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 ABSTRACT
 Aggregate shape, texture, and grading have a significant effect on the
 performance of fresh concrete. Aggregate blends with well-shaped, rounded, and smooth
 particles require less paste for a given slump than blends with flat, elongated, angular,
 and rough particles. At the same time, uniform gradings with proper amounts of each size
 result in aggregate blends with high packing and in concrete with low water demand.
 Optimized aggregate blends have high packing, requiring low amounts of paste. As a
 result, they are less expensive and will have less durability problems caused by the paste
 such as heat generation, porosity, and drying shrinkage.
 Current ASTM C 33 standard limits the amount of material passing the N 200
 sieve (microfines) to 7 percent. However, manufactured fine aggregate (MFA) usually
 has between 10 and 20 percent microfines. These limits, intended for natural sands, force
 MFA producers to wash aggregate incrementing costs and generating environmental
 issues. Research at The University of Texas and experience in other countries show that
 good-quality concrete can be made with MFA with high-microfines content.
 Many proportioning methods such as ACI 211 do not consider high amounts of
 microfines, consider partially the effect of shape and texture of aggregates, and do not
 encourage optimization of aggregate.
 The effect of shape, texture and grading of aggregates on fresh concrete was
 evaluated experimentally, quantified by means a proportioning method based on packing
 density concepts, the Compressible Packing Model (CPM), and analyzed by an empirical
 tool suggested by Shilstone. The effect of different types and amounts of microfines was
 evaluated simultaneously as well as the impact of chemical admixtures and
 supplementary cementing materials on concrete with high microfines were also evaluated
 experimentally. It was concluded that chemical admixtures and some supplementary
 cementing materials can be used to improve the workability of concrete with high
 microfines without negatively affecting hardened concrete.
 Guidelines for proportioning and optimizing aggregate blends were made based
 on Shilstone’s Coarseness Chart and the 0.45 Power Chart and CPM equations and
 procedures.
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CHAPTER 1 INTRODUCTION
 1.1 BACKGROUND
 Since up to approximately 80 percent of the total volume of concrete consists of
 aggregate, aggregate characteristics significantly affect the performance of fresh and
 hardened concrete and have an impact on the cost effectiveness of concrete [Hudson,
 1999]. Aggregate characteristics of shape, texture, and grading influence workability,
 finishability, bleeding, pumpability, and segregation of fresh concrete and affect strength,
 stiffness, shrinkage, creep, density, permeability, and durability of hardened concrete.
 Construction and durability problems have been reported due to poor mixture
 proportioning and variation on grading [Lafrenz, 1997].
 Except for water, aggregate is the most inexpensive component of portland
 cement concrete. Conversely, cement is the most expensive component and, typically, is
 responsible for about 60 percent of the total cost of materials. Paste, cement plus water, is
 the part of concrete that produces shrinkage, heat generation, and durability problems
 although, at the same time, is the element that fills aggregate voids, the glue that keeps
 aggregates together after hardening and the element that provides workability to the mix
 in fresh concrete.
 If aggregate voids are minimized, the amount of paste required for filling these
 voids is also minimized maintaining workability and strength. Consequently, optimal
 mixture proportioning will produce good-quality concrete with a minimum amount of
 cement. Within limits, the less paste at a constant water-cement ratio, the more durable
 the concrete [Shilstone, 1994]. The workability of concrete changes significantly with
 grading. Mixtures with high void contents require more paste for a given level of
 workability. In conclusion, minimizing the aggregates voids content should be one of the
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 objectives of optimization of concrete mixtures. Mixture proportioning methods should
 encourage concrete optimization and consequently aggregate optimization.
 Research shows that there is a clear relationship between shape, texture, and
 grading of aggregates and the voids content of aggregates [De Larrard, 1999; Dewar,
 1999]. In fact, flaky, elongated, angular, and unfavorably graded particles lead to higher
 voids content than, cubical, rounded, and, well-graded particles. The evaluation of shape
 and texture has proven difficult. Lately, image-analysis techniques have been used to
 analyze these characteristics. Indexes for shape, angularity and texture result from
 different mathematical models and algorithms have been developed to handle the
 information coming from video cameras or other image-capturing devices.
 Little research has been made in order to correlate these indexes to fresh and
 hardened concrete performance. The effect of shape, texture, and grading characteristics
 of aggregates has been incorporated into concrete proportioning through packing density
 concepts or through surface area concepts.
 Many proportioning methods have being developed. Some of them do not
 incorporate the effect of shape and texture of aggregates in proportioning. One of the
 most widely used methods, ACI 211, indirectly considers the packing ability of
 aggregates by means of the fineness modulus of fine aggregate and by the dry rodded unit
 weight of coarse aggregate. Although ACI 211 suggests a simplistic way of making
 changes to the amount of water depending on a subjective determination of aggregate
 shape, and depending on the addition of chemical admixtures, ACI 211 neither considers
 shape, texture and grading on the calculation of water demand nor the amount and type of
 chemical admixtures. Methods have been proposed that deal with the minimization of
 voids or the maximization of the packing density of aggregates or the dry components of
 mixtures.
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 Production of manufactured sands usually results in high amounts of microfines
 or material passing the minus #200 (0.075 mm) mesh. While a limit of 7 percent,
 applicable to natural sands, which have been imposed by the ASTM C 33 specification,
 manufactured sands typically have 10 to 20 percent of microfines. This difference and the
 fact that the use of manufactured sands has been increasing due to the depletion of natural
 sources has led to an accumulation of microfines in producers’ yards.
 Finally, research at The University of Texas at Austin and local and worldwide
 experience as well have shown that good-quality concrete with proper workability can be
 made with manufactured sands with up to 20 percent microfines. In fact, specifications
 from many other countries allow higher limits in microfines content than ASTM C 33.
 1.2 PROBLEM STATEMENT
 Guidelines for proportioning concrete that incorporate the effect of aggregate
 shape, texture, and grading and that consider the effect of high-microfines content are
 required. Well-known proportioning methods such as ACI 211 do not incorporate the
 effect of shape and texture of fine aggregate. Some proportioning methods work well for
 natural sands that usually differ in grading and microfines content compared to
 manufactured sands. Some other methods consider the effect of aggregate packing
 density but it has been found that quite important differences in proportions could result
 by using these methods, so they should be evaluated to see which produces results closer
 to experimental data.
 There are several drawbacks to ACI 211. The calculation of the amount of water
 considers only the target slump and the maximum size of aggregate. Guidelines for
 increasing or decreasing the water amount depending on the shape of aggregate (round or
 crushed) and on the addition of chemical admixtures are very simplistic. Sands with very
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 different size distributions could have the same fineness modulus. There is no direct way
 of incorporating more than two sizes of aggregate. These weaknesses become more
 important with the advent of crushed aggregates with the corresponding increased
 variability on grading, shape and texture and high amounts of microfines.
 Consideration of high-microfines content should be made. Most of the
 proportioning methods evaluated do not take into account the amount and characteristics
 of microfines.
 Packing density is related to shape, texture, and grading. Although it seems that
 packing density is a good way to link aggregate characteristics to concrete behavior, there
 has been interest in investigating the effect of each of these characteristics on the
 performance of concrete. Research has to be made to correlate shape, angularity, and
 texture with the performance of fresh and hardened concrete.
 1.3 OBJECTIVES
 The main objectives of this research study are the following:
 1. Investigate the state of the art regarding the effect of aggregate characteristics,
 shape, texture, and grading on the performance of fresh and hardened portland
 cement concrete.
 2. Investigate the state of the art regarding the use of manufactured sands with their
 typical high percentages of microfines in the production of concrete for different
 applications.
 3. Investigate the impact of chemical and mineral admixtures in concrete with high
 microfines.
 4. Investigate relevant characteristics of microfines that allow determination of their
 suitability for concrete.
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 5. Evaluate several proportioning methods to determine their suitability for
 optimizing concrete with high microfines.
 6. Develop guidelines to consider the effect of shape and texture of aggregates, high-
 microfines content, as well as the characteristics of microfines in mixture
 proportioning.
 7. Evaluate shape and texture of aggregates using image-analysis techniques, and
 correlate them with the packing density of aggregates and the performance of
 mortar and concrete.
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 CHAPTER 2 LITERATURE REVIEW
 2.1 INTRODUCTION
 A literature review of the effect of aggregate characteristics on the performance of
 portland cement concrete, use of high-microfines content and some proportioning
 methods is presented in this chapter.
 2.2 SHAPE
 Shape is related to three different characteristics: sphericity, form, and roundness
 [Galloway, 1994]. Sphericity is a measure of how nearly equal are the three principal
 axes or dimensions of a particle. Form is the measure of the relation between the three
 dimensions of a particle based on ratios between the proportions of the long, medium,
 and short axes of the particle. Form, also called “shape factor,” is used to distinguish
 between particles that have the same numerical sphericity [Hudson, 1999]. However,
 different definitions exist that do not necessarily correlate. Besides sphericity and shape
 factor, two more parameters have been defined in order to describe the shape of
 aggregates better: the elongation factor and the flatness factor. If the principal dimensions
 of a particle are L, I, S (long, intermediate, short):
 Sphericity 3 2
 .L
 IS= (2.1)
 Shape Factor IL
 S.
 = (2.2)
 Shape Factor 2
 .I
 SL= (2.3)
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 Elongation = I/L (2.4)
 Flatness ratio = S/I (2.5)
 Regarding sphericity and form, particles can be classified qualitatively as cubical,
 spherical, or flat and elongated.
 According to Kwan [2001] there are two other characteristics which he terms
 roundness and angularity. Angularity is related to the sharpness of the edges and corners
 of a particle, while roundness attempts to describe the outline of the particle, which may
 be measured in terms of “convexity.” Angularity can be defined numerically as the ratio
 of the average radius of curvature of the corners and edges of the particle to the radius of
 the maximum inscribed circle, but descriptive terms are commonly used as the following
 used in the U.S. [Popovics, 1992].
 Angular : little evidence of wear on the particle surface
 Subangular : evidence of some wear, but faces untouched
 Subrounded : considerable wear, faces reduced in area
 Rounded : faces almost gone
 Well rounded : no original faces left
 Figure 2.1 taken from Ahn [2000] provides two comparable charts for the visual
 assessment of particle shape.
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 (a)
 Figure 2.1 Visual Assessment of Particle Shape [Powers, 1953; Krumbein, 1963] (a) Derived from Measurements of Sphericity and Roundness (b) Based upon Morphological Observations
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 Convexity can be evaluated by means of the convexity ratio CR that is defined as:
 CR = area / convex area (2.6)
 where:
 Area =
 Convex area = +
 These shape and form definitions can be used with data acquired by measuring
 manually the three principal dimensions of a number of particles to characterize
 aggregates. However, there are concerns regarding the small number of particles that can
 be measured due to the laborious nature of these tests. Lately, methods using modern data
 acquisition equipment have been increasingly utilized. Images obtained by cameras,
 video cameras, laser scanners and X-ray tomographs are digitalized and the information
 is processed using algorithms based in mathematical techniques like fractal dimension
 analysis [Li, 1993; Mora, 1998], Fourier analysis [Durney, 1983], wavelet analysis [Kim,
 2002], and spherical harmonic functions [Garboczi, 2002]. As a result, indexes for shape,
 angularity, and texture of particles are obtained. The surface area could be measured
 using the techniques mentioned above [Carr, 1992], as well as quantitative stereology
 [Barksdale, 1999]. Two of these techniques will be described briefly because they were
 used to analyze shape and texture of the aggregates of this project.
 Masad [2002] uses a black and white video camera and a video microscope to
 capture images at different resolutions and different lighting schemes. To evaluate shape,
 Masad uses the form index (FI), which is defined as the sum of the changes in radius:
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 ∑=θ
 =θ θ
 θ+θ −=
 355
 0
 5
 RRR
 FI (2.7)
 where R is the radius of the particle in different directions, and θ is the directional angle.
 According to Masad “this parameter takes into account changes in a particle dimension in
 all directions rather than in three directions only as done in the sphericity and shape
 factor parameters.”
 Masad has two methods to analyze angularity: the gradient method and radium
 method. For the gradient method, the rate of change of direction of gradient vectors is
 measured. Figure 2.2 shows that at sharp corners, the direction of the gradient vector for
 adjacent points on the outline changes rapidly, while for rounded particles it changes
 slowly. Gradient values for all the corners are calculated and their sum accumulated
 around the outline, concluding to the angularity gradient for the aggregate particle.
 Figure 2.2 Definition of Angularity – Gradient Method [Masad, 2002]
 “The radium method measures the difference between a particle radius in a certain
 direction and that of an equivalent ellipse. The equivalent ellipse has the same aspect
 R
 R
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 ratio as the particle, but has no angularity. By normalizing the measurements to the aspect
 ratio, the effect of form on this angularity index is minimized.” Angularity index (AI) is
 expressed as follows:
 ∑=
 =
 −=
 355
 0
 θ
 θ θ
 θθ
 EE
 EE
 RRR
 AI (2.8)
 where Rθ is the radius of the particle at a directional angle θ, REEθ is the radius of an
 equivalent ellipse at a directional angle θ.
 Kim [2002] uses wavelet-based 3D particle descriptors to analyze three-
 dimensional data from a laser scanner. According to Kim, laser scanners, as opposed to
 other devices, obtain truly three-dimensional information from aggregates and that strong
 correlations between visual perception of aggregate characteristics and indexes obtained
 by means of wavelet-based approach have been found. Shape, angularity, and texture
 indexes are defined in terms of different wavelet coefficients. Fine scale wavelets are
 used in the definition of texture while large scale wavelets are used for shape and
 angularity.
 X-ray computed tomography is a technique for visualizing features in the interior
 of opaque solid objects. For example, aggregates can be visualized inside a concrete
 sample [Garboczi, 2002] made of aggregates embedded in a cement matrix. An X-ray
 tomograph takes 2D images of the concrete sample at different heights. 3D information
 of the aggregates is obtained by combining these 2D “slices.” The information may then
 be analyzed by means of spherical harmonic functions.
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 2.3 TEXTURE
 The surface texture, also called surface roughness, of particles is the sum of their
 minute surface features [Dolar-Mantuani, 1983]. It is an inherent and specific property
 that depends on the texture, the structure, and the degree of weathering of the parental
 rock.
 For Masad, texture in an image is represented by the local variation in the pixel
 gray intensity values. Then wavelet theory is used for multi-scale analysis of textural
 variation on aggregate images. The original image is decomposed into low-resolution
 images by iteratively blurring the original image. As a result, images that contain
 information on fine intensity variation are obtained. The process could be repeated again
 with these images and texture quantification can be made at different scales. In this way,
 values for the coarser and finer texture of the sample can be obtained.
 2.4 EFFECT OF AGGREGATE CHARACTERISTICS
 Aggregate characteristics have a significant effect on the behavior of fresh and
 hardened concrete. Although these effects of aggregate characteristics change
 continuously as a function of particle size, the following classification will be made
 according to common practice: material retained in the N4 sieve will be considered
 coarse aggregate, material passing No. 4 sieve and retained in the No. 200 sieve (75 µm)
 will be considered fine aggregate, and material passing No. 200 sieve will be called
 hereinafter microfines. This classification is summarized in Table 2.1. The impact of
 some particle characteristics on the performance of concrete is different for microfines,
 fine and coarse aggregates as well as the characterization tests required for each of these
 fractions.
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 Table 2.1 Classification of Aggregates
 Aggregate Fraction Size Range
 Coarse Retained in No. 4
 Fine Passing No. 4 – Retained in No. 200
 Microfines Passing No. 200
 The main characteristics of aggregate that affect the performance of fresh and
 hardened concrete are:
 • Shape and texture
 • Grading
 • Absorption
 • Mineralogy and coatings
 • Strength and stiffness
 • Maximum size
 • Specific gravity or relative density
 • Soundness
 • Toughness
 2.4.1 Effect of Shape and Texture
 2.4.1.1 Effect of Shape and Texture of Coarse Aggregate
 Shape and texture of coarse aggregate apparently are not as important as shape
 and texture of fine aggregate, but they play a role on the behavior of fresh and hardened
 concrete. Shape and texture affect the demand for sand. Flaky, elongated, angular, and
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 rough particles have high voids and require more sand to fill voids and to provide
 workable concrete, thus increasing the demand for water [Legg, 1998]. Poorly shaped
 aggregates may also increase segregation.
 Flaky and elongated particles tend to produce harsh mixtures and affect
 finishability [Legg, 1998]. According to Shilstone [1990], flaky and elongated particles,
 principally those of intermediate sizes (between 3/8 in. (9.5mm), and No. 8 (2.36 mm)),
 can affect the mobility of mixtures and contribute to harshness.
 An excess of poorly shaped particles could reduce the strength of concrete
 through the increase of water demand. In addition, flat particles can be oriented in such a
 way that they could impair the strength and the durability of concrete [Galloway, 1994;
 Popovics, 1979]. In concrete pavements, flat particles near the surface inhibit bleed water
 from entering mortar above particle, thus contributing to the deterioration of the surface
 [Kosmatka, 1994].
 Packing efficiency is also affected by shape of aggregate. More coarse particles
 can be packed without interference when they are “cubical” or spherical [Hudson, 1999],
 [Legg, 1998; Popovics, 1998]. Concrete made with poorly shaped aggregate requires
 more cement paste because of the higher voids content. Consequently, it is reasonable to
 expect savings in cement paste of about 4 to 5 percent when cubical aggregate is used
 instead of flaky and elongated particles [Hudson, 1999].
 To avoid these problems, some specifications limit the amount of flaky and
 elongated particles. For example, the Spanish Concrete Standard [Ramirez, 1999]
 prescribes that the percentage in weight of flat particles should be less than 35 or that the
 shape coefficient determined by Equation 2.9 should not be less than 0.20.
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 where Vi = Volume of particles i
 di = Size of particles i
 The British Standard [1984] allows no more than 35 to 40 percent of flat particles.
 Mehta and Monteiro [1993], state that flat and elongated particles should be limited to a
 maximum of 15 percent by weight of total aggregate.
 Texture affects bond between particles and mortar affecting strength and
 shrinkage. Rough particles tend to provide stronger bond than smooth particles. As a
 result, rough particles tend to produce higher strengths [Kaplan, 1959] and tend to
 decrease shrinkage.
 Although rough surfaces tend to increase the demand for water for given
 workability, thus decreasing strength and increasing bleeding, workable concrete can be
 made with well-graded, cubical crushed aggregate. Satisfactory concrete has been
 obtained with aggregates having surface texture from very smooth to very rough (except
 that the amount of “glassy” pieces in slag coarse aggregate is limited for some
 specifications) [Legg, 1998]. The effect of shape on strength is controversial. Although
 there is general agreement that concrete with the same strength level have been made
 with aggregates of different shapes at given cement content, some authors state that well-
 shaped aggregates tend to produce higher strengths than poorly shaped aggregates
 [Shilstone, 1990].
 Alexander [1989] states that shape and texture also have a direct effect on
 strength by influencing stress concentrations in the composite material; the degree of
 microcracking and crack branching before and during failure; and macro- and micro-
 roughness effects at interfaces. Mehta and Monteiro [1993] agree with Alexander and add
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 that shape and texture affect the shape of the stress-strain curve of concrete as they
 influence microcracking in the transition zone.
 2.4.1.2 Effect of Shape and Texture of Fine Aggregate
 Shape and texture of fine aggregate have an important effect on workability of
 fresh concrete and have an effect on strength and durability of hardened concrete. In fact,
 the effects of shape and texture of fine aggregate are much more important than the
 effects of coarse aggregate.
 Equant (cubical) or spherical particles have less specific surface area than flat and
 elongated particles. Consequently, cubical or spherical particles require less paste and
 less water for workability [Shilstone, 1999; Dewar, 1992]. Flaky and elongated particles
 negatively affect workability, producing very harsh mixtures. For a given water content
 these poorly shaped particles lead to less workable mixtures than cubical or spherical
 particles. Conversely, for given workability, flaky and elongated particles increase the
 demand for water thus affecting strength of hardened concrete. Spherical or cubical
 particles lead also to better pumpability and finishability as well as produce higher
 strengths and lower shrinkage than flaky and elongated aggregates [Shilstone, 1990].
 According to Hudson [1997], regarding specific surface, Murdock’s Surface
 Index indicates that particles between 4.75 mm (No. 4) and 150 µm (No 100) appear to
 be the most critical; consequently particle shape will have more impact in this range. On
 the other hand, according to Shilstone [1990], shape has a major effect through N4 and
 N8 sizes. According to the Compressible Packing Model [de Larrard, 1999] the effect of
 packing density has increasing importance for smaller sizes.
 Angularity affects the voids content. In fact, angular particles tend to increase the
 demand for water as they have higher void content than round particles. Research by
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 Kaplan [1959] indicates that compressive and flexural strengths of concrete seem to
 depend on angularity: angular particles tend to increase strengths.
 Surface texture has an effect on workability but it is not as important as grading
 and shape [Galloway, 1994]. Rough aggregate tends to increase the water demand for
 given workability. Surface texture affects particle-packing efficiency, since rough
 particles have higher void content; the impact of surface texture on concrete behavior
 becomes more important as particles get smaller [Hudson, 1999]. On the other hand,
 surface texture has a significant effect on strength, as rough surfaces enhance the bond
 between particles and paste, thus increasing strength, particularly flexural strength
 [Galloway, 1994]. In addition, according to Rhoades and Mielenz [1946] as cited by Ahn
 [2000] “although rugosity increases the bond to the cement paste, even more important
 aspects of surface properties are the porosity, absorption and permeability of the zone
 immediately underlying the surface. Penetration of the aggregate by cement slurry is
 conducive to good bond, but the porosity implied by very high penetrability may involve
 low tensile and shearing strength of the aggregate, with the loss in strength of the
 concrete.”
 According to some investigators, fine aggregates with very low absorption
 generally develop lower strength bonds and produce less durable mortars than those with
 slightly higher absorption. The interrelation between bond and absorption may account in
 part for the poor correlation between the durability of concrete and absorption, because
 the strength of bond increases as absorption increases, whereas the durability of concrete
 tends to decrease as absorption increases. Thus, the absorption characteristics of
 aggregates alone cannot be considered a reliable indication of bonding characteristics, for
 capillaries of extremely small size may not permit penetration of the slurry into the
 aggregate particles but may permit considerable penetration of water. From the
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 standpoint of durability and bond, penetrable voids of very small size are the least
 desirable [Dolar-Mantuani, 1983; Ahn, 2000].
 The strength and permanence of the bond between the cement and aggregate are
 functions not only of the surface texture, but also of the chemical characteristics of the
 aggregate. The integrity of bond will be lost if chemical reactions, such as that between
 high-alkali cement and reactive aggregates, subsequently take place. On the other hand,
 some types of chemical superficial interactions between the aggregate and the cement
 paste may be beneficial in effecting a more intimate and stronger union.
 Since natural sands are often rounder and smoother than manufactured sands,
 natural sands usually require less water than manufactured sands for given workability.
 However, workable concrete can be made with angular and rough particles if they are
 cubical and they are well graded. Manufactured sands that do not have cubical shape and
 that are very rough may negatively affect workability or water demand and should be
 avoided [Hudson, 1999].
 Bleeding is significantly affected by angular, flaky, and elongated particles. As a
 result, crushed aggregates tend to increase bleeding, as they tend to increase the water
 demand [Washa, 1998; Kosmatka, 1994]. However, this could be counteracted by proper
 grading.
 Durability is also affected by shape and texture since durability is associated with
 low water content. Poorly shaped and angular aggregates increase the demand for water
 thus negatively affecting durability.
 Jarvenpaa [2001], in a program with six different mixes and 21 fine aggregate
 types, found that the characteristics of fine aggregate were responsible for differences in
 compressive strength between 8.4 and 18.8 MPa (1200 and 2700 psi) for mixes identical
 except for the type of fine aggregate. According to his analysis, the most important
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 characteristics were the flakiness of the 3.15/4.0 mm fraction, and the Los Angeles
 (modified) value of the semicoarse fraction (0.125 mm to 4.0 mm). He also found that the
 effect of fine aggregate shape and porosity on flow was greater than the effect of cement
 amount.
 2.4.1.3 Effect of Shape and Texture of Microfines
 Little research has been made regarding the effect of shape and texture of
 microfines on the performance of fresh and hardened concrete. Due to the small size of
 the particles, the use of special tools such as electronic microscopes, nitrogen adsorption
 devices, and laser diffraction analyzers is required. As with fine aggregate, poorly shaped
 or rough particles lead to high voids and increase water demand. Bigas and Gallias
 [2002] investigated the effect of eighteen mineral additions on the packing degree of
 cement-mineral-additions mixes. According to their results, shape and particularly texture
 significantly affect the water demand and consequently the packing density. They also
 found that the water demand of fine mineral additions depends on the average particle
 size or the BET specific surface area only for round and “angular shaped” particles.
 Irregular-shaped additions have much higher water demands independently of size or
 surface area. Finally, the authors conclude that flocculation and electric surface forces
 should be taken into account to explain the behavior of cement-mineral additions blends
 as they observed that opposed to blends of bigger particles, cement-mineral-additions
 blends sometimes have less packing density than each component.
 To measure the water demand of the cement-mineral-additions blends, Bigas and
 Gallias [2002] used the Vicat method for consistency of cement pastes and a new test, the
 “single drop” test. Here the volume of mineral addition agglomerated by a water drop of
 a given volume is determined. Good correlations between Vicat results and the single
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 drop test were found. They conclude that both tests characterize the spatial arrangement
 of the particles as a function of their granular and morphological characteristics, and
 could be used to select fine mineral additions for concrete use.
 Hudson [1999] states that the minus 150 micron (minus N 100 mesh) could act in
 fresh concrete as lubricant as long as they are cubical or well shaped.
 2.4.2 Effect of Grading
 Grading or particle size distribution affects significantly some characteristics of
 concrete like packing density, voids content, and, consequently, workability, segregation,
 durability and some other characteristics of concrete.
 Particle size distribution of fine aggregate plays a very important role on
 workability, segregation, and pumpability of fresh concrete. Many authors claim that
 uniformly distributed mixtures produce better workability than gap-graded mixtures
 [Golterman, 1997; Glavind, 1993; Johansen, 1989; Johansson, 1979], although higher
 slumps could be achieved with gap-graded mixtures. Some properties of hardened
 concrete are also affected by grading. Uniformly distributed mixtures generally lead to
 higher packing resulting in concrete with higher density and less permeability
 [Golterman, 1997; Glavind, 1993; Johansen, 1989], and improved abrasion resistance
 [Mehta, 1993]. Consequently, uniformly distributed mixtures require less paste, thus
 decreasing bleeding, creep, and shrinkage [Washa, 1998; Shilstone, 1999]. Finally, Aitcin
 [1998] emphasizes that although an excess of coarse aggregate could decrease drying
 shrinkage it will increase the amount of microcracks within the paste.
 The scarcity or excess of any size fraction could result in poor workability and in
 poor durability of concrete [Galloway, 1994; Shilstone, 1990]. The amounts of coarse and
 fine aggregate must be in balance. For example, excess sand requires more cementitious
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 materials, produces sticky mixtures, makes pumping difficult, causes finishing and
 crazing problems [Shilstone, 1999], and increases bleeding and permeability [Mindess,
 1981]. On the other hand, insufficient sand produces “bony” mixtures and other types of
 finishing problems [Shilstone, 1990; Mindess, 1981].
 Both coarse aggregate and fine aggregate should be uniformly graded. If fine
 aggregate is too coarse it will produce bleeding, segregation and harshness, but if it is too
 fine, the demand for water will be increased [Galloway, 1994].
 Proper grading should depend on shape and texture of aggregates. For instance,
 suitable grading for natural sands could lead to bad results when using manufactured
 sands [Hudson, 1999; Johansson, 1979]. Grading should also be changed depending on
 the construction procedures. For example, pumpable concrete requires a high fine-
 aggregate content, just as hand finishing requires more fines passing the N 50 sieve than
 mechanical finishing does [Galloway, 1994].
 The effect of grading on strength is controversial. Although, according to some
 authors, a given strength can be achieved with both well-graded mixtures and poorly
 graded mixtures [Shilstone, 1990], some studies indicate that increased strength concrete
 can be achieved with well-graded mixtures [Cramer, 1995].
 Permeability, one of the most important factors affecting concrete durability, is
 significantly related to void content of aggregate mixture: the lesser the void content, the
 lesser the permeability. In reducing permeability, it is desirable to have the highest
 aggregate content possible. Consequently, well-graded mixtures produce concrete that is
 more durable.
 Unfortunately, previous versions of ASTM C 33 may have contributed to problem
 concrete mixtures [Shilstone, 1994], since aggregate complying with ASTM C 33 could
 lead to gap grading or at least to an excess of one size and the specification did not
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 address the use of blends. The current version of ASTM C 33 permits the use of blends,
 such that the resultant aggregate will have better characteristics than the original
 aggregates.
 The particle size distribution of microfines may have an effect on concrete
 behavior. However, due to the inherent difficulties related to the characterization of such
 small particles, little research has been made to evaluate the effect of grading, shape and
 texture of microfines on concrete behavior. Ahn [2000] determined the size distribution
 of the microfines in his research using a laser diffraction scanner and a hydrometer, in
 terms of weight and in terms of volume, respectively. It was found that the effect of
 different types of microfines with distinct grading on fresh concrete behavior was clearly
 dissimilar. However, the effect of grading was not separated from the effect of shape and
 texture, and was not quantitatively determined.
 2.4.3 Effect of Absorption
 Aggregate porosity may affect durability as freezing of water in pores in
 aggregate particles can cause surface popouts [Popovics, 1998; Helmuth, 1994].
 However, Forster [1994] states “that relationship between absorption and freeze-thaw
 behavior has not proven to be reliable.” Nevertheless, absorption can be used as an initial
 indicator of soundness. Furthermore, aggregates with low absorption tend to reduce
 shrinkage and creep [Washa, 1998].
 2.4.4 Effect of Mineralogy and Coatings
 Aggregates with varying mineralogical composition produce concretes of diverse
 characteristics. According to Alexander [1996], the type of aggregate affects the strength
 and the stiffness and long-term deformations of hardened concrete. For example, some
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 aggregates may react negatively with cement or, on the contrary, they may interact
 beneficially with paste, enhancing strength or stiffness. As a result, elastic modulus,
 creep, or shrinkage can vary as much as 100 percent depending on aggregate type. The
 type of aggregate also affects the interfacial transition zone, ITZ, which has an effect on
 strength and stiffness of concrete. Finally, the type of aggregate influences the abrasion
 resistance of concrete, particularly of high-strength concrete.
 Coatings, the layers of material covering the surface of aggregate, can increase the
 demand for water and can impair the bond between paste and particles. Sometimes these
 coatings are formed by materials that can interact chemically with cement, negatively
 affecting concrete [Mather, 1966].
 2.4.5 Effect of Strength and Stiffness
 The strength and the stiffness of coarse aggregate directly influence the behavior
 of hardened concrete: Although in normal concrete, strength is controlled by the paste or
 by the transition zone between paste and aggregate, the strength of high-performance-
 concrete depends not only on the strength but on the mineralogy of coarse aggregate as
 well [Alexander, 1989; Cetin, 1998; Ezelding, 1991]. At the same time, according to
 Kaplan [1959], aside from texture and shape the modulus of elasticity is the aggregate
 property that most affects compressive and flexural strengths of concrete. According to
 Popovics [1979] “within limits, the higher the elastic modulus of aggregate, the lower the
 flexural strength.” In addition, the elastic modulus of aggregate, as well as its volume
 concentration, affects the elastic modulus of concrete and the long-term effects, shrinkage
 and creep [Alexander, 1989; Mehta, 1993; Washa, 1998].
 De Larrard [1999] and Dewar [1999] agree that the aggregate source has an
 impact on concrete strength. Dewar suggests multiplying a basic concrete strength by a
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 factor that depends on the aggregate source and varies from 0.90 to 1.85. De Larrard
 proposes the following equation to account for the aggregate characteristics on strength.
 1..
 +=
 m
 m
 fcqfcp
 fc (2.10)
 where
 fc = concrete strength
 fcm = strength of the matrix
 p and q = empirical constants that depend on the aggregate type.
 2.4.6 Effect of Maximum Size
 Maximum size of aggregate, MSA, influences workability, strength, shrinkage,
 and permeability. Mixtures with large maximum size of coarse aggregate tend to produce
 concrete with better workability, probably because of the decrease in specific surface
 [Washa, 1998]. There is an optimal maximum size of coarse aggregate that produces the
 highest strength for a given consistency and cement content [Popovics, 1998], [Washa,
 1998]. For example, in high-performance concrete (HPC) with low water-cement ratio
 and high cement content, a high value of MSA tends to reduce strength. This can be
 explained by the observation that bond with large particles tends to be weaker than with
 small particles due to smaller surface area-to-volume ratios. Mixtures with coarse
 aggregate with large maximum size tend to have reduced shrinkage and creep [Washa,
 1998]. Finally, for a given water-cement ratio, the permeability increases as the
 maximum size of the aggregate increases [Helmuth, 1994].
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 2.4.7 Effect of Relative Density (Specific Gravity)
 Relative density is not necessarily related to aggregate behavior. However, it has
 been found that some aggregates compounds of shale, sandstone, and chert that have
 somewhat low specific gravity may display poor performance, particularly in exposed
 concrete in northern climates [Legg, 1998] (i.e., low permeability is an indicator of poor
 durability).
 2.4.8 Effect of Soundness and Toughness
 Soundness, according to Forster [1994], is the aggregate resistance to weathering
 that primarily includes resistance to freezing and thawing, and to a lesser extent,
 resistance to wetting and drying; and heating and cooling. A sound aggregate has a
 satisfactory durability factor when used in properly mature concrete with enough air void
 content [Mather, 1999]. Durability problems such as pop-outs” and D-cracking in
 pavements in some regions have been reported associated with unsound aggregates
 [Mindess, 1981]. There is a critical aggregate size below which freeze-thaw problems
 generally do not occur. Unfortunately, for most aggregates this is greater than sizes used
 in practice, except for some poorly consolidated sedimentary rocks [Mindess, 1981].
 Soundness of aggregate may be estimated by ASTM C 88 “Soundness of Aggregate by
 Sodium Sulfate or Magnesium Sulfate”, by AASHTO T 103 “Soundness of Aggregates
 by Freezing and Thawing” or by petrographic examination.
 Toughness of aggregate affects abrasion resistance of concrete. Hard aggregates
 should be used in pavements and elements subject to abrasion or erosion. The Los
 Angeles abrasion test is commonly used to assess toughness and resistance to abrasion of
 aggregate. However, as the Los Angeles test does not correlate well with concrete wear in
 the field, the resistance to abrasion of concrete should also be tested [Mindess, 1981].

