calculating a durability factor (DF) which is the ratio of the measured dynamic modulus in the course of testing to the original dynamic modulus.  A DF of 80 or greater is an often cited acceptance criteria.

Criticism of the test method primarily centers on the fact that it is not representative of actual field conditions.  The concrete is saturated and then subjected to rapid freezing and thawing, which is unlikely to occur in the field.  Thus, although the test is able to rank aggregate from excellent to poor, it cannot be used reliably to predict the field performance of marginal aggregate.  Because the test is more severe than actual field conditions, aggregates that pass this test are generally going to perform well in the field.  But it may reject aggregate that has established good field performance. 

In the evaluation of aggregate, it is typical to make a standard mix (specified cement type, w/c, and air content) to compare aggregate performance.  But it is known that the full interaction of constituent materials cannot be easily anticipated, and thus freeze-thaw testing of concrete specimens made with the job mix formula and materials may be useful in identifying potential problems.  Unfortunately, this is a long-term test, requiring upwards of 3 months to conduct.  It therefore should be reserved for use when marginal aggregates are being considered. 

[bookmark: _Toc399768849][bookmark: _Toc433701883][bookmark: _Toc490300192][bookmark: _Toc3690804]ASTM C672, Standard Test Method for Scaling Resistance of Concrete Surfaces Exposed to Deicing Chemicals, is the most common test used to investigate the scaling potential of concrete.  In this test, a CaCl2 solution (other chemical deicers may be used) is ponded on the surface of rectangular concrete specimens that are then subjected to freeze-thaw cycling.  The specimens are placed in a freezer (0oF) for 16 to 18 hours and then manually removed to a thawing environment for 6 to 8 hours.  A surface layer of the water/salt solution is maintained at all times.  A visual inspection is made at 5, 10, 15, 20, 25, and 50 cycles.  The concrete is rated on a scale of 0 to 5 (0 is for concrete surfaces showing no sign of scaling and 5 is for a surface that is severely scaled with coarse aggregate visible over the entire surface).  The subjectivity inherent in the rating scale is one problem with this test.  As a result, it is becoming common for researchers to measure the mass of scaled material to gain a more objective measure of scaling resistance.

Table 3-17 provides recommendation for the total air contents required for various concrete mixtures in various exposure conditions.
[bookmark: _Toc275090067]Table 3-17.  Recommended air contents for concrete resistant to 
freezing and thawing (ACI 2008a).
	Nominal maximum
aggregate size, inch
	Average Air Content, percent1

	
	Severe Exposure2
	Moderate Exposure3

	3/8
	7-1/2
	6

	1/2
	7
	5-1/2

	3/4
	6
	5

	1
	6
	4-1/2

	1-1/2
	5-1/2
	4-1/24

	2
	5
	44

	3
	4-1/2
	3-1/24


1	There is conflicting opinion on whether air contents lower than those given in the table should be permitted for high-strength (more than approximately 6000 psi) concrete.  The committee believes that, where supporting experience and experimental data exist for particular combinations of materials, construction practices, and exposure, the air contents can be reduced by approximately 1 percent.  For nominal maximum aggregate sizes over 1-1/2 in, this reduction applies to the fraction of the mixtures passing the 1-1/2 inch sieves.
2	A reasonable tolerance for air content in field construction is ±1-1/2 percent.
3	Outdoor exposure in a cold climate where the concrete may be in almost continuous contact with moisture before freezing or where deicing slats are used.  Examples are pavements, bridge decks, sidewalks, and water tanks.
4	These air contents apply to the whole concrete, as is the case for the preceding aggregate sizes.  When testing this concrete, however, aggregate pieces larger than 1-1/2 inch are removed by handpicking or wet-sieving, and the air content is determined on the fraction of the mixture passing the 1-1/2 inch sieve (the field tolerance applies to this value).  From this, the air content of the whole mixture is computed.

Alkali-Aggregate Reactivity
The major chemical aggregate degradation mechanism in concrete is alkali-aggregate reactivity (AAR).  There are two types of AAR that are recognized: alkali-silica reactivity (ASR) and alkali-carbonate reactivity (ACR).  Although each is initiated and sustained by alkalis present in the pore solution, they are distinctly different in mechanism and in the approach to mitigation.  Thomas, Fournier, and Folliard (2008) describe in detail the chemical reactions responsible for the deterioration, the types of rocks that are susceptible, testing procedures, and mitigation strategies to prevent deleterious expansion.  It is recommended that aggregates be screened for ASR, which is the most common deterioration mechanism, using the following methods:

· AASHTO T 303, Standard Method of Test for Accelerated Detection of Potentially Deleterious Expansion of Mortar Bars Due to Alkali-Silica Reaction.
· AASHTO PP 65, Standard Practice for Determining the Reactivity of Concrete Aggregates and Selecting Appropriate Measures for preventing Deleterious Expansion in New Concrete Construction.
· ASTM C1293, Standard Test Method for Determination of Length Change of Concrete Due to Alkali-Silica Reaction.
· ASTM C 1567, Standard Test Method for Determining the Potential Alkali-Silica Reactivity of Combinations of Cementitious Materials and Aggregate.

ACR, although less common, is more damaging and more difficult to mitigate.  Although a number of test methods exist to determine the ACR susceptibility of aggregate, the following is recommended (Thomas, Fournier, and Folliard 2008):

1. Use ASTM C295, Standard Guide for Petrographic Evaluation of Aggregates for Use in Concrete, to initially determine if the aggregate is a quarried carbonate with features that indicate ACR might be a problem.
2. If aggregate is a quarried carbonate that might be considered ACR susceptible, Canadian Standards Association test CSA A23.2-26A[footnoteRef:1], Determination of Potential Alkali-Carbonate Reactive Rocks by Chemical Composition, should be conducted to determine if the CaO/MgO ratio versus the Al2O3 content is such that the rock might be considered reactive. [1:  CSA is the Canadian Standards Association. CSA Standards such as A23.2 Method of Test and Standard Practices for Concrete can be found at www.csa.ca.] 

3. If CSA A23.2-26A indicates that the rock is potentially reactive, ASTM C1293 should be conducted.  If expansion exceeds specified limits, a petrographic analysis should be conducted in accordance with ASTM C856, Standard Practice for Petrographic Examination of Hardened Concrete to determine whether ACR is responsible.  AASHTO T 303 cannot be used to determine the susceptibility of aggregate to ACR.

Unlike ASR, there are no strategies that can be used to mitigate ACR other than avoid the use of susceptible aggregate.

Thomas, Fournier, and Folliard (2008) developed protocols for determining the reactivity of concrete aggregates and for selecting appropriate mitigation strategies.  The approach uses test result and knowledge of the proposed structure to assign a level of risk from which an acceptable mitigation strategy is selected.

Sulfate Attack
Sulfate attack is a distress mechanism whereas external sulfates, typically for soils, will penetrate concrete and attack the aluminate phases in the cement paste, causing expansion and/or degradation.  As discussed under cement binders, ASTM C1012 is the commonly applied performance test to determine the ability of a cementitious system withstand sulfate environments.  Requirements (shown in Table 3-18) to protect concrete against sulfate attack in a sulfate environment are provided in ACI 201.2R.

[bookmark: _Toc275090068]Table 3-18.  Requirements to protect against damage to concrete by sulfate attack 
from external sources of sulfate (ACI 2008b).
	Severity of Potential Exposure
	Water-Soluble Sulfate (SO4) in Soil, % by mass1
	Sulfate (SO4)1 in Water, ppm
	w/cm by Mass, max.2, 3
	Cementitious Material Requirements

	Class 0 exposure
	0.00 to 0.10
	0 to 150
	No special requirements for sulfate resistance
	No special requirements for sulfate resistance

	Class 1 exposure
	> 0.10 and < 0.20
	> 150 and < 1500
	0.503
	ASTM C150 Type II or equivalent4

	Class 2 exposure
	0.20 to < 2.0
	1500 to < 10,000
	0.453
	ASTM C150 Type V or equivalent4

	Class 3 exposure
	2.0 or greater
	10,000 or greater
	0.403
	ASTM C150 Type V plus pozzolan or slag4

	Seawater exposure
	—
	—
	See Section 6.4
	See Section 6.4


1	Sulfate expressed as SO4 is related to sulfate expressed as SO3, as given in reports of chemical analysis of portland cements as follows: SO3% x 1.2 = SO4%.
2	ACI 318, Chapter 4, includes requirements for special exposure conditions such as steel-reinforced concrete that may be exposed to chlorides.  For concrete likely to be subjected to these exposure conditions, the maximum w/cm should be that specified in ACI 318, Chapter 4, if it is lower than that stated in Table 6.3 of 201.2R.
3	Values applicable to normal weight concrete.  They are also applicable to structural lightweight concrete except that the maximum w/cm ratios 0.50, 0.45, and 0.40 should be replaced by specified 28-day compressive strengths of 3750, 4250, and 4750 psi, respectively.
4	For Class 1 exposure, equivalents are described in Sections 6.2.5, 6.2.6, and 6.2.9.  For Class 2 exposure, equivalents are described in Sections 6.2.5, 6.2.7, and 6.2.9.  For Class 3 exposure, pozzolan and slag recommendations are described in Sections 6.2.5, 6.2.8, and 6.2.9.