Page 51
                        

27
 Toughness can also be evaluated by the Micro-Deval abrasion test. This test is used in
 some countries. For example in Spain, the Micro-Deval test is used to evaluate the sand
 friability [Ramirez, 1999]. The Micro-Deval test has also been suggested for aggregates
 to be used in hot-mix asphalt, HMA, mixtures in the United States, based on correlation
 between test results and field performance [Kandhal, 1998].
 2.5 MANUFACTURED SANDS
 In natural sands, deleterious particles like clay minerals and organic matter,
 mostly present in the minus 75 µm portion, increase significantly the demand for water
 [Hudson, 1999]. Consequently, some specifications limit the amount of minus 75 µm to
 avoid these negative effects. For example, ASTM C 33 limits the amounts of particles
 passing the N 200 mesh (75 µm) to 3 and 5 percent in natural sands, and to 5 to 7 percent
 in crushed sands.
 Manufactured fine aggregate (MFA), results from the process of crushing rock.
 Usually MFA have microfines contents between 10 and 20 percent, much higher than
 natural sands, but they are in general not detrimental like those in natural sands [Hudson,
 1997]. Research has demonstrated that manufactured sands could have minus 75 µm
 percentages up to 15 or 20 percent without necessarily producing a negative effect on
 concrete quality [Hudson, 1997]. Moreover, when manufactured sand is used in concrete,
 the minus 75 µm portion, if well shaped, could improve concrete behavior [Dewar,
 1992]. Small amounts of crushed fines passing 75 µm can improve strength, workability,
 and density for lean concrete mixtures [Forster, 1994]. Inclusion of minus 75 µm in a
 suitably graded form leads to high packing density and to denser concrete and
 consequently to less permeability [Hudson, 1997]. Mixtures with high amounts of fines
 passing the 75µm sieve can significantly reduce bleeding and segregation [Hudson, 1999;

Page 52
                        

28
 Kalcheff, 1977]. However, shrinkage properties have to be monitored when using
 concrete with high minus 75 µm content, particularly in climates of low humidity and dry
 winds [Hudson, 1997]. High amounts of minus 75 µm could also impair finishability and
 decrease the entrained-air content, problems that could be overcome by using admixtures
 [Hudson, 1997; Malhotra, 1985]. In fact, Kalcheff [1977] indicates that the freeze-thaw
 durability of concrete made with up to 25 percent microfines was not negatively affected
 by the high-microfines content, although more air-entraining agent had to be used.
 Finally, the inclusion of fines decreases slump. However, this slump drop does not
 necessarily mean that concrete has poor workability, since slump is not a reliable test for
 workability of stiff concrete [Hudson, 1997].
 Research shows that fines in manufactured sands in excess of around 8 percent of
 the total volume of aggregate could result in high water demand, increase shrinkage and
 decrease strength [Forster, 1994; Ahmed, 1989]. This means that the minus 75 µm
 material should be limited to around 7 percent of the total aggregate volume (15 to 20
 percent of fine aggregate). ASTM C 33 limits the fines content in manufactured sands to
 5 to 7 percent. Other specifications have greater limits. For example, according to
 Ramirez [1999] the Spanish Concrete Standard limits the microfines content (particles
 passing 63 µm sieve) to up to 15 percent of the total fine aggregate volume. The British
 specification BS 882 allows up to 15 percent of fines [Dewar, 1992]. The Indian
 specification permits 15 percent to 20 percent and the Australian specification permit up
 to 25 percent (if agreed by client) and no more than 5 percent of entire aggregate [Ahn,
 2000]. In France 12 to 18 percent is allowed depending on use as indicated in the French
 standard NF P 18-540, 1997. Table 2.1 summarizes these values.
 According to some researchers, in contrast to particles from 4.75 mm (No 4) to
 150 µm (No 100), minus 150 µm could have a slight effect in increasing the water
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 demand. Moreover, if they are well shaped, they act as a lubricant in the mix [Hudson,
 1997]. In addition, minus 150 µm could enhance finishability [Hudson, 1999].
 Table 2.1 Microfines Limits in Different Countries
 Country Microfines Allowed (Percentage of Sand)
 United States 5% to 7% passing 75µm sieve
 Spain 6% passing 63µm sieve (for natural sand) 15% passing 63µm sieve (for crushed sand)
 England 15% passing 63µm sieve
 India 15% to 20%
 Australia 25%
 France 12% to 18% passing 63µm sieve depending on application
 In Illinois, in the Plainfield demonstration [Sanders, 2002], concrete with high
 microfines was used successfully to make two sections of a five-section experimental
 concrete pavement. Five different mixtures were made to evaluate the performance of
 concrete with different characteristics. The control mixture was made with natural sand
 with 1.7 percent microfines, two mixtures incorporated manufactured sand (MFA) with
 16 percent microfines, and two mixtures had manufactured sand with 5.5 percent
 microfines. The five mixtures incorporated different proportions of fly ash, ground
 granulated blast-furnace (GGBF) slag, and water reducer. It was found that mixtures that
 incorporated MFA had acceptable workability and finishability and had better durability,
 as measured by salt scaling and 300 cycles of freezing and thawing, than concrete with
 natural sand. On the other hand, Abou-Zeid [2003] found that for a specific type of
 microfines (extracted by washing coarse crushed dolomitic aggregate), that in the
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 presence of high microfines the water reducers used (a low range ligno-sulfonate base
 and a high-range naphthalene sulfonate base) not only were not as effective in increasing
 slump, but caused a faster slump loss.
 According to Kalcheff [1977] the quantity of microfines in MFA that might be
 desirable, tolerable or deleterious depends upon the properties of the microfines and the
 type of concrete that will be made.
 Shape is another area of concern with MFA. The parental rock and the crushing
 method affect shape, texture and grading of the resulting aggregate, as well as the amount
 and geometric characteristics of microfines. The impact of shape and texture of aggregate
 on concrete performance has been indicated previously; as a result, crushing methods that
 produce more cubical and less elongated and flat particles are desirable.
 Due to the nature of MFA (high-microfines content, and rough and not cubical
 particles), the desirable grading and proportion in concrete mixtures are different from
 those for natural sand [Hudson, 1999].
 2.6 TESTS FOR AGGREGATE CHARACTERIZATION
 2.6.1 Shape and Texture of Fine Aggregate
 The following test methods are used to evaluate shape and texture of fine
 aggregate:
 • ASTM C 1252 Uncompacted Void Content of Fine Aggregate
 • ASTM D 3398 Index of Aggregate Particle Shape and Texture
 • ASTM C 295 Petrography
 • Image Analysis
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 2.6.1.1 ASTM C 1252. Uncompacted Void Content of Fine Aggregate (as Influenced by Particle Shape, Surface Texture, and Grading)
 In this method, a nominal 100 mL cylinder is filled with fine aggregate by
 allowing the sample to flow through a funnel from a fixed height. The fine aggregate
 mass is determined by weighing. The uncompacted void content is calculated using the
 bulk dry specific gravity of fine aggregate.
 Kandhal and Parker [1998] state that it is a practical test, that the cost is
 reasonable and that the performance predictability of this test is considered good based
 on the research work done at the NCAT. On the other hand, Hudson [1999] asserts that
 the ASTM C 1252 must be modified because it presents some problems particularly for
 manufactured sands. First, it has been found that the test cannot differentiate between
 shape and surface texture. Thus, the information obtained from this test should be
 analyzed with other tests that would isolate surface texture effect. According to Hudson
 [1999] results are not very accurate for coarser particles, because the discharge orifice is
 not large enough to permit large particles to pass through it, and the receiving container is
 too small and ensures differing degrees of error dependent on the particle size. Work has
 been done in order to correct these deficiencies and a modified device is under
 development [Hudson, oral communication].
 2.6.1.2 ASTM D 3398. Index of Aggregate Particle Shape and Texture
 In this test, a clean, washed, oven dried, one-sized sample is used. Five cylindrical
 molds of various diameters are used along with steel tamping rods of different weighs.
 Each cylinder is filled in three layers with each layer receiving ten tamps. Each tamp
 consists of a drop with the tamping rod from two inches above the surface. The procedure
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 is repeated using the same material but applying 50 tamps instead of ten. The particle
 index value is calculated using the following equation:
 Ia = 1.25V10 – 0.25V50 – 32.0 (2.11)
 where
 Ia = particle index value
 V10 = percent voids in the aggregate compacted with 10 blows per layer
 V50 = percent voids in the aggregate compacted with 50 blows per layer
 According to Kandhal and Parker [1998] this method is not practical for testing
 fine aggregates because it requires separating different sieve fractions, thus it is time
 consuming and expensive. In addition, the precision has not been determined.
 2.6.1.3 ASTM C 295 Petrography
 The ASTM C 295 test method provides guidelines for petrographic evaluation of
 aggregates. Petrographic examination provides excellent information very rapidly.
 Besides shape and texture, petrography could be used to:
 • Determine physical and chemical characteristics of aggregate.
 • Describe and classify constituents of a sample.
 • Establish if aggregates are compound or covered by chemically unstable mineral
 such as soluble sulfates or smectites.
 • Determine weathering and porous characteristics of aggregate, as they can affect
 freezing and thawing resistance of aggregate.
 • Verify whether aggregates have alkali-silica or alkali-carbonate reactive
 constituents and determine the presence of contaminants.
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 Some petrographic techniques are microscopy analysis, X-ray diffraction,
 differential thermal analysis, infrared spectroscopy, scanning electron microscopy, and
 energy-dispersive x-ray analysis.
 2.6.1.4 Image Analysis
 Image analysis has great potential to quantify shape and texture of fine aggregate.
 2.6.2 Deleterious Materials - Methylene Blue Test
 This test is used to identify harmful clays such as smectite, kaolinite and illite,
 organic matter, and iron hydroxides present in fine aggregate [Yool, 1998; Dumitru,
 1999]. The method is based in the ability of these clays to exchange cations, and
 therefore adsorb the methylene blue dye. There are many variations of the test; in fact
 Dumitru [1999] described briefly seven methods, for which results are different and
 difficult to correlate. The methylene blue value (MBV) may depend on some aggregate
 characteristics such as mineralogy, particle size, and porosity. In addition, it has been
 found that MBV of minus 75 µm material is higher if the sample has been obtained from
 wet sieving [Dumitru, 1999]. Dumitru states that although MBV is a good indicator of
 potential problems, an aggregate with high MBV should be further investigated before
 rejecting it. Research at ICAR indicates that there is no strong correlation between MBV
 and performance of concrete made with sand with high fines [Ahn, 2000]. However, it
 was found that materials with very high MBV could potentially generate problems such
 as high water demand and would require further investigation.
 2.6.3 Shape and Texture of Coarse Aggregate
 • ASTM D 3398, Index of Aggregate Particle Shape and Texture
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 • ASTM D 4791, Flat Particles, Elongated Particles, or Flat and Elongated Particles
 in Coarse Aggregate (using proportional calipers)
 • British Standard 812 (part 105) Index of Aggregate Flakiness Index of Aggregate
 • ASTM C-295, Petrography
 • AASHTO TP 33, Modified. Uncompacted Void Content
 • Image Analysis
 2.6.3.1 ASTM D 3398, Index of Aggregate Particle Shape and Texture
 This method was described previously for fine aggregate. However, according to
 Kandhal and Parker [1998] the method is suitable and practical for coarse aggregates.
 2.6.3.2 ASTM D 4791, Flat Particles, Elongated Particles, or Flat and Elongated Particles in Coarse Aggregate
 This method evaluates shape by means of proportional calipers. The objective is
 to determine if particles have dimension ratios above or below a given value. According
 to this comparison, particles are classified as cubical, flaky, elongated or flaky and
 elongated [Jahn, 1998; D’Angelo, 1998]. Weingart and Prowell [2001] state that the
 method lacks both precision and repeatability and that it is a labor-intensive procedure.
 On the contrary, Kandhal and Parker [1998] consider that the method is very simple and
 that its reproducibility is considered fair.
 2.6.3.3 British Standard 812, Part 105 (Flakiness Index and Elongation Index)
 This method is used in Europe and Australia [Kandhal, 1998]. The flakiness index
 is the percentage by weight whose lowest dimension (thickness) is less than 0.6 of the
 mean size. This test is not applicable to sizes smaller than 6.5 mm (1/4 in.). Although the
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 test is not considered subjective, there is a concern regarding the gauges’ reliability
 [Kandhal, 1998].
 2.6.3.4 AASHTO TP 33 Modified, Uncompacted Void Content
 This test is similar to ASTM C 1252. Crouch and Loutzenheiser [1999] proposed
 to use the AASHTO TP 33 device, commonly used to verify if fine aggregate angularity
 complies with Superpave requirements, with some modifications to evaluate angularity
 and surface texture of coarse aggregate to be used in concrete. A funnel is filled with
 aggregate and then allowed to flow from a fixed height into a cylinder. The uncompacted
 void content of the material in the cylinder is measured. This uncompacted void content
 depends on grading, shape, and surface texture. In order to evaluate only the effect of
 shape and texture, a single size aggregate should be used. Uncompacted void content has
 also been proposed [Kandhal, 1998] as a potential technique to measure shape and texture
 of coarse aggregates to be used in hot-mix asphalt, HMA, mixtures.
 2.6.3.5 Image Analysis
 Image analysis has a great potential for characterizing shape and texture of coarse
 aggregate. There are currently no ASTM or AASHTO test methods for image analysis.
 2.6.4 Grading of Coarse and Fine Aggregate
 Grading of coarse and fine aggregates greater than No. 200 mesh can be assessed
 by the following tests:
 • ASTM C 136 Sieve analysis
 • ASTM C 117 Sieve analysis by washing
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 • Image Analysis
 These ASTM tests will not be described because they are considered accurate and
 practical. However, Hudson [2001] has expressed concerns regarding the form of the
 mesh used for sieving. Hudson states that the holes should be round instead of square.
 Due to the square form of the holes, some particles whose characteristic dimension is
 significantly higher than the nominal opening of the mesh are allow through, impairing
 the calculated size distribution.
 Some of the image-analysis methods described before can also be used to evaluate
 grading of aggregates. Maenz [1998] states that although at present results are not as
 reliable as those obtained by sieve analysis, these techniques could be useful in plants, as
 they permit quick and continuous evaluation of aggregate.
 For the minus 75-mm fraction special techniques should be used, e.g. hydrometer
 or laser-based procedures.
 2.7 WORKABILITY
 The aggregate characteristics, texture, shape, and size distribution play a major
 role in the workability of concrete. The definition of workability is rather nebulous in that
 it means different things to different people. Closely associated to the term are two
 others: consistency and rheology. In the ASTM Terminology Relating to Concrete and
 Concrete Aggregates (C 125) workability is defined as “that property determining the
 effort required to manipulate a freshly mixed quantity of concrete with minimum loss of
 homogeneity.” Scanlon [ASTM 169A 1994] offers the ACI 116R definition of
 workability as “that property of freshly mixed concrete or mortar which determines the
 ease and homogeneity with which it can be mixed, placed, consolidated, and finished.”
 Rheology is defined in the same instance as “the science dealing with the flow of
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 materials, including studies of deformation of hardened concrete, the handling and
 placing of freshly mixed concrete, and the behavior of slurries, pastes, and the like.”
 Consistency is defined as “the relative mobility or ability of freshly mixed concrete of
 mortar to flow; the usual measurements are slump for concrete, flow for mortar or grouts,
 and penetration resistance for neat cement paste.”
 Associated with the concept of workability is the problem of classifying fresh
 concrete. Qualitative descriptions are commonly used. A mixture may be “sticky” or
 “wet” while another may be “too lean” while yet another has “good flow.” All of these
 classifications may be accurate to the mixture in question and perhaps they more aptly
 describe the mix than another more “quantifiable” collar might. For more specific and
 quantifiable descriptions, there are numerous testing methods and apparatus for both field
 and laboratory applications [Koehler, 2003]. The extensive list of options does present a
 problem in assigning the best means of classifying concrete. Some tests by their very
 nature are physically impractical at a jobsite (such as those requiring external power or
 using delicate mechanicals). Others, while catering to jobsite ease-in-use, may not deliver
 meaningful results and are therefore useless on all levels.
 Paramount in the discussion of workability is the ASTM C 143 standard, or
 “slump test.” The slump test is in practical use in both laboratory and field applications,
 and its results are often the point of debate. A principal point of discussion is that the
 slump test does not accurately measure the workability of concrete or offer meaningful
 results for concretes that display extreme properties of consistency. Popovics [1994]
 states that the slump test does provide some information about workability and qualitative
 information with regard to mix cohesiveness on a “within-batch” basis. That is to say that
 the test offers results when comparing a sample at the front of a batch to one taken at the
 end of the same batch. The non-universality of the test underscores dissent among those
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 using the test in practice. While two mixes being sampled may both have the same slump,
 one mix may lose all cohesive properties when subjected to the slightest vibration just as
 the other may remain stationary at the initial slump; in this case the slump test would not
 reveal such behavior. While the slump test may give important facts regarding a specific
 batch, it does not seem to offer any tangible results distinguishing between batches.
 Furthermore, even at its most specific, the slump test offers neither qualitative
 classification such as compactability or finishability, nor quantitative results for values
 such as viscosity. These results would aid in more thoroughly classifying a mix.
 The slump test does not give meaningful results for stiff or fluid concrete as it is
 intended for concrete with consistency ranging from “medium plastic” to “highly plastic”
 [Popovics, 1994]. Consequently, it could not be suitable for concrete with high
 microfines without water reducers.
 In response to the shortcomings of the slump test, numerous “workability” tests
 have been developed to deliver more meaningful results on a larger scale. These various
 tests all adhere to a fundamental concept: concrete must function dynamically in the
 apparatus for meaningful results. Though all tests are different they often share similar
 platforms. One popular test, the Vebe Apparatus test, uses a device called the Vebe
 consistometer. This test consists of placing a slump cone sample on a vibrating base. The
 sample sits within a cylinder and once the cone is removed the vibration commences; the
 amount of time for the slump sample to conform to the cylinder is recorded. Some
 researchers favor this test since it circumvents the problem described earlier with the
 slump test results. The Powers Remolding test is similar except that instead of using a
 vibrating base, a flow table capable of producing repeatable “drops” (1/4 inch per drop)
 jars the slump cone specimen so that it remolds to a cylindrical shape.
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 One test that does not incorporate the use of a slump cone is the compaction
 factor test. This is a British standard test in which two inverted cones with doors covering
 the tapered ends are aligned atop each other. Beneath the bottom cone is a cylinder. A
 sample of concrete is placed in the top cone and then experiences a series of falls. The
 test conductor opens the cone doors allowing the mix to pass from one cone to the other
 and finally into the cylinder. The amount passing into the cylinder is weighed and
 compared to the weight of that cylinder when completely full.
 The Federal Highway Administration (FHWA) developed the Vibrating Slope
 Apparatus (VSA) in an attempt to evaluate the workability of low slump concrete. For
 that purpose the amount of concrete than goes off an inclined box when subject to
 vibration is measured. With the values corresponding to two different slopes, a
 workability index is determined.
 In general, these tests offer an additional dimension to the slump test but none
 really provides an ideal solution. In some cases, it is a simple matter of equipment and
 convenience; the Vebe test and the VSA are difficult to use in the field. In some cases, as
 with the Compaction Factor test, the procedures just did not offer the traditional
 convenience of the slump test despite their potential for more extensive results.
 Tattersall summarized the fundamental qualities that a test should incorporate and
 researchers should look to describe [Tattersall, 1973]. In his description, Tattersall lists
 the slump, the Vebe time, and the compaction factor as the quantitative empirical data.
 For qualitative data he listed flowability, compactability, stability, finishability,
 pumpability, and extrudability as classifications under the general heading of workability.
 Most importantly, Tattersall opines on the greatest deficiency in the assortment of testing
 procedures: no test procedure addressed any variability in shear rate.
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 2.8 RHEOLOGY
 To address the shortcomings of results found in workability tests, researchers
 have tried to study concrete properties at a more fundamental level. Rheology is the study
 of the flow of materials including fluids and solids. Consequently, rheological models
 could be defined to describe the flow of fresh and hardened concrete. Liquids under shear
 stress will deform continuously. Likewise, fresh concrete will deform continuously, after
 a minimum shear stress, called the yield stress, has been applied. The objective of
 concrete rheology is to develop aptly relationships between the applied shear stress and
 the corresponding shear that allow predicting the behavior of concrete. Two rheological
 models for fresh concrete will be briefly described below. One is the Bingham model; the
 other is the Herschel-Bulkley model.
 2.8.1 The Bingham Model
 Tattersall proposed that concrete exhibited behavior accurately described by the
 Bingham model:
 τ = το + µγ (2.12)
 where
 τ = shear stress applied to fresh concrete
 γ = shear strain rate
 το = yield stress = initial shear stress
 µ = plastic viscosity.
 To classify fresh concrete, therefore, according to this model it is necessary to
 determine the yield stress of the mixture as well as the plastic viscosity. Tattersall
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 developed a device to measure these two quantities: the “rheometer,” also called the “two
 point apparatus,” to emphasize that most of the workability tests, such as the slump, are
 “one point” tests that only measure one variable. After Tattersall, different types of
 rheometers have been developed.
 2.8.2 The Herschel-Bulkley Model
 Recent research [de Larrard, 1999] has shown that the rheology of concrete is
 better described by the Herschel-Bulkley model:
 τ = το + mγn (2.13)
 where:
 τ = shear stress applied to fresh concrete
 γ = shear strain rate
 το = yield stress = initial shear stress
 m, n = parameters determined from calibration
 This model is more complex than the Bingham model; however, the differences
 are minor for a great range of concrete types. The use of the Herschel-Bulkley model is
 justified in some cases like self-compacting concrete [de Larrard, 1999]
 Figure 2.3 shows the behavior of three mixes, A, B, and C, which follow the
 Bingham model and the behavior of a mixture, D, which follows the Herschel-Bulkley
 model, as well as the yield stress, τo, of mixtures A and B, and the plastic viscosity, µ of
 mixture C.
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 Figure 2.3 Shear Stress vs. Shear Strain for Different Concretes. Mixtures A, B, and C Follow the Bingman Model. Mixture D Follows the Herschel-Bulkley Model
 Relationships between the fundamental rheological properties and some
 behavioral properties of concrete, like slump and placeability, have been identified. It has
 been found that the yield stress is related to slump: the higher the yield stress, the lower
 the slump. On the other hand, the behavior of concrete subjected to shear forces at high
 rates such as in a pump depends on the plastic viscosity [de Larrard, 1999]. Some other
 characteristics related to workability like stickiness, finishability, trowelability,
 placeability and response to vibration seem to be related also to plastic viscosity. While
 mixes A and B in Figure 2.3 will have about the same slump, they will behave differently
 under vibration since their plastic viscosities are different.
 A physical explanation of the behavior of fresh concrete has been made by de
 Larrard [1999]: while the yield stress is governed by the number and nature of contacts
 between grains, the plastic viscosity depends on the liquid phase, which is basically the
 paste.
 τ
 γ
 τo
 A
 B
 C
 µ
 D
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 Current rheological work looks to incorporate all aspects of mix design in order to
 deliver a “single solution” for fresh concrete classification. That is to say, a designer
 given a single model could predict flow, finishability, slump, and any other of a number
 of properties.
 The concepts of workability and rheology regress into one general concept of mix
 design: while concrete is fundamentally a simple mixture, there are numerous intricacies
 that produce significant fluctuations in mix behavior. Popovics [1994] calls fresh
 concrete very “sensitive.” There remains, however, a necessary and appropriate effort to
 develop methods by which researchers and concrete professionals can accurately predict,
 monitor, and record the properties of concrete. The objective is to analyze mixture
 constituents’ at the most fundamental levels. This requires addressing aggregate
 properties in the greater context of concrete properties. With the development of new
 workability tests needs must come new inclusion of these characteristics, if in fact, a
 single test is to deliver universal results. In the case of modeling, it needs to be shown
 whether models and software can accurately reflect the inherent variability in concrete
 constituents. Despite its deceptive simplicity, concrete is composed of a synergistic
 system wherein no aspect of the mixture escapes affecting another.
 2.9 PACKING DENSITY
 Given a unit volume filled with particles, packing density or packing degree is the
 volume of solids in this unit volume and is equal to one minus the voids. The packing
 density gives an indication of how efficiently particles fill a certain volume and for that
 reason is such an important concept in materials science. If a high volume of particles can
 be packed in a certain volume, the necessity for binder, which usually is much more
 expensive, to fill the voids and glue particles will be decreased.
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 Solids
 Voids
 Figure 2.4 Definition of Packing Density
 e
 VvVsVs
 VtVs
 −=+
 == 1φ (2.14)
 Where:
 Vs = volume of solids
 Vt = total volume = volume of solids plus volume of voids
 e = Voids = volume of voids over total volume
 The packing density is a function of the combined effect of shape, texture and
 grading of the components. Kwan [2001] found that besides grading, the shape factor and
 the convexity ratio are the major factors affecting packing density. Kwan also indicates
 that it is unlikely that texture has a significant effect on packing while according to
 Hudson [Hudson, 1999] surface texture has a significant impact on packing density.
 The packing density or packing degree not only depends on the aggregate
 characteristics, but also on the compaction method and on the dimensions of the
 container. If the sample is just poured, the packing density will be lower than that
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 corresponding to a sample tapped with a rod or a sample vibrated. Unfortunately, a
 correlation among packing densities obtained using different compaction methods has not
 been established, as it depends on the size, shape and texture of the particles. In fact, it is
 possible that a crushed aggregate has a lower loose density than a rounded one, while the
 vibrated density could be the opposite.
 Some authors claim that loose packing density correlates better with shape and
 texture of particles and that the risk of segregation is lower when the material is just
 poured [Dewar, 1999]. Other authors prefer compacted packing densities because they
 are associated with less variability [de Larrard, 1999].
 The packing density could be evaluated in air (dry packing), or in water or any
 other liquid. As for particles retained in the N 200 sieve, dry packing, either in oven dry
 or in SSD state, has been used successfully to predict concrete behavior [de Larrard, 1999
 and Dewar, 1999].
 On the other hand, due to the important effect of inter-particle forces, dry packing
 could not be a good indicator of the actual behavior of very fine particles (passing N 200
 mesh) under the saturated conditions found in fresh concrete. In fact, water demand tests
 have been proposed to measure the packing density of powders such as cement, fly ash,
 and aggregates particles less than 75um. [De Larrard, 1999; Dewar, 1999].
 In concrete mixtures, theoretically, the higher the packing density of aggregates
 the less paste or the less the water required for given workability. As cement is the most
 costly large component of concrete, and as cement paste is responsible for shrinkage, heat
 development, and some durability problems, optimization calls for concrete that complies
 with all of the specifications using, within limits, the least cement. Goltermann [1997]
 tested the theoretical values for various mixes, incorporating values other than the
 maxima for various aggregates. His results showed good results for predicted degree
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 packing. In similar tests, Johansen [1989] found that the best mix workability typically
 came from the densest packing of sand and coarse aggregate.
 Consequently, one of the objectives of optimization of concrete mixtures is to
 combine available aggregates in such a way that maximum or near maximum packing
 degree is obtained while maintaining an acceptable level of workability.
 2.10 CONCRETE OPTIMIZATION
 Optimization is the set of procedures used to make a system as effective as
 possible. Concrete is a system that has to meet varying and, frequently, opposing criteria.
 These criteria include among others durability, strength, workability, construction
 operations, cost, appearance, early use requirements, rebar spacing, and availability of
 resources.
 There are so many variables involved that optimizing concrete systems (i.e.,
 making the system as effective as possible) for a given project is such a complex task that
 may require the use of expert knowledge bases and computer programs [Rasmuseen,
 2003]. It also means that there is no “optimized mixture” that could be used for all
 purposes.
 Cement is one of the most expensive components of concrete. Although cement
 paste is required to fill aggregate voids, bind them together and provide mobility to fresh
 concrete, it is also responsible for drying shrinkage, heat generation and porosity.
 Consequently, minimizing the amount of cement paste would be one of the goals of
 concrete optimization.
 The above discussion leads to the concept of optimization of aggregates. A key
 factor in this discussion is the packing density. If more volume of aggregate can be
 packed in a certain volume of concrete, less paste will be required. Consequently,
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 variables like shape, texture and grading of available aggregates as well as the expected
 performance of concrete depending on the application (workability, consistency,
 development of strength, durability), should be incorporated in a methodology for
 optimizing mixture proportions.
 However, maximum aggregate packing is not necessarily the best solution when
 optimizing aggregates since it could produce rocky mixtures or gap graded mixtures that
 present problems such as segregation, poor placeability, excessive bleeding and poor
 finishability. On the other hand, research [de Larrard, 2000; Anderson, 1997] shows that
 mixtures with good performance have packing densities close to the maximum.
 Grading, shape, and texture, particularly of the material passing the N4 sieve, are
 the most important variables affecting packing of aggregates and workability of concrete.
 Regarding grading, many attempts have been made to ensure that coarse and fine
 aggregate grading is within certain limits. Many specifications prescribe the proportions
 to be used, or require that grading meets standards like the ASTM C 33. However,
 complying with these requirements does not necessarily lead to optimized proportions for
 a specific case. On the contrary, these prescriptive specifications, as opposed to
 performance specifications, do not encourage aggregate optimization.
 One of the goals of any proportioning method should be aggregate optimization
 and, according to the previous discussion, grading, shape and texture of aggregates
 should be considered in the methodology. However, there are proportioning methods that
 do not consider these variables and many others consider shape, texture, and grading of
 aggregates in such crude way that they give the same proportions for very different
 materials.
 Although optimizing the packing density is a very important aspect of mixture
 optimization, it is not the only one. A mixture could be optimized in terms of other
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 variables such as slump, plastic viscosity, segregation, and placeability. Eventually the
 best mixture for a given project will not yield the maximum packing, although it will be
 close. A few methods permit the optimization of more variables besides packing density.
 Shilstone [1999] outlines one basis for optimization that minimizes cost to the
 aggregate/concrete producer. This approach has the potential for delivering mixes ideal to
 a given set of construction conditions. Shilstone uses some factors that from field
 experience lead to mixtures appropriate for different applications or to uniform graded
 mixtures. In addition, Shilstone [1994] states that blending of aggregates is essential in
 mix design. He claims that there is no problem in producing concretes with high strength
 since cement is an easily added component for that matter. However, cement contents
 could be greatly reduced by blending aggregates in an effort to increase the overall
 quality of the concrete mix. In doing so, fresh concrete qualities could improve over those
 consisting of gap-graded aggregates while specification strengths would more closely
 represent mixes being produced without an excess of cement content. The overall
 standpoint in mix design follows the well-known fundamentals of mix economics:
 maximize the cheapest components while minimizing the more costly ones- - all while
 providing the best concrete performance possible [Whitthoft, 2000]. Following the
 Shilstone’s basis, Cramer [1995] conducted experiments to obtain an optimized aggregate
 grading that increased compressive strength and reduced water demand compared to
 mixes having gap-graded aggregates.
 From the availability point of view, in a geographic region lacking a certain sized
 aggregate, one mix may be optimized if it produces good concrete while omitting that
 particular size.
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 2.11 PROPORTIONING METHODS
 The ability of some proportioning methods to predict the behavior of fresh and
 hardened concrete or to allow the optimization of aggregates was investigated. Research
 using the following proportioning methods was performed due to the fact that they are
 either commonly used in the United States or have considerable potential for concrete
 optimization:
 • ACI 211
 • “18-8”
 • Shilstone
 • Europack
 • The compressible packing model (CPM)
 • The theory of particle mixtures (TPM)
 2.11.1 ACI 211 – ASTM C 33
 The ACI 211, Standard Practice for Selecting Proportions for Normal,
 Heavyweight and Mass Concrete, is one of the best known proportioning methods. Some
 of the main characteristics of ACI 211 are the following: Allows a maximum of 5 to 7
 percent of minus 200 mesh particles. This restriction comes from the ASTM C 33 and is
 targeted for natural sands in which material passing the N 200 mesh generally is
 composed by claylike particles that are harmful for concrete.
 Water content depends on the maximum size of aggregate, MSA, and the desired
 slump. Although ACI 211 suggests a simplistic way of making changes to the amount of
 water depending on whether aggregate is round or crushed, and depending on the
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 addition of chemical admixtures, ACI 211 does not consider shape, texture and grading
 on the calculation of water demand nor the amount and type of chemical admixtures
 ACI 211 partially considers the packing effect of aggregates. The amount of
 coarse aggregate depends on the fineness modulus of fine aggregate. The fineness
 modulus is a measure of the size distribution of fine aggregate. A high value would mean
 coarse sand while a small value is related to fine sand. However, very different size
 distributions could yield the same fineness modulus as pointed out by Hudson [2003]. For
 sands within the ASTM C 33 limits, differences could not be very high, but for
 manufactured sands with high microfines and grading that does not meet ASTM C 33
 limits, differences will become very important. The other disadvantage of the fineness
 modulus concept is that it does not consider the packing density, and for that matter does
 not consider shape and texture, of fine aggregate.
 The combined effect of shape, texture, and grading of coarse aggregate is
 considered by means of the dry rodded unit weight (DRUW); however, the same is not
 true for fine aggregate as explained before.
 ACI considers only two fractions, coarse and fine, in the procedure. Optimization
 by blending more than two aggregates is not encouraged, especially if each fraction
 complies with ASTM C 33 grading.
 2.11.2 “18-8” Specification
 The role of grading on the performance of fresh concrete has been recognized for
 many years. ASTM C 33 specification could lead to gap graded mixtures and mixtures
 with poor workability due to the excess or deficiency of some sizes. The “18-8”
 specification is an attempt to produce uniform blends by limiting the maximum and
 minimum amounts of aggregate fractions.
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 Figure 2.5 shows a version of the “18-8” chart used by the Iowa Department of
 Transportation [Iowa DOT, 2003]. It can be seen that the maximum percentage of
 particles retained in sieves N100 to 1 in. is 18 percent and the minimum percentage of
 particles retained in sieves N30 to ½ in. is 8 percent. It is also clear that this spec is not
 intended for aggregate with high microfines.
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 Figure 2.5 Iowa DOT “18-8” Chart
 This specification has been adopted by several agencies. However, mixtures
 meeting “18-8” limits could still have workability problems and could have low packing
 density due to excess or deficit of either small or large particles.
 2.11.3 Shilstone Method
 Shilstone’s method is focused on the optimization of the grading of aggregates.
 To ensure uniform blends without major gaps, especially in the N4 and N8 sieve sizes,
 Shilstone proposes the use of the coarseness chart, the 0.45 grading power chart, and the
 mortar factor.
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 For the coarseness chart a consideration of the grading of the whole aggregate is
 made, as opposed to considering coarse and fine aggregate as separate entities. Aggregate
 is divided in three fractions: large, Q, intermediate, I, and fine, W. Large aggregate is
 composed of the plus 3/8-in (9.5 mm) sieve particles, intermediate is composed of the
 minus 3/8-in and plus N4, and fine is composed of the minus N8 and plus N200 sieve
 particles. The coarseness chart gives the relationship between the modified workability
 factor, which is equal to W corrected for cement content when more or less than 6 bags
 per cubic yard are used, and the coarseness factor, which is defined as Q/(Q+I).
 Figure 2.6 presents the coarseness chart [Shilstone, 2002], which is divided in five
 zones. The diagonal bar, which separates Zone V from the others, also separates rocky
 mixtures from sandy mixes. Mixtures in Zone I are prone to segregation. Mixtures in
 have too much fine aggregate and are likely to crack, yield low strength, and segregate
 during vibration. Zone II is the desirable zone. Zone III is an extension of Zone II for
 MSA of 0.5 in. or less.
 Figure 2.6 Coarseness Chart as Proposed by Shilstone
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 Figure 2.7 shows the version of the coarseness chart used by the Iowa DOT. In
 this version, Zones II and III is further divided in five sub-zones as shown in the figure.
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 Figure 2.7 Coarseness Chart Used by Iowa DOT
 As for grading, Shilstone proposes the use of the 0.45 power grading chart. Figure
 2.8 shows the 0.45 power chart corresponding to a MSA of 1 in.; in this chart the
 horizontal axis scale is obtained raising the sieve size to the 0.45 power. A good grading,
 such as that presented in the figure, will not have major deviations from the straight line.
 Figure 2.8 The 0.45 Grading Power Chart
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 Although a uniform blend should have material retained in every sieve, Shilstone
 [2002] points out that the amount retained in a single sieve is not as important as the
 amounts retained in two adjacent sieves. Accordingly, sieves are grouped in clusters of
 two: 2 in. and 1-1/2 in., 1 in. and ¾ in., N4 and N8, N16 and N30, and N50 and N100.
 Excess material in one sieve in a cluster can compensate for a deficiency on the other
 sieve of the cluster. Deficiencies in two adjacent sieves in different clusters can be
 acceptable, as long as there is a peak at the other sieve of the cluster. It is in the N4-N8
 cluster where the effect of shape and texture is more significant.
 All minus N200 sieve materials are classified as paste. The combination of paste
 and fine aggregate (minus No. 8) is considered as mortar. According to Shilstone, mortar
 is the most important part of the mixture because it is the key to strength, durability,
 workability, finishability, pumpability, wearability and cost. Shilstone states that “most
 problems are caused by sand grading that increase or decrease the amount of minus No. 8
 sieve particles.” He claims that the “mortar factor,” defined as the volume of the minus
 N8 sieve material (including aggregate, cement, water and air), allows the engineer to
 have a better idea of the mixture behavior.
 2.11.4 Europack
 Europack is a program for calculating the packing density of dry mixtures. Based
 on the modified Toufar model by means of which two aggregates can be combined at a
 time, Europack plots ternary and binary diagrams, as can be seen in Figure 2.9, that show
 the packing density for different values of three or two components [Goltermann, 1997;
 Johansen, 1989]. The program requires the packing density and the characteristic
 diameter of each fraction. The packing density of a blend of two aggregate fractions is
 determined as indicated in section 6.3.1.1.
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 Europack is not really a proportioning method because it requires the use of
 another method such as ACI 211 for the determination of the amounts of cement and
 water. The relative percentages of fine and coarse aggregate that produce the maximum
 or the desired packing degree are calculated with Europack. Then the “proportioning”
 method is used to find the amounts of cement, water, and aggregate.
 Figure 2.9 shows a typical window generated by Europack. The main input data
 appears in the top left. The resulting maximum packing is shown in the top left and the
 ternary and binary diagrams are shown in the bottom of the graph.
 Figure 2.9 Typical Window for Europack
 TernaryTernaryDiagramDiagram
 BinaryBinaryDiagramDiagram
 MaximumMaximumPackingPacking
 TernaryTernaryDiagramDiagram
 BinaryBinaryDiagramDiagram
 MaximumMaximumPackingPacking
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 2.11.5 The Compressible Packing Model (CPM)
 This proportioning method is based on packing concepts and it was developed by
 de Larrard [1999] in France. The basis of the mathematical model used to predict the
 performance of fresh and hardened concrete is the packing density of aggregates, cement,
 and cementitious materials.
 It is recognized that the packing density is a function of the combined effect of
 shape, texture and grading of particles. It is also recognized that the packing density
 depends on the compaction method; in fact a method using vibration and pressure at the
 top of the sample is suggested due to its claimed better accuracy.
 Based on relatively complex theoretical basis and experimental work this
 comprehensive model is able to predict the behavior of fresh and hardened concrete.
 Among others, the model gives: packing density of aggregate and concrete, the
 rheological characteristics yield stress and plastic viscosity, slump, air content, stability,
 placeability, compressive strength, heat of hydration and shrinkage of concrete with or
 without chemical and mineral admixtures. The mathematical model is somewhat complex
 as compared to other proportioning methods as can be seen in sections 6.3.1.2 and 7.1.3.
 The method allows the use of as many fractions of aggregate and cement as
 wanted. The packing density and the mean diameter of each fraction have to be
 determined. For cement and microfines the packing density is determined based on a
 water demand test. De Larrard’s work is based on the vibrated-plus-pressure packing
 density.
 Another feature of CPM is the “filling diagram.” This diagram is a graphical
 representation of the filling ratio (Si). The filling ratio gives an indication of the extent to
 which the ith fraction fills the voids of coarser fractions and is defined as the actual
 volume occupied by i particles divided by the volume available for i particles by the other
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 particles. The filling ratio depends not only on the size distribution of the aggregate but in
 the packing density of each fraction.
 The filling diagram could be used to evaluate graphically the soundness of the
 size distribution of the mixture. An uneven diagram could mean that there is excess or
 deficiency of certain sizes. It also could indicate if globally there are too much coarse or
 fine aggregate or cementitious materials. Figures 2.10 to 2.14 show the filling diagrams
 for some mixtures with the corresponding size distribution diagram, to emphasize the
 relative importance of small particles as compared to big particles.
 Figure 2.10 Filling Diagram and Size Distribution of a Uniform Distribution
 Figure 2.11 Filling Diagram and Size Distribution of the Distribution with Maximum Packing
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 Figure 2.12 Filling Diagram and Size Distribution of a Distribution for Maximum Slump
 Figure 2.13 Filling Diagram and Size Distribution of the Best Filling Distribution
 Figure 2.14 Filling Diagram and Size Distribution of the 0.45 Power Distribution
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 The effect of admixtures is considered through the effect of admixtures on the
 packing density of cement. From water demand tests, it has been found that admixtures
 increase the packing density of cement and powders.
 2.11.6 Theory of Particle Mixtures (TPM)
 Using a different approach, this mathematical model, developed by Dewar [1999],
 is used to determine the percent of a given material that produces the minimum void
 index when combined with other material. The void index and, therefore, the packing
 density of n fractions can be calculated combining two at a time. To proportion a concrete
 mixture, the method begins by combining the finest fractions, for example, cement and
 fine aggregate, and the resultant mortar is combined with the coarse aggregate to obtain
 concrete. As a result, the water demand can be determined from the voids content. The
 objective is to select proportions that result in low voids content (i.e. low water
 demands). More details can be found in sections 6.3.1.3 and 7.1.4.
 Based on a 2-in. target slump, the method uses an equation to calculate the
 compressive strength based on the water-to-cement ratio, w/c, a factor that depends on
 the source of the aggregate, and the air content.
 The method requires the packing density in loose condition, the mean size (i.e. the
 grading), and the density of each fraction. For cement and microfines the packing density
 is determined based on the VICAT test, and the mean diameter can be estimated from the
 Blaine fineness.
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 CHAPTER 3 EXPERIMENTAL PROGRAM
 3.1 INTRODUCTION
 To accomplish the objectives, the project was divided in the following five
 studies:
 1. Admixtures study I
 2. Admixtures study II
 3. Packing, shape and texture study
 4. Proportioning methods study
 5. Optimization study
 3.1.1 Admixtures Study I
 The objective of this study was to investigate the effect of chemical and mineral
 admixtures on high-microfines mortar and concrete. Ahn [2000] concluded that high
 microfines could be used to produce good quality concrete but sometimes difficult to
 cast, so he suggested the use of chemical admixtures to enhance workability.
 Consequently, it was decided, as a first approach, to incorporate high- and low-range
 water reducers in mortar and concrete made with some of the high microfines aggregates
 that Ahn used in his research project.
 3.1.2 Admixtures Study II
 This study was initiated once the aggregates selected specifically for this project
 arrived. The main objective was to evaluate the effect of chemical and mineral
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 admixtures in concrete with high microfines. Besides testing the chemical admixtures
 used in the Admixtures Study I with the new aggregates, two more chemical admixtures
 were used: a mid-range water reducer and an air-entraining agent. Additionally, mineral
 admixtures, fly ash type C, fly ash type F and silica fume were used.
 3.1.3 Packing and Shape and Texture Study
 The objective of this study was to evaluate three known methods to calculate the
 packing density of aggregate blends and to look for possible correlations between
 packing density, and shape and texture indexes.
 Five aggregates were sieved and the packing density of the coarse and the fine
 fraction as well as the packing density of each size fraction were measured using four
 methods of compaction. The packing density of some combinations of mono-sized
 fractions was determined experimentally and the results were compared with the
 theoretical predictions. Indexes for shape, angularity, and texture were obtained for the
 aggregates using image-analysis techniques. Correlations between these indexes and the
 packing density, between packing density and slump, and between shape and texture
 indexes and slump were made.
 3.1.4 Proportioning Methods Study
 The objective of this part was to compare five proportioning methods since one of
 the goals of this project was to identify a mixture proportioning method that accounted
 for aggregate properties in order to use more effectively aggregate in concrete
 (optimization). Several mixtures were designed using different proportioning methods in
 an attempt to find which were the best to optimize concrete particularly with high
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 microfines. One of the proportioning methods was ACI 211. Some of the others were
 based on packing degree concepts.
 3.1.5 Optimization Study
 The objective was to provide guidelines for optimizing aggregates in concrete.
 Cost effective concrete results in a mixture containing aggregates with an optimized size
 distribution that yields a high packing density (low voids), minimum quantity of cement
 and the desirable slump, workability and placeability.
 The grading of the optimized mixture depends not only on the aggregate
 characteristics, shape and texture, but on the application. More than that, the proportions
 of the optimized mixture will depend on the location and the available aggregates.
 Mineral and chemical admixtures and high microfines were used in this part of
 the study.
 3.2 MATERIALS
 3.2.1 Aggregates
 Except for the Admixtures Study I (Chapter 4), five sources of aggregates were
 selected, three crushed and two natural. These five sources were intended to cover a wide
 range of aggregates commonly used in the U.S. in terms of shape and texture. The three
 crushed aggregates consisted of limestone (LS) from Oklahoma, granite (GR) from
 Oklahoma, and trap rock (TR) from Texas all with more than 12 percent microfines. The
 two natural aggregates were siliceous river gravels, one from Indiana (IN) and one,
 partially crushed, from Arizona (AZ). The characteristics of the aggregates are shown in
 Tables A.1 to A.9 The trap rock coarse fraction came in two sizes: 1 in. and ½ in. The
 coarse portion of the river gravel from Arizona came in three fractions: 1 in., ½ in. and
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 3/8 in. The 1 in. and ½ in. are not crushed, while the 3/8 in. fraction was crushed as well
 as the fine aggregate.
 The following characterization tests were conducted on coarse aggregates:
 • Sieve analysis: ASTM C 136
 • Specific gravity and absorption capacity: ASTM C 127
 • Dry rodded unit weight: ASTM C 29
 • Packing density
 • Image analysis
 • Petrographic examination
 The following characterization tests were conducted on fine aggregates:
 • Sieve analysis: ASTM C 117
 • Specific gravity and absorption capacity: ASTM C 128
 • Packing density
 • Image analysis
 • Petrographic examination
 The numerical results of these tests can be seen in Tables A.1 to A.9. Some
 relevant results and size distribution charts are shown in this chapter. The packing density
 results are shown in Figures 6.3 to 6.5 in Chapter 6. The image analysis results can be
 seen in Figures 6.13 to 6.23 and Tables 6.9 and 6.10 in Chapter 6.
 Table 3.1 presents the results of the petrographic analysis of the aggregates [Patty,
 2003].
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 Table 3.1 Petrographic Analysis of Aggregates [Patty, 2003]
 Sample Description Source Rock/Mineral Identification
 IN-c Natural river gravel Indiana 35% limestone, 19% shale-siltstone, 46% siliceous (quartz, chert, etc.)
 IN-f Natural river sand Indiana 10% limestone, 90% siliceous (quartz, chert)
 AZ-c Natural river gravel Arizona Siliceous rock types (granite, rhyolite, quartzite)
 AZ-f Siliceous sand Arizona Siliceous rock types (granite, rhyolite, quartzite)
 LS-c Crushed limestone Oklahoma Limestone (calcite with micro fossils)
 LS-f Crushed limestone fines Oklahoma Limestone (calcite with a trace of
 chert)
 TR-c Crushed trap rock Texas Basalt (nephaline and feldspar)
 TR-f Crushed trap rock fines Texas Basalt (with limestone
 contaminants)
 GR-c Crushed granite Oklahoma Granite gneiss (quartz-mica)
 GR-f Crushed granite fines Oklahoma Granite gneiss (quartz-mica)
 A brief description of each aggregate will be presented as follows:
 3.2.1.1 Indiana River Gravel
 This aggregate is composed of a great variety of particles, most of them strong
 and dense but some porous and weak. Regarding angularity and texture it was found from
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 visual observation of a sample of coarse aggregate that about 40 percent of the particles
 are rounded and smooth, 30 percent rough and angular, and 30 percent in between.
 Regarding shape about 15 percent of the particles are flat and there are not elongated
 particles. A similar result was found in a sample of material retained in the N8 sieve.
 3.2.1.2 Arizona River Gravel
 This gravel is composed of a great variety of particles; most of them appear strong
 and dense. This aggregate was partially crushed and washed; consequently, it has a small
 amount of microfines. Material retained in the ½-in. sieve is “natural,” therefore, it is
 composed of many rounded and smooth particles, while most of the material passing the
 ½-in. sieve is crushed, therefore, and it is angular and rough. The coarse fraction came in
 three sizes: ¾ in., ½ in. and 3/8 in. The first two are composed of “natural” aggregate
 with about 30 percent round and smooth particles, 40 percent angular and rough particles,
 and 30 percent particles in between. The third fraction is composed by crushed material
 with many flat and elongated particles. Regarding fine aggregate, most of the particles
 are crushed and angular. There is a combination of flat, elongated, and rough particles,
 and some round and smooth particles.
 3.2.1.3 Limestone from Oklahoma
 This is a crushed aggregate, angular but well shaped. Coarse aggregate has almost
 no flat and elongated particles. It appears soft (it is easy to scratch), and the surface is
 quite smooth. Due to its softness, edges of big particles have been smoothed in crushing
 and shipping operations and they are not very sharp. The fine aggregate has some flat and
 elongated particles and edges are sharper than coarse particles. Microfines were difficult
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 to separate from the rest of the material as they tended to stick to bigger particles and
 they did not pass trough the sieve mesh easily.
 3.2.1.4 Granite from Oklahoma
 This is a crushed and angular aggregate. Particles have a rough coarse texture.
 This material tends to be friable and consequently edges have been worn out in crushing
 and shipping operations, and they are not very sharp. After washing, many bright and
 sticky particles were apparent in material retained in the No. 200 sieve. Microfines were
 the easiest to separate from the rest of the aggregate. Coarse aggregate has about 20
 percent flat particles and about 1 percent elongated.
 3.2.1.5 Trap Rock from Texas
 This trap rock is crushed aggregate, angular, very dense, and very hard. Particles
 surface has fine texture and due to its hardness, edges are quite sharp. The coarse fraction
 came in two sizes: 1 in. and ½ in. Except for size, particles of both groups look the same
 in terms of shape and texture.
 Figure 3.1 and Figure 3.2 show the size distribution of all the aggregates
 including the corresponding ASTM C 33 limits. It can be seen that, as expected, only the
 natural sands are within the ASTM C 33 fine aggregate grading band.
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 (a) Natural Sand from Indiana (IN)
 (b) Natural Sand from Arizona (AZ)
 (c) Crushed Limestone Sand (LS)
 Figure 3.1 Grading of Fine Aggregates
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 (c) Crushed Granite Sand (GR)
 (e) Crushed Traprock Sand (TR)
 Figure 3.1 Grading of Fine Aggregates (cont’d)
 (a) Natural River Gravel from Indiana (IN)
 Figure 3.2 Grading of Coarse Aggregates
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 (a) Natural River Gravel from Arizona (AZ)
 (c) Crushed Limestone (LS)
 (d) Crushed Granite (GR)
 Figure 3.2 Grading of Coarse Aggregates (cont’d)
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 (e) Crushed Traprock (TR)
 Figure 3.2 Grading of Coarse Aggregates (cont’d)
 3.2.2 Microfines
 The following characterization tests were conducted on microfines:
 • Size distribution with laser analyzer
 • Methylene blue (MBV)
 • Dry packing density
 • Wet packing density using the VICAT apparatus: ASTM C 187
 • Surface area using nitrogen adsorption BET
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 • X-ray diffraction
 The size distribution was determined by means of a Laser analyzer [Lessard,
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 methylene blue dye in 200 ml of distilled water. The end point was reached when after 5
 minutes of stirring a light blue halo appeared around the drop after this drop of the slurry
 was deposited on a filter paper. MBV are relatively low even for microfines from wet
 sieving.
 Details on how packing density results were determined can be seen in section
 6.3.2.1 in Chapter 6.
 Table 3.2 shows values of some characteristics of microfines such as packing
 density, surface area and methylene blue value. Results for cement have been included
 for comparison. It can be seen that packing density changes significantly depending on
 the method of compaction and that packing density of granite microfines is significantly
 lower than trap rock and especially than limestone microfines.
 There is no good correlation between BET and Blaine surface areas. Blaine
 surface area is linearly proportional to surface area calculated with the mean diameter of
 particles obtained from the laser size distribution. Blaine surface area also has a good
 correlation (R² = 0.99) with wet packing density of microfines.
 MBV does not correlate with surface area or with packing density. MBVs of
 microfines obtained from sieving by washing (wet) are always higher than MBVs of
 microfines obtained from dry sieving.
 Table 3.2 Microfines Characteristics.
 Packing Density Surface Area (m²/g) MBV Microfines
 Dry-
 Loose
 Dry-Vibrated Wet BET Blaine Dry Wet
 LS 0.39 0.56 0.63 1.99 0.356 2.0 4.5
 TR 0.39 0.57 0.60 1.19 0.264 5.3 6.5
 GR 0.34 0.54 0.56 1.19 0.161 3.5 4.8
 Cement* 0.34 0.46 0.51 1.59 0.367
 * For comparison
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 Figures 3.3 and 3.4 show the size distribution of microfines obtained by laser
 analysis. It can be seen than limestone microfines are the finest while granite microfines
 are the coarsest. According to the cumulative passing graph, the mean diameter of
 limestone microfines is 8 and 15 µm, of trap rock microfines is 27 and 36 µm, and of
 granite microfines is 38 and 47 µm, using as criteria the 63 percent and 50 percent
 cumulative passing, respectively. These mean diameters correlate well with the Blaine
 surface area.
 Figure 3.3 Percentage of Microfines Volume Retained
 Figure 3.4 Cumulative Microfines Volume Passing
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 Table 3.3 shows the results from X-ray diffraction analysis performed in
 microfines samples.
 Table 3.3 X-Ray Diffraction Analysis Results [Swinnea, 2003]
 Microfines Mineral Composition
 LS Calcite, dolomite and a bit of quartz
 TR Calcite and diopside, evidence of clay
 GR Quartz and some clay
 3.2.2 Cement
 Except for the Admixtures Study I, all concrete and mortar mixtures incorporated
 the same variety of Type I portland cement conforming to ASTM specifications. The
 properties of the cement can be seen in Tables 3.4 and 3.5
 Table 3.4 Chemical Composition for the Type I Cement.
 Chemical Analysis Composition (%) Calcium oxide 64.88 Silica 21.50 Alumina 5.15 Ferric Oxide 1.89 Magnesia 1.16 Sulfur Trioxide 3.03 Insoluble Residue 0.16 Alkali as Na2O 0.52
 Potential Compounds Tricalcium Silicate 54.85 Tricalcium Aluminate 10.44
 Ignition Loss 1.29
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 Table 3.5 Characteristics of Cement
 Blaine (m2/kg) 367 Surface Area
 Wagner (m2/kg) 203
 Passing 325 Mesh Percentage 95.9
 Soundness Autoclave expansion 0.03
 3-day (MPa) 26.2
 7-day 35.1 Compressive Strength
 28-day 48.9
 Gilmore Vicat Time of Setting (min)
 Initial
 Final
 125
 207
 94
 130
 3.2.3 Water Reducers and Air-Entraining Agent
 Two superplasticizers, one mid-range water reducer, one low-range water reducer,
 and an air-entraining admixture were used in the project.
 3.2.3.1 Superplasticizer A
 Superplasticizer A is a Type F, ASTM C 494, admixture, which belongs to the
 family of acrylic polymer superplasticizers (specifically, carboxylic acrylic ester co-
 polymers). The superplasticizer was in the form of a pale yellow aqueous solution. The
 manufacturer’s suggested addition rates (dosages) are shown in Table 3.6.
 3.2.3.2 Superplasticizer B
 Superplasticizer B is a Type A and F, ASTM C 494, admixture. It consists of
 modified naphthalene sulfonate formaldehyde co-polymer. This superplasticizer was in
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 the form of an aqueous solution. The specifications state that the admixture acts as an
 accelerator providing high early strength in concrete. Table 3.6 shows the manufacturer’s
 suggested dosages.
 3.2.3.3 Mid-Range Water Reducer
 The mid-range water reducer is a type A, ASTM C 494, admixture. It is an
 aqueous solution of complex organic compounds. Table 3.6 shows the manufacturer’s
 suggested dosages.
 3.2.3.4 Low-Range Water Reducer
 The low-range water reducer used is an aqueous solution (approximately 50
 percent) consisting of lignosulfonate and amine (Type A and D, ASTM C 494). It is a
 low-range water reducer and retarder. Table 3.6 shows the manufacturer’s suggested
 dosages.
 3.2.3.5 Air-Entraining Agent
 The air-entraining admixture is based on a high-grade saponified rosin
 formulation that complies with ASTM C 260 and AASHTO M 154.
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 Table 3.6 Recommended Dosages for Water Reducers.
 Water Reducer
 Addition Rate (ml/100 kg cement)
 Addition Rate (fl. oz./100 lb.
 cement)
 Suggested Rate (ml/100 kg cement)
 Suggested Rate (fl. oz./100 lb.
 cement)
 SUPER A 195-650 3-10 195-325 3-5
 SUPER B 390-1300 6-20 650-1040 10-16
 MRWR 190-590 3-9 N/A N/A
 LRWR 195-390 3-6 N/A N/A
 3.2.4 Mineral Admixtures
 The following mineral admixtures were used:
 • Class C fly ash from Deely Spruce that meets ASTM C 618.
 • Class F fly ash from Belews Creek that meets ASTM C 618.
 • Class F fly ash from Rockdale that meets ASTM C 618.
 • Silica fume in dry compacted form that meets ASTM C 1240.
 3.3 PROCEDURES
 3.3.1 Mortar Mixtures
 The following sections describe the apparatus used for measuring mortar
 workability, mixing schedule, and mixing procedures used in the project.
 3.3.1.1 Mini-Slump Apparatus
 Figure 3.5 shows the primary tool employed for measuring mortar workability:
 the mini-slump cone apparatus. Similar in form to the slump apparatus used in ASTM C
 143, the mini-slump cone has a 50-mm (2-in) top diameter and a 100-mm (4-in) bottom
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 diameter. The height of the cone is 150 mm (6 in). Each mini-slump specimen was cast in
 two lifts with each lift compacted using 15 strokes of the tamping rod; the tamping rod
 used for this study was approximately 10 in. in length with hemispherical tips having a
 diameter of approximately 3/8 in. at both ends. The mini-slump (slump) measurements
 were the differences between the fully erect and collapsed cone heights. Target slump
 was 110-mm ± 5-mm (4 ¼ ± ¼ in.) for all of the mortar mixtures.
 Figure 3.5 Mini-Slump Apparatus
 3.3.1.2 Flow Table
 Figure 3.6 shows the flow table used along with the mini-slump cone to gather
 information regarding workability of mortar. The flow table test was conducted in
 accordance with ASTM C 109/C 109M-95, “Standard Test Method for Compressive

Page 102
                        

78
 Strength of Hydraulic Cement Mortars” using the flow table in accordance with ASTM C
 230-97, “Standard Specification for Flow Table for Use in Tests of Hydraulic Cement.”
 After the mortar paste was filled and tamped (two layers) into a flow mold, the flow table
 plate was dropped 25 times in 15s. Using the calipers, the flow was determined by
 measuring in four directions the diameter of mortar paste on the table.
 Figure 3.6 Flow Table Used to Asses Workability of Mortar
 3.3.1.3 Mixing Procedure
 Mortar mixtures were made in the mixer shown in Figure 3.7 following the
 ASTM C 305 mixing procedure as indicated in Table 3.7
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 Table 3.7 Mortar Mixing Schedule
 ASTM C 305 Mortar Mixing Schedule
 Add cement to water
 • Mix at slow speed for 30 seconds Add sand over 30 second period at slow speed
 • Stop mixer • Mix at medium speed for 30 seconds • Stop mixer
 Let mix stand for 1-1/2 minutes and scrape mixing bowl during first 15 seconds
 • Mix at medium speed for 60 seconds (Add admixture as required for slump)
 • Remix at medium speed for 60 seconds
 Figure 3.7 Mixer Used for Mortar Mixtures
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 3.3.1.4 Compressive Strength
 The compressive strength test was conducted according to ASTM C 109/C 109M-
 95, “Standard Test Method for Compressive Strength of Hydraulic Cement Mortars
 (Using 50-mm [2-in.] cube specimens).” Compression cubes were made for each mixture
 and tested at ages of 7 and 28 days. Before testing, the specimens were cured in lime-
 saturated water in storage tanks. The results were correlated with various aggregate
 characterization properties in order to illustrate trends in the data.
 3.3.2 Concrete Mixtures
 3.3.2.1 Mixing Procedure
 Concrete mixtures were made in the mixer shown in Figure 3.8 in a controlled
 temperature room, based in the ASTM C 192 mixing procedure indicated in Table 3.8.
 Figure 3.8 Mixer Used for Concrete Mixtures
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 Table 3.8 Concrete Mixing Schedule
 Mixing Schedule for Concrete
 With mixer stopped, add coarse aggregate, fine aggregate and cement Start mixing add water With all ingredients in the mixer,
 • Mix for 3 minutes • Stop mixing for 2 minutes • Mix for 2 minutes
 Add admixture as required for slump
 • Mix for 1 minute
 Note: Aggregates were always above SSD condition one day before mixing
 To measure flexural and compressive strength, 4.5-in. × 4.5-in. × 16-in. beams
 and 4-in. × 8-in. cylinders were cast according to ASTM C 192. In general, beams and
 cylinders were tested at 7 and 28 days.
 3.3.2.2 Workability
 Workability of concrete mixtures was assessed by the slump test conducted
 following the ASTM C 143 standard and by a flow table using a vibrating table. For this
 test, an inverted cone was cast in two layers; each one compacted by 25 strokes of the
 5/8-in. rod. The sample was vibrated for 30 seconds and the final bottom diameter was
 measured. Figure 3.9 presents photos of the vibrating table used.
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 (a) Vibrating Table
 (b) Concrete Sample After Vibration
 Figure 3.9 (a) Vibrating Table Used to Asses Concrete Workability (b) Concrete Sample after Vibration
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 3.3.2.3 Compressive Strength
 The compressive strength test was conducted according to ASTM C 39 “Standard
 Test Method for Compressive Strength of Cylindrical Concrete Specimens.” In general,
 compressive strength was tested at ages of 7 and 28 days on three 4 in. × 8-in. cylinders.
 When mineral admixtures were used, the compressive strength was also tested at 56 days.
 Before testing, the specimens were cured in a moisture room at 100 percent humidity.
 3.3.2.4 Flexural Strength
 The flexural strength test was conducted according to ASTM C 78 “Standard Test
 Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point
 Loading).” In general, flexural strength was tested at 28 days. The dimensions of the
 beams used were 4.5 in. × 4.5 in. × 16 in.
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 CHAPTER 4 ADMIXTURES STUDY I
 4.1 INTRODUCTION
 In a previous investigation Ahn [2000] concluded that high-microfines concrete
 requires the addition of chemical admixtures in order to develop proper workability and
 placeability for some applications and to reduce shrinkage by reducing the amount of
 water for given workability. Using some of the aggregates used in Ahn’s investigation,
 mortar and concrete were made including two HRWR (superplasticizer) and one LRWR.
 The effect of chemical admixtures on the performance of fresh mortar and
 concrete, as well as their effect on the characteristics of hardened mortar and concrete,
 particularly, compressive strength and drying shrinkage were investigated.
 The study was divided in three parts:
 • Mortar study
 • Concrete study A
 • Concrete study B
 4.2 MATERIALS
 4.2.1 Aggregates
 Both the mortar and the concrete studies used the same fine aggregates. The
 aggregates were chosen from materials for which properties were known and were used
 in a previous project. It was decided to use these aggregates while the aggregates selected
 for the project were available.
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 4.2.1.1 Fine
 Five crushed aggregates and one natural aggregate were used in the mortar study.
 The five crushed aggregates consisted of diabase from Virginia, granite #1 from Virginia
 and granite #2 from Connecticut, sandstone from Arkansas, and basalt from Connecticut.
 For the concrete study, three crushed aggregates were selected: diabase, granite #1, and
 basalt. The natural river sand was the same in both studies.
 All aggregates were sieved and recombined to the same grading meeting ASTM C
 33 specifications so that grading would not be a variable in comparisons among the
 results. Figure 4.1 shows the actual grading in comparison to ASTM C 33 limits. In some
 cases, the as-received conditions (prior to sieving and recombination) of the aggregates
 differed significantly from the grading specified by C 33 and resulted in discarding
 approximately 50 percent of the original material. Surplus material passing the No. 200
 sieve was collected for each aggregate. Table 4.1 shows in detail specific amounts for
 individual retained weights. Table 4.2 provides the absorption capacities and specific
 gravity values for the respective aggregates.
 Figure 4.1 Grading of Fine Aggregate with and without Microfines
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 Table 4.1 Permissible and Actual Values for Retained and Passing Weights
 Sieve Size
 Permissible Percent Passing by Weight
 Retained by Weight Without Microfines
 Retained by Weight With Microfines
 3/8 in. 100 0 0 No.4 95 to 100 0 0 No. 8 80 to 100 20 17 No. 16 50 to 85 25 21 No. 30 25 to 60 20 17 No. 50 10 to 30 17 14 No. 100 2 to 10 15 13 No. 200 0 to 5 3 3 Pan - 0 15
 4.2.1.2 Coarse
 An ASTM C 33 #67 river gravel was used for all concrete mixes. Table 4.2 shows
 the absorption capacity and specific gravity of the aggregate.
 Table 4.2 Characteristics of Fine and Coarse Aggregates.
 Aggregate Description* BSG (OD)
 BSG (SSD)
 Absorption (%)
 Fine Natural 2.58 2.60 0.8 Diabase VA/DI/05-00/65 2.75 2.80 1.9 Granite 1 VA/GT/06-00/00 2.68 2.74 2.4 Sandstone AR/SS/06-00/68 2.60 2.67 2.7 Basalt CT/BA/06-00/** 2.77 2.85 2.8 Granite 2 CT/GT/06-00/00 2.78 2.81 1.0 Coarse River gravel 2.59 2.62 1.2
 * Description used in ICAR project 102 ** Not known BSG Bulk specific gravity OD Oven dry SSD Saturated surface dry
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 4.2.2 Cement
 All concrete and mortar mixes incorporated the same variety of Type I portland
 cement conforming to ASTM specifications. Table 4.3 shows the chemical composition
 of the cement.
 Table 4.3 Chemical Composition for the Type I Cement.
 Chemical Analysis Composition (%)Silica 20.9 Alumina 4.23 Ferric Oxide 3.04 Magnesia 2.43 Sulfur Trioxide 2.67 Insoluble Residue 0.25 Alkali as Na2O 0.56
 Potential Compounds Tricalcium Silicate 59.6 Tricalcium Aluminate 6.1
 Ignition Loss 0.99
 4.2.3 Water Reducers
 The two superplasticizers and the low-range water reducer used in this study were
 described in Chapter 3.
 4.3 MORTAR
 The first aspect of the study was testing mortars using all the available aggregates
 and water reducers. The following sections describe the mixture proportions, mixing
 schedule, and mixing procedure. An important facet of this study was monitoring
 qualitative details of the mortar such as: cohesiveness, bleeding, stickiness, harshness,
 and placeability. These data were recorded primarily during the mixing and casting
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 portions of the mortar work. Workability was evaluated by means of the mini-slump
 apparatus and the flow table, devices that were described in Chapter 3.
 4.3.1 Mixture Proportions
 Two series of mortars were prepared: one series had a fixed slump and the other
 series had fixed slump and fixed water-to-cement ratio (w/c). Within each of these series,
 approximately four separate proportions were used. For each aggregate, one mortar was
 prepared using the recombined gradation and no water reducer. The second mortar used
 no water reducer and contained supplemental fine material (microfines) constituting 15
 percent of the total weight of fine aggregate; these microfines consisted of material
 passing the No. 200 sieve. The amount represented an assumed “high” value for
 microfines generated during the crushing process. The remaining mixes used 15 percent
 microfines with the respective water reducers; either two or three mixes had these
 proportions depending on whether or not the low range water reducer was used with a
 particular aggregate. Figure 4.3 shows the system used to identify each mixture.
 Figure 4.3 Mix Identification Key
 N-A-15
 AGGREGATE TYPE: WATER REDUCER MICROFINES
 Natural = N None = 0 15 % = 15 Diabase = D Super B = B 0 % = 0
 Granite #1 = G1 Super A = A Sandstone = S LRWR = LR
 Basalt = B Granite #2 = G2
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 The fixed slump mixture proportions are shown in Table 4.5. Since the total
 amount of water was variable, there was no prescribed amount for mortars with fixed
 slump only. The round of mortars with fixed w/c had a fixed quantity of water with a
 variable amount of water reducer added subsequently to achieve target slump.
 Table 4.5 Fixed Slump Mixture Proportions. Weights are at oven-dry condition.
 Aggregate Weight (grams) Mortar Name Fine Aggregate Microfines
 Water (g)
 Cement (g) w/c
 N-0-0 1800 0 381 847 0.45 N-0-15 1530 270 440 847 0.52 N-B-15 1530 270 381 847 0.45 N-A-15 1530 270 381 847 0.45 N-LR-15 1530 270 381 847 0.45 D-0-0 1800 0 449 847 0.53 D-0-15 1530 270 508 847 0.60 D-B-15 1530 270 449 847 0.53 D-A-15 1530 270 449 847 0.53 D-LR-15 1530 270 449 847 0.53 G1-0-0 1800 0 483 847 0.57 G1-0-15 1530 270 551 847 0.65 G1-B-15 1530 270 483 847 0.57 G1-A-15 1530 270 483 847 0.57 G1-LR-15 1530 270 483 847 0.57 S-0-0 1800 0 491 847 0.58 S-0-15 1530 270 576 847 0.68 S-B-15 1530 270 491 847 0.58 S-A-15 1530 270 491 847 0.58 S-LR-15 ** ** ** ** ** B-0-0 1800 0 491 847 0.58 B-0-15 1530 270 525 847 0.62 B-B-15 1530 270 491 847 0.58 B-A-15 1530 270 491 847 0.58 B-LR-15 1530 270 491 847 0.58 G2-0-0 1800 0 449 847 0.53 G2-0-15 1530 270 517 847 0.61 G2-B-15 1530 270 449 847 0.53 G2-A-15 1530 270 449 847 0.53 G2-LR-15 1530 270 449 847 0.53
 ** S-LR-15 was not available for use with the low-range water reducer, LRWR.
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 With the fixed w/c mortars, an arbitrary value of 0.50 served as the target for
 mixes of each aggregate type. This value was significantly lower than any other from
 crushed aggregate mortars with fixed slump only; it represented an “extreme” w/c that
 could possibly demonstrate the upper bounds of water reducer capabilities. (The fixed
 slump w/c value of 0.45 for the natural aggregate was lower than 0.50. Thus, no mixes
 using natural aggregate were prepared for this phase of testing.) Table 4.6 shows the
 mixture proportions for fixed w/c mortars.
 Table 4.6 Fixed w/c Mortar Mixture Proportions. Aggregate weights are at oven-dry condition.
 Aggregate Weight (grams) Mortar Name
 Fine Aggregate Microfines
 Water (g)
 Cement (g) w/c
 D-B-15 1530 270 424 847 0.50 D-A-15 1530 270 424 847 0.50 G1-B-15 1530 270 424 847 0.50 G1-A-15 1530 270 424 847 0.50 S-B-15 1530 270 424 847 0.50 S-A-15* 1408 249 390 824 0.47 B-B-15 1530 270 424 847 0.50 B-A-15 1530 270 424 847 0.50 G2-B-15 1530 270 424 847 0.50 G2-A-15 1530 270 424 847 0.50
 * A lower w/c ratio was mistakenly obtained.
 4.3.2 Mixing Schedule
 All mixes without water reducers adhered to the ASTM C 305 specification. A
 modified mixing schedule was used for all mixes incorporating water reducers. This
 schedule stemmed from industry recommendations and previous research using the
 particular water reducers. Table 4.7 compares the two schedules.
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 Table 4.7 Mixing Schedules Used for Mortar Mixes.
 ASTM C 305 Mortar Mixing Schedule Modified Testing Schedule Used with Water Reducers
 Add cement to water
 • Mix at slow speed for 30 seconds Add sand over 30 second period at slow speed
 • Stop mixer • Mix at medium speed for 30 seconds • Stop mixer
 Let mix stand for 1-1/2 minutes and scrape mixing bowl during first 15 seconds
 • Mix at medium speed for 30 seconds (Add water as required for slump)
 • Remix at medium speed for 30 seconds
 Add ¾ of total water to sand
 • Mix at slow speed for 30 seconds • Stop mixer
 Add cement • Mix at slow speed for 1 minute • Stop mixer
 Add remaining water with incorporated water reducer
 • Mix at medium speed for 1 minute • Stop mixer
 Rest for 1 minute
 • Mix at medium speed for 1 minute (Add water reducer as required for slump)
 • Remix at medium speed for 1 minute
 4.3.3 Mixing and Testing Procedure
 Mixes were prepared in accordance with the mixing apparatus specifications in
 ASTM C 305. Thirty-nine mortar mixes were prepared: 29 had fixed slump and 10 had
 fixed slump and fixed w/c. For fixed slump tests, the first step was finding the w/c for
 mortars with no microfines. This value provided the w/c for subsequent mixes having
 water reducers. Mixtures with 15 percent microfines and no water reducers completed the
 spectrum necessary for later comparison. Figure 4.4 schematically shows this procedure.
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 Previous work with water reducers indicated that mortar results varied with the
 method of water reducer addition. Accordingly, mixtures proportionately smaller than
 those shown in Table 4.5 were prepared. Each of these mixes was prepared as described
 in Table 4.7. In the case of non-water-reduced mixes, water was added incrementally to
 achieve the desired slump. A subsequent full-scale mix incorporated a proportionate
 dosage of the smaller batch. The final mixes were successful with this process.
 The procedure is consistent for mixes with water reducers. The admixture was
 added incrementally to achieve the desired slump. This dosage was then scaled to the
 larger mix design and approximately 90 to 95 percent of the admixture dosage was
 incorporated as a single dose.
 Figure 4.4 Procedure for Selecting w/c Used in Mortars. The lower of the ratios for the two mortars without admixtures is selected as the target w/c for subsequent mixes with that particular aggregate.
 Upon achieving target slump, mixing ceased and immediate measurements were
 taken of the collapsed slump cone top and bottom diameters. Figure 4.5 shows the
 distinct top and bottom diameters visible in all of the mortar specimens. Four readings
 were taken at each location.
 FOR FIXED SLUMP MIXES ONLY:
 Mix: XX-0-0
 Mix: XX-0-15
 w/c #1 w/c #2
 Mixes with w/c #1: XX-B-15 XX-A-15 XX-LR-15
 NOTE: w/c #1 < w/c #2
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 Figure 4.5 Collapsed Slump Cone
 The mortar was then consolidated into 2-inch cube molds: each cube being cast of
 two layers tamped 32 times in four passes. In place of traditional brass molds, single-use
 plastic molds were used in casting. Figure 4.6 shows the molds and accessories. (The
 cubes provide quick preparation and clean-up but must be physically inspected for flat
 surfaces; occasionally, a convex surface resulted from the manufacturing process.)
 Figure 4.6 Molds and Accessories for Mortar Cubes
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 Bars for drying shrinkage tests were also cast. Two 1 in. × 1 in. × 10 in. bars per
 mix were made. Following the ASTM C 596 “Standard Test Method for Drying
 Shrinkage of Mortar Containing Portland Cement” the bars were stored in water saturated
 with lime for 28 days. After that, an initial length reading was made and then, readings
 were made at 4, 28, 56 and 112 days.
 The cubes, once cast, were demolded after 24 hours with specimens being taken
 for 24-hour compression testing. The remaining cubes were cured in accordance with
 ASTM C 511. Compression tests were at 24 hours, 7 days, and 28 days.
 4.3.4 Results
 4.3.4.1 Water Reducer Dosages
 Tables 4.11 and 4.12 show the dosages required to achieve the target mini-slump
 value of 110-mm ± 5-mm (4 ¼ ± ¼ in.) for the given mortar mixes as well as the
 manufacturer’s recommended dosages.
 In many instances, the dosages exceeded the addition rate envelope suggested by
 the producer. All applications of the low range water reducer were excessive (twice the
 suggested upper boundary for the sandstone and granite #2 aggregates). Since the fixed-
 w/c mortars would demand greater dosages, no further testing was done with that
 admixture.
 Tables 4.8 and 4.9 also provide a relative indicator of superplasticizer efficiency
 with a ratio of super B to super A dosages. The ratio of dosages ranges from
 approximately 1.0 to 2.7, for fixed and variable w/c conditions.
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 Table 4.8 Water Reducer Dosages for Fixed-Slump Mortars. An asterisk (*) indicates a mixture that exceeds suggested dosage.
 Actual Dosage Converted Dosage Mortar Name w/c
 mL Fluid ounces
 mL/ 100 kg cement
 fl. oz./ 100 lb cement
 Super ratio
 (Super B/ Super A)
 N-B-15 0.45 4.5 0.15 531 8.2
 N-A-15 0.45 2.2 0.07 282 4.3
 N-LR-15 * 0.45 4.9 0.16 589 9.0
 1.9
 D-B-15 0.53 5.2 0.18 614 9.4
 D-A-15 0.53 2.5 0.08 322 4.9
 D-LR-15 * 0.53 3.9 0.13 474 7.3
 1.9
 G1-B-15 0.56 5.2 0.18 650 10.0
 G1-A-15 0.56 3.3 0.11 419 6.4
 G1-LR-15 * 0.56 5.5 0.18 662 10.2
 1.6
 S-B-15 0.58 6.1 0.2 779 12.0
 S-A-15 * 0.58 6.3 0.21 811 12.5 1.0
 B-B-15 0.57 4.8 0.16 618 9.5
 B-A-15 0.57 1.8 0.06 232 3.6
 B-LR-15 * 0.57 4.4 0.15 534 8.2
 2.7
 G2-B-15 0.53 5.8 0.20 747 11.5
 G2-A-15 0.53 2.4 0.08 309 4.7
 G2-LR-15 * 0.53 7.8 0.26 947 14.5
 2.4
 Suggested Dosage Water Reducer Type:
 mL/ 100 kg cement fl. oz./ 100 lb cement
 Super B 390 - 1300 6 - 20
 Super A 195 - 650 3 - 10
 LRWR 195 - 390 3 - 6
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 Table 4.9 Water Reducer Dosages for Fixed w/c, Fixed Slump Mortars. An asterisk (*) indicates a mix that exceeds suggested dosage.
 Actual Dosage Converted Dosage Mortar Name w/c
 mL Fluid ounces
 mL/100 kg cement
 fl.oz./100 lb cement
 Super Ratio
 (Super B/ Super A)
 D-B-15 0.50 6.4 0.22 777 11.9
 D-A-15 0.50 3.7 0.13 449 6.9 1.7
 G1-B-15 0.50 10 0.34 1214 18.6
 G1-A-15 * 0.50 5.4 0.18 656 10.1 1.9
 S-B-15 * 0.50 12.6 0.43 1530 23.5
 S-A-15 * 0.47 10.2 0.34 1239 19.0 1.2
 B-B-15 0.50 8.1 0.27 984 15.1
 B-A-15 0.50 3.3 0.11 401 6.2 2.5
 G2-B-15 0.50 8.4 0.28 1020 15.7
 G2-A-15 0.50 3.1 0.1 376 5.8 2.7
 Suggested Dosage Water Reducer Type:
 ml/100 kg cement fl.oz./100 lb cement
 Super B 390 - 1300 6 – 20
 Super A 195 - 650 3 – 10
 LRWR 195 - 390 3 – 6
 4.3.4.2 Compressive Strengths
 The results shown in Table 4.10 are from compression testing of all mortars with
 fixed slumps and variable w/c. The mortars using high levels of microfines and a water
 reducer achieved higher strength than those with microfines and without admixture due to
 the lower w/c. Typically, mortars with superplasticizer had lower strengths than mortars
 without water reducers, while mortars with low-range water reducer had similar strength
 to mortars without water reducers.
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 Table 4.10 Compressive Strengths for Fixed-Slump Mortars
 Compressive Strength (psi) Mortar Name w/c
 24-hour 7-day 28-day
 N-0-0 0.45 3240 4913 5663 N-0-15 0.52 1955 3788 4658 N-B-15 0.45 * * 4133 4183 N-A-15 0.45 2350 3738 4613 N-LR-15 0.45 2002 4625 5225 D-0-0 0.53 2420 4250 5463 D-0-15 0.60 1795 3475 4400 D-B-15 0.53 2425 4250 5058 D-A-15 0.53 1888 4163 4975 D-LR-15 0.53 2483 4255 5492 G1-0-0 0.56 1305 2975 4325 G1-0-15 0.65 1278 2625 3538 G1-B-15 0.56 1838 3463 4025 G1-A-15 0.56 1528 3275 4013 G1-LR-15 0.56 1605 3398 4158 S-0-0 0.58 1993 4000 4650 S-0-15 0.68 1445 2863 4088 S-B-15 0.58 1848 3813 4488 S-A-15 0.58 1535 3728 4500 B-0-0 0.57 1678 3725 4950 B-0-15 0.62 1418 3288 4338 B-B-15 0.57 1720 3938 4750 B-A-15 0.57 1705 4175 4925 B-LR-15 0.57 2055 4187 5017 G2-0-0 0.53 1895 3263 4275 G2-0-15 0.61 1738 3038 3550 G2-B-15 0.53 1815 4000 3975 G2-A-15 0.53 2013 3513 4225 G2-LR-15 0.53 2320 3048 3650
 ** N-B-15 was not available for 24-hour testing.
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 In some cases, apparent strength retardation occurred for the 24-hour compression
 test results. The dosages in these cases exceeded the recommended values. In several
 instances, it was noted during testing that the 24-hour compressive specimens, when
 being demolded, had a tendency to crumble and flake around the cube edges. This was
 the case in the extreme example of specimen G2-LR-15 that had a comparatively low 24-
 hour strength and a dosage approximately 2.5 times the recommended value.
 While the dosages for the natural sand mortars were within the recommended
 values, the other crushed aggregate dosages were not. This was true for fixed slump and
 fixed slump/fixed w/c mortars.
 Figures 4.7 and 4.8 display the 7-day and 28-day compressive strength results,
 respectively, from Table 4.10 for all fixed slump mortars. At 7 days, the water-reduced
 mortars had more quickly achieved near-ultimate strengths than those without
 admixtures. The standard mortars continued to strengthen over the remainder of the 28-
 day period compared to water reduced mortars.
 Figure 4.7 Mortar 7-Day Compressive Strength – Fixed Slump
 0
 1000
 2000
 3000
 4000
 5000
 6000
 Natural Diabase Granite #1 Sandstone Basalt Granite #2
 Aggregates
 Com
 pres
 sive
 Str
 engt
 h (p
 si)
 No WR, 0 % MF
 No WR, 15 % MF
 Super B 15 % MF
 Super A 15 % MF
 LRWR 15 % MFWR= water reducerMF= microfines