[bookmark: _Toc295918676]Mixture Design and Proportioning
Mixture design is the process of determining required and specifiable properties of a concrete mixture, considering the intended use, geometry, and exposure conditions.  It can include setting desired properties of the fresh concrete (e.g. slump, air content, and so on), mechanical and durability requirements of the hardened concrete (e.g. strength, permeability, ASR resistance, and so on), and possibly limitations on specific ingredients (e.g. minimum cement content, maximum allowable limit on SCMs, and so on).  The mixture design forms the basis for the specification.
Once the mix design is established, mixture proportioning determines the quantities of concrete making constituents, considering local material availability and the given mixture design requirements.  Together, the mixture design and proportioning process must consider the following factors:

· Workability.
· Strength.
· Durability.
· Economy.
· Environmental and social impacts.

The last point is increasingly becoming important as concrete engineers are being asked to look beyond traditional design factors and include consideration of how their choices locally and global impact the environment and society.

[bookmark: _Toc295918677]Selection of Concrete Mixture Characteristics
Kosmatka, Kerkhoff, and Panarese (2002) provides an excellent description of an approach for selecting concrete mixture characteristics.  In simple terms, the intended use of the concrete, the exposure conditions to which it will be subjected, and the required physical properties of the hardened concrete to meet the needs of the structure must be considered.  In a practical sense, the following mixture design characteristics need to be established.

Water-Cementitious Materials Ratio (w/cm) and Strength Relationship
As mentioned, strength is universally accepted as the most important concrete property although other properties such as durability or permeability are recognized as being equally or even more important.  Considering normal weight, fully consolidated concrete, strength and permeability are directly correlated with the w/cm as previously described.  If the w/cm is fixed, strength will vary depending on the characteristics of the aggregate, differences in the cementitious materials, air content, admixtures used, and the curing regime.

For specifications, it is normal to establish a strength criteria, such as the specified 28-day compressive strength (f’c).  According to ACI 318, this strength is expected to be equal to or exceeded by the average of any set of three consecutive strength tests.  In addition, no individual test, which is the average of two cylinders, can be more than 500 psi below the specified strength.  Individual SHA may establish different strength requirements including the use of flexural strength in lieu of compressive strength.

The required average strength (designated as f’cr for the required 28-day compressive strength) of the as-produced concrete should equal the specified strength (f’c) with an additional allowance to account for normal and expected material variations.  This will be discussed in more detail under proportioning.

Requirements for strength are often dictated by structural design assumptions.  Durability consideration for strength also exist, as shown in Table 3-19 (ACI318-08).
[bookmark: _Toc295918126]

[bookmark: t19]Table 3-19.  Maximum w/cm and minimum design strengths for various exposure 
conditions (Kostmatka and Wilson 2011).
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Water to Cementitious Ratio Considerations
Regardless of how strength is specified, a relationship between strength and the w/cm for a given mixture must be established such as the one shown in Figure 3-29.  Similarly, durability requirements are also linked to w/cm as it has a profound impact on the permeability of concrete.  This is shown in Table 3-19 and 3-20 (ACI 318-08).
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[bookmark: _Ref275008672][bookmark: f34][bookmark: _Toc295918058]Figure 3-29.  Example relationship between compressive strength and w/cm for concrete using 0.75-in to 1.0-in nominal maximum size coarse aggregate (Kostmatka and Wilson 2011).
[bookmark: _Toc295918127]

[bookmark: t20]Table 3-20.  Types of cement and minimum w/cm requirements for concrete exposed to sulfates
in soil and water (Kosmatka and Wilson 2011).
	Exposure
Class
	Sulfate Exposure1
	Cementitious Materials Requirements2, 3
	Maximum
w/cm

	
	Water-soluble
sulfate in soil,
% by mass
	Dissolved
sulfate in
water, ppm
	C150
	C595
	C1157
	

	SO
	Negligible
	SO4 < 0.10
	SO4 < 150
	NSR
	NSR
	NSR
	None

	S1
	Moderate4
	0.10 <SO4 < 0.20
	150 < SO4 < 1500
	II or II(MS)
	IP(MS)
IS(< 70)(MS)
IT(P  S)(MS)
IT(P < S < 70)MS
	MS
	0.50

	S2
	Severe
	0.20 < SO4 < 2.00
	1500 < SO4 < 10,000
	V
	IP(HS)
IS(< 70)(HS)
IT(P  S)(HS)
IT(P < S < 70)(HS)
	HS
	0.45

	S35
	Very Severe
	SO4 > 2.00
	SO4 > 10,000
	V
	IP(HS)
IS(< 70)(HS)
IT(P  S)(HS)
IT(P < S < 70)(HS)
	HS
	0.40