Page 123
                        

99
 Figure 4.8 Mortar 28-Day Compressive Strengths
 Table 4.11 shows the compressive strengths for mortars with fixed slumps and
 fixed w/c. In most cases, these strengths exceeded those of the same mortar varieties
 having variable (and comparatively higher) w/c. With the exception of specimen G2-A-
 15, all 28-day compressive strengths were greater than those for variable w/c mortars.
 (Correspondingly, higher dosages were used in order to achieve the target slump in the
 fixed w/c mortars).
 Table 4.11 Compressive Strengths for Fixed w/c, Fixed-Slump Mortars
 Compressive Strength (psi) Mortar Name w/c
 24-hour 7-day 28-day
 D-B-15 0.50 2068 4438 5442 D-A-15 0.50 2277 4425 5450 G1-B-15 0.50 2073 3925 4550 G1-A-15 0.50 2215 3958 4475 S-B-15 0.50 2107 4675 5158 S-A-15 0.47 2538 4675 5875 B-B-15 0.50 2365 5075 6075 B-A-15 0.50 2623 5133 6025 G2-B-15 0.50 2215 3867 4400 G2-A-15 0.50 2615 3992 4208
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 4.3.4.3 Drying Shrinkage
 Figure 4.9 shows the evolution of drying shrinkage with time for all the mortar
 combinations. It can be seen that mixtures with 15 percent microfines with
 superplastizicer exhibited higher drying shrinkage than mixtures with 15 percent
 microfines without super, even though superplasticized mixtures had significantly lower
 water-to-cement ratio. Mixtures without microfines and without superplasticizer had the
 smallest drying shrinkage although they had water-to-cement ratios higher than mixtures
 with superplasticizer.
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 Figure 4.9 Evolution of Drying Shrinkage Case I
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 Granite 1
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 Figure 4.9 Evolution of Drying Shrinkage Case I (cont’d)
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 Granite 2
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 Figure 4.9 Evolution of Drying Shrinkage Case I (cont’d)
 4.3.4.4 Qualitative Results
 All of the mortar mixes were cohesive during mixing and casting. Very little
 segregation was observed in any of the mixes. There was no indication that mixes with
 microfines had more or less pronounced segregation than mixes without microfines. The
 same was true for mixes having admixtures and those without admixtures.
 All of the mixes using admixtures had a characteristic sheen that appeared to be
 excessive bleed water; despite their appearance, the admixtures mortars had no more and
 no less surface water than the standard mixes.
 Microfines contents affected stickiness in all mixes. Non-admixtures mortars with
 high-microfines contents adhered extensively to mixing equipment and casting tools
 compared to the same varieties without microfines. The mortars using water reducers and
 microfines were also sticky in comparison to the standard mixes, though the water
 reducers did diminish overall stickiness compared to high-microfines mortars without
 admixtures. Mortars using super A tended to stick less to the machinery and casting tools
 than did mortars using super B. The mortars using LRWR had reduced stickiness overall
 though the level increased proportionately with the dosage amount.
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 High-microfines content reduced overall harshness for all aggregate varieties. The
 consistency of these mortars was slightly better than that of mortars without microfines.
 4.4 CONCRETE STUDY A
 The following sections describe the concrete mix design, mixing schedule and
 mixing procedure. As with the mortar work, the concrete study was intended to provide
 strong qualitative data as well as quantitative results.
 4.4.1 Mixture Proportions
 Continuity called for the incorporation of the same fine aggregate used in the
 mortar study. Availability allowed for the use of four of the fine aggregates in concrete:
 natural sand, diabase, granite #1, and basalt. The coarse aggregate, described earlier was
 an ASTM C 33 #67 river gravel. A typical bridge decking specification used by many
 state departments of transportation provided the basis for the concrete mix design in the
 study. Table 4.12 quantifies the mix design components. Whereas some mortars in the
 previous work were prepared without water reducers, all of the concrete mixes had
 superplasticizers.
 Table 4.12 Concrete Mixture Proportions.
 Concrete Mixture Proportions
 1800 pounds/yd3 coarse aggregate
 1200 pounds/yd3 fine aggregate
 658 pounds/yd3 cement (7 sack mix)
 Water-to-cement ratio: 0.40
 Target slump: 6 inches (± 1 inch)
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 At the completion of the mortar study, the low range water reducer results did not
 encourage further investigation for the concrete study. For this reason, only
 superplasticizers were used in the concrete work. Table 4.13 shows all concrete mixes
 and the actual amounts used. The mixture naming procedure is conceptually identical to
 that used with mortars.
 Table 4.13 Actual Concrete Mixture Proportions.
 Aggregate Weight (lb) Concrete Name Coarse Fine Microfines-15%
 Water (lb) Cement (lb) w/c
 N-B-0 67.50 45.00 0.00 9.87 24.68 0.40
 N-A-0 67.50 45.00 0.00 9.87 24.68 0.40
 N-B-15 67.50 38.25 6.75 9.87 24.68 0.40
 N-A-15 67.50 38.25 6.75 9.87 24.68 0.40
 D-B-0 67.50 45.00 0.00 9.87 24.68 0.40
 D-A-0 67.50 45.00 0.00 9.87 24.68 0.40
 D-B-15 67.50 38.25 6.75 9.87 24.68 0.40
 D-A-15 67.50 38.25 6.75 9.87 24.68 0.40
 S-B-0 67.50 45.00 0.00 9.87 24.68 0.40
 S-A-0 67.50 45.00 0.00 9.87 24.68 0.40
 S-B-15 67.50 38.25 6.75 9.87 24.68 0.40
 S-A-15 67.50 38.25 6.75 9.87 24.68 0.40
 B-B-0 67.50 45.00 0.00 9.87 24.68 0.40
 B-A-0 67.50 45.00 0.00 9.87 24.68 0.40
 B-B-15 67.50 38.25 6.75 9.87 24.68 0.40
 B-A-15 67.50 38.25 6.75 9.87 24.68 0.40
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 4.4.2 Mixing Schedule
 ASTM C 192 specifies the procedure for mixing standard concrete mixes. As with
 the mortar study, a modified version of the ASTM mixing schedule was incorporated for
 the sake of optimizing superplasticizer performance. Table 4.14 compares the two mixing
 schedules.
 Table 4.14 Concrete Mixing Schedule. The table compares the ASTM standard schedule with the modified schedule used in the study.
 ASTM C 192 Mixing Schedule for Standard Concrete
 Modified Testing Schedule Used with Superplasticizers
 (Create solution of admixture and some of the mixing water) With mixer stopped, add coarse aggregate, some of the mixing water and the admixture solution
 • Start mixer Add fine aggregate, cement, and remaining water with mixer running (These may be added with the mixer stopped for convenience) With all ingredients in the mixer,
 • Mix for 3 minutes
 Stop mixing for 3 minutes
 • Mix for 2 minutes
 (Combine initial superplasticizer dosage with a small amount of mix water) Add Sand, Gravel, and 1/3 of Total Mix Water
 • Mix for 1 minute Stop Mixer Add cement and remaining water
 • Mix for 1 minute With mixer running, add superplasticizer + water mixture over 15 second interval
 • Mix for 2 minutes
 Stop mixing for 2 minutes
 • Mix for 3 minutes (Add superplasticizer as required for slump) With mixer running, add superplasticizer over 15 second interval
 • Mix for 1 minute
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 4.4.3 Mixing Procedure
 All mixes were produced in a 4-cubic foot capacity drum mixer. Each mix was
 prepared in an identical fashion following the mixing schedule already described. At the
 completion of the initial mixing regimen, a slump measurement was made following the
 procedure prescribed by ASTM C 143. The slump value in this case was the primary
 qualification for mix acceptance. The same operator performed the slump test in all cases.
 In the vast majority of the samples, each mix required additional superplasticizer dosing
 to achieve the target slump. In an attempt to avoid overdosing any mix, a predicted
 minimum dosage was evaluated by preparing the natural sand mixes first. This procedure
 provided good results during mixing.
 Once the target slump was achieved, unit weight and air content were recorded for
 each mix following ASTM C 138-92 and C 231-91b, respectively. Mortar was prepared
 from the fresh concrete in order to establish setting time per ASTM C 403. Test cylinders
 for compression testing were prepared using 4-in. diameter molds. These cylinders were
 demolded at 24 hours. The cylinders remaining after 24-hour compression testing were
 moist cured for the interim prior to 28-day compression testing.
 As with the mortar mixes, qualitative observations were made for each mix; the
 categories for observation included placeability in molds, adhesive properties, and
 separation/segregation tendencies.
 4.4.4 Results
 In this section, water reducer dosages are shown. Compressive strength results for
 24-hour, and 28-day testing as well as values for unit weights, air content, setting times,
 and drying shrinkage results are presented along with qualitative fresh paste results.
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 4.4.4.1 Water Reducer Dosages and Setting Times
 Table 4.15 shows the superplasticizer dosages and setting times for all concrete
 mixes. Figures 4.10 and 4.11, respectively, show these results graphically. Table 4.16
 presents the recommended dosage rates. Five of the sixteen concrete mixes fit within
 these values for dosage rates: N-D-0, N-A-0, N-D-15, D-D-0, and D-A-0. In some
 instances the dosage required to achieve the target slump far exceeded the recommended
 values.
 Table 4.15 also shows the ratio of superplasticizer usage. The typical value is
 approximately two, i.e. twice as much superplasticizer B was used to produce a concrete
 with the same slump compared to concrete using superplasticizer A.
 The setting times for concretes with high microfines were not significantly
 different from the times for concretes without added microfines. For a given aggregate, in
 three out of the four cases, the setting times for the microfines mixes were slightly longer
 than the standard mixes using the same superplasticizer. The exception is D-A-0
 compared with D-A-15; the sieved mortar from the concrete with no microfines set more
 quickly than the mortar with microfines.
 Setting times for all concrete mixes (not including G1-A-15 and G1-D-15) were
 fast in comparison to standard mixes without high amounts of microfines. The time
 between initial and final set ranged from approximately one to two hours.
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 Table 4.15 Dosage Rates and Setting Times for Concrete Mixes. An asterisk (*) indicates a mixture that exceeds suggested dosage.
 Dosage Dosage Setting Time
 (Hours: Minutes) Concrete
 Name mL Fluid
 ounces mL/100 kg
 cement fl.oz./100 lb
 cement Initial Final
 Super Ratio
 (Super B/ Super A)
 N-B-0 97 3.3 912 14.0 2:05 3:10 N-A-0 50 1.7 470 7.2 1:30 2:50
 1.9
 N-B-15 132 4.5 1227 18.8 3:35 4:05 N-A-15 * 76 2.6 714 11.0 1:15 3:30
 1.7
 D-B-0 135 4.6 1205 18.5 2:05 4:40 D-A-0 70 2.4 625 9.6 3:05 5:00
 1.9
 D-B-15 * 198 6.7 1768 27.1 3:35 5:39 D-A-15 * 117 4.0 1045 16.0 2:20 4:10
 1.7
 G1-B-0 * 165 5.6 1473 22.6 4:05 6:00 G1-A-0 * 84 2.8 750 11.5 3:05 4:30
 2.0
 G1-B-15 * 290 9.8 2589 39.7 > 8:00 > 8:00 G1-A-15 * 145 4.9 1295 19.9 > 8:00 > 8:00
 2.0
 B-B-0 * 160 5.4 1546 23.7 1:50 3:40 B-A-0 * 81 2.7 783 12.0 1:30 3:20
 2.0
 B-B-15 * 225 7.6 2175 33.4 1:50 4:00 B-A-15 * 120 4.1 1160 17.8 1:10 3:50
 1.9
 Table 4.16 Suggested Dosages for Superplasticizers.
 Dosage Water Reducer Type
 ml/100 kg cement fl.oz./100 lb cement
 Super B 390 - 1300 6 - 20
 Super A 195 - 650 3 - 10
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 4.4.4.2 Compressive Strength
 The compressive strengths in Table 4.17 do not consistently show a particular
 superplasticizer producing higher strength with or without microfines. The three crushed
 aggregates performed near or beyond the level of the natural aggregate. Within each
 aggregate type, the mixes with microfines performed near or beyond the level of the
 mixes without microfines. The use of superplasticizers in all mixes, despite any dosages
 beyond recommended levels, produced relatively high-strength concrete; this is
 particularly evident in the case of the basalt series.
 Table 4.17 Concrete Compressive Strengths. Also Shown Air Contents and Unit Weights for Fresh Concrete.
 Compressive StrengthsConcrete Name w/c
 24-hour 28-day Air Content
 (%) Unit Weight
 (lb/cu. ft)
 N-B-0 0.40 4504 7589 2.6 149.6 N-A-0 0.40 4807 6950 1.8 151.6 N-B-15 0.40 4982 8059 2.1 150.8 N-A-15 0.40 4994 7390 1.8 151.5 D-D-0 0.40 4713 8624 2.2 151.4 D-A-0 0.40 3649 8250 1.9 152.8 D-B-15 0.40 4803 8764 0.9 151.6 D-A-15 0.40 4328 8368 2.1 151.2 G1-B-0 0.40 4412 7686 2.1 153.0 G1-A-0 0.40 4803 8005 1.7 154.0 G1-B-15 0.40 3937 7248 2.2 153.3 G1-A-15 0.40 4201 7207 2.0 153.6 B-B-0 0.40 6071 9990 2.1 154.6 B-A-0 0.40 5697 10349 2.0 155.1 B-B-15 0.40 5764 9326 2.2 154.2 B-A-15 0.40 5498 9673 2.3 154.6
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 Figures 4.12 and 4.13 verify continuity in aggregate strength trends for fixed
 water-cement ratio mortar and concrete. Twenty-eight-day strengths are shown, for
 example. The diabase, granite #1, and basalt series remained proportionately consistent
 from the mortar results to the concrete results.
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 4.4.4.3 Qualitative Results
 Table 4.18 condenses the majority of field observations made during mixing. The
 table provides general notes to show trends; however, specific levels of stickiness and
 harshness, for example, varied from mix to mix.
 Table 4.18 Concrete Mix Observations. Note that evaluations were made on a "yes" or "no" basis and in some cases a "good," "fair," or "poor" scale.
 ConcreteName Sticky? Bleeding? Difficult to cast
 by hand? Harsh? Finish-ability? Cohesiveness?
 N-B-0 Yes No No Yes Good Fair N-A-0 No No No Yes Good Good N-B-15 Yes No Yes No Fair Good N-A-15 No No Yes No Good Good D-D-0 No No No No Good Good D-A-0 No No No No Good Fair D-B-15 No No Yes No Fair Good D-A-15 No No No No Good Good G1-B-0 No No No No Fair Good G1-A-0 No No No No Fair Good G1-B-15 Yes No Yes No Good Good G1-A-15 No No Yes No Good Good B-B-0 No No No No Good Good B-A-0 Yes No No No Good Good B-B-15 Yes No Yes No Good Good B-A-15 No No Yes No Good Good
 None of the mixes displayed significant segregation; they were typically very
 cohesive. The characteristic sheen of mortars with admixtures was common to every
 concrete mix with each one using a superplasticizer. This “wet” appearance was not
 accompanied by mix bleeding. The batches using the Super A superplasticizer were less
 sticky during mixing and casting.
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 There was little distinction among levels of form finishability for the mixes. In
 general, those mixes with microfines had marginally better results. Those mixes having
 microfines were less harsh overall but displayed markedly less hand casting ability.
 Universally, the mixes with high microfines were more difficult to cast. Though
 all of the mixes met the same “workability” criterion by achieving the target slump value,
 there were clear differences among mix consistency characteristics that fall outside of the
 singular parameter of the slump test. An attempt was made during mixing to measure top
 and bottom diameters of the collapsed slump cone specimens, as with the mini-slump
 mortar testing, in order to offer further insight to fresh concrete properties. The effort was
 abandoned due to inconsistent specimen behavior and the lack of distinct “top” and
 “bottom” diameters.
 4.5 CONCRETE STUDY B
 Another investigation was performed simultaneously at The University of Texas
 at Austin [Pailk, 2000]. The aim of this investigation was to evaluate the effect of
 different amount of microfines and to look at the interaction with supplementary
 cementing materials such as fly ash and silica fume. For that purpose, two cases were
 considered. For the first case, chemical admixtures were used to reach a target slump of 5
 in with mixtures with 5, 10 and 15 percent microfines. For the second case, mineral
 admixtures: type C fly ash, type F fly ash, and silica fume were used as well as
 superplasticizer in order to obtain slumps of about 5 in.
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 4.5.1 Materials
 The coarse aggregate was crushed limestone. The fine aggregate was composed
 by two types of crushed granite and by natural sand. Both, coarse aggregate and natural
 sand were used in parts I and II. One crushed granite (GR-I) was used for part I and the
 other (GR-II) was used in part II. Both crushed granites came from the same source but
 they were crushed at different speeds (the corresponding nomenclature in project ICAR
 102 was GR/19-02/68 and GR/06-00/35 respectively). They have almost the same
 grading but they differ slightly in specific gravity and absorption capacity. Table 4.19
 presents some characteristics of aggregates used.
 Table 4.19 Aggregate Properties
 Specific Gravity Test Aggregate Microfines
 Content BSG (OD)
 BSG (SSD)
 Absorption (%)
 Coarse LS 2.46 2.53 2.97
 Sand Natural 2.60 2.62 0.79
 GR-I 5% 2.72 2.73 0.49 GR-I 10% 2.72 2.72 0.29 GR-I 15% 2.73 2.73 0.14 GR-II 5% 2.76 2.77 0.36 GR-II 10% 2.76 2.77 0.30 GR-II 15% 2.76 2.76 0.17
 Figures 4.14 and 4.15 present the grading of the fine and coarse aggregate along
 with ASTM C 33 limits.
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 4.5.2 Procedures
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 compressive strength at 28 days; bars were used for drying shrinkage determination and
 for flexural strength determination.
 Table 4.20 Mixing Proportioning - Case I
 Proportions (lb/cu.yd) Aggregates (dry) Sand Type
 Cement Water Coarse Fine
 w/c
 Natural 590 295 1352 1568 Crushed 590 295 1645 1317
 0.50
 Table 4.21 Mixing Proportioning - Case II
 Proportions (lb/cu.yd) Aggregates (dry) Sand Type
 Cement Water Coarse Fine
 w/c
 Natural 590 313 1352 1522 Crushed 590 313 1619 1316
 0.53
 Table 4.22 Mixtures Characteristics - Case I
 Mixture Name Sand Type MF Content (%) Chemical Admixture N-W Natural - Water reducer N-S Natural - Superplasticizer
 C-5-W Crushed 5 Water reducer C-5-S Crushed 5 Superplasticizer
 C-10-W Crushed 10 Water reducer C-10-S Crushed 10 Superplasticizer C-15-W Crushed 15 Water reducer C-15-S Crushed 15 Superplasticizer

Page 141
                        

117
 Table 4.23 Mixtures Characteristics - Case II
 Mixture Name Sand Type MF Content
 (%) Supplementary Cementing Mat.
 AEA ** (fl.oz/100 lb)
 Super plasticizer
 N-NO Natural - - 0.0 no N-CF Natural - 20% C fly ash 0.0 no N-FF Natural - 20% F fly ash 0.0 no N-SF Natural - 10% silica fume 0.0 yes
 C-5-NO Crushed 5 - 2.1 yes C-5-CF Crushed 5 20% C fly ash 2.1 yes C-5-FF Crushed 5 20% F fly ash 2.1 yes C-5-SF Crushed 5 10% silica fume 2.1 yes
 C-10-NO Crushed 10 - 2.1 yes C-10-CF Crushed 10 20% C fly ash 2.1 yes C-10-FF Crushed 10 20% F fly ash 2.1 yes C-10-SF Crushed 10 10% silica fume 2.1 yes C-15-NO Crushed 15 - 2.1 yes C-15-CF Crushed 15 20% C fly ash 2.1 yes C-15-FF Crushed 15 20% F fly ash 2.1 yes C-15-SF Crushed 15 10% silica fume 2.1 yes * Replacement of cement ** Air-entraining agent
 4.5.3 Results
 Figures 4.16 and 4.17 show the required dosage of water reducer to reach the
 target slump of 5 in. for both cases. It can be seen that mixtures with crushed fine
 aggregate require higher dosages of water reducers and that dosages increase with the
 amount of microfines. Figure 4.17 shows that fly ash replacements did not increase
 superplasticizer demand while silica fume resulted in a significant increase in
 superplasticizer dosage.
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 Figures 4.18 and 4.19 present the 28-day compressive strength for cases I and II.
 It can be seen that the compressive strength does not seem to depend on the amount of
 microfines. It also can be seen that, as expected, mixtures with replacements of fly ash
 have at 28 days less compressive strength as mixtures without replacements. Mixtures
 with silica fume have about the same compressive strength than mixtures without
 replacement.
 Figure 4.18 28-Day Compressive Strength Case I (w/c = 0.50)
 Figure 4.19 28-Day Compressive Strength Case II (w/c = 0.53)
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 The 56-day flexural strengths for cases I and II are shown in Figures 4.20 and
 4.21. The flexural strength of mixtures with crushed stone is higher than that of mixtures
 with natural sand. The flexural strength does not vary significantly with the amount of
 microfines. As opposed to compressive strength, flexural strength is similar for mixtures
 with or without supplementary cementing materials.
 Figure 4.20 56-Day Flexural Strength Case I (w/c = 0.50)
 Figure 4.21 56-Day Flexural Strength Case II (w/c = 0.53)
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 Figures 4.22 and 4.23 show the 28-day drying shrinkage. As can be seen,
 increasing microfines up to 15 percent did not increase significantly the drying shrinkage.
 It also can be seen that except for the case when class C fly ash was used as a
 replacement of cement, the 28-day drying shrinkage was lower than 0.04 percent.
 Figure 4.22 28-Day Drying Shrinkage for Case I - w/c = 0.50
 Figure 4.23 28-Day Drying Shrinkage Case II - w/c = 0.53
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 4.6 Conclusions
 From the quantitative and qualitative results obtained in this study, the following
 conclusions are drawn:
 1. Microfines increase the demand for water to reach given slump.
 2. Replacement of graded fine aggregate with material passing the No. 200 sieve
 (microfines) increases demand for superplasticizers in order to regain slump in
 mortar and concrete.
 3. The inclusion of 15 percent microfines in the fine aggregate fraction does not
 adversely affect the compressive strengths of concrete and mortar; compressive
 strengths can be achieved, with mixtures having 15 percent microfines, and
 superplasticizers, that equal and surpass strengths for mixes without microfines.
 4. Excessive dosages of LRWR required to achieve desired slump in mortars, and
 the corresponding retardation, indicate that low-range water reducers might not be
 viable options for regaining slump in concrete mixes having high-microfines
 content.
 5. Vibration is important for good consolidation of high microfines mixtures;
 superplasticizer content does not guarantee good consolidation properties.
 6. Supplementary cementing materials could be used as replacement of cement in
 mixtures with high microfines. The fly ashes used did not increase the demand for
 superplasticizer, and furthermore, the type C fly ash used decreased this demand.
 On the other hand, silica fume did increase this demand significantly. The use of
 ternary blends of silica fume, fly ash, and cement could be a way of controlling
 the demand for superplasticizer in mixtures requiring silica fume.
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 CHAPTER 5 ADMIXTURES STUDY II
 5.1 INTRODUCTION
 Once all the aggregates selected for the project were received, a second
 admixtures study was performed to consider a broader range of chemical and mineral
 admixtures and to gather information on the new aggregates.
 The objectives were to investigate the effect of chemical admixtures and
 supplementary cementing materials on the performance of mortar and concrete with high
 microfines, and to evaluate the effect of shape and texture of particles and microfines
 characteristics on slump and flow, as well as compressive strength of mortar and concrete
 mixtures. For this purpose this study was divided into the following four parts:
 • Part I – Water reducers (low-range, mid-range and high-range water reducers)
 • Part II – Supplementary cementing materials (fly ash and silica fume)
 A – mortar
 B - concrete
 • Part III – Air-entraining agents
 • Part IV – Drying shrinkage
 5.2 PART I – WATER REDUCERS
 5.2.1 Procedures
 For this part, four sets of mortar mixtures were made; each set with 11
 combinations. The first five combinations were made with the five sources of sand
 described in Chapter 3: trap rock (TR), granite (GR), limestone (LS), natural from
 Indiana (IN) and natural from Arizona (AZ). These sands were used “as is;” that is, as
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 they came from the quarry. For the last six types of combinations, 15 percent microfines
 were added to the natural sands. As a result, additions of trap rock, granite, and limestone
 microfines were made to three mixtures of natural sand from Indiana and to three
 mixtures of natural sand from Arizona. Table 5.1 presents a summary of the
 combinations used.
 Table 5.1 Aggregate combinations for Part I
 Microfines Combination Plus N 200
 As is MF Added MF
 TR-TR TR TR – 12%
 GR-GR GR GR – 15 %
 LS-LS LS LS – 14 %
 IN- IN < 1 %
 AZ- AZ < 1 %
 IN-TR IN TR-15%
 IN-GR IN GR-15%
 IN-LS IN LS-15%
 AZ-TR AZ TR-15%
 AZ-GR AZ GR-15%
 AZ-LS AZ LS-15%
 Table 5.2 shows some characteristics of the mixtures. The first two sets were
 high-strength mixtures, the third one was medium-strength and the last one was low
 strength. Superplasticizers A and B were used respectively for sets 1 and 2, while the
 mid-range and the low-range water reducers were used for sets 3 and 4 respectively.

Page 149
                        

125
 Table 5.2 Characteristics of Mixtures
 Set Strength Admixture w/c
 1 High Super A 0.41
 2 High Super B 0.41
 3 Medium MRWR 0.48
 4 Low LRWR 0.57
 The mixture proportions selected are shown in Table 5.3. These values
 correspond to typical 7, 6, and 5 sacks concrete mixtures, respectively.
 Table 5.3 Mixture Proportions
 Strength Water (g) Cement (g) Sand (g) w/c Paste/sand
 High 309 757 1495 0.41 0.71
 Medium 309 649 1587 0.48 0.60
 Low 309 541 1679 0.57 0.51
 The characteristics of aggregates, admixtures, and cement used have been
 presented in Chapter 3. Mixtures were prepared in accordance with the mixing
 specifications in ASTM C 305, except that water reducers were added in steps after
 performing the mini-slump test in the mortar without admixtures.
 The performance of fresh mortar was evaluated by means of the mini-slump cone,
 described in Chapter 3. The following target slumps were selected: 110 mm (4 ¼ in.), 90
 mm (3 ½ in.), and 70 mm (2 ¾ in.) for high, medium and low-strength mixtures,
 respectively.
 As for hardened mortar, six 2-in. × 2-in. × 2-in.cubes per mixture were cast and
 they were tested for compressive strength at 7 and 28 days, according to ASTM C 511.
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 5.2.2 Results
 Figure 5.1 shows the slump before the addition of water reducers. It can be seen
 that aggregate type and the amount and type of microfines have a significant effect on
 slump. Granite sand (GR) and natural sand from Arizona (AZ) produced significantly
 lower slumps than the natural sand from Indiana (IN) and than the crushed trap rock and
 limestone. On the other hand, combinations without microfines lead to higher slumps
 than combinations with microfines. Furthermore, combinations with granite microfines
 affected slump more than combinations with trap rock or limestone microfines.
 In this case, it is not possible to separate the effect of shape and texture from the
 effect of grading because, in general, aggregates do not have the same grading. However,
 the grading of the natural sand from Indiana (IN) is similar to the grading of the natural
 crushed sand from Arizona (AZ) and the results are very different. Since the main
 differences between these sands are shape and texture, and consequently packing density,
 these characteristics would probably be the cause of the dissimilar behavior.
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 Figure 5.1 Slump before Addition of Admixtures
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 Figures 5.2 and 5.3 show the dosages of superplasticizer required to reach the
 target slump. As in Figure 5.1, the effect of aggregate sources, and the amount and type
 of microfines can also be seen. Combinations without microfines lead to small dosages
 while combinations with microfines required higher dosages to reach target slump.
 Furthermore, granite microfines leaded to higher dosages than trap rock and limestone
 microfines. Figures 5.2 and 5.3 show that for both superplasticizers the trend is the same;
 in fact, the maximum recommended dosage was exceeded by the same three
 combinations.
 Figure 5.2 Dosage of Super A to Reach Target Slump = 4 ¼ in. (Note: Maximum recommended dosage by producer is 10 oz/100 lb of cement)
 Figure 5.3 Dosage of Super B to Reach Target Slump = 4 ¼ in. (Note: Maximum recommended dosage by producer is 20 oz/100 lb of cement)
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 Figures 5.4 and 5.5 show the dosages of MRWR and LRWR required to reach the
 target slump. It can be seen that the trends are the same as for superplasticizers. However,
 in some cases the target slump could not be reached even for dosages as high as twice the
 maximum recommended dosage.
 Notes: - Maximum recommended dosage by producer is 12 oz/100 lb of cement - N.R = Target slump could not be reached
 Figure 5.4 Dosage of MRWR to Reach Target Slump = 3 ½ in.
 Notes: - Maximum recommended dosage by producer is 6 oz/100 lb of cement - N.R. = Target slump could not be reached.
 Figure 5.5 Dosage of LRWR to Reach Target Slump = 2 ¾ in.
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 The evolution of slump with admixture dosage is shown Figure 5.6 for the GR-
 GR, TR-TR, and LS-LS combinations and in Figure 5.7 for the IN and AZ combinations.
 It can be seen that for HRWR the evolution is exponential (the effect of an addition is
 more important at high dosages than at low dosages) while for MRWR and LRWR tends
 to be linear.
 (a) High Strength – Super A (b) High Strength – Super B
 (c) Medium Strength – MRWR (d) Low Strength – LRWR
 Figure 5.6 Evolution of Slump with Admixture Dosage (oz/100 lb of cement) for Three Aggregate Combinations and for High, Medium, and Low-Strength Mixtures. (Maximum recommended dosages indicated by a vertical line)
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 (a) High Strength – Super A (b) High Strength – Super B
 (c) Medium Strength – MRWR (d) Low Strength – LRWR
 (e) High Strength – Super A (f) High Strength – Super B
 (g) Medium Strength – MRWR (h) Low Strength – LRWR
 Figure 5.7 Evolution of Slump with Admixture Dosage for IN and AZ Combinations and for High, Medium, and Low Strength Mixtures.
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 Figure 5.8 shows the compressive strength for the high-strength combinations. It
 can be seen that both superplasticizers yielded similar results. In fact, a statistical analysis
 using a 95 percent level of confidence indicates that the compressive strength is not
 affected by the type of superplasticizer used. The figure also shows that TR-tr
 combination has the highest compressive strength, while the IN-gr combination has the
 lowest. The remaining nine combinations have similar compressive strengths.
 Figure 5.8 28-Day Compressive Strength – High-Strength Mixtures
 Figure 5.9 shows the compressive strength for the medium-strength combinations.
 It can be seen that the compressive strength is similar for all the results. A statistical
 analysis using a 95 percent level of confidence indicates that there are no significant
 differences in compressive strength among the combinations.
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 Figure 5.9 28-day Compressive Strength – Medium-Strength Mixtures
 .
 5.3 PART II-A SUPPLEMENTARY CEMENTING MATERIALS - MORTAR
 5.3.1 Procedures
 Table 5.4 shows the 14 sets of mixtures with supplementary cementing materials
 that were made. Seven sets had 15 percent granite microfines, and seven had 15 percent
 trap rock microfines. For each set, five sources of aggregates, sieved and recombined to
 the same grading, were used for the plus N 200 sieve portion. Super A was used to reach
 slumps higher than 110 mm (4 ¼ in.). The sets have different types and amounts of
 supplementary cementing materials used as cement replacement as indicated in Table 5.4.
 The supplementary cementing materials are:
 • Class C fly ash from Deely Spruce (CFA)
 • Class F fly ash from Belews Creek (FFAb)
 • Class F fly ash from Rockdale (FFAr)
 • Silica Fume in the form of dry packing (SF)
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 Table 5.4 Combinations and Percentages of Supplementary Cementing Materials
 Aggregates Supplementary Cementing Materials (% replacement) Plus 200
 Microfines 15%
 No 0 %
 CFA 20%
 CFA 30%
 FFAb 30%
 FFAr 30%
 SF 5 %
 SF-5% + CFA-25%
 TR GR/TR x x x x x
 GR GR/TR x x x x x x x
 LS GR/TR x x x x x
 IN GR/TR x x x x x x x
 AZ GR/TR x x x x x
 Table 5.5 Mixture Proportions in grams
 Strength Water (g) Cement* (g) Sand (g) w/c Paste/sand weight
 High 309 757 1495 0.41 0.71 * Includes supplementary cementing materials
 5.3.2 Results
 Figure 5.10 shows the dosage of superplasticizer A required to reach the target
 slump (110 mm). It can be seen that replacing cement by fly ash type C decreased the
 amount of super required and that increasing the replacement from 20 percent to 30
 percent produced an additional decrease in the required dosage of superplasticizer. On the
 contrary, replacing cement by fly ash type F and silica fume increased the required
 dosage of superplasticizer. Finally, a ternary blend, made by replacing cement by 5
 percent silica fume and 25 percent fly ash type C, reduced the required dosage as
 compared to 5 percent silica fume.
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 (a)
 (a)
 (b)
 Figure 5.10 Dosage of Superplasticizer A Required to Reach Target Slump (a) Mixtures with GR Microfines (b) with TR Microfines
 Figure 5.11 shows the evolution of slump with super dosage for the GR-GR
 combination. As in Figure 5.10, 5 percent silica fume and 30 percent fly ash class F from
 Rockdale replacements affected negatively the slump while fly ash class C, fly ash class
 F from Belews Creek and the ternary blend of 5 percent silica fume plus 25 percent-fly
 ash class C improved the slump as compared to the control mixture without
 supplementary cementing materials. Other combinations showed similar trends and for
 that reason only one is presented here.
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 (a) Slump
 (b) Flow
 Figure 5.11 Slump and Flow Evolution with Super Dosage for the GR-GR Combination and Supplementary Cementing Materials
 Figures 5.12 and 5.13 show the compressive strength at 7 days and at 56 days for
 all the combinations. As expected, at 7 days the compressive strength of mixtures with fly
 ash, particularly class F fly ash, is lower than mixtures without supplementary cementing
 materials or with silica fume. It can also be seen that at 7 days, mixtures with 5 percent
 silica fume have a compressive strength equal to or a little higher than admixtures
 without supplementary cementing materials. At 56 days the compressive strength of
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 mixtures with class C fly ash is equal or slightly higher than control mixtures at 28 days.
 At 56 days, mixtures with class F fly ash have a compressive strength lower than control
 mixtures.
 (a) 7 days
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 Figure 5.12 Compressive Strength at 7 and 56 Days for Combinations with GR Microfines and Supplementary Cementing Materials
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 Figure 5.13 Compressive Strength at 7 and 56 Days for Combinations with TR Microfines and Supplementary Cementing Materials
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 5.4 PART II-B – SUPPLEMENTARY CEMENTING MATERIALS - CONCRETE
 5.4.1 Procedures
 To verify if concrete follows the same trends as mortar, a set of concrete mixtures
 using crushed granite for all fractions was run. Five mixtures with a water-to-cement ratio
 0.41 and with 15 percent granite microfines were made. Granite coarse and granite sand
 were sieved and recombined to the same grading for all the mixtures. The superplasticizer
 A was used to reach slumps higher than 6 in. Different types and amounts of
 supplementary cementing materials were used as cement replacement as indicated in
 Table 5.6. Table 5.7 presents the proportions and some characteristics of the mixtures.
 The supplementary cementing materials, described in Chapter 3, were the following:
 • Class C fly ash from Deely Spruce (CFA)
 • Class F fly ash from Belews Creek (FFAb)
 • Silica fume in the form of dry packing (SF)
 Table 5.6 Combinations
 Aggregate Supplementary Cementing Materials (%)
 Replacement)
 Coarse Sand MF 15% No 0 % CFA
 30% FFAb 30%
 SF 5 %
 SF-5% CFA-25%
 GR GR GR x x x x x
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 Table 5.7 Mixture Proportions
 Proportions (lb/cu. yd.) Strength
 Water Cement* Coarse Sand MF w/c Paste
 Volume
 High 289 704 1799 1152 205 0.41 31 %
 * Includes supplementary cementing materials
 Mixtures were made according to ASTM C 192. The workability of concrete was
 assessed by means of the slump test, determined according to ASTM C 143, and the flow
 test using a vibrating table.
 5.4.2 Results
 Figure 5.14 shows the dosage of superplasticizer A required to reach a slump of 6
 in. Concrete mixtures follow the same trend observed in mortar mixtures. It can be seen
 that replacing cement by fly ash type C and fly ash type F from Belews Creek decreased
 the amount of superplasticizer. On the contrary, replacing cement by 5 percent silica
 fume slightly increased the required dosage of superplasticizer. Finally, a ternary blend,
 made by replacing cement with 5 percent silica fume and 25 percent fly ash type C,
 reduced the required dosage as compared to 5 percent silica fume alone.
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 Figure 5.14 Dosage of Superplasticizer (oz/ 100 lb of Cement) to Reach 6-in. Slump
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 Figures 5.15 and 5.16 show the evolution of slump and flow with the dosage of
 superplasticizer. These mixtures were initially very stiff and, as can be seen, the slump
 was practically zero for all of the cases, and the flow was very small for almost all the
 mixtures. However, after the first addition of superplasticizer, significant differences in
 slump and flow were obtained.
 Figure 5.15 Slump Evolution with Superplasticizer Dosage for Different Supplementary Cementing Materials
 Figure 5.16 Flow Evolution with Superplasticizer Dosage for Different Supplementary Cementing Materials
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 Figure 5.17 shows the compressive strength at 7, 28 and 56 days for all the cases,
 except for the case without supplementary cementing materials for which data at 56 days
 were not available. As expected, the mixture with no supplementary cementing materials
 and the mixture with 5 percent silica fume had the highest initial values. The mixture
 with fly ash class F is the one with the lowest initial compressive strength and the one
 that at 56 days is still far below the rest of the mixtures. The mixture with fly ash class C
 and the ternary blend with 5 percent silica fume and 25 percent fly ash class C have low
 initial compressive strengths but at 56 days their compressive strengths are close to the
 one of the mixture with silica fume only.
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 Figure 5.17 Compressive Strength vs. Time for Different Supplementary Cementing Materials
 Figure 5.18 presents the 28-day flexural strength. It can be seen that flexural
 strength follows the same trend as compressive strength; that is, mixtures without
 supplementary cementing materials and mixtures with silica fume have the highest
 strengths, mixtures with 30 percent fly ash class C and mixtures with the ternary blend
 have intermediate strength, and mixtures with 30 percent fly ash class F have the lowest
 strengths.
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 5.5 PART III – AIR-ENTRAINING AGENTS
 The aim of this part of the study was to evaluate the impact of high percentages of
 microfines and the effect of shape and texture of aggregates on the air-entraining agent
 (AEA) dosage required to reach 4 percent and 6 percent of entrained air.
 5.5.1 Procedures
 Two sources were selected for the plus N 200 fraction: the natural aggregate from
 Indiana (IN) and the crushed granite (GR). Both aggregates were sieved and recombined
 to the same grading in terms of volume as shown in Figures 5.19. As can be seen in Table
 5.8, mixtures with no microfines and mixtures with 15 percent of the three types of
 microfines were made.
 Table 5.9 shows the aggregate volume fractions, and Table 5.10 presents the
 mixture proportions in weight.
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 (a)
 (a)
 (b)
 Figure 5.19 Grading of (a) Fine Aggregate (b) Coarse Aggregate
 Table 5.8 Aggregate and Microfines Combinations
 Microfines Combination Coarse Sand
 0 % TR-15% GR-15% LS-15% 1-IN IN IN x x x x
 2-GR GR GR x x x x
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 Table 5.9 Aggregate Proportions
 Aggregate Proportions in Volume (%) Type of Mixture
 Coarse Fine Microfines
 Microfines as Percent of
 Sand
 No microfines 60.9 39.1 0 0%
 With microfines 57.0 36.5 6.5 5%
 Table 5.10 Mixture Proportions
 Mixture Proportions (lb/cu. yd) Combination
 Aggregate Cement Water w/c Paste
 Volume
 1-IN 3040* 704 289 0.41 31%
 2-GR 3150* 704 289 0.41 31%
 * Approximate: Changed slightly with the type of microfines
 An initial dosage of superplasticizer A, as shown in Table 5.11, was added to all
 mixtures, except one, to ensure proper consistency for measuring air. After mixing, the
 initial air content was determined according to ASTM C 231. Additions of AEA were
 made until values of about 4 percent and 6 percent of air content were obtained.
 Table 5.11 Initial Dosage of Superplasticizer A (oz/100 lb of cement)
 Microfines Combination
 0 % TR-15% GR-15% LS-15%
 1-IN 0 4 4 4
 2-GR 6 9 9 9
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 5.5.2 Results
 Figure 5.20 shows the relationship between air content and AEA dosage for both
 combinations. It can be seen that the AEA required varies between mixtures without
 microfines and mixtures with microfines, and that it also varies depending on the type of
 microfine, particularly for natural aggregate. The figures also show that the natural
 aggregate (IN) requires higher dosages of AEA than the crushed aggregate (GR) to reach
 the same level of entrained air.
 (a) 1-IN
 (b) 2-GR
 Figure 5.20 Air Entrained vs. AEA Dosages for Both Aggregate Combinations
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 Figure 5.21 shows the specific dosages of AEA required to produce air contents
 of 4 percent and 6 percent. It can be seen that the amounts required to reach 4 percent air
 content are about the same for both aggregates, although for the IN-IN combination, the
 required dosage seems to change with the amount and the type of microfines, while for
 the GR-GR combination the required dosage is about the same for the three types of
 microfines. The additional amount of AEA to increase the air content to 6 percent,
 particularly for the natural aggregate, is notably high for 15 percent microfines. Again,
 for the GR-GR combination the amount of AEA is similar for the three types of
 microfines, while for the IN-IN combination, it changes significantly with the type of
 microfines.
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 Figure 5.21 AEA Dosage to Reach 4% and 6% Entrained Air for Both Aggregate Combinations and for Different Types of Microfines
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 5.6 PART IV - DRYING SHRINKAGE
 The aim of this part was to evaluate the impact of type and amount of microfines,
 and the effect of one type of superplasticizer on concrete drying shrinkage. Two sets of
 mixtures were made. For each set aggregate retained in the N 200 sieve was sieved and
 recombined to the same grading. Different amounts of microfines from 0 percent to 20
 percent were added as indicated in Tables 5.12 and 5.13.
 5.6.1 Procedures
 Two sets of mixtures were made. For the first set, five mixtures using different
 amounts of trap rock (TR) microfines were used, as indicated in Table 5.12. For the
 second set, limestone (LS), granite (GR), and trap rock (TR) microfines were used. Ten
 mixtures were made; one without microfines and three with different amounts of
 microfines for each type of microfines as indicated in Table 5.13.
 In set 1, the relative amounts of coarse and fine aggregate (retained in the N 200
 sieve) were kept constant, while in set 2 the amount of coarse aggregate was kept
 constant as can be seen in Tables 5.12 and 5.13.
 The grading of fine and coarse aggregate was slightly changed from set 1 to set 2,
 as shown in Figures 5.22 and 5.23 because there were not enough amounts of certain
 sizes.

Page 172
                        

148
 Table 5.12 Aggregate Fractions for Set 1
 Aggregate Proportions in Volume (%) Mixture Coarse-TR Fine-TR Microfines-TR
 Microfines as Percentage of
 Fine Aggregate
 1 60.9 39.1 0 0
 2 59.6 38.3 2.2 5
 3 58.3 37.4 4.3 10
 4 56.9 36.6 6.5 15
 5 55.6 35.7 8.7 20
 Table 5.13 Aggregate Fractions for Set 2
 Aggregate Proportions in Volume (%) Mixture
 Coarse-TR Fine-TR Microfines LS/GR/TR
 Microfines as Percentage of
 Fine Aggregate
 1 57.7 42.3 0 0
 2 57.7 39.1 3.2 7.5
 3 57.7 35.9 6.4 15
 4 57.7 33.8 8.5 20
 Table 5.14 presents the mixture proportions used by weight. The actual weight of
 aggregate varies slightly depending on the microfines used.
 Table 5.14 Mixture Proportions for Sets 1 and 2 (lb/cu. yd)
 Aggregate Cement Water w/c Paste volume
 3410* 704 289 0.41 31%
 * Varies slightly depending on the type of microfines
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 (a) Fine Aggregate
 (b) Coarse Aggregate
 Figure 5.22 Grading of Aggregates for Set 1
 0
 20
 40
 60
 80
 100
 N4N8N16
 N30
 N50
 N100
 N200
 Sieve size
 Cum
 ulat
 ive
 pass
 ing
 %0%
 5%
 10%
 15%
 20%
 0
 20
 40
 60
 80
 100
 1 1/
 2"1"
 3/4"
 1/2"
 3/8"N4
 N8
 Sieve size
 Cum
 ulat
 ive
 pass
 ing
 %MicrofinesContent

Page 174
                        

150
 (a) Fine Aggregate
 (b) Coarse Aggregate
 Figure 5.23 Grading of Aggregates for Set 2
 After mixing without superplasticizer, two 2-in. × 2-in. × 10-in. bars were cast.
 Since the concrete was very stiff these samples were consolidated by means of a vibrating
 table. Superplasticizer was added until a 6-in. slump was reached. After reaching the
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 target slump, two additional 2-in. × 2-in. × 10-in. bars were cast. Although concrete had
 good placeability, it was decided to use the vibrating table to consolidate concrete for
 consistency.
 After demolding, following ASTM C 157, bars were cured in water saturated with
 lime for 28 days. Then, they were put in a room at 50 percent humidity and at 72 °F,
 where length readings were made at 7, 14, 28 and 56 and 112 days.
 5.6.2 Results
 Figure 5.24 shows the 112-day drying shrinkage for case 1. It can be seen that
 drying shrinkage slightly increases with the amount of microfines either with or without
 superplasticizer. The drying shrinkage of mixtures with superplasticizer is similar to that
 of mixtures without superplasticizer. Figure 5.25 shows the evolution of drying shrinkage
 with time.
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 Figure 5.24 112-Day Drying Shrinkage
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 Figure 5.26 shows the dosage of superplasticizer required to reach 6-in. slump.
 The dosage increased with the amount of microfines, but the maximum recommended
 dosage (10 oz/100 lb of cement) was not reached even for 20 percent microfines.
 Figure 5.26 Dosage of Superplasticizer to Reach 6 in. Slump (Note: maximum recommended dosage by producer is 10 oz/100 lb of cement)
 Figure 5.27 shows the 112-day drying shrinkage for case II. Drying shrinkage
 slightly increases with the amounts of microfines in mixtures without superplasticizer; in
 some mixtures with superplasticizer, drying shrinkage is about the same as mixtures
 without microfines. The effect of the type of microfines on drying shrinkage is not clear
 since the behavior of mixtures with granite microfines looks slightly different from
 mixtures with limestone and trap rock microfines.
 As expected, the comparable values of set 1 and set 2 (combinations with trap
 rock microfines) are slightly different, due to the differences in the amount of coarse
 aggregate.
 0
 2
 4
 6
 8
 10
 TR-0% TR-5% TR-10% TR-15% TR-20%
 microfines
 Dosa
 ge (o
 z/10
 0 lb
 )

Page 178
                        

154
 Figure 5.27 112-Day Drying Shrinkage for Set 2
 Figures 5.28 and 5.29 show the evolution of drying shrinkage with time for
 mixtures without and with superplasticizer. It can be seen that the rate of change of
 drying shrinkage varies among aggregates.
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 Figure 5.28 Evolution of Drying Shrinkage for Mixtures without Superplasticizer for Different Types and Amounts of Microfines (cont’d)
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 Figure 5.29 Evolution of Drying Shrinkage for Mixtures with Superplasticizer for Different Types and Amounts of Microfines (cont’d)
 Figure 5.30 shows the dosage of superplasticizer required to reach 6-in. slump.
 The dosage increased with the amount of microfines, but the maximum recommended
 dosage (10 oz/100 lb of cement) was not reached even for 20 percent microfines, except
 for the combination with 20 percent granite microfines.
 Figure 5.30 Dosage of Super to Reach a Slump of 6 in. (Note: Maximum Recommended Dosage is 10 oz/100 lb of cement)
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 5.7 CONCLUSIONS
 From the results the following conclusions can be made:
 1. Chemical admixtures, specifically water reducers, can be used successfully to
 enhance workability of fresh high-microfines mortar and high-microfines concrete
 without producing harmful effects on hardened concrete properties such as
 compressive strength and drying shrinkage.
 2. Shape and texture as well as grading have a significant effect on fresh mortar and
 fresh concrete behavior, particularly in slump values.
 3. Besides slump, the effect of aggregate characteristics on the performance of fresh
 mortar and fresh concrete can be evaluated by means of the water reducer dosage
 required to reach a target slump.
 4. From the limited information obtained, it can be concluded that supplementary
 cementing materials can be used as cement replacement in high-microfines
 concrete to improve workability. In fact, some types of fly ash could be used to
 decrease the amount of chemical admixtures required to obtain the desired
 performance in the fresh state. Although silica fume alone and some types of fly
 ash increase water demand or superplasticizer demand, ternary blends with the
 proper type of fly ash could be used to reach the desired workability without
 increasing, or even decreasing, the amount of superplasticizer required.
 5. From the limited information gathered, it could be concluded that the type of
 aggregate as well as the type and amount of microfines play an important role on
 the amount of AEA necessary to reach desired amounts of air entrained in
 concrete. It seems that crushed aggregates require less AEA than natural
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 aggregates, and that high-microfines contents tend to increase the required AEA
 dosages.
 6. Drying shrinkage seems to depend on the amount and type of microfines.
 Although drying shrinkage tends to increase with the amount of microfines,
 microfine contents as high as 20 percent do not necessarily increase drying
 shrinkage to excessive levels.
 7. Acrylic polymer superplasticizers at dosages below the maximum recommended
 by producers seems to have no significant effect on concrete drying shrinkage.
 This finding is contrary to what was found in Chapter 4. Although results are not
 directly comparable, in Chapter 4 it was found that superplasticizers increased
 drying shrinkage of mortar mixtures since mortar mixtures with low water-to-
 cement ratio with superplasticizer produced about the same drying shrinkage as
 similar mixtures with higher water-to-cement ratio but no superplasticizer.
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 CHAPTER 6 PACKING DENSITY - SHAPE AND TEXTURE STUDY
 6.1 INTRODUCTION
 The effect of shape, texture, and grading of aggregate on packing density has been
 recognized. However, little research has been made in order to quantify the role of
 aggregate characteristics in packing and in concrete behavior. At the same time, the
 impact of packing of aggregates and cementitious materials on the performance of mortar
 and concrete has been unveiled and, therefore, some proportioning methods based on
 packing concepts have been developed. However, packing is not an intrinsic
 characteristic of aggregates since it depends on the compaction method. Depending on
 the type of aggregate and the particle size, differences as high as 40 percent could be
 found in packing densities due to the method of compaction. Furthermore, no relationship
 has been found among packing degrees obtained using different levels of compaction and
 there is no agreement on which the level of compaction should be used. The two practical
 extremes are “loose,” suggested by Dewar [1999], for example, and “vibrated-plus-
 pressure” suggested by de Larrard [1999].
 Different image-analysis methods to quantify shape, texture, and some other
 characteristics of aggregates have been developed. As a result, numerical indexes for
 shape and texture of aggregates could be determined automatically and effectively. So
 far, however, little research has been performed in order to correlate these indexes either
 with packing density or with concrete behavior.
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 6.2 OBJECTIVES
 The objectives of this study are:
 1. Evaluate the packing density of the five aggregates and the packing density of all
 the size fractions of each aggregate.
 2. Evaluate some mathematical models for predicting packing density of aggregate
 blends by comparing theoretical with experimental results.
 3. Quantify shape and texture of aggregates using two image-analysis techniques.
 4. Compare shape and texture indexes with packing density values to determine
 possible relationships.
 To accomplish the objectives, the study was divided in three parts as follows:
 • Part I – Packing density. The packing density of aggregates was determined and
 comparisons between theoretical values on aggregate blends predicted by three
 models and the experimental results were made.
 • Part II – Shape and texture. Using two image analysis techniques, indexes for
 shape and texture were determined, and a comparison of the techniques was
 made.
 • Part III – Correlations between packing density values and shape and texture
 indexes. Based on the results obtained in parts I and II, graphs and statistical
 analysis were made to determine possible relationships.
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 6.3 PART I – PACKING DENSITY
 6.3.1 Packing Models
 The following three packing models described in Chapter 2 were evaluated:
 • Europack
 • The Compressible Packing Model (CPM)
 • The Theory of Particle Mixtures (TPM)
 6.3.1.1 Europack
 For this model, the required input information is density, packing density, and
 characteristic diameter of each component. The characteristic diameter is defined as the
 diameter for which the cumulative probability of the Rosin-Raimmler distribution is 0.37
 [Golterman, 1997]. This corresponds approximately to the size associated with 63 percent
 of the material passing. With the size distribution, the model determines the characteristic
 diameter.
 The packing density of a blend of two aggregates is given by:
 ⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−−+
 =
 sd kkyyy )11(
 1
 22
 2
 2
 1
 1
 φφφ
 φ (6.1)
 where:
 y1/ y2 = volume of fine /coarse particles
 φ1/φ2 = packing of fine/coarse particles
 kd = Factor that depends on the diameter ratio
 = (d2-d1)/(d1+d2)
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 where d1 and d2 are the mean sizes of small and big particles, respectively
 ks = Statistical factor
 = (x/xo)ko for x < xo
 = 1 – (1+4x)/(1+x)4 for x > xo
 where
 x = (y1/y2)*(φ2/φ1)/(1-φ2)
 xo = 0.4753
 ko = 0.3881
 To determine the packing of more than two classes of particles, they have to be
 combined two at a time.
 This model is based on the assumptions that particles are perfect spheres that
 particles are monosized, and that fine and coarse aggregates are of different size. To be
 applicable to actual aggregates the size of each fraction is defined by the characteristic
 diameter and the void volume of each fraction is obtained from the measured packing
 density. The characteristic diameter is defined as the diameter for which the cumulative
 probability of the Rosin-Raimmler-Sperling-Benett distribution is 0.368.
 6.3.1.2 The Compressible Packing Model (CPM)
 This model requires density, mean size, and virtual packing of each component.
 Virtual packing is the maximum packing that could be theoretically obtained by
 accommodating piece by piece and would correspond to a compaction factor, K, of
 infinity. In reality, it is not possible to attain such a high degree of packing; therefore the
 virtual packing is calculated by experimentally determining the packing density φ and
 using Equation 6.2 with the compaction factor, K, corresponding to the compaction
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 method used, according to Table 6.1. Figure 6.1 shows the relationship between the
 compaction factor and packing density. De Larrard suggests using a compaction method
 combining vibration plus a 10 MPa pressure for plus N200 particles; consequently the
 compaction factor would be 9. For cement and microfines, he suggests a water demand
 test. The procedure for the water demand test appears in Appendix B.1
 Table 6.1 Values of the Compaction Index According to de Larrard [1999]
 Packing process K
 Loose 4.1
 Sticking with a rod 4.5
 Vibrated 4.75
 Vibrated + pressure 9.0
 Wet packing 6.5
 Figure 6.1 Compaction Index (K) versus Packing Density (φ)
 To determine the virtual packing density, φv, of a sample, first the actual packing
 is obtained experimentally and then, depending on the compaction method, the virtual
 (φ)
 K
 ΦΦv 1.0
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 packing is calculated with Equation 6.2, which is a particular case of Equation 6.3 for
 mono-sized particles.
 11+
 =
 K
 v φφ (6.2)
 ∑∑= −
 ==n
 i
 iii i
 vyKK
 1 /1/1/
 γφφ
 (6.3)
 where:
 K = compaction index. (See Table 6.1 for typical values)
 φvi = virtual packing of each fraction
 yi = volume of each fraction
 γi = virtual packing of the blend when class i is dominant
 ∑ ∑−
 = +=
 −−−+−−= 1
 1 1]/1[)]/11(1[1
 i
 j
 n
 ijijiijjiiji
 ii
 yvvavbv
 v
 φφφφφ
 φγ (6.4)
 where:
 bij and aij = factors evaluated empirically
 The packing density, φ, of a blend of n fractions is calculated by means of
 Equation 6.3.
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 6.3.1.3 Theory of Particle Mixtures (TPM)
 The method requires the packing density in loose condition, the mean size (i.e. the
 grading), and the density of each fraction. For cement and microfines the packing density
 is determined from the Vicat test. Dewar [1999] suggests that the mean diameter of
 microfines and cementitious materials could be estimated from the Blaine fineness test if
 the size distribution is not available.
 TPM works with voids ratio instead of packing density, where voids ratio is
 defined as the ratio of voids to solids volume. The relationship between voids ratio, U,
 and packing density, φ, is:
 U = 1/φ - 1 (6.5)
 The voids ratio of a blend of two materials follows the voids ratio diagram shown
 in Figure 6.2. The coordinates of points A to F are calculated with the following
 equations and with Tables 6.2 and 6.3.
 Figure 6.2 Voids Ratio Diagram
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 "1nUU n = (6.6)
 where:
 )1( ""1
 "
 o
 o
 UUU
 n++
 = (6.7)
 1)1()1(
 )1(3"
 "1"
 1 −+−+
 +=
 ZUUU
 Uo
 o (6.8)
 and
 kp
 o rkUkZ ]1)1[( int3/1
 int −−++= (6.9)
 1)1)(1( 3" −++= mrUU oo (6.10)
 Table 6.2 gives the values for the spacing factor, m, and Table 6.3 gives the
 values for the empirical factors kint and kp.
 Table 6.2 Spacing Factors, m
 Points in Voids Ratio Diagram Spacing Factor, m
 A (n=0) 0
 B 0.3
 C 0.75
 D 3
 E 7.5
 F (n=1) α
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 Table 6.3 Empirical Factors kint and kp
 Points in voids ratio diagram kint kp
 B 0.12 0.60
 C 0.06 0.65
 D 0.015 0.8
 E 0.0 0.9
 6.3.2 Procedures
 In order to gather information on packing density of aggregates and to evaluate
 the packing models, the following activities were undertaken:
 • Determination of packing density of aggregates
 • Determination of packing density of microfines and cementitious materials
 • Comparison of experimental with theoretical packing density of binary blends
 • Comparison of experimental with theoretical packing density of multi-component
 blends
 6.3.2.1 Packing Density of Aggregates
 The five aggregates, natural from Indiana (IN), natural from Arizona (AZ),
 crushed limestone (LS), crushed granite (GR), and crushed trap rock (TR) were sieved
 and separated in the following sizes: 1 in., ¾ in., ½ in., 3/8 in., N4, N8, N16, N30, N50,
 N100, N200 and microfines (passing N200).
 The packing density of the coarse and fine aggregate as well as the packing
 density of each fraction was measured using four different levels of compaction: loose,
 tapped with a rod, dropping the container, and vibration plus pressure on the top in steel
 containers of 0.10 cu. ft. and 0.25 cu. ft for minus 3/8-in. and plus 3/8-in. material,
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 respectively. Additionally, the packing density of material passing the N4 sieve was
 determined by means of the ASTM C 1252 test “Standard Specification for Uncompacted
 Void Content of Fine Aggregate (as Influenced by Particle Shape, Surface Texture, and
 Grading)”,
 A correction was made to account for the “wall effect” according to de Larrard
 [2000] using Equation 6.11:
 αα ])1(1[' pw Vk−−= (6.11)
 where α’ = packing corrected for wall effect
 α = measured packing
 Vp = disturbed volume
 kw = constant that depends on the particle angularity.
 First, the loose packing density was determined according to the British standard
 812, filling the container by leaving the material fall free from a height of less than 2 in.
 over the top of the container. Then, following ASTM C 29, the container was filled in
 three layers; each compacted by rodding 25 times with a 5/8-in rod. For the third method
 of compaction, the container was also filled in three layers. Each time, the container was
 raised alternately at opposite sides and then allowed to fall following ASTM C 29.
 Finally, the container was placed on a vibrating table. A steel cylinder of the same
 diameter of the interior diameter of the container was placed on top of the sample in such
 a way that the pressure on the aggregate was 10 MPa. The sample was then vibrated at a
 medium frequency for 1 minute and at high frequency for one additional minute.
 Figure 6.3 shows the experimental packing densities for the five aggregates.
 Results for N200 and MF corresponding to the natural sands IN and AZ are missing

Page 194
                        

170
 because there was not enough material retained in the N200 mesh and in the pan to run
 the test. It can be seen that except for the natural rounded aggregate (IN), packing density
 tends to decrease with the size of particles, particularly for the loose state.
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 Figure 6.3 Packing Density of Aggregates (cont’d)
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 Figure 6.4 shows a summary of packing density values for loose and vibrated-
 plus-pressure states for all aggregates. In the loose state graph the packing density of
 microfines determined by the Vicat test (see section 6.3.2.2) is also included for
 comparison. In general, the natural aggregate from Indiana has the highest values while
 granite, particularly fine aggregate, has the lowest values. The rest of the aggregates fall
 between these extremes.
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 Figure 6.5 shows the packing density obtained from ASTM C 1252. There were
 not enough microfines from IN and AZ sands to perform the test. As expected, these
 values have the same trend than those shown in Figure 6.4. As pointed out by Hudson
 [1999], except for the round grains of IN fine aggregate, particles retained in the N8 sieve
 stacked in the cone and it was necessary to tap the cone walls to force the particles to
 flow. The same thing happened to microfines.
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 Figure 6.5 Packing of Fine Aggregate Using ASTM C 1252
 6.3.2.2 Packing Density of Cementitious Materials and Microfines
 The packing density of these materials was determined in dry state. However,
 since researchers agree [de Larrard, 1999; Dewar, 1999] that the behavior of powders in
 concrete mixtures is better described by wet packing density, the packing density of
 microfines and cementitious materials was determined using the following three water
 demand tests:
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 • Vicat
 • Thick paste
 • “Single drop” test
 Using the Vicat apparatus, and following the ASTM C 187 specification, the
 amount of water required to produce a paste of normal consistency was determined.
 According to ASTM C 187, a paste of normal consistency lets the 10-mm needle of the
 Vicat apparatus settle 10 mm in 30 seconds (in Europe [Bigas, 2002], the criteria for the
 Vicat test is that a paste of normal consistency is obtained when the 10-mm needle
 penetrates 34 ± 1 mm in the paste).
 Using the procedure suggested by de Larrard [1999], the amount of water
 required to produce a “thick” paste was determined. When some water is added to a
 powder, a “humid powder” state is obtained. During mixing and after stop mixing
 material looks like many damp agglomerations. If more water is added, at some point
 during mixing the whole sample forms three pieces and when mixing is stopped, these
 three pieces tend to form a single piece after tapping the container. This is the “thick
 paste” state.
 Bigas and Gallias [2002] suggest a procedure in which a drop of water of 0.2 g is
 put over a sample of the powder. The drop agglomerates some material and after a few
 seconds equilibrium is reached and the agglomerate stops growing. The amount of
 material absorbed by the drop is determined by weighing the sample before and after
 removing the agglomerate.
 For the three methods, the packing density is calculated by means of the following
 equation derived from the definition of packing density:
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 mfmf
 wtotal
 solids
 SGWWV
 V
 .1
 1
 +==φ (6.12)
 where: Ww = weight of water
 Wmf = weight of microfines or powder
 SGmf = specific gravity of microfines or powder
 Table 6.4 and Figure 6.6 show the results. It can be seen that wet packing in
 general is higher than dry packing. It can also be seen that wet packing from the drop test
 is the highest and that packing from the thick paste test is slightly higher than packing
 from the Vicat test. Absolute values differ significantly; however, good correlations were
 found between the two dry packing methods and among the three wet packing methods
 (about 85 percent). Correlations between the dry packing results and wet packing results
 are not as good (around 65 percent). It means that any of the three wet packing methods
 could be used to determine the packing density of powder materials as long as a proper
 relationship could be made. For analysis and proportioning it was decided to use the
 Vicat test.
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 Table 6.4 Packing Density of Microfines and Cementitious Materials
 Dry Packing Wet Packing Microfines Loose Vibrated Vicat Thick Paste Drop Test
 TR 0.39 0.57 0.57 0.62 0.68
 GR 0.34 0.54 0.55 0.57 0.67
 LS 0.39 0.56 0.62 0.63 0.70
 Cement 0.34 0.46 0.51 0.54 0.61
 C-Fly ash 0.56 0.73 0.70 * N/A 0.75
 F-Fly ash-B 0.44 0.58 0.62 N/A 0.75
 F-Fly ash-R 0.44 0.57 0.58 N/A 0.72
 * Flash set
 Figure 6.6 Packing Density of Microfines and Cementitious Materials
 6.3.2.3 Binary Blends
 To verify the accuracy and applicability of the packing models some binary
 blends were made as shown in Table 6.5. The ratio, r, is the mean size of fine particles
 over the mean size of coarse particles.
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 Loose Vib+press Vicat Drop Thick
 Packing method
 Pack
 ing
 dens
 ity
 TRGRLSCementC-Fly ashF-Fly ash BF-Fly ash R