1	Soil is tested per ASTM C1580 and water per ASTM D516.
2	Pozzolans and slag that have been determined by testing according to ASTM C1012 or by service record to improve sulfate resistance may also be used in concrete.  Maximum expansions when using ASTM C1012.  Moderate exposure – 0.10% at 6 months; Severe exposure – 0.05% at 6 months or 0.10% at 12 months; Very Severe exposure – 0.10% at 18 months.  Refer to ACI 201.2R for more guidance.  ASTM C595 Type IT was adopted in 2009 and has not been reviewed by ACI at the time of printing.
3	Adopted from Bureau of Reclamation Concrete Manual, ACI 201 and ACI 318.  “NSR” indicates no special requirements for sulfate resistance.
4 	Includes seawater.
5	ACI 318 requires SCMs (tested to verify improved sulfate resistance) with Types V, IP(HS), IS(< 70)(HS) and HS cements for exposure class S3.  ACI 318 requires a maximum water cement ratio of 0.45 for exposure class S3.

When durability does not control, the w/cm should be selected based on the strength requirements of the structure.

Aggregate Characteristics
There are two important characteristics of the aggregates that influence the mixture proportioning process: grading (particle size distribution) and nature of the particles (shape, porosity, and surface texture).  Both have been discussed previously under the aggregate chapter.

It is worth emphasizing that grading is extremely important from the perspective of mixture economics, as well as from an environmental perspective, as it controls the amount of cementitious materials required.  Grading impacts the volume of aggregate in the concrete, and as long as all other design requirements are met, grading that maximizes aggregate volume will be economic and have a smaller environmental footprint.  It will also have less shrinkage potential and may have increased durability.  The volume of aggregate can be increased by using the largest aggregate size possible and by optimizing the gradation to increase particle packing.

The maximum coarse aggregate size is often controlled by the source but the following rules exist to ensure that the aggregate used is not too large:

· The aggregate should not exceed one-fifth the narrowest dimension between sides of forms.
· The aggregate should not exceed three-fourths the clear space between individual reinforcing bars or wire, bundles of bars, or prestressing tendons or ducts. 
· It is also good practice to limit aggregate size to not more than three-fourths the clear space between reinforcement and the forms. 
· For unreinforced slabs on ground, the maximum aggregate size should not exceed one third the slab thickness.

Aggregate grading for concrete has become an important consideration in recent years.  In the past it was very common to combine a single coarse aggregate and a single fine aggregate together, and as long as broad grading requirements were met, it was considered acceptable.  Often the combined aggregate was gap-graded, meaning that there were coarse-sized particles and fine-sized particles, but the intermediate-sized particles (in the range of 3/8-in to the No. 8 sieve) were absent.  This “gap” in the grading had to be filled with cementitious materials and water, negatively impacting the economics, workability, shrinkage, durability, and environmental footprint of the mixture.

Today it is becoming more common to consider a combined aggregate gradation based on combined grading analysis (Shilstone 1990).  In this approach, the following three tools were developed to assist in evaluating the concrete aggregate grading:

· Coarseness factor chart (CFC) – shown in Figure 3-30.
· 0.45 power chart – shown in Figure 3-31.
· Percent aggregate retained on each sieve chart (PARC) – shown in Figure 3-32.
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[bookmark: _Ref275008931][bookmark: f35][bookmark: _Toc295918059]Figure 3-30.  Modified coarseness factor chart (Shilstone 1990).
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[bookmark: _Ref275009020][bookmark: f36][bookmark: _Toc295918060]Figure 3-31.  0.45 power chart for 1-in nominal maximum aggregate (Taylor et al. 2006 from Shilstone, personal communication).
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[bookmark: _Ref275009031][bookmark: f37][bookmark: _Toc295918061]Figure 3-32.  Percent aggregate retained chart (Shilstone 1990).

In the CFC, Zone I corresponds to gap-graded mixtures, whereas Zone II represents and optimal grading for nominal maximum aggregate sizes of 0.75 –in to 2.0-in.  Zone III is an optimal grading for nominal maximum aggregate sizes less than 0.75-in.  Zone IV represents combined gradings with excessive fines whereas a grading falling into Zone V has excessive coarse aggregate.

The use of the 0.45 power chart has already been discussed under asphalt mixtures.  Gradings that plot close to the line are close to the maximum possible density.

It is often stated that the PARC should not be used to establish grading requirements in a specification, but instead is a tool to keep the individual percent retained on each sieves from one size less than the nominal maximum aggregate size to the No. 30 sieve between 8 and 18 percent, and below 18 percent for all sieve sizes.  The aggregate gradation is plotted to determine if gaps exist in the intermediate aggregate sizes between the 3/8-in and No. 8 sieve.  Gaps are identified when a significant valley is observed, composed of deficiencies on three or more successive sieves or if the sum of the percentages retained on two adjacent sieves is less than 13 percent.  