Page 201
                        

177
 Table 6.5 Combinations for Binary Blends
 Blend Coarse Fine r
 1 TR-3/4 in. TR-3/8 in. 0.50
 2 GR-3/4 in. GR-3/8 in. 0.50
 3 IN-N8 IN-N30 0.25
 4 IN-N8 IN-N16 0.50
 r = small diameter/big diameter
 Experimental values of loose and vibrated-plus-pressure packing were obtained
 for each combination using different percentages of the coarser and the finer fraction.
 Using the three packing models, the corresponding theoretical values were calculated.
 Results
 Figures 6.7 to 6.10 show experimental and theoretical results. Curves and data at
 the bottom of graphs correspond to loose packing density and those at the top correspond
 to vibrated-plus-pressure packing.
 Figures 6.7 and 6.8 present results for combinations 1 and 2 which have a
 theoretical mean size ratio, r, of 0.5. In the left-side graphs r = 0.5 was used for all
 methods. In the right-side graphs, r was changed to 0.65 for CPM and Europack. For
 combination 1, for loose packing the best fit was obtained with TPM with r = 0.5 and
 with CPM with r = 0.65. For vibrated-plus-pressure packing the best fit was obtained
 with CPM with r = 0.65.
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 For combination 2, for loose packing the best fit was obtained and with CPM with
 r = 0.50. For vibrated-plus-pressure packing the best fit was obtained with Europack with
 r = 0.65 and TPM with r = 0.50.
 (a) (b)
 Figure 6.7 Experimental and Theoretical Results for TR ¾ and TR 3/8 (a) r = 0.5 for all Methods (b) r = 0.5 for TPM, r = 0.65 for CPM and Europack
 (a) (b)
 Figure 6.8 Experimental and Theoretical Results for GR ¾ and GR 3/8 (a) r = 0.5 for All Methods (b) r = 0.5 for TPM, r = 0.65 for CPM and Europack
 Figure 6.9 presents results for combination 3, which has a theoretical mean size
 ratio, r, of 0.25. In the left-side graph r = 0.25 was used for all methods. In the right-side
 graph, r was changed to 0.50 for CPM and Europack, to 0.35 for TPM in loose state and
 to 0.20 for TPM in vibrated state. It can be seen that for loose packing the best fit was
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 obtained with CPM and Europack with r = 0.65 and TPM with r = 0.35. For vibrated-plus-
 pressure packing the best fit was obtained with TPM with r = 0.20 and Europack with r =
 0.65.
 (a) (b)
 Figure 6.9 Experimental and Theoretical Results for IN 30 and IN 8 (a) r = 0.25 for All Methods (b) r = 0.35 for TPM in Loose State, r = 0.20 for TPM in Vibrated State, r = 0.50 for CPM and Europack.
 Figure 6.10 presents results for combination 4, which has a theoretical mean size
 ratio, r, of 0.5. In the left-side graph, r = 0.5 was used for all methods. In the right-side
 graph, r was changed to 0.65 for CPM and Europack. It can be seen that for loose packing
 the best fit was obtained with CPM and Europack with r = 0.65. For vibrated-plus-
 pressure packing the best fit was obtained with CPM with r = 0.65.
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 (a) (b)
 Figure 6.10 Experimental and Theoretical Results for IN 8 and IN 16 (a) r = 0.5 for All Methods (b) r = 0.5 for TPM, r = 0.65 for CPM and Europack.
 6.3.2.4 Multi-fraction blends
 A set of five blends without microfines, one per type of aggregate, with the size
 distribution shown in Table 6.7 and a set of three blends of granite with different amounts
 of microfines were made. The packing density for loose and vibrated-plus-pressure states
 was determined experimentally, and results were compared with theoretical values
 calculated with CPM, Europack and TPM.
 Table 6.6 Description of Blends
 Blend Description Grading 1 IN 1
 2 TR 1
 3 LS 1
 4 AZ 1
 5 GR 1
 6 GR with 5% microfines 2
 7 GR with 10% microfines 3
 8 GR with 15% microfines 4
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 Table 6.7 Gradings for Multi-Fraction Blends
 Percentage Retained Fraction
 1 2 3 4 N8 18 17 16 15
 N16 18 17 16 15
 N30 16 15 14 14
 N50 29 27 26 24
 N100 17 16 15 14
 N200 3 3 3 3
 MF 0 5 10 15
 The loose and the vibrated-plus-pressure packing were determined
 experimentally. Theoretical values were calculated with CPM using K = 4.1 for loose
 packing and K = 9.0 for vibrated-plus-pressure packing with Equations 6.3 and 6.4.
 Theoretical values were also calculated with Europack and TPM, using Equations 6.1 and
 6.6 to 6.10, respectively. With Europack and TPM packing density was obtained by
 combining two fractions at a time, starting with the smallest particles. Results are shown
 in Table 6.8 and Figure 6.11. For loose packing the three methods give similar results a
 little bit higher than experimental values. For vibrated-plus-pressure packing, the three
 methods also give satisfactory results although in this case, CPM gives values higher than
 actual, while Europack and TPM give values lower than experimental.
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 Table 6.8 Experimental and Theoretical Results for Multi-Component Blends
 Loose Packing Vibrated + Pressure Packing Blend
 Exp. CPM Euro. TPM Exp. CPM Euro. TPM
 IN 0.662 0.692 0.684 0.681 0.761 0.789 0.759 0.737
 TR 0.619 0.631 0.632 0.630 0.757 0.759 0.729 0.720
 LS 0.591 0.625 0.621 0.620 0.740 0.760 0.734 0.712
 AZ 0.611 0.646 0.642 0.642 0.738 0.745 0.718 0.703
 GR 0.559 0.586 0.584 0.583 0.693 0.713 0.686 0.675
 GR-5 0.587 0.595 N/A N/A 0.699 0.733 N/A N/A GR-10 0.599 0.602 N/A N/A 0.724 0.752 N/A N/A GR-15 0.595 0.604 0.605 0.605 0.726 0.744 0.711 0.709
 Figure 6.11 Predicted vs. actual packing
 Figure 6.12 shows the relationship between packing density and the compaction
 method. The rate of variation is higher for loose state, particularly, for crushed sand (TR,
 GR, LS).
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 Figure 6.12 Evolution of Packing Density with the Method of Compaction
 6.3.3 Conclusions
 From the results the following conclusion can be drawn:
 1. The packing density depends significantly on the compaction method and shape
 and texture of aggregates. Consequently, the procedure for measuring packing
 should be specified clearly. There is no apparent relationship between compaction
 methods because values seem to depend on the aggregate characteristics and on
 the particle size: differences between loose packing and vibrated-plus-pressure
 packing seem to be higher for manufactured sands that have not been washed.
 These differences also increase with decreasing size of particles, particularly for
 manufactured sands not washed.
 2. The three methods evaluated make satisfactory predictions of packing density for
 binary and multi-component blends of aggregates. The maximum difference
 found between predicted values and actual values for binary and multi-component
 blends was 6 percent, which is satisfactory for this type of measurement. For
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 multi-component blends the average difference was 3.5 percent which is also
 satisfactory.
 3. Although for binary blends TPM seems to give the best results for loose packing
 but the worst results for vibrated-plus-pressure packing (low), for multi-
 component blends the three methods were equally satisfactory since the average
 differences with actual values were about the same. In this case, the three methods
 predicted higher values for loose packing while for vibrated-plus-pressure
 packing, CPM predictions were higher than actual results and Europack and TPM
 were lower.
 4. The clear advantage of CPM is that it can determine the packing density of n
 fractions could be made in one operation, while TPM and Europack require the
 combination of two fractions at a time, which is time consuming and the
 probability of making mistakes increases significantly.
 6.4 PART II - SHAPE AND TEXTURE
 The following three methodologies, described in Chapter 2, were used to quantify
 shape and texture of the aggregates:
 • The aggregate imaging system (AIMS)
 • The laser-based aggregate scanning system (LASS)
 • X-ray computed tomography
 6.4.1 The Aggregate Imaging System (AIMS) Masad [2002]
 Coarse and fine aggregates were analyzed using different modulus; as a result, not
 all the indexes mentioned in Chapter 2 were available for fine aggregate. In the case of
 coarse aggregate, black and white images were captured in order to analyze angularity
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 and to measure the X and Y dimensions, while gray images were captured to determine
 texture and thickness. For fine aggregates, it was possible to determine only the form
 index (two dimensional) and both angularity indexes (gradient method and radius
 method).
 For fine aggregate, sizes N16 and N100 were tested and the following indexes
 were determined:
 • Form Index (2-D)
 • Gradient angularity
 • Radium angularity
 For coarse aggregate, the following indexes were determined:
 • Sphericity (3-D)
 • Shape Factor (3-D)
 • Form Index (2-D)
 • Gradient angularity
 • Radium angularity
 • Texture The following equations were used to calculate aggregate form:
 Sphericity 32L
 ls
 dd.d
 = (6.13)
 Shape Factor IL
 s
 d.dd
 = (6.14)
 Form Index = ∑=θ
 =θ θ
 θ+θ −=
 355
 0
 5
 RRR
 FI (6.15)
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 Angularity by the radium method was calculated with the angularity index:
 ∑=θ
 =θ θ
 θθ −=
 355
 0 EE
 EE
 RRR
 AI (6.16)
 where Rθ is the radius of the particle at a directional angle θ, REEθ is the radius of
 an equivalent ellipse at a directional angle θ.
 Angularity by the gradient method was determined quantifying changes in
 direction in the corners of aggregates as explained in Section 2.2.
 Texture was determined using six “energy levels” as described in Section 2.3.
 Values at higher energy levels reflect the “coarser” texture content of the sample, while
 those at lower levels reflect the “finer” texture content.
 6.4.2 Laser-based Aggregate Scanning System (LASS)
 A laser scanner was used to obtain three-dimensional information from
 aggregates. Then wavelet-based 3D particle descriptors were used to analyze data. Shape,
 angularity, and texture indexes were obtained based on different wavelet coefficients as
 follows: fine-scale wavelets for texture and larger-scale wavelets for shape and
 angularity. The resolution of the scanner used did not allow the analysis of particles
 passing the N 16 sieve.
 6.4.3 X-ray Computed Tomography
 Shape and texture of some aggregates were determined by means of X-ray
 computed tomography. The method was not readily available; in consequence, only a few
 samples were prepared and sent to NIST where the results from X-ray tomography tests
 that were run at FHWA were analyzed. Samples consisted of two sizes of concrete
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 cylinders: 4-in. × 8-in. for coarse aggregate, and 3-in. × 6-in. for fine aggregate. Samples
 were cast in such a way that relatively high paste content was achieved in order to
 facilitate the tomographic analysis.
 6.4.4 Results
 6.4.4.1 Fine Aggregate
 Table 6.9 shows the indexes obtained for the N16 and N100 fractions using AIMS
 and LASS systems. At the bottom of the table, the average of the two values in the top is
 presented. The exception is the last column in which values were determined using
 samples of sand that included all sizes.
 Table 6.9 Shape and Texture Indexes for Fine Aggregate
 AIMS LASS Angularity
 Aggregate
 Form Index Grad Rad
 Angularity Indexes
 Shape Indexes
 Texture Index
 AngularityIndex *
 AZ-16 8.53 4944 28 2342 504 3481 872 2312 AZ-100 7.97 5407 19 IN-16 6.58 3788 18 2678 644 3676 684 2817 IN-100 7.64 4809 19 GR-16 9.09 6708 28 3133 900 4351 984 3215 GR-100 9.33 5432 24 LS-16 8.83 5160 29 2967 861 3986 1308 3627 LS-100 7.43 5079 18 TR-16 9.13 5180 30 TR-100 7.95 4681 19 Averages. AZ 8.25 5176 24 2342 504 3481 872 2312 7.33 IN 7.11 4299 18 2678 644 3676 684 2817 7.03 GR 9.21 6070 26 3133 900 4351 984 3215 8.04 LS 8.13 5119 23 2967 861 3986 1308 3627 6.74 TR 8.54 4931 25
 * Values determined for sand as is.
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 Figure 6.13 shows the normalized form, gradient angularity, and radium
 angularity indexes. These values were obtained by dividing values on Table 6.9 by the
 maximum value in the column. It can be seen that crushed aggregate, particularly granite
 has the highest values and that rounded natural aggregate from Indiana clearly has the
 lowest values.
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 Figure 6.13 Normalized AIMS Form and Angularity Indexes for Fine Aggregate
 Figure 6.14 shows the normalized average form indexes given by AIMS and LASS for
 fine aggregate. Again, granite tends to have the maximum values and natural from
 Indiana has the minimum values.
 Figure 6.14 Normalized Average Form Indexes for Fine Aggregate
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 Figure 6.15 shows the normalized average angularity index. It can be clearly seen
 that granite has the highest values. The round natural sand from Indiana has, as expected,
 the lowest values according to AIMS but not according to LASS, which indicates that
 lowest values correspond to the crushed sand from Arizona.
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 Figure 6.15 Normalized Average Angularity Indexes for Fine Aggregate
 Figure 6.16 shows the normalized LASS texture index. AIMS did not provide
 texture index for fine aggregate; as a result, no comparison could be done. According to
 the graph, the crushed natural sand from Arizona is the smoothest aggregate, while
 limestone is the roughest. Some of these results do not seem to be right, since limestone
 particles are quite smooth while granite particles are very rough.
 Figure 6.16 Normalized LASS Texture Index
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 The coefficient of correlation, R2, between the AIMS forms index and the LASS
 shape indexes is less than 0.49.
 The coefficient of correlation, R2, between AIMS gradient angularity and AIMS
 radium angularity is 0.26 taking the values on top of the table, but it increases to 0.76 if
 the averages that are in the bottom of the table are used. The coefficient of correlation,
 R2, between AIMS angularity indexes and LASS angularity indexes is less than 0.59.
 In general, there are no good correlations between AIMS and LASS results,
 although both give to granite the highest values regarding angularity and shape indexes.
 6.4.4.2 Coarse Aggregate
 Table 6.10 shows the indexes for the ¾ in., ½ in. and 3/8 in. fractions using
 AIMS. In the bottom, the average for each source of aggregate of the corresponding three
 values on top are presented. For LASS the values in the bottom were obtained from the
 samples of aggregate as is.
 Figure 6.17 shows the normalized AIMS form index 2-D, sphericity 3-D, and
 shape factor 3-D. These values were calculated based on Table 6.10 considering that
 while the original values of the form index 2-D are high for bad shapes, sphericity and
 shape factor are low for bad shapes.
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 Table 6.10 Shape and Texture Indexes for Coarse Aggregate
 AIMS LASS Form 3-D Angularity
 Aggregate
 Form 2-D Spher Shape Grad Rad
 Texture Average
 Shape Index
 Angularity
 Texture Index
 AZ ¾ 6.78 0.75 0.56 7136 36 231 2.97 4.97 193 AZ ½ 7.28 0.76 0.65 5557 31 211 2.87 5.78 269 AZ 3/8 10.46 0.60 0.46 4143 30 217 2.91 7.70 347 IN ¾ 5.98 0.65 0.37 6241 31 228 IN ½ 6.47 0.68 0.45 5077 23 216 IN 3/8 7.93 0.68 0.52 4032 25 163 GR 3/4 6.32 0.66 0.37 6270 31 447 GR 1/2 0.66 0.42 4985 32 488 GR 3/8 7.67 0.67 0.50 4367 23 426 LS 3/4 6.60 0.78 0.65 6415 34 208 LS 1/2 6.75 0.74 0.55 5275 26 175 LS 3/8 7.48 0.72 0.58 4174 23 198 TR 3/4 7.08 0.71 0.48 7148 32 435 TR 1/2 8.24 0.70 0.51 5928 37 277 TR 3/8 7.54 0.70 0.50 4289 23 263 AZ 8.17 0.70 0.56 5612 32 220 2.92 6.15 270 IN 6.79 0.67 0.44 5116 27 202 2.77 5.19 224 GR 7.08 0.66 0.43 5207 29 454 2.77 5.98 235 LS 6.94 0.75 0.60 5288 28 194 2.97 5.81 242 TR 7.62 0.70 0.50 5788 31 325
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 Figure 6.17 Normalized AISM Form Indexes
 Figure 6.18 shows the normalized average shape indexes. They were calculated
 considering that while AIMS form 2-D and the LASS shape indexes as originally shown
 in Table 6.10 are high for poor shapes, the AIMS sphericity and shape factor are high for
 good shapes. Figure 6.18 shows that limestone has the highest values; therefore it would
 be the aggregate with best shape. The natural aggregate from Indiana and the crushed
 granite have similar but contradictory values since they are well shaped according to two
 indexes but poorly shaped according to the other two.
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 Figure 6.18 Normalized Average Shape Indexes
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 Figure 6.19 shows the AIMS angularity indexes. The natural aggregate from
 Indiana, the crushed granite and the crushed limestone have similar results, while the
 partially crushed river gravel from Arizona and the crushed trap rock have higher values.
 It can also be seen that in general angularity decreases with size, which means that small
 particles are more rounded than big particles.
 Figure 6.19 Normalized AIMS Angularity Indexes
 Figure 6.20 shows the normalized average angularity indexes, which allows the
 comparison of AIMS values with LASS values. LASS and AIMS values follow the same
 trend indicating that particles from Arizona have the highest angularities, while the
 natural from Indiana has the lowest.
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 Figure 6.20 Normalized Average Angularity Indexes
 Figure 6.21 shows the AIMS texture index for six energy levels. It can be seen
 that granite is the less smooth of the aggregates since it has the highest values. Trap rock
 has high values for ¾-in. particles but significantly lower values for ½-in. and 3/8-in.
 particles; limestone and natural from Arizona have similar and low texture values, and
 the natural from Indiana has low values decreasing with size.
 Figure 6.21 AIMS Texture Index for 6 Energy Levels (Higher Energy Levels Reflect the “Coarser” Texture, while Lower Levels Reflect the “Finer” Texture).
 The average of the three sizes was calculated, and the results are shown in Figure
 6.22. The figure presents values for the six energy levels as well as the average of the six
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 levels (AIMS mean) and, for comparison, results from LASS. Results from LASS and
 AIMS are not very easy to compare and values for granite are completely dissimilar.
 Figure 6.22 Average Texture Indexes.
 The correlation between the AIMS form-3-D indexes and the AIMS form-2-D
 index is very low (R2 is less than 0.19), indicating that probably either one or the other is
 not good indicator of shape. The coefficient of correlation, R2, between AIMS sphericity
 and AIMS shape factor is 0.70. No good correlation was found between LASS shape
 index and AIMS indexes. In fact, the trend is the opposite. While limestone is the best
 shaped for AIMS, it is the worst for LASS, and while granite is the worst for AIMS, it is,
 with Indiana, the best for LASS.
 Regarding angularity, the coefficient of correlation, R2, between AIMS gradient
 angularity and radium angularity index is 0.71. The R2 between AIMS angularity indexes
 and LASS angularity index are 0.57 and 0.64, respectively.
 As for texture, the coefficient of correlation, R2, between AIMS average texture
 index and LASS texture index is 0.03.
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 6.4.5 Conclusions
 From the tables, figures and coefficients of correlation it can be concluded that
 there are significant differences between AIMS and LASS results. No one is consistently
 better than the other since some AIMS results seem to agree better with reality while
 some other results seem to be worse than LASS results. Table 6.11 shows a comparison
 between expected values and theoretical results. The expected results for angularity and
 texture were based on visual examination; for shape, a few samples of each aggregate
 were measured using a caliper.
 Table 6.11 Comparison between Expected and Theoretical Results
 Property Expected Results AIMS result LASS result Shape IN, LS the best LS the best
 IN, GR slightly better
 than AZ, LS
 Angularity IN the best
 AZ, GR the worst
 TR, LS the best
 AZ, IN the worst
 IN the best
 AZ the worst
 Texture IN the best
 GR the worst
 IN, LS, AZ the best
 GR the worst
 IN, LS, GR the best
 AZ the worst
 6.5 PART III – PACKING VS. SHAPE AND TEXTURE INDEXES
 The objective of this part is to determine whether there are good correlations
 between the packing values obtained in part I, and the shape and texture indexes found in
 part II. Using Tables 6.9 and 6.10, correlations were established between packing density
 in loose and vibrated-plus-pressure states, and shape and texture indexes. Tables 6.12 to
 6.16 present the coefficients of correlation, R², between packing density results and shape
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 and texture indexes. Negative numbers in red mean that the relationship is opposite to
 what was expected.
 6.5.1 Fine Aggregate
 Table 6.12 shows the results for the N16 fraction (trap rock not included) to
 compare AIMS and LASS. Except for angularity 1 index, LASS coefficients are quite
 low. AIMS coefficients are higher, and they seem to correlate better with loose packing
 than with vibrated-plus-pressure packing.
 Table 6.12 Coefficients of Correlation, R², for the N16 Fraction (Trap rock not included)
 Packing Method Index Vibr+Press Loose C-1252
 Form 2-D 0.58 0.82 0.99 AIMS Gradient angularity 0.91 0.97 0.80
 Radium angularity 0.46 0.69 0.93 Angularity 1 0.80 0.55 0.21 Angularity 2 0.17 0.24 0.18 Angularity 3 0.17 0.27 0.25 Shape index 1 0.21 0.47 0.33 Shape index 2 0.04 0.21 0.50
 LASS
 Texture 0.00 0.06 0.12
 Table 6.13 shows the coefficients of correlation between packing and AIMS
 indexes for N16 particles only, for N100 particles only and for N16 and N100 combined.
 Results are not very consistent: for N16 particles, shape indexes correlate better with
 loose packing, while for N100 particles they correlate better with vibrated-plus-pressure
 packing. Furthermore, the coefficients of correlation when both fractions are combined
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 are quite low. For N16 particles, the gradient angularity index seems to correlate better
 with packing than form 2-D and radium angularity indexes.
 Table 6.13 Coefficients of Correlation, R², between Packing Density and Shape and Texture Indexes for Fine Aggregate
 Packing Size Index Vibr+Press Loose C-1252
 Form 2-D 0.29 0.68 0.93 N 16 Gradient angularity 0.79 0.97 0.79 Radium angularity 0.20 0.55 0.85 Form 2-D 0.67 0.36 0.26 N 100 Gradient angularity 0.68 0.20 0.16 Radium angularity 0.66 0.41 0.30 N 16 Form 2-D 0.40 0.37 0.18 And Gradient angularity 0.32 0.43 0.18 N 100 Radium angularity 0.39 0.07 0.00
 Figure 6.23 shows the relationship between packing and the AIMS form 2-D
 index for N16 and N100 particles. Points in the top correspond to vibrated-plus-pressure
 packing while those in the bottom correspond to loose packing. Trend lines calculated for
 all particles are also shown. In general, N16 particles follow better the trend line.
 Figure 6.23 Packing and AIMS Form 2-D Relationship
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 Figure 6.24 shows relationship between packing and the AIMS gradient
 angularity index for N16 and N100 particles. Points in the top correspond to vibrated-
 plus-pressure packing while those in the bottom correspond to loose packing. Trend lines
 calculated for all particles are also shown. In general, N 16 particles follow the trend line
 better than N 100 particles.
 Figure 6.24 Packing and AIMS Gradient Angularity Relationship
 Figure 6.25 shows the relationship between packing and the AIMS radium
 angularity index for N16 and N100 particles. Points in the top correspond to vibrated-
 plus-pressure packing while those in the bottom correspond to loose packing. Trend lines
 calculated for all particles are also shown. Points tend to concentrate at the extremes.
 Figure 6.25 Packing and AIMS Radium Angularity Relationship
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 Figure 6.26 shows the relationship between packing and the LASS shape index
 for N16 particles. Points in the top correspond to vibrated-plus-pressure packing while
 those in the bottom correspond to loose packing. Trend lines are also shown.
 Figure 6.26 Packing and LASS Shape Index Relationship
 Figure 6.27 shows the relationship between packing and the LASS angularity
 index for N16 particles. Points in the top correspond to vibrated-plus-pressure packing
 while those in the bottom correspond to loose packing. Trend lines are also shown.
 Figure 6.27 Packing and LASS Angularity Index Relationship
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 6.5.2 Coarse Aggregate
 Table 6.14 shows the coefficients of correlation for Arizona coarse aggregate
 only. The AIMS form 2-D and sphericity indexes correlate well with packing,
 particularly with loose packing, while angularity and texture indexes have a poor
 correlation with packing. LASS indexes present the opposite trend; the shape index has a
 poor correlation with packing while angularity and texture indexes have very good
 correlation with packing.
 Table 6.14 Coefficient of Correlation for Coarse Aggregate from Arizona
 Packing Method Index Vibr+Press Loose
 Form 2-D 0.80 0.97 Sphericity 0.63 0.87
 AIMS Shape factor 0.21 0.48 Gradient angularity -1.00 -0.94 Radium angularity -0.88 -0.64 Texture (average) -0.53 -0.25 Shape index -0.42 -0.17
 LASS Angularity index 0.91 1.00 Texture index 0.99 0.97
 Note: Red numbers indicate that the trend is opposite to expectations
 Table 6.15 shows the coefficients of correlation for all the five coarse aggregates.
 In this case, only the AIMS form 2-D indexes correlate well with packing, the rest of the
 indexes present a poor correlation.
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 Table 6.15 Coefficients of Correlation for all Coarse Aggregates
 Packing Method Index Vibr+Press Loose
 Form 2-D 0.77 0.78 Sphericity 0.18 0.16
 AIMS Shape factor 0.00 0.00 Gradient angularity -0.37 -0.10 Radium angularity -0.06 0.00 Texture (average) 0.00 0.00
 Note: Red numbers indicate that the trend is opposite to expectations
 Table 6.16 shows the coefficients of correlation between the average of the
 indexes and the packing density of the five coarse aggregates. The AIMS form 2-D and
 both angularity indexes correlate well with packing, while both 3-D shape indexes and
 texture show poor correlation. The LASS indexes present a different trend; the shape
 index has a poor correlation with packing, the angularity index has a fair correlation,
 particularly with loose packing, and the texture index has a very good correlation with
 packing.
 Table 6.16 Coefficients of Correlation for Average Indexes and Packing of the Five Coarse Aggregates
 Packing Method Index Vibr+Press Loose
 Form 2-D 0.87 0.94 Sphericity -0.05 -0.03
 AIMS Shape factor -0.12 -0.13 Gradient angularity 0.94 0.70 Radium angularity 0.89 0.99 Texture (average) 0.00 0.02 Shape index 0.22 0.17
 LASS Angularity index 0.55 0.76 Texture index 0.96 0.92
 Note: Red numbers indicate that the trend is opposite to expectations
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 6.5.3 Conclusions
 With the limited information gathered, the following conclusions can be made:
 1. Conclusive relationships between shape and texture indexes and packing density
 were not found. From the limited information gathered, it seems that for fine
 aggregate the AIMS form 2-D index and the gradient angularity index give the
 better correlations, particularly for loose packing, than the other indexes.
 2. For coarse aggregate the AIMS form 2-D, the LASS angularity and the LASS
 texture indexes seem to correlate better with packing density than the other
 indexes, particularly for loose packing.
 3. Comparisons between methods were difficult because in many cases samples
 analyzed with LASS were different from those analyzed with AIMS; for example
 for fine aggregate, N 16 particles were the only type analyzed with both methods.
 4. Since shape and texture might change with particle size, it is recommended to
 obtain indexes for all sizes in order to make better comparisons.
 5. Results are not consistent since according to the results obtained, some AIMS
 indexes resulted in better correlations with packing of aggregates than the
 corresponding LASS indexes, but the opposite was also true. Furthermore, some
 results had trends contrary to expectations. Therefore, none of the techniques
 (AIMS or LASS) could be catalogued as better than the other one.
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 CHAPTER 7 PROPORTIONING METHODS STUDY
 The objective of this study was to compare and evaluate the following six
 proportioning methods to investigate their suitability for proportioning and optimizing
 concrete particularly with high microfines:
 • ACI 211
 • Europack
 • “18-8”
 • Shilstone
 • The Compressible Packing Model (CPM)
 • The Theory of Particle Mixtures (TPM)
 The study was divided into three parts:
 • Part I Proportioning with ACI, Europack and “18-8”
 • Part II Proportioning with TPM
 • Part III Proportioning with CPM
 7.1 PROPORTIONING METHODS
 7.1.1 ACI 211
 The required information is the maximum size of aggregate (MSA); the dry
 rodded unit weight (DRUW), which gives an indication of the packing density of the
 aggregate; and the fineness modulus of the fine aggregate, which gives an indication of
 the grading. First, the amount of water required for the target slump is determined. The
 amount of water depends on the target slump, the maximum size of aggregate and on
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 whether the concrete is air entrained or not. Changes are suggested depending on the
 shape and texture of aggregate. With the target compressive strength, the water-to-cement
 ratio is determined. Once the w/c ratio has been determined, the amount of cement is
 calculated. The volume of coarse aggregate is a function of the MSA and the fineness
 modulus of sand. Once the volume of coarse aggregate is determined, the volume of sand
 is then calculated by subtracting the volume of coarse aggregate, cement, water, and air.
 7.1.2 Europack, “18-8,” Shilstone
 Europack, the “18-8” specification and the Shilstone’s method deal with the
 grading of aggregates. Once the optimum or the desired aggregate proportions are found,
 another proportioning method such as ACI has to be used to determine the amounts of
 cement and water.
 7.1.3 The Compressible Packing Model (CPM)
 Based on the packing density of aggregates and cementitious materials, CPM
 incorporates equations and procedures to predict some properties of fresh and hardened
 concrete such as packing density, yield stress, plastic viscosity, slump, compressive
 strength, creep and drying shrinkage. The yield stress, τo, in Pa, is determined by the
 following equation:
 )537.2exp(1
 ∑=
 +=n
 iiio Kaτ (7.1)
 with
 *
 *
 /1/
 ii
 iiiK
 φφφφ
 −= (7.2)
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 where φi is the actual packing density of fraction i and φi* is the maximum volume that
 particles i may occupy, given the presence of other particles. See de Larrard [1999] for
 more details.
 ai is a factor that depends on the mean size of the fraction i, di, in mm.
 )log(216.736.0 ii da −= (7.3)
 The slump is related to the yield stress by the following equation for slumps
 higher than 4 in.:
 ⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛ −−=
 ρτ 212
 347.0300 os (7.4)
 where ρ is the specific gravity of fresh concrete.
 The plastic viscosity, µ, in Pa.s is given by
 ⎥⎦
 ⎤⎢⎣
 ⎡⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−= 8385.038.38exp *φ
 φµ (7.5)
 It should be noted that the rheological models previously described are not
 applicable to stiff mixtures and that CPM models were calibrated with data from mixtures
 with slump of more than 4 in. As a result, CPM predictions for mixtures with slump
 much less than 4 in. might not be reliable.
 As for compressive strength, CPM gives the following equation, which considers
 the effect of different type of aggregates:
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 1..
 +=
 m
 m
 fcqfcp
 fc (7.6)
 where p and q are parameters that depend on the aggregate and have to be evaluated for
 each aggregate, and fcm is a function of the water-to-cement ratio, the compressive
 strength at 28 days of the cement and the packing density of aggregates.
 7.1.4 The Theory of Particle Mixtures (TPM)
 Following the methodology depicted by Dewar [1999] and presented in Section
 6.3.1.3, cement and fine aggregate are combined and then following a similar procedure,
 the resultant “mortar” is combined with the coarse aggregate. The result is a diagram of
 minimum voids for different amounts of cement that could be presented as water demand
 vs. amount of cement as shown in Figure 7.1. Specific amounts of fine and coarse
 aggregate correspond to the different points along the line. There is an implicit
 assumption that the slump is 2 in.
 Figure 7.1 Voids Diagram for Minimum Voids Mixtures.
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 7.2 PART I - PROPORTIONING WITH ACI, EUROPACK AND “18-8”
 Initially, mixtures were proportioned using the first three methods. Later, these
 mixtures were analyzed with the Compressible Packing Model and the Shilstone method.
 Finally, a few mixtures were proportioned using the Theory of Particle Mixtures.
 Four aggregates, two natural (river gravel from Indiana (IN) and partially crushed
 river gravel from Arizona (AZ) and two crushed Limestone (LS) and Granite (GR) were
 used to make the nine combinations shown in Table 7.1.) (Trap rock was not still
 available.) The characteristics of these aggregates have been described in Chapter 3. For
 each combination, two water-to-cement ratios, 0.41 and 0.68, corresponding to target
 strengths of 3000 and 6000 psi, respectively, according to ACI 211, were used. Within
 each aggregate, the same paste content was maintained. For some combinations,
 microfines were removed.
 Table 7.1 Aggregate Combinations for Part I
 Combination Coarse Fine
 I-I IN IN
 A-A AZ AZ
 L-L LS LS (no MF)
 L-I LS IN
 I-L IN LS (no MF)
 G-G GR GR (no MF)
 L-L” LS LS (high MF)
 I-L” IN LS (high MF)
 G-G” GR GR (high MF)
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 7.2.1 Procedures
 Using the ACI 211 method, mixtures were proportioned to obtain nominal
 compressive strengths of 3000 and 6000 psi with a target slump of 4 in. Accordingly,
 water-to-cement ratios of 0.68 and 0.41 were selected. The amount of water required for
 4-in. slump was adjusted after trial batches. For some aggregates such as crushed granite,
 the water increase was 20 percent with the corresponding increase in cement, as can be
 seen in Table 7.2. Within each combination for the three methods, the water-to-cement
 ratio and the amount of paste were kept constant. Regarding the ACI 211 method, the
 differences among the aggregates were the dry rodded unit weight of coarse aggregate
 and the fineness modulus of sand, which at the end dictated the coarse-to-fine aggregate
 ratio for each combination.
 For EUROPACK and “18-8,” the same amounts of cement, water, and aggregate
 calculated with ACI 211 were maintained. The difference was that the relative
 proportions of coarse and fine aggregate changed. For EUROPACK the relative amounts
 of fine and coarse aggregate that gave the maximum packing were selected. For the “18-
 8” method aggregates were sieved and recombined to obtain a gradation that complied
 with the requirements of the “18-8” specification.
 7.2.2 Mixture Proportions
 Table 7.2 shows the characteristics of the mixtures used for each combination; the
 proportions appear in Tables A.31 to A.33. It can be seen that for all the mixtures two
 water-to-cement ratios were used. The paste content was kept constant for each
 combination and for each water-to-cement ratio. Table 7.2 also shows the coarse
 aggregate content as a fraction of the total aggregate content (CA/Aggregate).
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 Table 7.2 Mixture Characteristics
 Coarse / Total aggregate Combination w/c Paste Volume (%) ACI Europack 18-8
 I-I 0.68 25 0.53 0.56 0.42 0.41 31 0.57 0.56 0.42
 A-A 0.68 29 0.55 0.69 0.44 0.41 35 0.60 0.69 0.44
 L-L 0.68 30 0.46 0.68 0.44 0.41 36 0.51 0.68 0.44
 G-G 0.68 31 0.51 0.62 0.40 0.41 37 0.55 0.62 0.40
 L-I 0.68 29 0.55 0.57 0.57 0.41 35 0.60 0.57 0.57
 I-L 0.68 29 0.45 0.64 0.53 0.41 35 0.49 0.64 0.53
 L-L" 0.68 30 0.55 0.62 0.41 36 0.60 0.62
 I-L" 0.68 29 0.50 0.63 0.41 35 0.55 0.63
 G-G" 0.68 35 0.61 0.54 0.41 42 0.68 0.54
 7.2.3 Mixing and Testing Procedure
 All mixtures were produced in a 4-cubic-foot capacity drum mixer. At the
 completion of the initial mixing regimen, a slump value was taken following the
 procedure prescribed by ASTM C 143, unit weight, and air content were measured
 following ASTM C 138. Six 4-in. × 8-in. cylinders and six 4.5-in. × 4.5-in. × 16 in.
 beams were cast for compressive and flexural strength tests respectively.
 7.2.4 Results
 Figures 7.1 and 7.2 show the 28-day compressive strengths for w/c = 0.68 and
 0.41, respectively. It can be seen that for the w/c = 0.68 case, Europack produced slightly
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 lower compressive strengths than ACI and “18-8” methods. Tables 7.3 and 7.4 present
 the mean values and coefficients of variation for the 28-day compressive strength
 including all aggregate combinations. A statistical analysis using 95 percent confidence
 intervals confirms that for the case with w/c = 0.68, ACI and “18-8” results are higher
 than Europack results, while for the w/c = 0.41 case, there are no significant differences
 among the three methods. A possible reason for the lower strengths produced by
 Europack is that most of the mixtures with w/c = 0.68 were prone to segregation, rocky
 and difficult to consolidate.
 Figure 7.1 28-Day Compressive Strengths for w/c = 0.68
 Figure 7.2 28-Day Compressive Strengths for w/c = 0.41
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 Table 7.3 Mean and Coefficient of Variation of 28-Day Compressive Strength Results for w/c = 0.68
 ACI EUROPACK 18-8
 Mean (psi) 3777 3248 3614
 Coef. of variation (%) 21 22 19
 Table 7.4 Mean and Coefficient of Variation of 28-Day Compressive Strength Results for w/c = 0.41
 ACI EUROPACK 18-8
 Mean (psi) 6892 6658 6890
 Coef. of variation (%) 10 11 3
 Figures 7.3 and 7.4 show the 28-day flexural strengths for w/c = 0.68 and 0.41,
 respectively. It can be seen that Europack results for w/c = 0.68 tend to be slightly lower
 than ACI and “18-8”. Tables 7.5 and 7.6 present the mean values and coefficients of
 variation for the 28-day flexural strength including all aggregate combinations. Although
 for the case with w/c = 0.41, the “18-8” mean is slightly higher than the others, a
 statistical analysis using 95 percent confidence intervals indicates that there are no
 significant differences among the three methods in flexural strength.
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 .
 Figure 7.3 28-Day Flexural Strengths for w/c = 0.68
 Figure 7.4 28-Day Flexural Strengths for w/c = 0.41
 Table 7.5 Mean and Coefficient of Variation of 28-Day Flexural Strength Results for w/c = 0.68
 ACI EUROPACK 18-8
 Mean (psi) 652 623 642
 Coef. of variation (%) 8.9 8.5 8.3
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 Table 7.6 Mean and Coefficient of Variation of 28-Day Flexural Strength Results for w/c = 0.41
 ACI EUROPACK 18-8
 Mean (psi) 857 852 898
 Coef. of variation (%) 6.9 8.1 5.2
 Figures 7.5 and 7.6 show the fresh concrete unit weight for w/c = 0.68 and 0.41
 respectively. Tables 7.7 and 7.8 present the mean values and coefficients of variation for
 the 28-day flexural strength including all aggregate combinations. According to the
 graphs and the tables and based on a statistical analysis using a 95 percent confidence,
 “18-8” unit weighs are the lowest and Europack are the highest.
 Figure 7.5 Unit Weights for w/c = 0.68
 Figure 7.6 Unit Weights for w/c = 0.41
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 Table 7.7 Mean and Coefficient of Variation of Unit Weight Results for w/c = 0.68
 ACI EUROPACK 18-8
 Mean (psi) 147 148 146
 Coef. of variation (%) 1.3 0.8 2.3
 Table 7.8 Mean and Coefficient of Variation of Unit Weight Results for w/c = 0.41
 ACI EUROPACK 18-8
 Mean (psi) 147 148 147
 Coef. of variation (%) 1.1 0.7 1.5
 Figures 7.7 and 7.8 show the slump for w/c = 0.68 and 0.41 respectively. The
 figures show that Europack slumps are the highest in 10 out of 17 combinations. Tables
 7.9 and 7.10 present the mean values and coefficients of variation for the slump including
 all aggregate combinations. A statistical analysis using a 95 percent confidence shows
 that Europack values are higher than ACI and “18-8” values. Although the average
 slumps of ACI and “18-8” are quite different for the w/c = 0.41 case, statistically at a 95
 percent level of confidence it cannot be supported, due to the great variability in results
 which is demonstrated by coefficients of variation higher than 50 percent.
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 Figure 7.7 Slumps for w/c = 0.68
 Figure 7.8 Slumps for w/c = 0.41
 Table 7.9 Mean and Coefficient of Variation of Slump Results for w/c = 0.68
 ACI EUROPACK 18-8
 Mean (psi) 6.5 7.8 6.3
 Coef. of variation (%) 36 15 26
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 Table 7.10 Mean and Coefficient of Variation of Slump Results for w/c = 0.41
 ACI EUROPACK 18-8
 Mean (psi) 4.9 5.4 3.5
 Coef. of variation (%) 53 33 66
 The workability of mixtures was also evaluated subjectively and the results are
 shown in Table 7.11. Comments have been made only for problematic mixtures. It can be
 seen that in general, lean mixtures (w/c = 0.68) had more workability problems than
 mixtures with w/c = 0.41, particularly those proportioned using Europack. They tended to
 be rocky, prone to segregation, hard to consolidate by rodding, and difficult to finish. In
 general, mixtures proportioned using “18-8,” were the easiest to finish since they usually
 had less coarse aggregate and had better grading than the others. With ACI the
 workability of mixtures was very diverse since some mixtures behaved well while some
 were rocky and prone to segregation.
 Figure 7.9 shows the size distribution along with the “18-8” specification limits
 for all mixtures. Mixtures with poor workability are highlighted with red boxes. It can be
 seen that many mixtures outside of the limits behave well, while a couple of mixtures
 (LS-LS and GR-GR) within the limits showed poor workability.
 A summary of the size distribution of mixtures with good and poor workability is
 presented in Figures 7.10 to 7.12. There is no clear trend. Some gradings resulted either
 in good workability and poor workability.
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 Table 7.11 Observations on Workability
 Combination Proportioning w/c Subjective observations on workability Method
 I-I ACI 0.41A-A ACI 0.41L-L ACI 0.41G-G ACI 0.41L-I ACI 0.41I-L ACI 0.41
 L-L" ACI 0.41I-L ACI 0.41
 G-G" ACI 0.41 stiff - very cohesiveI-I ACI 0.68
 A-A ACI 0.68L-L ACI 0.68 segregates, hard to tap, rockyG-G ACI 0.68 bleeds, segregates, finish okL-I ACI 0.68I-L ACI 0.68
 L-L" ACI 0.68I-L" ACI 0.68
 G-G" ACI 0.68I-I Europack 0.41
 A-A Europack 0.41L-L Europack 0.41 not very easy to finish G-G Europack 0.41L-I Europack 0.41I-L Europack 0.41
 L-L" Europack 0.41I-L" Europack 0.41
 G-G" Europack 0.41I-I Europack 0.68 very soupy, runny
 A-A Europack 0.68 very soupy, runnyL-L Europack 0.68 rocky, segregates, poor finishG-G Europack 0.68 bleeds, rocky, segregates, hard to tap L-I Europack 0.68 rocky, segregates, bleeds, soupy I-L Europack 0.68 segregates, bleeds, rocky
 L-L" Europack 0.68 little rockyI-L" Europack 0.68 segregates, bleeds, rocky
 G-G" Europack 0.68I-I 18-8 0.41
 A-A 18-8 0.41L-L 18-8 0.41 not very easy to finish, need fines, hard to tap G-G 18-8 0.41L-L" 18-8 0.41G-G" 18-8 0.41
 I-I 18-8 0.68A-A 18-8 0.68L-L 18-8 0.68 rocky, hard to tap cylinders, no uniform G-G 18-8 0.68 rocky, bleeds, segregatesL-L" 18-8 0.68G-G" 18-8 0.68

Page 243
                        

219
 Figure 7.9 Size Distribution of Mixtures as Compared to “18-8” Limits. Mixtures with Workability Problems Have Been Highlighted.
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 Figure 7.10 Size Distribution of Mixtures with High Microfines that Resulted in Concrete with Good Workability
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 Figure 7.11 Size Distribution of Mixtures with Low Microfines that Resulted in Concrete with Good Workability
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 Figure 7.12 Size Distribution of Mixtures with that Resulted in Concrete with Poor Workability
 7.2.5 Analysis with Shilstone Method
 The coarseness chart and the 0.45 power chart were used to analyze the mixtures
 proportioned previously using ACI 211, Europack and the “18-8” specification. Figure
 7.13 shows the coarseness chart for all the mixtures. It can be seen that in general
 mixtures with water-to-cement ratio of 0.41 have, as expected, higher workability factors
 due to the higher cement content. Europack mixtures have the highest coarseness factors,
 although most of ACI mixtures also have high coarseness factors. However, ACI
 mixtures, in general, have higher workability factors than Europack mixtures. These
 results are not surprising since Europack gives the proportions for maximum packing,
 which usually leads to high coarse aggregate contents. The “18-8” mixtures tend to have
 higher fine aggregate content; therefore, they have low coarseness factors and high
 workability factors.
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 According to Shilstone’s guidelines, only about one-fourth of the mixtures falls in
 the desirable Zones II and III. About one-third of the mixtures falls in Zones I and V,
 which indicates that they are prone to segregation. The rest of the mixtures falls in Zone
 II, which mean that they have too many fines and could have drying shrinkage problems.
 Lines in red indicate rocky mixtures that presented workability problems such as high
 segregation and high bleeding and were difficult to consolidate. It can be seen that most
 of the problematic mixtures are in Zones I and V.
 Figure 7.13 Coarseness Chart for All Mixtures
 Figure 7.14 shows the 0.45 grading chart for all mixtures. The problematic
 mixtures in terms of workability have been indicated with red boxes. Figure 7.15 is a
 summary of all mixtures classified according to workability as good or poor. Good
 mixtures are presented in two charts, one for mixtures with high microfines and other for
 mixtures without microfines. It can be seen that good mixtures are closer to the straight
 line than poor mixtures. Mixtures below the straight line (coarse mixtures) with high
 microfines could be a little bit farther from the straight line than mixtures with no
 microfines.
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 Figure 7.14 The 0.45 Power Chart for All Mixtures
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 (a) Good Workability No Microfines (b) Good Workability High Microfines
 (c) Mixtures with poor workability. Except for the 3 mixtures highlighted all mixtures have w/c = 0.68 and do not have microfines
 Figure 7.15 Summary of Mixtures with Good (a) and (b), and Poor Workability (c) Using the 0.45 Power Chart
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 7.2.6 Analysis with CPM
 CPM was used to analyze all the mixtures previously proportioned with ACI 211,
 “18-8,” and Europack methods. Theoretical slumps were determined with CPM, as well
 as the filling diagrams. CPM slump predictions were compared with experimental results.
 Figure 7.16 shows the comparison between actual slump values and theoretical ones.
 Although, in general, the correlation is very poor; the “18-8” results show a much better
 correlation than ACI and Europack results. There are two reasons for the poor
 correlations: the slump of rocky mixtures was not accurate because, in general, it was a
 shear slump, which resulted in significantly higher values. The control of the grading of
 “18-8” mixtures was much better because the material was sieved and recombined to the
 desired grading. For ACI and Europack, coarse and fine aggregate were used as is, and
 significant differences in grading from mixture to mixture could have occurred.
 Figure 7.16 Actual and Predicted Slump by CPM for All Mixtures.
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 Figure 7.17 shows the size distribution on the left and the filling diagram on the
 right for all mixtures. Both diagrams were included because they are quite different. The
 size-distribution diagram only involves grading while the filling diagram involves
 grading and packing (therefore shape and texture). The size-distribution graphs appear a
 little bit different from the ones in Figure 7.9 since in Figure 7.17 material retained on the
 ½-in. sieve has been included in the 3/8-in. sieve because for the filling diagram it is
 suggested that the same ratio between successive mean sizes be used [de Larrard, 1999].
 Problematic mixtures in terms of workability have been highlighted with red boxes.
 Figure 7.17 Size Distribution and Filling Diagram of all Mixtures
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 Figure 7.17 Size Distribution and Filling Diagram of All Mixtures (cont’d)
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 Figure 7.17 Size Distribution and Filling Diagram of All Mixtures (cont’d)
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 7.3 PART II – PROPORTIONING WITH TPM
 It was found that TPM is not a straightforward method for analyzing existing
 mixtures. Therefore, it was decided to proportion a set of six mixtures using trap rock
 following the methodology depicted by Dewar [1999] to evaluate the model predictions
 and the potential of TPM for optimizing. Using TPM methodology, and based on the
 voids ratio and mean size of coarse and fine aggregate, the diagram of the mixtures with
 the least voids ratio was generated (Figure 7.18). Taking six points from this diagram, six
 mixtures were proportioned as shown in Table 7.12. For different amounts of cement,
 these mixtures theoretically have the minimum voids ratio and have a slump of 2 in.
 Figure 7.18 Voids Diagram for Minimum Voids Mixtures.
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 Table 7.12 Characteristics of Mixtures for TPM Method.
 Proportions (lb/cu. yd) Mixture
 Water Cement Sand Coarse w/c Paste
 Volume (%)
 1 395 395 1958 1495 1.00 31
 2 385 566 1665 1665 0.68 34
 3 385 671 1302 1942 0.58 36
 4 388 773 1114 2028 0.50 38
 5 400 969 626 2311 0.41 42
 6 421 1135 287 2441 0.37 47
 Results
 Mixtures were analyzed with CPM, and theoretical slump values were
 determined. Actual slump values were very different from the 2 in. assumed by TPM.
 Figure 7.19 shows actual slumps vs. theoretical slumps determined with both methods.
 Figure 7.19 Actual Slump vs. Predicted Slump by CPM and TPM
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 7.4 PART III – PROPORTIONING WITH CPM
 Since trap rock was the most abundant material available at the lab and since it
 was not used in part I, a series of mixtures was proportioned in order to evaluate the
 effect of different gradings on fresh concrete behavior as well as CPM predictions.
 Mixtures were also analyzed using “18-8” concepts and Shilstone’s method. Table 7.13
 shows the characteristics of the mixtures selected. The next table, Table 7.14, shows the
 characteristics of the mixtures proportioned with TPM in part II. These mixtures were
 included for comparison.
 Initially, three mixtures were proportioned with ACI-211. Then, relative
 aggregate proportions were changed from those given by ACI. These mixtures were
 designated as “C” and they range from C-1 to C-11. Using the same aggregate
 proportions of mixtures C-8 to C-11, four additional mixtures using fly ash class C as
 replacement of cement were made. Then, using the CPM filling diagram, six mixtures
 proportioned to have an even filling diagram were made. In this case, the aggregate was
 sieved and recombined to the desire grading. Four additional mixtures that matched the
 “18-8” specification, except for the microfines content, were proportioned. Finally, at the
 bottom of the table, the six mixtures proportioned with TPM in part II are shown.
 Table 7.13 shows a brief description of each mixture, the water-to-cement ratio,
 the microfines content as percentage of the material passing N4 sieve, the paste fraction
 in volume, and the weight of cement in lb/cu. yd.
 Trap rock coarse aggregate came in two sizes as indicated in Chapter 3. The MSA
 of coarse 1 is 1 in. and the MSA of coarse 2 is ½ in. For ACI and “C “ mixtures, the
 coarse fraction was obtained by combining coarse 1 and coarse 2 in different amounts as
 indicated in Table 7.13. For “best filling” and “18-8” mixtures, aggregate was sieved and
 recombined to desire grading.
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 Table 7.13 Mixture Characteristics
 Mixture Description w/c Micro Fines (b)
 Paste Volume
 Cement (lb/cu. yd)
 ACI-41 57-80-20 (a) 0.41 14 % 33 462 ACI-68 60-80-20 0.68 14 27 767 ACI-100 1.00 14 29 368 C-1 57-20-80 0.41 14 33 767 C-2 43-20-80 0.41 14 33 767 C-3 43-80-20 0.41 14 33 767 C-4 40-80-20 0.68 14 27 462 C-5 40-20-80 0.68 14 27 462 C-6 60-80-20 0.68 14 27 462 C-7 60-20-80 0.68 14 27 462 C-8 40-30-70 0.41 14 28 626 C-9 40-70-30 0.41 14 28 626 C-10 60-30-70 0.41 14 28 626 C-11 60-70-30 0.41 14 28 626 C-12 F-ash 40-30-70 0.41 14 29 626 C-13 F-ash 40-70-30 0.35 14 40 626 C-14 F-ash 60-30-70 0.41 14 29 970 C-15 F-ash 60-70-30 0.41 14 29 626 Fill-1 Best filling 0.41 9 33 767 Fill-2 Best filling 0.41 8 33 767 Fill-3 Best filling 0.41 0 33 767 Fill-4 Best filling 0.41 0 33 767 Fill-5 Best filling 0.68 8 27 462 Fill-6 Best filling 0.68 0 27 462 18-8-1 18-8 spec 0.41 2 33 767 18-8-2 18-8 spec 0.41 2 33 767 18-8-3 18-8 spec 0.41 0 33 767 18-8-4 18-8 spec 0.68 0 27 462
 (a) Indicates the proportions of sand, coarse 1 and coarse 2: For example, 57-80-20 means that the amount of sand is 57% of total aggregate, and that the amounts of coarse 1 and coarse 2 are 80% and 20% of the coarse aggregate.
 (b) Percentage of material passing the N4 sieve.
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 Table 7.14 Characteristics of Mixtures Proportioned in Part II with TPM
 Mixture w/c Micro Fines (a)
 Paste Volume (%)
 Cement (lb/cu.
 yd) D-1 1.00 14 31 395 D-2 0.68 14 34 566 D-3 0.58 14 36 671 D-4 0.50 14 38 773 D-5 0.41 14 42 969 D-6 0.37 14 47 1135
 (a) Percentage of material passing the N4 sieve
 Figure 7.20 shows actual slump vs. predicted slump by CPM for different water-
 to–cement ratios. It can be seen that in general predicted values for w/c = 0.41 are lower
 than experimental values while for w/c higher than 0.49, predicted values are higher than
 experimental values. Although predicted values are not always accurate, they have the
 same trend as experimental values, which is an improvement from that shown for part I
 mixtures.
 Figure 7.20 Actual vs. Predicted Slump
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 Figure 7.21 shows the coarseness chart for all the mixtures. Problematic mixtures
 have been highlighted. It is apparent that most of the mixtures in Zone V had poor
 workability; in fact, they were rocky and prone to segregation. Mixtures in Zone II were
 very stiff and very cohesive.
 Figure 7.21 Coarseness Chart for Part II and Part III Mixtures
 Figure 7.22 shows the size distribution of mixtures with good and poor
 workability along with “18-8” limits. It can be seen that some of the mixtures with good
 workability do not meet “18-8” limits. At the same time, most of the mixtures with poor
 workability are out of the “18-8” limits. In fact, these mixtures have high amounts of
 coarse fractions and small amounts of fine fractions.
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 Figure 7.22 Grading of Mixtures with Good and Poor Workability
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 Figure 7.23 shows the 0.45 power chart for mixtures with good and poor
 workability. It can be seen that many mixtures with good workability fall around and
 close to the straight line, while many mixtures with poor workability are quite far from
 the straight line. However, some mixtures with good and some with poor workability
 have similar size distributions.
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 Figure 7.23 The 0.45 Power Chart of Mixtures with Good and Poor Workability
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 Figure 7.24 shows the filling diagram of mixtures with good and poor
 workability. It can be seen that the trends are different. Good mixtures have more even
 diagrams, while poor mixtures have, in this case, very high values for the 3/8 in. and N4
 sizes and very low values for fine fractions.
 (a) Good Workability
 (b) Poor Workability
 Figure 7.24 Filling Diagrams of Mixtures with Good and Poor Workability
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 7.5 CONCLUSIONS
 Based on the results the following conclusions can be made:
 1. Except for very stiff mixtures that were difficult to consolidate or very fluid
 mixtures prone to segregation, compressive strength and flexural strength depend
 mainly on the water-to-cement ratio, and to some extent on the type of aggregate,
 but very little on the grading, and consequently on the proportioning method.
 Good grading could be used advantageously for obtaining higher strengths by
 decreasing the amount of water required for a given consistency.
 2. On the other hand, workability and slump are affected significantly by grading,
 and as a result, by the proportioning method, the source of the aggregate and the
 crushing procedures.
 3. Workability and slump also depend significantly on the packing density and
 consequently on the shape and texture of aggregates and cementitious materials.
 4. Aggregates meeting ASTM C 33 and proportioned with ACI 211 do not always
 produce mixtures with good workability since they do not consider the total
 gradation of aggregate and they do not encourage optimization.
 5. The “18-8” specification alone does not seem to be a good indicator of the
 suitability of aggregate blends for concrete. Many mixtures out of the “18-8”
 limits had good workability while a few mixtures within the limits showed poor
 workability. The coarseness chart and the 0.45 power chart seem to be a better
 indicator of the potential of aggregate blends to produce mixtures with good
 workability.
 6. Three tools, the “18-8” specification, the coarseness chart, and the 0.45 grading
 chart, are intended to optimize grading, and as a result, they do not involve shape
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 and texture. Only the coarseness chart considers the cement factor, which is an
 important variable, since lean mixtures are affected more importantly by grading.
 7. Only the filling diagram considers grading, cement factor, and packing density,
 and consequently, shape and texture. However, the filling diagram is intended for
 analyzing or comparing actual and trial mixtures and not for predicting behavior.
 8. Maximum packing does not seem to be an important goal since concrete mixtures
 optimized for maximum packing usually have high amounts of coarse aggregate
 and therefore they are rocky and prone to segregation, particularly for mixtures
 with low cement factors. However, aggregate blends optimized using either the
 0.45 grading chart, the coarseness chart or the filling diagram have packing
 densities close to the maximum.
 9. The 0.45 power chart, the coarseness chart, the filling diagram (and CPM in
 general) will be adopted as the main tools to analyze and to optimize mixtures in
 the optimization study.
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 CHAPTER 8. OPTIMIZATION STUDY
 8.1 INTRODUCTION
 In the Proportioning Methods Study (Chapter 7) it was decided to use the
 Compressible Packing Model (CPM) along with the grading optimization tools suggested
 by Shilstone, that is, the coarseness chart and the 0.45 power chart to carry the
 optimization study.
 In Chapters 4 and 5, it was found that chemical and mineral admixtures can be
 used in high-microfines concrete to enhance workability, and that differences among
 mixtures could be magnified by means of high-range water reducers. It was also
 demonstrated that shape and texture, in addition to grading, play an important role on the
 performance of fresh mortar and fresh concrete.
 As a result, optimization of aggregates should consider grading but also shape
 and texture. From field experience, it seems that grading optimization by means of the
 coarseness chart and the 0.45 power chart has been successful. However, while the
 coarseness chart considers the amount of cement, the 0.45 power chart does not, and none
 of them considers shape and texture. Therefore, further optimization could be made
 considering shape and texture, as CPM does.
 The objectives of this chapter are (1) to evaluate the ability of CPM to optimize
 aggregate blends by means of the filling diagram as compared with the coarseness chart
 and the 0.45 power chart and (2) to evaluate the accuracy of CPM predictions regarding
 fresh mortar and concrete behavior, particularly slump.
 This chapter was divided in two parts. Part I deals with mortar and Part II with
 concrete.
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 8.2 MORTAR
 8.2.1 Effect of shape, texture and microfines
 To evaluate the combined effect of shape and texture and the effect of type and
 amount of microfines two sets of 20 mixtures each were prepared according to Table 8.1.
 Set 1 had a water-to-cement ratio of 0.41 while set 2 had a water-to-cement ratio of 0.57.
 The 20 aggregate combinations were made using the same grading by weight for the plus
 N200 portion; for that purpose, aggregates were sieved and recombined according to
 Table 8.2 and Figure 8.1. It can be seen that the plus N200 portion meets the ASTM C 33
 grading limits.
 Two chemical admixtures were used to obtain the corresponding target slump of
 each set as follows: For w/c = 0.41 mixtures, the superplasticizer A was selected to reach
 a 110-mm (4-1/4 in.) target slump. For the w/c = 0.57 mixtures, a LRWR was used to
 reach a 70-mm target slump.
 Proportions selected are shown in Table 8.3. These proportions correspond to a 7-
 sack mixture for w/c = 0.41 and a 5-sack mixture for w/c = 0.57, respectively.
 Table 8.1 Aggregate Combinations for Mortar
 Microfines Plus N 200
 0 % 15% - TR 15% - GR 15% - LS
 TR x x x x
 GR x x x x
 LS x x x x
 IN x x x x
 AZ x x x x
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 Table 8.2 Aggregate Proportions
 Percentage Retained Size
 No Microfines With Microfines
 N8 18.0 15.3
 N16 18.0 15.3
 N30 16.0 13.6
 N50 28.5 24.2
 N100 16.5 14.0
 N200 3.0 2.6
 MF 0.0 15.0
 Figure 8.1 Gradings Used for Mortar
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 Table 8.3 Mixture Proportions and Characteristics of Mortar Mixtures
 Strength Water (g) Cement (g)
 Sand (g) w/c Paste
 Volume (%) Water
 Reducer
 High 309 757 1495 0.41 49 Super
 Low 309 541 1679 0.57 43 LRWR
 Following the mixing schedule described in Chapter 3, mixtures were prepared
 with no admixture at first. The mini-slump cone and the flow table were used to assess
 the workability of mortar. After the initial determination of slump and flow, successive
 dosages of admixture were added followed by one minute of mixing. Each time, slump
 and flow were measured. For each mixture, six cubes were cast and tested for
 compressive strength at 7 and 28 days.
 8.2.1.1 Results
 Figures 8.2 and 8.3 show the slump (mini-slump) and the flow of mortar mixtures
 before the addition of water reducers. The effect of aggregate type and the amount and
 type of microfines can be seen clearly. Differences due to aggregate type and due to the
 amount and type of microfines follow the same trend in all the figures. Accordingly,
 aggregates could be ranked from better to worse as follows: IN, TR, LS, AZ, GR, and
 microfines can be ranked as: LS, TR, and GR. From a statistical analysis using a 5
 percent level of significance (interval of confidence of 95 percent) the ranking from
 better to worse is as shown in Tables 8.4 and 8.5.
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 Figure 8.2 Slump and Flow for w/c = 0.41 Mortar Mixtures without Superplasticizer
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 Figure 8.3 Slump and Flow for w/c = 0.57 Mortar Mixtures without Superplasticizer
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 Table 8.4 Ranking of Microfines from Statistical Analysis with a 95 Percent Level of Confidence
 Slump Flow
 w/c = 0.41 w/c = 0.57 w/c = 0.41 w/c = 0.57
 Better LS LS LS, TR LS, TR
 TR TR GR GR
 Worse GR GR
 Table 8.5 Ranking of Aggregates from Statistical Analysis with a 95 Percent Level of Confidence
 Slump Flow
 w/c = 0.41 w/c = 0.57 w/c = 0.41 w/c = 0.57
 Better IN, TR IN, TR IN IN, TR, LS
 LS LS TR, LS AZ
 AZ, GR AZ, GR AZ GR
 Worse GR
 Figure 8.4 shows the 28-day compressive strength of mortar mixtures with water-
 to-cement ratio 0.41 and 0.57.
 From the graphs and from statistical analysis with a 95 percent level of
 confidence, microfines could be ranked from better to worse according to their effect on
 the compressive strength of mortar as:
 1. TR, LS
 2. No microfines
 3. Granite
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 From the graphs and from statistical analysis at a 95 percent level of confidence,
 aggregates could be ranked from better to worse according to their effect on the
 compressive strength of mortar as:
 1. TR
 2. IN, AZ, LS
 3. GR
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 Figure 8.4 28-Day Compressive Strength for (a) w/c = 0.41 (b) w/c = 0.57 Mixtures
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 8.2.1.2 Analysis with CPM
 All mixtures were analyzed with CPM. Tables 8.6 and 8.7 present CPM
 predictions and experimental results. CPM predictions include packing density of
 aggregates, plastic viscosity and yield stress. Although CPM also predicts slump, this
 prediction is intended for the standard slump cone and cannot be used for the mini-slump
 cone used in this study. However, since according to CPM slump is linearly related to
 yield stress, the mini-slump results will be compared with yield stress predictions.
 Table 8.6 Experimental Results and CPM Predictions for w/c = 0.41.
 Theoretical Values Experimental Results Combination µ (Pa.s) τ (Pa) Packing Packing Slump (in) Flow
 IN- 31.6 1318 0.789 0.755 3.8 120 TR- 28.6 1339 0.759 0.757 2.0 128 LS- 35.6 1585 0.760 0.746 1.5 114 AZ- 39.6 1827 0.745 0.738 0.8 105 GR- 42.6 2168 0.713 0.693 0.1 70 IN-tr 45.2 1929 0.834 N/A 0.88 100 TR-tr 43.4 2013 0.814 N/A 0.75 92 LS-tr 49.5 2231 0.812 N/A 0.38 81 AZ-tr 53.9 2503 0.798 N/A 0.12 70 GR-tr 55.9 2831 0.772 N/A 0.04 45 IN-gr 54.2 2403 0.826 N/A 0.4 90 TR-gr 50.2 2353 0.806 N/A 0.3 78 LS-gr 60.6 2808 0.807 N/A 0.3 65 AZ-gr 65.7 3170 0.794 N/A 0.1 35 GR-gr 68.4 3593 0.769 N/A 0.0 28 IN-ls 46.5 1965 0.840 N/A 1.0 105 TR-ls 43.3 1995 0.821 N/A 0.8 97 LS-ls 50.3 2242 0.820 N/A 0.7 80 AZ-ls 54.5 2513 0.806 N/A 0.4 50 GR-ls 56.3 2829 0.780 N/A 0.3 65
 Notes: µ plastic viscosity τ yield stress
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 Table 8.7 Experimental Results and CPM Predictions for w/c = 0.57
 Theoretical Values Actual Values Combination µ (Pa.s) τ (Pa) Packing Packing Slump (in) Flow
 IN- 5.8 446 0.789 0.755 4.8 155
 TR- 5 465 0.759 0.757 4.3 155
 LS- 7.4 576 0.760 0.746 2.5 139
 AZ- 9.2 687 0.745 0.738 1.3 128
 GR- 11.4 877 0.713 0.693 0.4 89
 IN-TR 7.6 514 0.834 N/A 2.8 135
 TR-TR 7.0 534 0.814 N/A 2.0 128
 LS-TR 8.9 613 0.812 N/A 0.8 115
 AZ-TR 10.0 692 0.798 N/A 0.8 105
 GR-TR 10.6 801 0.772 N/A 0.4 74
 IN-GR 9.7 606 0.826 N/A 1.3 135
 TR-GR 8.4 604 0.806 N/A 1.1 108
 LS-GR 11.4 729 0.807 N/A 0.6 90
 AZ-GR 12.9 828 0.794 N/A 0.1 82
 GR-GR 13.7 960 0.769 N/A 0.1 53
 IN-LS 8.1 526 0.840 N/A 3.1 135
 TR-LS 7.0 532 0.821 N/A 2.5 132
 LS-LS 9.2 618 0.820 N/A 1.5 90
 AZ-LS 10.3 697 0.806 N/A 1.0 110
 GR-LS 10.8 801 0.780 N/A 0.5 98
 Notes: µ plastic viscosity τ yield stress
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 Figure 8.5 shows the slump vs. yield stress before adding superplasticizer or
 LRWR and after adding half of the maximum recommended dosage. The relationship for
 mixtures with super and LRWR is linear but for mixtures without water reducers appears
 to be nonlinear. However, very small slumps (less than ½ in.) are meaningless since
 mixtures with different relatively high yield stresses will give the same slump.
 Considering only slumps higher than about ½ to ¾ in., straight lines could also be used as
 trend lines. The predictions for each water-to-cement ratio could be considered
 acceptable, since for slumps higher than ¾ in. relationships between actual slump and
 predicted yield stress are linear, and theoretical results for mixtures with and without
 plasticizers are similar. However, there is a gap between results corresponding to
 different water-to-cement ratios.
 p
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 (in) No Super w /c=.41
 With Super w /c=.41
 No LRWR w /c=.57
 With LRWR w /c=.57
 Figure 8.5 Actual Slump vs. Predicted Yield Stress for Mixtures with w/c = 0.41, and Mixtures with w/c = 0.57
 Figure 8.6 shows the graph of the actual flow vs. yield stress before adding
 superplasticizer or LRWR and after adding half of the maximum recommended dosage.
 In this case, all relationships are linear which supports the fact that for stiff mixtures, the
 flow table delivers more useful information than the mini-slump. As for slump,
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 predictions could be considered acceptable for each water-to-cement ratio, but there is a
 gap between w/c = 0.41 and w/c = 0.57 mixtures.
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 With Super w /c=.41
 No LRWR w /c=.57
 With LRWR w /c=.57
 Figure 8.6 Actual Flow vs. Predicted Yield Stress for Mixtures with w/c = 0.41, and Mixtures with w/c = 0.57
 8.2.2 Effect of Grading
 To evaluate the effect of grading, the 38 aggregate combinations shown in Table
 8.8 were made using four different size distributions. Nineteen of the combinations were
 made with a water-to-cement ratio of 0.41 and nineteen with a water-to-cement ratio of
 0.57. The following four gradings were used: as is, initial, slump, and filling.
 • “As is” is the grading of the material as it comes, before sieving
 • “Initial” is the grading used for studying the effect of shape and texture, as can be
 seen in Figure 8.1.
 • “Slump” is the grading that according to CPM will produce maximum slump
 • “Filling” is the grading that according to CPM will produce the optimum mixture
 in terms of placeability and segregation.
 Figure 8.7 shows the gradings used for the combinations. Only the “initial”
 grading is exactly the same for all the aggregate combinations. The “as is” gradings are,
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 as expected, different. The “slump” and “filling” gradings have the same trend for all
 combinations although they are not exactly the same because these gradings depend on
 the packing density. Generally, mixtures optimized for slump are coarser (high amounts
 of N8 and N16 fractions) as compared with mixtures optimized for segregation potential
 (filling).
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 AZ-GR
 Figure 8.7 Gradings for all Combinations
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 Table 8.8 Combinations for the Effect of Grading Mixtures
 Gradings for the Plus N 200 portion
 w/c = 0.41 w/c = 0.57 Plus N200
 15 % MF
 As is Initial Slump Filling As is Initial Slump Filling
 TR GR x x x x x x x x
 GR GR x x x x x x x x
 LS GR N/A x x x N/A x x x
 IN GR x x x x x x x x
 AZ GR x x x x x x x x
 The mixing procedure and the evaluation of slump and flow were made in the
 same way as the former set of mixtures.
 Figure 8.8 shows the slump and flow evolution with superplasticizer dosage (oz/
 100 lb of cement) for mixtures with w/c = 0.41. The effect of different gradings is clear.
 8.2.3 Effect of Mean Size and Packing Density (Shape and Texture)
 To evaluate the impact of packing density (shape and texture) of small sizes as
 compared to coarse sizes, six mixtures were made as indicated in Table 8.9. For the first
 mixture, a crushed aggregate (GR) with low packing density was used for all sizes. The
 other extreme was a mixture in which all fractions, except for microfines, were composed
 of an aggregate with high packing density (IN). For a third mixture all the fractions
 (except for microfines) were composed of 50 percent IN and 50 percent GR. Finally,
 taking the first mixture as a reference, mixtures 3, 4 and 5 were made by replacing GR by
 IN for N8, N30 and N100 fractions, respectively.
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 Figure 8.8 Slump and Flow Evolution with Superplasticizer Dosage for w/c = 0.41
 AZ-GR
 0
 2
 4
 6
 0 5 10 15
 Slu
 mp
 (in) as is
 fillinginitialslump
 AZ-GR
 0
 50
 100
 150
 200
 0 5 10 15 Dosage
 Flow
 As isFillingInitialSlump
 TR-GR
 0
 2
 4
 6
 0 5 10 15
 Slum
 p (in
 ) as isfillinginitial
 slump
 TR-GR
 0
 50
 100
 150
 200
 0 5 10 15 Dosage
 Flow
 As isFillingInitialSlump
 GR-GR
 0
 2
 4
 6
 0 5 10 15
 Slu
 mp
 (in) as is
 fillinginitialslump
 GR-GR
 0
 50
 100
 150
 200
 0 5 10 15 Dosage Fl
 ow
 As isFillingInitialSlump
 LS-GR
 0
 2
 4
 6
 0 5 10 15
 Slu
 mp
 (in)
 fillinginitialslump
 LS-GR
 0
 50
 100
 150
 200
 0 5 10 15 Dosage
 Flow
 As isInitialSlump
 IN-GR
 0
 2
 4
 6
 0 5 10 15
 Slu
 mp
 (in) as is
 fillinginitialslump
 IN-GR
 0
 50
 100
 150
 200
 0 5 10 15 Dosage
 Flow
 As isFillingInitialSlump

Page 279
                        

255
 Table 8.9 Combinations of Well- and Poorly Shaped Aggregates
 Mixture Sieve Size
 Weight (%) 1 2 3 4 5 6
 N8 15.3 GR IN/GR IN GR GR IN
 N16 15.3 GR IN/GR GR GR GR IN
 N30 13.6 GR IN/GR GR IN GR IN
 N50 24.2 GR IN/GR GR GR GR IN
 N100 14.0 GR IN/GR GR GR IN IN
 N200 2.6 GR IN/GR GR GR GR IN
 MF 15.0 GR GR GR GR GR GR
 Figures 8.9 and 8.10 show the slump and the flow vs. superplasticizer dosage for
 the combinations of crushed and natural aggregate. The combinations of crushed and
 natural fall between the extremes of materials alone. The effect of the size of the fraction
 replaced is also evident. It can be seen that the smaller the size replaced, the more
 important the effect on slump and flow.
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 Figure 8.9 Slump vs. Superplasticizer Dosage for Combinations of Well- and Poorly Shaped Aggregate Fractions

Page 280
                        

256
 0
 50
 100
 150
 200
 0 2 4 6 8 10 12
 Dosage (oz/100 lb)
 Flow
 0 % IN
 50% IN
 100% IN
 N8 IN
 N30 IN
 N100 IN
 replacement
 Figure 8.10 Flow vs. Superplasticizer Dosage for Combinations of Natural and Crushed Aggregate.
 8.3 CONCRETE
 8.3.1 Effect of Shape, Texture and Microfines
 To evaluate the combined effect of shape as well as the texture and the effect of
 type and amount of microfines a set of 20 mixtures with a water-to-cement ratio of 0.41
 was prepared according to Table 8.10. The 20 aggregate combinations were made using
 the same grading by volume for the plus N 200 portion. For that purpose, aggregates
 were sieved and recombined according to Table A.42 and Figure 8.11. The
 superplasticizer A was selected to reach desired slumps.
 The proportions used are shown in Table 8.11. These proportions correspond to a
 7-sack mixture. The amount of microfines equals 15 percent of the total fine aggregate
 (sand plus microfines).
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 Table 8.10 Aggregate Combinations
 Microfines (Percentage in Volume of Sand) Coarse
 Fine (Plus N 200) 0% TR-15% GR-15% LS-15%
 TR TR x x x x
 GR GR x x x x
 LS LS x x x x
 IN IN x x x x
 AZ AZ x x x x
 Table 8.11 Mixture Proportions in Volume (Percent)
 Water Cement Coarse Sand Microfines
 17.3 13.4 39.5 25.3 4.5 Note: w/c = 0.41 in weight
 Figures 8.11 and 8.12 show the size distribution of the fine and coarse fraction
 along with the ASTM C 33 limits as well as the size distribution of the whole aggregate
 with the “18-8” limits.
 (a) Fine Aggregate
 Figure 8.11 Size Distribution of Fine and Coarse Aggregate with ASTM C 33 Limits
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 (b) Coarse Aggregate
 Figure 8.11 Size Distribution of Fine and Coarse Aggregate with ASTM C 33 Limits
 (cont’d)
 Figure 8.12 Total Aggregate Grading with “18-8” Limits
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 8.3.1.1 Procedures
 Mixtures were prepared in accordance with ASTM C 192. The workability was
 gathered by means of the slump test and the “flow table” test. For the flow table test,
 concrete was cast in an inverted cone (the one used in the VEBE test) in two layers with
 each layer compacted by 25 strokes of the 5/8-in. rod used for the slump test. Samples
 were then vibrated for 30 seconds and the average exterior diameter was determined. The
 flow, as for mortar, is the change in percentage of the bottom diameter.
 At first, no superplasticizer was added. Slump and flow were measured. Then
 successive dosages of super were applied, each time mixing one more minute and
 measuring slump and flow until a slump higher than 5 in. was obtained.
 After mixing, six 4-in. × 8-in. cylinders were cast and tested for compressive
 strength at 7 and 28 days, and three 4.5-in. × 4.5-in. × 16-in. beams were cast and tested
 for flexural strength at 28 days.
 8.3.1.2 Results
 Figure 8.13 presents slump and flow for mixtures before the addition of
 superplasticizer. Many of the slumps were very low since most of the mixtures were stiff.
 Such small slump values are meaningless and consequently not too much valuable
 information can be obtained from them. In this case, the only valuable piece of
 information is that there is an important difference between the natural aggregate from
 Indiana (IN) and all others, and that the amount of microfines has an important effect on
 slump and flow.
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 Figure 8.13 Slump and Flow for Mixtures without Superplasticizer
 Figure 8.14 shows the slump for mixtures with 5 oz/100 lb of cement (half of the
 maximum recommended dosage of superplasticizer A). This graph gives more useful
 information than the previous one without super. It can be seen that the natural aggregate
 from Indiana leads to the best workability (in terms of slump) and that limestone is the
 best of the crushed aggregates, followed by natural aggregate from Arizona, trap rock,
 and granite.
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 Figure 8.14 Slump with Half of the Maximum Recommended Dosage of Superplasticizer
 Figure 8.15 shows a different approach. The amount of superplasticizer required
 to reach the target slump of 5 in. is presented. According to this graph and a statistical
 analysis with a 95 percent level of confidence, aggregates can be ranked from better to
 worse as shown in Table 8.12. It can be seen that there is a good correlation between
 packing and the performance of fresh concrete: the higher the packing density the lower
 the required superplasticizer dosage.
 Figure 8.15 Dosage of Superplasticizer to Reach a 5-in. Slump
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 Table 8.12 Ranking of Aggregates According to the Dosage of Superplasticizer for Target Slump and Packing Density
 Dosage of Super Packing Density Better IN IN
 LS LS-AZ
 AZ TR Worse TR-GR GR
 The effect of the amount and type of microfines can also be seen. Mixtures with
 15 percent microfines require more superplasticizer than mixtures without microfines; but
 among microfines, those from limestone lead to exhibit better workability or require less
 super than trap rock and granite microfines.
 Table 8.13 presents subjective observations on workability. It can be seen that
 before the addition of superplasticizer the three crushed aggregates with microfines lead
 to very dry mixtures, which looked like meatballs. After the addition of superplasticizer
 the mixture of natural round aggregate from Indiana without microfines was very fluid
 but was not cohesive enough and segregated. Granite microfines, after the addition of
 superplasticizer, tended to produce very fluid but very cohesive mixtures that were
 difficult to rod and to scoop.
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 Table 8.13 Observations on Workability
 Observations on Workability Plus N200
 Micro fines Before Superplasticizer After Superplasticizer
 TR - Ok Not very easy to finish TR Meatballs, hard Ok GR Meatballs, semi-hard Ok LS Some meatballs Not very easy to finish
 GR - Ok Ok TR Meatballs Ok GR Meatballs Very cohesive, very flluid, hard to tap LS Some meatballs Ok
 LS - Ok Ok TR Meatballs Ok GR Meatballs Ok LS Some meatballs Ok
 IN - Ok Segregation, fluid with super TR Ok Very sticky GR Dry and segregated Sticky LS Ok Sticky
 AZ - Ok Ok TR Ok Ok GR Dry and segregated Ok LS Ok Ok
 Note: Only poor behavior has been indicated
 Figure 8.16 shows the 0.45 power chart and the coarseness chart for the gradings
 used. According to both diagrams, both size distributions are acceptable.
 Figure 8.17 shows the filling diagram for four combinations: natural from
 Indiana without microfines and with granite microfines, and granite without microfines
 and with granite microfines. Granite without microfines (GR-) and natural from Indiana
 with granite microfines (IN-GR) mixtures are the extremes of all the mixtures. The mean
 value of the filling ratio was calculated for the coarse and fine fractions. Results are
 shown in Figure 8.18.
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 Figure 8.16 The 0.45 Power and the Coarseness Chart for Blends with Microfines and without Microfines
 These diagrams give a little more information than the previous ones. They
 indicate that there are some differences among different aggregates (differences among
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 microfines for the same aggregate are negligible). The filling diagram shows that
 mixtures without microfines, particularly the natural aggregate from Indiana, lacking
 fines, specifically N200 particles. Mixtures with microfines seem to be more uniform, but
 it also seems that there is an excess of N50 and N100, especially for granite.
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 Figure 8.17 Filling Diagram for Four Combinations. The Rest of the Combinations Fall within these Extremes.
 Figure 8.18 Mean Filling Diagram for Four Combinations. The Rest of the Combinations Fall within these Extremes.
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 8.3.1.3 Predictions with CPM
 The yield stress and the slump were predicted with CPM. Figure 8.19 shows the
 relationship between actual slump and predicted yield stress. It can be seen that for
 mixtures without super (low slumps) the relationship is not linear while for mixtures with
 super the relation is linear as shown by the blue line. The theoretical relationship, i.e. the
 one used by CPM between slump and yield stress, is shown by the black line.
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 Figure 8.19 Actual Slump vs. Yield Stress and CPM Relationship
 Figure 8.20 shows the actual vs. predicted slump. For low values, less than about
 2 in., there is no correlation, but for higher slumps, the relationship is linear as shown
 with the blue line although it does not coincide with the expected 45o line (black line).
 Figure 8.20 Actual Slump vs. Predicted Slump
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 8.3.1.4 Hardened Concrete Results
 Figure 8.21 shows the 28-day compressive strength. It can be seen that there are
 visible differences among aggregates, with trap rock yielding the highest values, followed
 by granite and limestone, followed by natural river gravels that produced the lowest
 strengths. Within aggregates, mixtures without microfines and mixtures with granite and
 limestone microfines have similar strengths, while mixtures with trap rock microfines
 tended to give higher strengths. These results are corroborated with a statistical analysis
 using 95 percent confidence intervals.
 Figure 8.22 presents the 28-day flexural strength. Differences among aggregates
 are more pronounced in this case. As for compressive strength, trap rock produced the
 highest values while natural river gravels produced the lowest. While compressive
 strength of limestone was relatively high, its flexural strength was relatively low (similar
 to natural river gravels). A possible explanation is that limestone coarse particles have
 quite smooth surfaces.
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 Figure 8.21 28-Day Compressive Strength
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 8.3.2 Effect of Grading
 8.3.2.1 Procedures
 To evaluate the effect of grading, the eight aggregate combinations shown in
 Table 8.14 were made using the following four size distributions:
 • “Initial” is the grading used for studying the effect of shape and texture.
 • “Slump” is the grading that according to the Compressible Packing Model (CPM)
 will produce maximum slump.
 • “Filling” is the grading that according to CPM will produce the optimum mixture
 in terms of placeability and segregation.
 • “18-8” is the grading that complies with the requirements of the “18-8”
 specification.
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 Four mixtures had no microfines while the other four had 6.5 percent in volume
 of total aggregate. This corresponds to 15 percent of the passing N4 aggregate for the
 “initial” grading (but it is about 20 percent and 12 percent of the passing N4 fraction for
 the “slump” grading and the “filling” grading, respectively. Figures 8.23 to 8.25 show the
 size distributions used for all the combinations along with the ASTM C 33 limits. Only
 the “initial” fine aggregate grading for material without microfines meets ASTM C 33.
 Table 8.14 Gradings Used to Evaluate the Effect of Grading
 Grading Plus 200 Microfines
 Initial Slump Filling 18-8
 TR 0% x x x x
 TR TR-6.5%* x x x x
 * Percentage in volume of total aggregate
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 Figure 8.23 Grading of Fine Aggregates without Microfines
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 Figure 8.24 Grading of Fine Aggregates with Microfines
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 Figure 8.25 Grading of Coarse Aggregate
 Figure 8.26 shows the size distribution of the entire aggregate size range along
 with “18-8” limits. According to these charts, “slump” mixtures have too much coarse
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 aggregate, particularly ½ in, “initial” mixtures also have too much ½ in. but have more
 fines and although some points are below the lower limit they are not too far from these
 limits. The “filling” and “18-8” mixtures look about the same. Mixtures without
 microfines have an excess of N200 material while mixtures with microfines are within
 the limits of the “18-8” specification, except for the microfines.
 (a) With Microfines
 (b) Without Microfines
 Figure 8.26 Size Distribution of the Entire Aggregate with “18-8” Limits
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 8.3.2.2 Results
 Table 8.15 presents some comments on workability. Annotations were made
 when poor workability was observed. Observations were made before adding
 superplasticizer and after the final dosage of superplasticizer. It can be seen that some
 mixtures had poor workability before superplasticizer but behaved well after
 superplasticizer was added. Slump mixtures presented workability problems since they
 were rocky, prone to segregation, and hard to rod. The “filling” mixtures, especially with
 microfines, were dry and stiff before superplasticizer additions.
 Table 8.15 Observations on Workability
 Observations on Workability Mixture Grading
 Before Superplasticizer After Superplasticizer
 Initial Ok Not very easy to finish Slump Rocky, segregation, hard to finish Rocky, segregation, hard to finishFilling Dry Ok
 No Micro Fines
 18-8 Ok Ok Initial Meat balls Ok Slump Rocky Hard to tap, rocky, segregation Filling Dry, meat balls Sticky
 6.5% Micro Fines
 18-8 Ok Ok
 Figure 8.27 shows the 0.45 power chart for mixtures without and with microfines.
 According to this chart “slump” mixtures are too coarse, the “initial” mixture without
 microfines tends to be too coarse, and the filling mixture with microfines has too many
 fines.
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 Figure 8.27 The 0.45 Power Chart for Mixtures without and with Microfines
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 Figure 8.28 shows the coarseness chart for all the mixtures. According to this
 chart, “slump” mixtures are rocky and prone to segregation, “filling” mixtures tend to
 have too many fines, and “initial” and “18-8” mixtures are in the desirable zone.
 Figure 8.28 Coarseness Chart for all Mixtures
 Figure 8.29 shows the slump and flow for the mixtures without microfines. As
 predicted by CPM, the “slump” mixture has higher slump and flow than the others. The
 “filling” and “18-8” mixtures have the same behavior in terms of slump and flow. The
 relative position of the “initial” mixture is different in terms of slump and flow. A
 possible reason for this behavior is that the “initial” mixture was made some days before
 the other three, and the vibrating table amplitude varied with time due to a technical
 failure.
 20
 25
 30
 35
 40
 45
 50
 0102030405060708090100
 Coarseness factor
 Wor
 kabi
 lity
 fact
 or
 InitialSlumpFilling18-8InitialSlumpFilling18-8
 0 % Microfines
 15 % MicrofinesV
 IV
 IIIII
 I

Page 299
                        

275
 (a) Slump
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 Figure 8.29 Slump and Flow for Mixtures without Microfines
 Figure 8.30 shows the slump and flow for the mixtures with microfines. The
 “slump” and “18-8” mixtures have similar behavior in terms of slump, but slightly
 different in terms of flow. The “filling” and “initial” mixtures have the same slump but
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 very different flow. As for mixtures without microfines, the “initial” mixture was made
 some days before.
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 Figure 8.30 Slump and Flow for Mixtures with Microfines
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 Figure 8.31 shows the filling diagram for all the mixtures and Figure 8.32 shows
 the mean filling ratio diagram for coarse and fine aggregate. From these diagrams it is
 apparent that “slump” mixtures lack fine particles that “initial” and “18-8” mixtures have
 a desirable distribution, and that “filling” mixtures have too many fines.
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 Figure 8.31 Filling Diagram Including Cement for (a) Mixtures without Microfines and (b) Mixtures with Microfines

Page 302
                        

278
 (a) No Microfines
 (b) With Microfines
 Figure 8.32 Mean Filling Ratio for Coarse and Fine Fractions (a) without Microfines (b) with Microfines
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 8.3.2.3 CPM Predictions
 Figures 8.33 and 8.34 show the actual slump vs. predicted yield stress and the
 actual slump vs. predicted slump as well as the CPM theoretical relationships. In this
 case, there is not a clear relationship for mixtures with super because there are only four
 mixtures with slumps higher than 2 in. but they seem to follow the same trend as previous
 mixtures.
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 Figure 8.33 Actual Slump vs. Yield Stress and CPM Relationship
 Figure 8.34 Actual Slump vs. Predicted Slump
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 Figures 8.35 to 8.37 show the actual slump vs. predicted yield stress, the actual
 slump vs. predicted slump, and the actual flow vs. predicted yield stress for all concrete
 mixtures. Mixtures without super and water-to-cement ratio of 0.41 do not follow a clear
 trend. Mixtures with super and w/c = 0.41 tend to follow a straight line trend, particularly
 for slumps higher than about 1 in. Mixtures without super and w/c = 0.68 follow a
 straight line trend, but there is a gap between these mixtures and the w/c = 0.41 mixtures.
 Predicted values were obtained using the same packing density for cement for all water-
 to-cement ratios. If the packing density of cement in one of the groups were changed,
 both would follow the same trend. It seems that the w/c = 0.41 mixtures are closer to
 predicted values than w/c higher than 0.41 (most of them 0.68).
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 Figure 8.35 Actual Slump vs. Yield Stress of all Concrete Mixtures
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 Figure 8.36 Actual Slump vs. Predicted Slump of all Concrete Mixtures
 Figure 8.37 Actual Flow vs. Yield Stress for All Concrete Mixtures
 Figure 8.38 presents the 28-day compressive strength. It can be seen that mixtures
 with and without microfines yield about the same strength as supported by a statistical
 analysis using 95 percent confidence intervals.
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 Figure 8.38 28-Day Compressive Strengths
 Figure 8.39 presents the 28-day flexural strength. Mixtures with microfines have a
 slightly higher strength than mixtures without microfines as supported by a statistical
 analysis using 95 percent confidence intervals.
 Figure 8.39 28-Day Flexural Strengths
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 For both flexural and compressive strengths it seems that “slump” mixtures have
 lower strength than “filling” and “18-8” mixtures. There was not enough data to perform
 a statistical analysis.
 8.3.3 Effect of mean size and packing density (shape and texture)
 8.3.3.1 Procedures
 To evaluate the impact of packing density (shape and texture) and the size of
 particles two sets of mixtures were made as indicated in Tables 8.16 and 8.17. The first
 set of mixtures had 7 percent microfines, while the second one has no microfines. For the
 first mix of each set, aggregate fractions with high packing density were used. For the
 other mixtures, different fractions of the aggregate with high packing density were
 replaced by aggregate with low packing density, granite (GR) and natural from Arizona
 (AZ).
 Table 8.16 Fractions of “Well-Shaped” Material Replaced by “Poorly Shaped” Material - with Microfines
 Mixture Size Volume
 (%) 1 2 3 4 5 6 7 ¾ 7.0 AZ GR AZ AZ AZ AZ AZ ½ 23.0 IN IN IN IN IN IN IN
 3/8 11.0 IN IN IN IN IN IN IN N4 7.0 IN IN GR IN IN IN IN N8 7.0 IN IN IN GR IN IN IN N16 8.0 IN IN IN IN IN IN IN N30 7.0 IN IN IN IN GR IN IN N50 13.0 IN IN IN IN IN IN IN N100 7.0 IN IN IN IN IN GR IN N200 3.0 TR TR TR TR TR TR TR MF 7.0 LS LS LS LS LS LS GR
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 Table 8.17 Fractions of “Well-Shaped” Material Replaced by “Poorly Shaped” Material - without Microfines
 Mixture Size Percentage
 in Volume 1 3 4 5 6 ¾ 8.5 IN IN IN IN IN ½ 23.0 IN IN IN IN IN
 3/8 12.0 IN IN IN IN IN N4 8.5 IN AZ IN IN IN N8 8.5 IN IN GR IN IN N16 9.0 IN IN IN IN IN N30 8.5 IN IN IN GR IN N50 13.0 IN IN IN IN IN N100 8.5 IN IN IN IN GR N200 5.0 IN IN IN IN IN MF 0.0
 8.3.3.2 Results
 Figures 8.40 and 8.41 show the slump evolution with superplasticizer dosage
 (oz/100 lb of cement). In general, the impact of the size of the fraction replaced is
 apparent: the smaller the size the higher the impact on slump.
 Figure 8.40 Effect of Replacement of Well-Shaped Fractions on Slump for Mixtures with 15 Percent Microfines
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 Figure 8.41 Effect of Replacement of Well Shaped Fractions on Slump for Mixtures without Microfines
 8.3.4 The Fineness Modulus Issue
 8.3.4.1 Procedures
 Two sets of mixtures were made in order to evaluate the impact of aggregate
 blends with the same fineness modulus but different size distribution on the behavior of
 fresh concrete. Mixtures in the first set had a fineness modulus of 2.9, while mixtures in
 the second set had a fineness modulus of 2.5. For the first set, natural aggregate from
 Indiana (IN) was selected. In this case, gradings were chosen in such a way that they
 were within the limits of the ASTM C 33. For the second set, crushed trap rock (TR) was
 selected; gradings did not necessarily meet the ASTM C 33 limits, but they were within
 the limits being recommended for adoption in ASTM C 33.
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 8.3.4.2 Results
 Figures 8.42 to 8.44 show the size distribution and the resulting slump and flow
 for the mixtures with sand with fineness modulus of 2.9. It can be seen that, particularly
 with superplasticizer, there are significant differences in slump and flow.
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 Figure 8.42 Size Distribution of Natural Sand with Fineness Modulus = 2.9
 Figure 8.43 Slump vs. Superplasticizer Dosage for Mixtures with F.M. = 2.9
 0123456789
 0 2 4 6 8 10 12Dosage (oz/100 lb)
 Slu
 mp
 (in)
 1
 2
 3
 4