A number of SHA, as well as other transportation agencies, have adopted some elements of the optimized aggregate gradation approach for specifying concrete mixtures.

The most desirable fine-aggregate grading will depend upon the type of work, the paste content, and the size of the coarse aggregate.  For leaner mixtures, a finer sand is desirable for workability whereas coarser sands provide better economy with richer mixtures (Kosmatka, Kerkhoff, and Panarese 2002).

Air Content
The requirements for various exposure conditions and coarse aggregate size can be plotted as shown in Figure 3-33.  It is recommended that specifications required that the delivered total air be between -1 percent and +2 percent of the target air for moderate and severe exposure.


[image: ]
[bookmark: _Ref275009126][bookmark: f38][bookmark: _Toc295918062][bookmark: f39]Figure 3-33.  Target total air content requirements for concrete with different aggregate
sizes (Kostmatka and Wilson 2011).

Slump
The concrete must be workable for the method of placement that will be used.  The specifications will often specify a range in slump or a maximum not to be exceeded.  It is common to have a specified range for slump between 0.5 in. and 1.5 in. for slipform concrete pavement and as high as 6 in. or more for concrete to be placed by pumping.  With the modern use of WRAs, the slump is no longer directly linked to water content in the mixture.

Water Content 
Water demand is affected by aggregate size, aggregate shape, aggregate texture, slump, w/cm, air content, cementitious material types and content, admixtures, and environmental conditions.  Traditionally, the water content of the mixture was estimated based on slump, coarse aggregate size and air content, as well as the shape of the aggregate.  Again, with the use of modern WRAs, it is not necessary to directly link water content to workability.  Thus much of the past emphasis on how to select a design water content is no longer valid.  Instead it is far more common to establish a paste requirement (water and cementitious materials) needed for the selected aggregate structure which provided the needed workability and required hardened concrete properties.

Cementitious Materials Type and Content
The cementitious materials chosen will likely be a combination of portland cement and one or more SCMs.  Available hydraulic binders include those specified under AASHTO M 85, AASHTO M240, and ASTM C1157.  SCMs include fly ash and natural pozzolans (AASHTO M 295), slag cement (AASHTO M 302), and silica fume (AASHTO M 321).  Currently, many SHA specifications have limits on the type and quantity of cement and SCMs that are allowed for use in concrete.  Examples of such limitations are shown in Table 3-21.  In addition, many have set minimum values for cement content.
[bookmark: _Toc275090071]
Table 3-21.  Recommended cementitious materials for concrete exposed to deicing chemicals (Kosmatka, Kerkhoff, and Panarese 2002, adapted from ACI 2008b).
	Cementitious Materials1
	Maximum Percent of Total Cementitious Materials by Mass2

	Fly ash and natural pozzolans
	25

	Slag
	50

	Silica fume
	10

	Total of fly ash, slag, silica fume, and natural pozzolans
	503

	Total of natural pozzolans and silica fume
	353


1	Includes portion of supplementary cementing materials in blended cements.
2	Total cementitious materials include the summation of portland cements, blended cements, fly ash, slag, silica fume, and other pozzolans.
3	Silica fume should not constitute more than 10 percent of total cementitious materials and fly ash or other pozzolans shall not constitute more than 25 percent of cementitious materials.
Adapted from ACI 318.

Today, these limits are widely viewed as a barrier to innovation, resulting in uneconomical and environmentally costly concrete mixtures.  This is the focus of continuing research, as many examples of good performing high SCM volume concrete mixtures exist, with even up to 70 percent of the binder not being portland cement.  It is therefore recommended that specifications be revisited to ensure that arbitrary limits set on the cementitious material type and content be revised to reflect current knowledge.

Admixtures
The final mix design consideration is the admixtures to be used in the concrete.  Specifications may require the use of AEA and WRA, and for some applications accelerators, retarders, corrosion inhibitors, ASR inhibitors, or any number of other admixtures may also be required.  In many cases, the type and amount of admixtures is left up to the concrete supplier.

Summary
The mix design process establishes the required and specifiable properties of the concrete based on the intended application.  Prescriptive specifications define the required materials, proportions, and construction method whereas in a performance approach, the specifier identifies functional requires, relying upon the concrete producer/contractor to develop an concrete mixture meeting these requirements.  Today, both types of specifications are in use, and many specifications have elements of both prescriptive and performance approaches.

[bookmark: _Toc295918678]Approach to Proportioning
Desktop calculation of mixture proportioning  are based on mixture volumetrics.  The most popular method is described in ACI 211.1, Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete.  Commonly referred to as the absolute volume method, it consists of the following nine steps:

· Step 1 – Choice of slump.
· Step 2 – Choice of maximum size of aggregate.
· Step 3 – Estimation of mixing water and air content.
· Step 4 – Selection of water-cement or water-cementitious ratio.
· Step 5 – Calculation of cement content.
· Step 6 – Estimation of coarse aggregate content.
· Step 7 – Estimation of fine aggregate content.
· Step 8 – Adjustments for aggregate moisture.
· Step 9 – Trial batch adjustments.

A similar process is described by Kosmatka, Kerkhoff, and Panarese (2002), except it uses the following twelve step process:

· Step 1 – Select design strength
· Step 2 – Select water-to-cementitious ratio
· Step 3 – Select air content
· Step 4 – Select slump
· Step 5 – Select water content
· Step 6 – Calculate cement content
· Step 7 – Estimate coarse aggregate content
· Step 8 – Estimate admixture contents
· Step 9 – Calculate fine aggregate content
· Step 10 – Adjust for aggregate moisture
· Step 11 – Make trial batch
· Step 12 – Adjust for trial batch

In both methods, as well as others, the mixture is systematically constructed using mass-volume relationships.  Factors such as strength and required w/cm and air content for durability are chosen, as is the desired workability (slump).  The water content required for workability is used to estimate the cement content.  The aggregate structure is filled in, starting with the coarse aggregate, with the remainder of the volume being filled with fine aggregate.  The mixture is then adjusted for the water content in the aggregate.

An essential feature in both methods in the need for trial batches to adjust the desktop calculations to the reality of working with real materials (Taylor et al. 2006).  Laboratory mixtures should be made with the materials that will actually be used in production, and field conditions should be anticipated and evaluated in the laboratory before the start of production.  It is particularly important to evaluate mixtures over the full range in anticipated temperatures.  In the course of the project, as materials change, the mixture should be re-evaluated to determine if incompatibilities may exist.  A suggested laboratory testing plan is presented in Table 3-22.

Following a thorough laboratory testing program, field trials using the actual project concrete batching and placement techniques should be conducted for large projects.  Suggested field trial batch testing plan is presented in Table 3-23.
[bookmark: _Toc295918129]

[bookmark: t22]Table 3-22.  Suggested laboratory testing plan for trial batches (Taylor et al. 2006).
	Concrete property
	Test description
	Test method
	Comments

	Workability
	Slump at 0, 5, 10, 15, 20, 25, & 30 minutes
	ASTM C 143/
AASHTO T 119
	Changes in workability may indicate changes in the w/cm ratio and affects placement in the field

	
	Concrete temperature when batched
	ASTM C 1064
	Temperature differences in the field may affect w/cm ratio, workability, and volumetric stability

	
	Grading and moisture content of aggregates
	ASTM C 136/AASHTO T 27 and 
ASTM C 566/AASHTO T 255
	Use the moisture content in conjunction with the absorption of the aggregate to calculate w/cm ratio

	
	Combined grading
	Coarseness/workability factors “8-18” analysis 0.45 power chart*
	Project variability may affect workability and w/cm ratio

	Strength development
	Compressive or flexural strength
	ASTM C 39/AASHTO T 22
and/or
ASTM C 78/AASHTO T 97
	Cast as many specimens as possible from a single batch-break 3 @ 3 days, 
3 @ 7 days, and 12 @ 28 days.

	
	Maturity curve
	ASTM C 1074 or
Agency special provisions
	May also be developed in the field during the field trial stage

	Air content
	Air content
	ASTM C 231/AASHTO T 152
	Target the middle of the specification range – laboratory batches with air contents on the low end of specification tolerances will provide higher strengths.

	
	Air-void analyzer and/or image analysis
	ASTM C 457
	Spacing factor and specific surface area are both critical for freeze/thaw durability

	Density
	Density
	ASTM C 138/AASHTO T 121
	Indicates (1) volumetric quantity (yield) of concrete produced per batch, (2) air content of concrete mixture, (3) uniformity

	Permeability
	Rapid chloride penetration
	ASTM C 1202/AASHTO T 277
	Results are interpreted in ranges that are broadly related to permeability

	*
**
	See 0.45 power chart, Figure 3-31.
www.aashtotig.org/(click on FocusTechnologies.AVA)
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[bookmark: t23]Table 3-23.  Suggested field trial batch testing plan (Taylor et al. 2006).
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CRD-C 55, Test Method for Within-Batch Uniformity of Freshly Mixed Concrete. U.S. Army Corps of Engineers.
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Table T—Perormance-Graded <phalt Bmder Specification -

PG 46 PG 52 PG 58 PG 64

Performance Grade
34| 40 [ 46 | 10 | 16 | 22 | 28 | 34 [ 40 [ 46 | 16 | 22 | 28 | 34 | 40 | 10 | 16 | 22 | 28 | 34 | 40

“Average T-day mavimum
pavement design temperafure, °C

i pavemeat desigUEmPEIAT, | .34 >ot0 |26 |10 2216 [5-22 |5o28 (o34 | ooa0 |2t |5ot6 (2o [oom [oon (o |oow0 [sots [oom oo [oow [ook

<6 <2 <8 <64

Flash point temp, T 48, minimum °C 230

Viscosity, 13167
maxiomm 3 Pa's, test temp, °C

Dynamic shear, T 315
G*/sind.* minimnm 1.00 kPa 46 52 58 64
testtemp @ 10 1adss, °C

135

Rolling Thin-Film Oven Residue (T 240) i
Mass change * maxiomm, percent 1.00
Dynamic shear, T315

G*/sind.” minimnm 220 kPa 46 52 58 64
test temp @ 10 1adis, °C

Pressure Aging Vessel Residue (R 28)
PAV aging temperature, °C %0 % 100 100
Dynamic shear, T315
G* sind.¢ maxiame 5000 kPa
st temp @ 10 rad’s, °C 1] 7|4 s |»|w|w6]|3|w| 7| |»n]|w|we]|ns]|n|xw|s|n]|w]|i

Creep stiffoess, T313+

. masimum 300 MPa
mvalne, minimuen 0,300
test temp @ 605. °C
Disect tension. T 314
Failure srain, miniomm 1.0% 24| 30 | 36| o | & |2 || 20| 30| 36| 6| 12| as| 2|30 0 | 6 |-2|as| 2|30
test temp @ 1.0 /o, °C

20 | 36| o | s |12 8| 04| 30| 36| 6 | 12| 98| 24| 30| 0 | 6| -12]8]| 24]| 30

‘Pavement temperatures are estimated from ai temperatures using an algorithm contained in the LTPP Bind program. may be provided by the specifying agency, or by following the procedures as outlined in M 323 and R 35
‘This requirement may be waived at the discretion of the specifying agency if the supplier warrants that the asphalt binder can be adequately pumped and mixed at temperafuses that meet all applicable safety standards.

For quality control of unmodified asphalt binder production. meastrement of the viscosity of the original asphalt binder may be used to supplement dynamic shear measurements of G*/sin3 at fest femperafures where the asphalt
is 2 Newtonian flid.

G*/sind = high temperatire stiffness and G* sind = infermediate temperature stiffess.
© The mass change shall be less than 1.00 percent for either a positive (mass gain) or a negative (mass loss) change.
‘The PAV aging temperature i based on simulated climatic conditions and is one of three temperatures, 90°C. 100°C, or 110°C. Normally the PAV aging temperature is 100°C for PG 58-xx and above. However, in desert
climates, the PAV aging temperatuce for PG 70-1x and above may be specified as 110°C.
# I the creep stiffness i below 300 MPa,the direct tension test s niot required. IF the creep stiffiess is befwween 300 and 600 MPa, the direct tension faice srain requiement can be used in lien of the creep siffess requirement.
‘The m-value requirement must be satisfied in both cases.
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Table 3-3. Applications for Hydraulic Cements Used in Concrete Construction*

Cement
specification

ASTM C150

portland
cements

ASTM C595
blended
hydraulic
cements

ASTM C1157
hydraulic
cements

General
purpose

Moderate heat of
hydration

High early
strength

Moderate sulfate
resistance

Low heat of
hydration

IS(<70)
IT(P<S<70)
IT(P=S)

GU

IP(MH)
IS(<70)(MH)
IT(P<S<70)(MH)
IT(P>S)(MH)

MH

HE

IP(LH) IP(MS)

IS(<70)MS)
TP | 1ipes<ronms)

IT(P>S)(MS)

LH MS

High sulfate
resistance

IP(HS)
IS(<70)(HS)
IT(P<S<70)(HS)
IT(P=S)(HS)

HS

Resistance to
alkali-silica
reaction (ASR)**

Low-alkali

option

Low reactivity
option

Option R

*Check the local availability of specific cements as all cements are not available everywhere.
**The option for low reactivity with ASR-susceptible aggregates can be applied to any cement type in the columns to the left.
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Type of admixture Desired effect Material
Accelerators Accelerate setting and early-strength Calcium chloride (ASTM D 98 and AASHTO M 144)
(ASTM C 494 and development Triethanolamine, sodium thiocyanate, calcium formate,

AASHTO M 194, Type C)

calcium nitrite, calcium nitrate

Air detrainers

Decrease air content

Tributyl phosphate, dibutyl phthalate, octyl alcohol, water-
insoluble esters of carbonic and boric acid, silicones

Air-entraining admixtures
(ASTM C 260 and
AASHTO M 154)

Improve durability in freeze-thaw,
deicer, sulfate, and alkali-
reactive environments

Improve workability

Salts of wood resins (Vinsol resin), some synthetic
detergents, salts of sulfonated lignin, salts of petroleum
acids, salts of proteinaceous material, fatty and resinous
acids and their salts, alkylbenzene sulfonates, salts of
sulfonated hydrocarbons

Alkali-aggregate reactivity
inhibitors

Reduce alkali-aggregate reactivity
expansion

Barium salts, lithium nitrate,
lithium carbonate, lithium hydroxide

Antiwashout admixtures

Cohesive concrete for underwater
placements

Cellulose, acrylic polymer

Bonding admixtures

Increase bond strength

Polyvinyl chloride, polyvinyl acetate, acrylics,
butadiene-styrene copolymers

Coloring admixtures
(ASTM C 979)

Colored concrete

Modified carbon black, iron oxide, phthalocyanine, umber,
chromium oxide, titanium oxide, cobalt blue

Corrosion inhibitors

Reduce steel corrosion activity in a
chloride-laden environment

Calcium nitrite, sodium nitrite, sodium benzoate, certain
phosphates or fluosilicates, fluoaluminates, ester amines

Dampproofing admixtures

Retard moisture penetration into dry
concrete

Soaps of calcium or ammonium stearate or oleate
Butyl stearate
Petroleum products

Foaming agents

Produce lightweight, foamed
concrete with low density

Cationic and anionic surfactants
Hydrolized protein

Fungicides, germicides,
and insecticides

Inhibit or control bacterial and fungal
growth

Polyhalogenated phenols
Dieldrin emulsions
Copper compounds

Gas formers

Cause expansion before setting

Aluminum powder

Grouting admixtures

Adjust grout properties for specific
applications

See Air-entraining admixtures, Accelerators, Retarders,
and Water reducers

Hydration control
admixtures

Suspend and reactivate cement
hydration with stabilizer and activator

Carboxylic acids
Phosphorus-containing organic acid salts

Permeability reducers

Decrease permeability

Latex
Calcium stearate

Pumping aids

Improve pumpability

Organic and synthetic polymers

Organic flocculents

QOrganic emulsions of paraffin, coal tar, asphalt, acrylics
Bentonite and pyrogenic silicas

Hydrated lime (ASTM C 141)

Retarders (ASTM C 494
and AASHTO M 194,
Type B)

Retard setting time

Lignin

Borax

Sugars

Tartaric acid and salts

Shrinkage reducers

Reduce drying shrinkage

Polyoxyalkylene alkyl ether
Propylene glycol

Superplasticizers*
(ASTM C 1017, Type 1)

Increase flowability of concrete
Reduce water-cement ratio

Sulfonated melamine formaldehyde condensates
Sulfonated naphthalene formaldehyde condensates
Lignosulfonates

Polycarboxylates
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Type of admixture

Desired effect

Material

Superplasticizer* and
retarder (ASTM C 1017,
Type 2)

Increase flowability with retarded set
Reduce water-cement ratio

See superplasticizers and also water reducers

Water reducer
(ASTM C 494 and
AASHTO M 194, Type A)

Reduce water content at least 5%

Lignosulfonates

Hydroxylated carboxylic acids

Carbohydrates

(Also tend to retard set so accelerator is often added)

Water reducer and
accelerator (ASTM C 494
and AASHTO M 194,
Type E)

Reduce water content (minimum 5%)
and accelerate set

See water reducer, Type A (accelerator is added)

Water reducer and
retarder (ASTM C 494 and
AASHTO M 194, Type D)

Reduce water content (minimum 5%)
and retard set

See water reducer, Type A (retarder is added)

Water reducer—high
range (ASTM C 494 and
AASHTO M 194, Type F)

Reduce water content (minimum
12%)

See superplasticizers

Water reducer—high
range—and retarder
(ASTM C 494 and
AASHTO M 194, Type G)

Reduce water content (minimum
12%) and retard set

See superplasticizers and also water reducers

Water reducer—mid
range

Reduce water content (between
6 and 12%) without retarding

Lignosulfonates
Polycarboxylates

* Superplasticizers are also referred to as high-range water reducers or plasticizers. These admixtures often meet both ASTM C 494 (AASHTO

M 194) and ASTM C 1017 specifications.
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