Page 311
                        

287
 Figure 8.44 Flow vs. Superplasticizer Dosage for Mixtures with F.M. = 2.9
 Figures 8.45 to 8.47 show the size distribution and the resulting slump and flow
 for the mixtures with crushed sand with fineness modulus of 2.5. It can be seen that, as
 expected, there are very important differences in slump and flow.
 Figure 8.45 Size Distribution for Crushed Sand with Fineness Modulus = 2.5
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 Figure 8.46 Slump vs. Super Dosage for Crushed Sands with F.M. = 2.5
 Figure 8.47 Flow vs. Super Dosage for Crushed Sands with F.M. = 2.5
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 8.3.5 The Coarseness Chart, the 0.45 Power Chart, Shape and Texture
 Another series of mixtures was made with aggregate blends located in the same
 zone of the coarseness chart but composed of different aggregates (natural and crushed)
 and different amounts of microfines in order to investigate the role of shape and texture
 on mixtures localized in Zone II of the coarseness chart and to find some additional clues
 regarding the 0.45 power chart. All mixtures had the same water-to-cement ratio and the
 same paste volume.
 Table 8.18 shows a description of the 19 mixtures, indicating the coarseness
 factor and the workability factor. Three size distributions were obtained by modifying a
 little the values obtained by means of the equation P = (d/D)q for q equals to 0.45, 0.38
 and 0.52. The changes were made in order to obtain the same amount of microfines. The
 “filling” blend was obtained using the filling diagram. The rest of the mixtures were in
 Zone II of the coarseness chart, specifically in the Sub-Zones 1 and 5, according to the
 Iowa DOT version of the chart. Two mixtures were made for each sub-zone by slightly
 changing the grading.
 The coarseness chart for all mixtures is presented in Figure 8.48. It can be seen
 that according to Shilstone [2000], mixtures “fill” and especially “0.38” have too much
 fine aggregate, while mixture “II-1” is close to the limit of coarse mixtures prone to
 segregation. Mixtures “II-5,” “0.45” and “0.52” are inside the desirable Zone II.
 Consequently they are expected to have good behavior.
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 Figure 8.48 Coarseness Chart for all Mixtures
 Table 8.18 Mixture Description
 Comb. Grading Plus N 200
 Micro Fines Description C.F. W.F.
 1 0.45 IN TR Size^0.45 54 38 2 0.38 IN TR Size^0.38 52 45 3 0.52 IN TR Size^0.52 56 33 4 Filling IN TR Uniform filling diagram 59 42 5 II-5-a IN TR In Zone II-5 of coarseness chart 60 39 6 II-5-b IN TR In Zone II-5 of coarseness chart 60 39 7 II-1-a IN TR In Zone II-1 of coarseness chart 60 30 8 II-1-b IN TR In Zone II-1 of coarseness chart 60 30 9 II-5-a IN 0% In Zone II-5 of coarseness chart 60 39 10 II-5-b IN 0% In Zone II-5 of coarseness chart 60 39 11 II-1-a IN 0% In Zone II-1 of coarseness chart 60 30 12 II-1-b IN 0% In Zone II-1 of coarseness chart 60 30 13 II-5-a TR/GR GR In Zone II-5 of coarseness chart 60 39 14 II-5-b TR/GR GR In Zone II-5 of coarseness chart 60 39 15 II-1-a TR/GR GR In Zone II-1 of coarseness chart 60 30 16 II-1-b TR/GR GR In Zone II-1 of coarseness chart 60 30 17 II-5-a TR/GR 0% In Zone II-5 of coarseness chart 60 39 18 II-5-b TR/GR 0% In Zone II-5 of coarseness chart 60 39 19 II-1-a TR/GR 0% In Zone II-1 of coarseness chart 60 30 20 II-1-b TR/GR 0% In Zone II-1 of coarseness chart 60 30
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 Figures 8.49 and 8.50 show the 0.45 power charts for aggregates with high and no
 microfines respectively. It can be seen that the “0.38,” the “II-1-b” and the “II-1-a-no-
 microfines” blends are quite far from the 0.45 line.
 Figure 8.49 The 0.45 Power Chart of Mixtures with High Microfines
 Figure 8.50 The 0.45 Power Chart of Mixtures with no Microfines
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 The filling diagram of the mixtures is shown in Figures 8.51 to 8.53. Figure 8.51
 shows that mixtures “fill” and “0.38” have too many fines.
 Figure 8.51 Filling Diagram of some Mixtures
 Figure 8.52 Filling Diagram of Mixtures 5 to 12 (with Natural Aggregate (IN))
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 Figure 8.53 Filling Diagram of Mixtures 13 to 20 (with Crushed Aggregate (TR/GR))
 8.3.5.1 Procedures
 Mixtures were prepared in accordance with ASTM C 192. The workability was
 assessed by means of the slump test and the “flow table” test. Subjective observations on
 workability were also made, particularly for mixtures with poor behavior.
 At first, no superplasticizer was added. Slump and flow were measured. Then
 successive dosages of superplasticizer were applied, each time mixing one more minute
 and measuring slump and flow until a slump higher than 5 in. was obtained.
 8.3.5.2 Results
 Table 8.19 shows a brief description of mixture behavior before the addition of
 superplasticizer and after the target slump was reached.
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 Table 8.19 Observations on Workability
 Grading Plus N 200
 Micro fines Before Superplasticizer After Superplasticizer
 0.45 IN TR Dry, meatballs OK 0.38 IN TR Very dry – meatballs OK 0.52 IN TR Ok Little segregation Fill IN TR Very dry – meatballs OK
 II-5-a IN TR Dry, like soil Nice II-5-b IN TR Looks better than previous Nice II-1-a IN TR Ok Little segregation II-1-b IN TR Ok Little segregation, better than previousII-5-a IN 0% Ok Little rocky – segregation II-5-b IN 0% Ok Little rocky – segregation II-1-a IN 0% Ok Rocky, segregation II-1-b IN 0% Ok Rocky, segregation II-5-a TR/GR GR Very dry, meatballs Segregation, hard to scoop II-5-b TR/GR GR Dry, meatballs Little rocky – segregation II-1-a TR/GR GR Dry, meatballs Rocky, little segregation II-1-b TR/GR GR Very dry, meatballs Rocky, segregation II-5-a TR/GR 0% Dry, meatballs Segregation, hard to scoop II-5-b TR/GR 0% Dry Little rocky - high segregation II-1-a TR/GR 0% Ok Rocky, high segregation II-1-b TR/GR 0% Ok Rocky, segregation
 Concrete behavior depends on shape and texture of aggregate as well as on
 whether superplasticizer is used. In general, superplasticized mixtures without
 microfines, especially those in the bottom of the zone (II-1), were rocky and prone to
 segregation. In general, high-microfines mixtures, especially those in the top of Zone II
 (II-5) and Zone IV were stiff and dry before the addition of superplasticizer.
 Some mixtures stiff and dry before the addition of superplasticizer behaved well
 afterward. Some other mixtures were the opposite; they showed good workability without
 admixtures but became rocky and prone to segregation after the addition of
 superplasticizer.
 It seems that coarse aggregate with high microfines should be in the bottom half
 of the Zone II to produce concrete with acceptable workability, particularly if
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 superplasticizer is not going to be used. At the same time, grading should not be above
 the 0.45 straight line.
 8.3.5.3 CPM Predictions
 Figures 8.54 and 8.55 show the actual slump vs. predicted yield stress and the
 actual slump vs. predicted slump as well as the CPM theoretical relationships. In this
 case, there is not a clear relationship for mixtures with super because there are only four
 mixtures with slumps higher than 2 in. but they seem to follow the same trend as previous
 mixtures. The flow vs. predicted yield stress is presented in Figure 8.56. It can be seen
 that for yield stresses less than 3000 Pa there is a linear relationship.
 Figure 8.54 Actual Slump vs. Predicted Yield Stress. Black Line Indicates Expected Results
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 8.4 CONCLUSIONS
 Based on the results shown in this chapter the following conclusions can be made.
 1. Grading of aggregates affects significantly the performance of fresh mortar and
 concrete. To a lesser extent they affect compressive and flexural strength when
 the stability of the mixture is compromised by poor gradings leading to
 segregation or when concrete is difficult to place or to compact.
 2. Shape and texture of aggregates, cement, and supplementary cementing materials
 affect the packing density and consequently they play an important role on the
 performance of fresh mortar and concrete. As for grading, it can indirectly affect
 strength by affecting placeability or compactability.
 3. The effects of shape and texture as well as packing density of particles on mortar
 and concrete workability depend on the particle size: the smaller the particle the
 higher the effect on workability or water demand.
 4. The amount of microfines has a very important effect on mortar and concrete
 workability. In general, there is an increase of water demand with increasing
 amounts of microfines to reach a given slump. However, the relationship is not
 linear but exponential since for less than about 10-12 percent microfines the water
 demand increases slowly and after about 15 percent increases much faster.
 5. The type of microfines has a significant effect on the behavior of fresh mortar and
 concrete. In this case, limestone microfines resulted in significantly lower water
 demands than granite and trap rock microfines.
 6. The Vicat test seems to be a good indicator of the effect of microfines on concrete
 and mortar water demand.
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 7. The type of microfines seems to have an effect on some hardened concrete such
 as compressive and flexural strength. In this study, trap rock microfines lead to
 higher strengths than limestone and granite microfines.
 8. The 0.45 power chart can be used to optimize the grading of aggregate blends. In
 general, gradings close to the 0.45 power chart line seem to have a uniform size
 distribution with a packing density close to maximum. It seems that mixtures with
 high fines should be below the straight line to produce better behavior. Above the
 straight line, these mixtures tend to be very stiff and tend to increase the water
 demand. Mixtures with no microfines should be closer to or a little above the
 straight line.
 9. The coarseness chart also seems to be a good tool to optimize aggregate blends
 and has the advantage of considering the amount of cement. In general, mixtures
 in Zones I and V were rocky and prone to segregation, mixtures in Zone IV
 tended to be stiff and dry due to the excess of fines, and mixtures in Zone II had
 good behavior. Mixtures with high fines and no water reducers should be in the
 lower part of Zone II to avoid excessive increase in water demand. Mixtures with
 water reducers, particularly superplasticizers, should be on top of Zone II because
 in the lower part they tend to present high segregation and excessive bleeding.
 10. The filling diagram considers the effect of packing density of each fraction
 including cementitious materials and can be used to detect if there is excess or
 deficiency of certain sizes. The filling diagram reassembles the percentage-
 retained diagram; however, since the filling diagram considers packing density,
 shape and texture, more information can be obtained from it.
 11. Slump, yield stress and plastic viscosity predictions made with CPM seems to be
 acceptable. Although for high-cement factor mixtures, small variations in the
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 packing density of cement produce high variations in the aforementioned
 variables, which makes it difficult to make predictions based in absolute terms;
 CPM seems to be a good tool for analyzing and comparing mixtures with the
 same water-to-cement ratio. For mixtures with water-to-cement ratios of 0.41 and
 about 13 percent of cement content in volume, changes of one percent in the
 packing density of cement produced a variation of up to 15 percent in concrete
 yield stress.
 12. From the results, the packing density of cement to be used to run CPM seems to
 depend on the water-to-cement ratio or on the amount of cement. Apparently, a
 unique value cannot be used as suggested by the model. This was evident for
 mortar mixtures where different water-to-cement ratios were used.
 13. Matching ASTM C 33 grading limits does not ensure acceptable grading, and the
 ACI 211 approach does not encourage aggregate optimization.
 14. The fineness modulus does not seem to be the best way to proportion mixtures
 with manufactured sands with high-microfines content.
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 CHAPTER 9. SUMMARY, CONCLUSIONS AND RECOMENDATIONS
 9.1 SUMMARY
 Aggregate characteristics of shape, texture, and grading have a significant effect
 on the performance of fresh portland cement concrete. Aggregate blends with well-
 shaped (spherical and cubical), rounded, and smooth particles require less cement and
 water for a given slump than blends with flat, elongated, angular, and rough particles. At
 the same time, uniform particle-size distributions that have proper amounts of each size
 result in aggregate blends with high packing density and in concrete with low water
 demand for a given slump.
 One of the objectives of aggregate optimization is to produce aggregate blends
 with high packing densities which need relatively low amounts of cement and water.
 These mixtures will be not only less expensive but will have less durability problems
 caused by the paste such as heat generation, porosity, and drying shrinkage.
 The current ASTM C 33 standard limits the amount of material passing the N 200
 sieve (microfines) to 7 percent of the fine aggregate. However, manufactured fine
 aggregate (MFA), obtained from rock crushing, usually has between 10 and 20 percent
 microfines that in many cases do not have claylike and other harmful particles. The
 ASTM C 33 limits intended for natural sands, which usually have harmful and claylike
 particles in the minus N200 fraction, force MFA producers to wash aggregate
 incrementing costs and generating environmental issues. Research at The University of
 Texas and experience in other countries show that good-quality concrete can be made
 with MFA with high-microfines content.
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 Many proportioning methods such as ACI 211 consider only partially the effect of
 shape and texture of aggregate particles and do not encourage optimization of aggregate.
 These methods do not consider high amounts of microfines either.
 One of the main objectives of this investigation was to produce guidelines to
 proportion and optimize aggregates blends considering shape, texture, and grading of
 aggregates as well as high amounts of microfines. To accomplish this goal, the project
 was divided in the following studies:
 1. Admixtures Study. In this study, the effect of chemical admixtures and
 supplementary cementing materials on the performance of fresh and hardened
 concrete with high microfines was evaluated. The main conclusion from this
 study is that chemical admixtures and some supplementary cementing materials
 can be used in concrete with high microfines to improve workability without
 negatively affecting strength or excessively increasing drying shrinkage.
 2. Shape and Texture, and Image-Analysis Study. In this study, shape and texture
 were evaluated by means of image-analysis techniques. The resulting indexes
 were compared with packing density, a property that depends on particle shape
 and texture. Although image-analysis techniques are promising for quantifying
 shape and texture of aggregates, mixed results were obtained in this study. Two
 image-analysis methods were used. No good correlations were found between
 results from these methods. None of the methods was consistently better than the
 other when comparing indexes with packing density. For some aggregates and for
 some sizes one method resulted in better correlations between indexes and
 packing density than the other method, but for other aggregates or other sizes the
 second method resulted in better correlations.
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 3. Proportioning Methods Study. In this study, several proportioning methods were
 evaluated. Different sets of mixtures were proportioned and analyzed using these
 methods. The potential of the methods to optimize aggregates was evaluated and,
 accordingly two methods were selected for the Optimization Study.
 4. Optimization Study. The objectives of this study were to produce guidelines for
 proportioning and optimizing aggregate blends and to quantify the effects of
 shape, texture and grading on the behavior of fresh concrete. Two proportioning
 methods were used, one based on packing density concepts and other based on
 empirical observations of concrete mixtures in the field. The first method, the
 Compressible Packing Model (CPM) [de Larrard, 1999], is quite complex and
 requires the determination of the packing density of each aggregate size fraction
 as well as the packing density of cementitious materials. However, the model is
 able to make acceptable predictions of slump, yield stress and other characteristics
 of fresh and hardened concrete and as a result is able to make comparisons
 between aggregates with different shape, texture or grading. As a result, it is a
 good tool for optimizing aggregates. The second method, from Shilstone [2002],
 is empirical, easier to use, and has two tools (the coarseness chart, and the 0.45
 power chart) that help to optimize the aggregate grading, although they do not
 consider shape and texture.
 Based on the results of several mixtures and on the analysis made using the two
 proportioning methods mentioned previously, a set of guidelines for proportioning and
 optimizing aggregates for concrete mixtures was produced.
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 9.2 CONCLUSIONS
 Based on the literature review, the results of the experimental work, the Plainfield
 demonstration project and theoretical analyses the following conclusions can be made:
 9.2.1 Aggregate Characteristics
 1. Aggregates occupy about 80 percent of the volume of typical concrete mixtures,
 and their characteristics have a definitive impact on the performance of fresh and
 hardened concrete. This study was concerned mainly with the geometric
 characteristics of aggregate particles, that is, shape, texture and grading, and the
 amount and type of microfines, as well as their effect on the workability (assessed
 by means of the slump cone and the flow table) of fresh concrete and their effect
 on the compressive and flexural strength of hardened concrete. The results
 conclude that shape and texture play an important role on the performance of
 fresh concrete, particularly in slump and flow. Results from mixtures with the
 same grading show that the slump and flow of mixtures increased with the
 packing density of aggregates and that the superplasticizer dosage required to
 reach the target slump decreased with the packing density of aggregates. The
 mean slump varied from 0.16 in. for granite to 2.9 in. for natural aggregate from
 Indiana. The mean dosage of superplasticizer required to reach a 5-in. target
 slump varied from 9.0 oz/100 lb of cement for granite to 2.7 oz/100 lb of cement
 for natural from Indiana. Granite was the aggregate with the smallest packing
 density and Indiana is the one with the highest packing.
 2. The effect of grading was also verified. Differences in grading resulted in
 differences in slump as high as 7 in. For mixtures with the same amount of
 microfines, differences due to grading as high as 100 percent were found. Aside
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 from slump or flow the effect of grading on placeability and finishability was
 observed.
 3. To reach a desired slump, the water reducer demand increased with the amount of
 microfines. However, the type of microfines also played a significant role in the
 water reducer demand. In this study, limestone microfines consistently required
 less superplasticizer than trap rock and granite microfines, even when limestone
 microfines were composed of finer particles than the other two. In concrete
 mixtures, the dosage of superplasticizer to reach the target slump was 1.5 to 2.5
 times higher for mixtures with fine aggregate with 15 percent granite microfines
 than mixtures without microfines. At the same time, mixtures with 15 percent
 limestone microfines required 25 percent less dosage of superplasticizer than
 granite microfines. The superplasticizer demand increased with the amount of
 microfines without exception. However, the rate of increase of superplasticizer
 demand was low for low amounts of microfines and high for high amounts of
 microfines. Above 15 percent microfines the rate of increase of superplasticizer
 demand appears very high.
 4. The amount and type of microfines had only a slight effect on compressive and
 flexural strength in mixtures with water reducers. Trap rock microfines
 consistently produced mixtures with higher strength than the rest of the mixtures
 (with limestone and granite microfines and without microfines) that had about the
 same strength. Trap rock microfines resulted in mixtures with compressive
 strength about 7 percent higher than mixtures with granite and limestone
 microfines, and mixtures without microfines. Trap rock microfines resulted in
 mixtures with flexural strength about 9 percent higher than mixtures with granite
 and limestone microfines as well as mixtures without microfines. The amount and
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 type of microfines also have a slight effect on drying shrinkage in mixtures with
 and without superplasticizers. Mixtures with up to 20 percent microfines had
 drying shrinkage about 10 percent higher than mixtures without microfines. The
 112-day drying shrinkage varied from 0.050 percent for mixtures without
 microfines to 0.055 percent for mixtures with microfines.
 5. From the results no conclusions could be made about the effect of shape and
 texture on strength since it depends not only on shape and texture but on the
 mechanical and the chemical characteristics of aggregates, and the tests were not
 designed to separate these effects.
 9.2.2 Chemical Admixtures
 1. From the admixtures studies I and II, the proportioning methods study, the
 optimization study and from the Plainfield demonstration results, it can be
 concluded that chemical admixtures can be used to improve workability or reduce
 the water demand of concrete mixtures with microfines content up to 20 percent
 of fine aggregate without adversely affecting other characteristics of concrete
 such as setting time, strength and drying shrinkage. In admixtures study I it was
 found that, except for dosages much higher than the maximum recommended by
 producers, setting times were not significantly affected by the addition of
 chemical admixtures. However, it has to be noted that there were significant
 differences among the microfines used in this study and, furthermore, other
 researchers have found that certain types of microfines could excessively increase
 water demand or water reducers demand to reach specified slumps.

Page 330
                        

306
 2. The 28-day compressive and flexural strengths were not significantly affected by
 the addition of chemical admixtures even for dosages much higher than the
 maximum recommended by producers.
 3. The addition of carboxylic acrylic ester co-polymer superplasticizer did not have
 a consistent effect on the drying shrinkage of concrete with high microfines since
 for limestone and trap rock microfines drying shrinkage decreased with the
 amounts of microfines but for granite microfines increased.
 4. It was observed that stiff mixtures initially with zero-slump and, therefore,
 difficult to differentiate in terms of workability showed, after the addition of
 superplasticizer, differences in slump that increased with the dosage of
 superplasticizer. As a result, it can be concluded that superplasticizers could be
 used to magnify differences among initially stiff and apparently similar mixtures.
 9.2.3 Supplementary Cementing Materials
 1. From the experimental work where one type of fly ash class C, two types of fly
 ash class F, and silica fume were used, and from the Plainfield demonstration
 where fly ash class C, and GGBF slag were used, it can be concluded that
 supplementary cementing materials can be successfully used as a replacement of
 cement in concrete with microfines content up to 16 percent of the fine aggregate.
 Furthermore, some of these replacements could be used to decrease the water
 demand or the superplasticizer demand.
 2. Replacement of 30 percent fly ash class C resulted in the decrease of required
 superplasticizer dosages to reach target slump by as much as 50 percent, while for
 30 percent fly ash class F replacement, the decrease was about 25 percent.
 Replacement of 5 percent silica fume resulted in a slight increase in the amount of
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 required superplasticizer while a ternary replacement of 5 percent silica fume plus
 25 percent fly ash type C resulted in a decrease of about 25 percent in the required
 superplasticizer dosage.
 9.2.4 Shape and Texture, and Image Analysis
 1. Packing density is influenced by shape and texture. Under the assumption that
 well-shaped and smooth particles lead to high packing density, mixed results were
 obtained. For some sizes and for some aggregates acceptable correlations between
 shape and texture indexes based on image analysis and packing density were
 found but for other sizes and other aggregates no correlations were observed. Two
 image-analysis methods were used but neither was determined to be better than
 the other based on the information gathered since for some sizes or for some
 aggregates one method gave better results and for other sizes or other aggregates,
 it was the opposite.
 2. Comparisons between shape and texture indexes for some aggregate particles
 based on image analysis and shape and texture assessed visually yielded mixed
 results. Some indexes had acceptable correlations with visual observations, while
 others had no correlations.
 3. Due to the fact that this is a relatively new and expensive technology and is not
 readily available, indexes were obtained for the entire coarse and for the entire
 fine aggregate but just for a few sieve sizes. Better comparisons could be made if
 shape and texture indexes were obtained for more fractions and for more types of
 aggregate. It is believed that the relative impact of shape and texture on packing
 density could vary with particle size. Besides that, new devices and improved
 algorithms could also lead to better results.
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 4. However, image-analysis methods are promising because aggregate particles can
 be analyzed not only for shape but for texture in a quantitative basis in a very
 efficient way. With better information, correlations between packing density and
 shape and texture would allow shape and texture to be considered in concrete
 proportioning.
 5. It seems that the X-ray computer tomography is the method that best describes the
 geometry of aggregates. However, since each particle is described by 900
 coefficients no correlations could be made with visual observations or the indexes
 given by the other methods.
 9.2.5 Packing of Aggregates
 1. Packing of aggregates seems to be a sound concept to predict the behavior of
 fresh concrete and hardened concrete (although this project did not deal with
 relationships between packing and hardened concrete). Acceptable predictions of
 slump were made with a mathematical model based on packing density of
 aggregates and cementitious materials. For mixtures with the same water-to-
 cement ratio and for slumps higher than about 1 in., linear correlations between
 actual and predicted slumps (although not one to one) were obtained, and linear
 correlations between actual flow and predicted yield stress and plastic viscosity
 were also obtained. Consequently, although absolute predictions cannot be made,
 fair relative slump predictions could be made that allow comparing different types
 of aggregates and gradings as long as they have about the same water-to-cement
 ratio and they are not very stiff. Even for stiff mixtures with slumps near zero, out
 of the range of rheometers, calculated yield stress or plastic viscosity values could
 permit qualitative comparisons between different mixtures.
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 9.2.6 Microfines Characterization
 1. Many tests were used to characterize microfines: the methylene blue value
 (MBV), surface area from nitrogen adsorption (BET), size distribution by laser,
 dry packing density, wet packing density using the Vicat test and Blaine surface
 area. In project ICAR 102 it was concluded that the MBV did not correlate well
 with concrete behavior but showed some promise for screening since microfines
 with high MBV could be harmful for concrete. Microfines used in this research
 had relatively low MBV that did not correlate with mortar or concrete behavior or
 with aggregate characteristics such as surface area, packing density, and size
 distribution.
 2. The size distribution was used to evaluate the mean size of microfines, a
 parameter needed for packing calculations. Surface area calculated with the mean
 diameter had a very good correlation with Blaine surface area, although not in
 absolute values, but poor correlation with BET surface area.
 3. The wet packing of microfines and cementing materials obtained from the Vicat
 test seems to be a good predictor of the effect of these materials on concrete water
 demand. The wet packing densities of limestone, trap rock and granite microfines
 of were 0.62, 0.57, and 0.55, respectively. Slumps and flows of mixtures with 15
 percent limestone microfines were about twice as great as those of mixtures with
 15 percent granite and trap rock microfines. And superplasticizer dosages
 required for a 5-in. target slump were 25 percent less for limestone microfines
 than for granite and trap rock microfines. The wet packing of the fly ashes class C
 from Deely Spruce, class F from Belews Creek, and class F from Rockdale were
 0.70, 0.62, and 0.58 respectively. The required superplasticizer dosages to reach
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 the target slump of mortar mixtures with replacements of these fly ashes were on
 average 5.5, 8.5 and 9.0 oz/100 lb of cement respectively.
 4. The behavior of one of the microfines was significantly different from the other
 two, not only regarding packing density and its effect on water demand. Granite
 microfines did not hold water as limestone or trap rock microfines did. When
 mixed only with water, even for small amounts of water, granite microfines
 tended to bleed easily. In presence of superplasticizers, mixtures with granite
 microfines were very fluid and runny but at the same time very cohesive, hard to
 scoop and hard to rod, as opposed to the other two microfines, that in presence of
 superplasticizers produced fluid mixtures that were smooth and easy to scoop and
 rod but very sticky.
 9.2.7 Proportioning and Optimization of Aggregates
 1. Grading is the aggregate characteristic that plays the major role on the workability
 of mortar and concrete mixtures. Mixtures can be optimized depending on desired
 characteristics or selected criteria. A blend of aggregates can be optimized, for
 example, for slump, for packing density, for plastic viscosity, or for uniformity.
 The corresponding proportions for each of these depend slightly on shape and
 texture (packing density of each fraction), and water and cement content. In
 general, mixtures optimized for maximum packing density or for maximum slump
 are very coarse, prone to segregation due to the lack of fines, and present poor
 workability.
 2. As a result, a more desirable mixture has a uniform grading while maintaining a
 high packing density. Different criteria or methods have been used to produce
 uniform gradings: the ASTM C 33 grading limits, the “18-8” specification, the
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 0.45 power chart, and the filling diagram. Additionally the coarseness chart, and
 “the mortar factor” have been used to ensure adequate amounts of the different
 components of the mixture, i.e. coarse aggregate, fine aggregate, cementitious
 materials and water. The ASTM C 33 specification does not ensure uniform
 gradings as aggregates meeting the specification could be too coarse, too fine or
 could have noticeable gaps. The “18-8” limits do not ensure either uniform or
 proper size distribution since mixtures that are too coarse or too fine can be
 produced even if they do not have gaps.
 3. The 0.45 power chart combined with the coarseness chart seems to lead to
 reasonable results. In this investigation, it was found that mixtures slightly above
 the straight line of the 0.45 power chart and not too far below, and in Zone II of
 the coarseness chart generally produced workable mixtures. Mixtures above the
 straight line tended to be stiff, and required high amounts of water reducers to
 reach the target slump. These mixtures usually were in Zone IV of the coarseness
 chart. Mixtures far below the line tended to be coarse, unstable and prone to
 segregation.
 4. Shape and texture, and consequently packing density, particularly of fine
 particles, have a significant effect on fresh concrete behavior. Ideally, aggregate
 producers should make an effort to produce well-shaped particles, but since it is
 not always possible, concrete proportioning should consider shape and texture.
 5. A drawback of the 0.45 power chart and the coarseness chart is that they do not
 consider shape and texture. As a result, mixtures with exactly the same grading
 behave differently due to shape and texture or, in other terms, to packing density.
 6. The Compressible Packing Model does consider shape and texture of aggregates
 and cementitious materials for predicting the behavior of fresh and hardened
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 mortar and concrete. For mixtures with the same water-to-cement ratio, CPM
 made predictions that correlated well with experimental values. Consequently, it
 is a good tool to analyze and optimize mixtures with different gradings and
 proportions, although some trial mixtures should be made at the beginning to
 calibrate the model. The graphical tool of CPM is the “filling diagram.” Although
 it cannot be used for prediction it can be used in the optimization process to find
 gaps and excesses or deficiencies of certain fractions of aggregate or cementitious
 materials.
 9.3 RECOMMENDATIONS FOR FUTURE WORK
 1. Since grading plays a major role on concrete workability and since important
 variations on grading are expected in different samples of the same pile or drum
 of aggregate it is recommended to sieve and recombine aggregates for
 experimental work dealing with concrete workability. In this project much better
 correlations between experimental and theoretical values were obtained in this
 manner rather than using just coarse and fine aggregate.
 2. Some microfines are very sticky and are very difficult to sieve out from other
 aggregate particles. It was realized that relatively high amounts of microfines
 were held in material retained in N100 and N200 sieves. It is recommended to
 wash coarse and fine aggregate after taking out microfines in order to know with
 more confidence the real amount of microfines. In this project, this problem was
 more pronounced with limestone. As a result, fine aggregate could have had 3
 percent or more microfines than intended.
 3. In the same vein the question regarding the procedure to obtain microfines
 remains. It was found that the MBV of microfines obtained from sieve by
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 washing was higher than the MBV of microfines from dry sieving; therefore, the
 effect on concrete could be different. In some cases the amount of microfines
 obtained by dry sieving was about half of the theoretical value. It could be
 explained in part by the microfines that stuck to bigger particles and in part by the
 microfines lost in the sieving operations. Getting microfines for concrete mixtures
 was a very demanding operation in terms of time, persons and machines that
 forced the making of concrete samples as small as possible and consequently
 limited the number of tests.
 4. To better evaluate CPM predictions or other models it might be advantageous to
 use, besides slump and flow tables, devices such as rheometers that measure fresh
 concrete properties like yield stress and plastic viscosity.
 5. Finishability is a very important issue especially in pavement jobs. Pavements
 might be a good niche for concrete with high microfines, since relatively stiff
 mixtures are required. Evaluation of finishability in this project did not yield
 satisfactory results because a fair evaluation requires the participation of skilled
 operators and relatively large samples. Attempts to evaluate finishability by
 evaluating this property in beams and cylinders by using wood or metallic trowels
 did not produce satisfactory and reliable results. It is recommended to correlate
 field observations with tests that could be performed on small samples at the
 laboratory.
 6. In order to better evaluate image-analysis methods, the use of more aggregate
 fractions is suggested. Shape and texture might change from size to size for the
 same type of aggregate. As a result, an index for the entire coarse or for the entire
 fine aggregate might not give a complete description of aggregate shape and
 texture.
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 7. Only one type of cement was used. It is recommended that different types of
 cement with varying fineness and packing density be used to evaluate the
 interaction of cement and microfines, and to evaluate the predictions of the
 Compressible Packing Model.
 8. Blaine surface area correlated well with wet packing density. More microfines
 should be tested to verify this relationship.
 9. Only one water-to-cement ratio (0.41) was used for concrete in the optimization
 study as well as a single cement factor. It is recommended that different water-to-
 cement ratios and different cement factors be used for each water-to-cement ratio
 to validate results from CPM.
 10. The effect of shape and texture, packing density and grading on the mixing water
 required to reach a specified slump was not evaluated quantitatively. Therefore, it
 is recommended that the amount of water that mixtures with different types of
 aggregates, microfines and gradings require to reach a target slump be measured
 to find a relationship that can be added to the guidelines.
 11. It was found that CPM results were useful to compare mixtures with about the
 same water-to-cement ratio. There was a gap between mixtures with different
 water-to-cement ratios that did not allow absolute (universal) comparisons among
 mixtures of any type. The parameter used to compare CPM predictions with
 experimental values was the slump. It was not possible to compare predicted yield
 stress and plastic viscosity because rheometers and other devices were not
 available at the time most of the mixtures were made and because mixtures were
 very small. It is recommended that rheometers or any devices able to evaluate
 yield stress and plastic viscosity be used.
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 12. CPM is a good tool for analyzing mixtures and making simulations of concrete
 behavior either in fresh and hardened states. Only the predictions for some fresh
 concrete variables such as slump, yield stress and plastic viscosity were
 considered in this study. CPM lies between empirical based proportioning
 methods and much more complex models such as the Virtual Cement and
 Concrete Testing Laboratory (VCCTL). An extended use of the VCCTL could
 take some years; meanwhile using CPM for analysis and optimization of concrete
 mixtures and aggregates blends is recommended. For this study, CPM equations
 were programmed in EXCEL but an easier format could probably be developed
 using another programming language.
 13. Only a few combinations of crushed and natural rounded aggregate were use in
 this study. It was found that fresh concrete properties were in between those for
 crushed aggregate only and natural rounded aggregate only. Combining crushed
 and natural aggregate is promising because it allows improving grading and
 because it would be a way of reducing water or water reducer demand of mixtures
 composed of crushed aggregate only. It is recommended to perform an
 investigation on combinations of crushed aggregate with high microfines and
 natural rounded aggregate.
 14. For the Optimization Study and for the Supplementary Cementing Materials case,
 only one type of chemical admixture, superplasticizer A, was used, since only
 mixtures with w/c = 0.41 were made. It is recommended to use LRWR and
 MRWR in mixtures with different water-to-cement ratios and different cement
 factors.
 15. Significant differences in the amount of air-entraining agent (AEA) required to
 reach certain levels of entrained air between mixtures with crushed and mixtures
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 with natural aggregate and among different types of microfines were observed.
 However, with the information available no conclusions can be made. The quality
 of the air system could not be evaluated either. It is recommended to perform an
 investigation on the effect of the amounts and types of microfines, and the effect
 of shape and texture of aggregate on the entrained-air system, with more
 aggregates and more combinations, looking at the air bubbles’ diameter and
 spacing factor.
 16. Shape and texture of aggregate and type and amount of microfines seem to have
 an important effect on the amount of air-entraining agent required to reach a given
 level of entrained air. It is possible that other characteristics of the air system such
 as air bubbles’ size and the spacing factor and consequently the durability of
 concrete are affected by shape, texture of aggregate and the type and amounts of
 microfines. Since only a few combinations of aggregates and microfines could be
 investigated in this study it is recommended that more combinations be evaluated
 in order to investigate the characteristics of the air system as well as the durability
 of concrete.
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 APPENDIX A
 Table A.1 Aggregate Characteristics
 Aggregate Fraction BSG (SSD)
 BSG (OD)
 Fineness Modulus
 AC (%)
 microfines cont.%
 Arizona Coarse 1" 2.62 2.59 1.04 1/2" 2.62 2.58 1.48 3/8" 2.64 2.60 1.52 Sand 2.60 2.57 2.78 1.02 1.3
 Indiana Coarse 2.64 2.59 2.25 Sand 2.61 2.58 2.69 1.30 0.2
 Limestone Coarse 2.62 2.58 1.79 Sand 2.60 2.54 3.72 2.38 13.8
 Granite Coarse 2.77 2.76 0.39 Sand 2.73 2.72 2.48 0.25 16.0
 Trap rock Coarse 1" 3.11 3.09 0.52 1/2" 3.10 3.07 0.70 Sand 2.95 2.88 3.67 2.45 10.1
 Notes: SSD = Saturated surface dry OD = Oven dry AC = Absorption capacity
 Table A.2 Size Distribution of Coarse Aggregate (Percentage Retained)
 TR AZ Size IN LS GR ¾ in. ½ in. 1 in. ½ in. 3/8 in. 1 1/2 in. 0.0 0.0 0.0 0.0 0.0 3.3 0.0 0.0
 1 in. 0.0 0.0 0.0 1.3 0.0 4.0 0.0 0.0 3/4 in. 10.5 17.8 1.5 31.2 0.0 37.5 0.0 0.0 1/2 in. 53.1 47.2 40.3 46.9 14.4 49.4 6.7 0.0 3/8 in. 25.7 15.0 26.3 17.2 78.0 5.3 60.7 0.5
 N 4 10.7 20.0 30.2 2.4 7.5 0.4 31.7 92.1 N 8 0.0 0.0 1.8 1.0 0.1 0.0 0.9 7.5
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 Table A.3 Size Distribution of Fine Aggregate (Percentage Retained)
 Size IN LS GR TR AZ N 4 2.2 0.1 5.0 21.2 0.1 N 8 10.3 12.8 18.5 31.1 12.9
 N 16 12.3 28.1 13.6 16.5 14.5 N 30 19.6 19.9 10.8 8.7 26.3 N 50 42.6 14.2 12.1 6.0 32.9 N 100 11.8 8.0 15.2 4.1 8.7 N 200 0.9 3.1 8.8 2.3 3.3
 MF 0.2 13.8 16.0 10.1 1.3
 Table A.4 Packing Density for Indiana
 Packing Method Size Loose Rodded Drop Vib+Pressure ¾ in. 0.60 0.64 0.66 0.68 ½ in. 0.57 0.62 0.64 0.66 3/8 in. 0.57 0.61 0.62 0.64
 N 4 0.59 0.62 0.64 0.66 N 8 0.57 0.62 0.63 0.65
 N 16 0.57 0.61 0.64 0.65 N 30 0.57 0.62 0.65 0.66 N 50 0.57 0.63 0.66 0.67 N 100 0.57 0.61 0.64 0.65 N 200 N/A N/A N/A N/A
 MF N/A N/A N/A N/A
 Table A.5 Packing Density for Limestone
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 Packing Method Size Loose Rodded Drop Vib+Pressure ¾ in. 0.59 0.64 0.65 0.66 ½ in. 0.58 0.62 0.65 0.66 3/8 in. 0.56 0.62 0.63 0.64
 N 4 0.56 0.61 0.62 0.64 N 8 0.56 0.60 0.62 0.62
 N 16 0.52 0.57 0.61 0.62 N 30 0.50 0.56 0.59 0.59 N 50 0.49 0.55 0.59 0.61 N 100 0.47 0.54 0.55 0.58 N 200 0.47 0.54 0.55 0.57
 MF 0.39 0.43 0.48 0.56
 Table A.6 Packing Density for Granite
 Packing Method Size Loose Rodded Drop Vib+Pressure ¾ in. 0.58 0.63 0.66 0.65 ½ in. 0.58 0.62 0.65 0.65 3/8 in. 0.57 0.61 0.63 0.62
 N 4 0.51 0.60 0.61 0.61 N 8 0.49 0.52 0.55 0.58
 N 16 0.48 0.52 0.55 0.58 N 30 0.47 0.51 0.53 0.56 N 50 0.46 0.50 0.53 0.55 N 100 0.44 0.50 0.52 0.54 N 200 0.43 0.49 0.53 0.54
 MF 0.36 0.42 0.49 0.54
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 Table A.7 Packing Density for Trap rock
 Packing Method Size Loose Rodded Drop Vib+Pressure ¾ in. 0.54 0.61 0.63 0.64 ½ in. 0.54 0.60 0.62 0.64 3/8 in. 0.56 0.60 0.62 0.63
 N 4 0.56 0.60 0.63 0.65 N 8 0.54 0.60 0.61 0.64
 N 16 0.52 0.57 0.60 0.63 N 30 0.51 0.57 0.60 0.61 N 50 0.50 0.57 0.59 0.61 N 100 0.48 0.54 0.57 0.59 N 200 0.47 0.53 0.56 0.58
 MF 0.39 0.45 0.51 0.57
 Table A.8 Packing Density for Arizona
 Packing Method Size Loose Rodded Drop Vib+Pressure 1 in. 0.61 N/A N/A 0.69 ¾ in. 0.59 0.63 0.66 0.69 ½ in. 0.56 0.61 0.63 0.63 3/8 in. 0.49 0.55 0.57 0.58
 N 4 0.55 0.60 0.61 0.61 N 8 0.51 0.55 0.59 0.60
 N 16 0.52 0.56 0.59 0.61 N 30 0.53 0.57 0.59 0.60 N 50 0.52 0.57 0.60 0.61 N 100 0.52 0.58 0.61 0.62 N 200 N/A N/A N/A N/A
 MF N/A N/A N/A N/A
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 Table A.9 Loose Packing Density by the ASTM 1252
 Size IN LS GR TR AZ N 8 0.61 0.57 0.56 0.59 0.57 N 16 0.58 0.52 0.51 0.55 0.53 N 30 0.56 0.48 0.48 0.52 0.52 N 50 0.56 0.47 0.45 0.51 0.51 N 100 0.55 0.45 0.44 0.49 0.50 N 200 0.55 0.44 0.39 0.48 0.47 MF N/A 0.33 0.37 0.40 N/A
 Table A.10 Grading of Coarse Aggregate for Admixtures Study I – Concrete B
 Size Percentage retained
 1 ½ in. 3.3 1 in. 4.0 ¾ in. 37.5 ½ in. 49.4 3/8 in. 5.3
 N4 0.4 N8 0.0
 Table A.11 Grading of Fine Aggregate for Admixtures Study I – Concrete B (Percentage Retained)
 Size Nat CR-5% CR-10% CR-15% N 4 0.0 0.0 0.0 0.0 N 8 9.0 29.1 27.6 26.0
 N 16 20.1 22.7 21.5 20.3 N 30 25.4 15.7 14.9 14.1 N 50 28.6 11.1 10.5 9.9 N 100 11.4 9.7 10.2 8.7 N 200 5.5 6.7 5.3 6.0
 MF 0.0 5.0 10.0 15.0
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 Table A.12 Characteristics of Fresh Concrete for Admixtures Study I – Concrete B – Part I
 Specimen Name
 WR Dosage (oz/100 lb) Slump (in)
 Air Content (%)
 N-W 1.1 5.3 2.6 N-S 1.5 5.0 2.4
 C-5-W 6.6 5.7 1.9 C-5-S 6.6 5.5 1.8
 C-10-W 6.6 5.0 2.1 C-10-S 6.6 5.0 2.0 C-15-W 9.6 5.0 2.2 C-15-S 11.5 5.0 1.8
 Table A.13 Characteristics of Fresh Concrete for Admixtures Study I – Concrete B – Part II
 Dosage (oz/100 lb) Specimen Name AEA Super
 Slump (in) Air Content (%)
 N-NO 0.0 0.0 5.1 2.6 N-CF 0.0 0.0 6.0 2.0 N-FF 0.0 0.0 5.8 2.0 N-SF 0.0 3.1 5.1 3.2
 C-5-NO 2.1 7.1 5.2 3.1 C-5-CF 2.1 4.8 5.8 3.0 C-5-FF 2.1 7.1 5.4 2.6 C-5-SF 2.1 11.9 5.0 3.8
 C-10-NO 2.1 10.7 5.2 2.9 C-10-CF 2.1 7.1 5.0 2.6 C-10-FF 2.1 11.9 5.8 2.4 C-10-SF 2.1 17.9 5.0 3.0 C-15-NO 2.1 13.1 6.0 2.3 C-15-CF 2.1 9.5 5.2 2.7 C-15-FF 2.1 14.3 5.5 2.3 C-15-SF 2.1 26.2 5.8 2.5
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 Table A.14 Characteristics of Hardened Concrete for Admixtures Study I – Concrete B – Part I
 Specimen
 Name 28-Day
 Compressive Strength (psi)
 56-Day Flexural Strength (psi)
 N-W 5734 589 N-S 5629 629
 C-5-W 5200 759 C-5-S 3753 682
 C-10-W 5430 796 C-10-S 5337 737 C-15-W 5443 734 C-15-S 5154 831
 Table A.15 Characteristics of Hardened Concrete for Admixtures Study I – Concrete B – Part II
 Specimen Name
 28-day Compressive Strength (psi)
 56-day Flexural Strength (psi)
 N-NO 5130 613 N-CF 5066 780 N-FF 4488 651 N-SF 5003 657
 C-5-NO 4761 752 C-5-CF 4504 784 C-5-FF 4170 770 C-5-SF 5162 764
 C-10-NO 4883 769 C-10-CF 3984 797 C-10-FF 3984 717 C-10-SF 4791 780 C-15-NO 4621 773 C-15-CF 4430 812 C-15-FF 3931 754 C-15-SF 4743 731
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 Table A.16 Characteristics of Fresh Mortar for Admixtures Study II– Mortar
 Slump without Admixtures (in.) Dosage to Reach Target Slump High 1 High 2 Medium Low
 Combi-nation High 1 High 2 Medium Low
 Super A Super B MRWR LRWR TR–TR 2.3 2.0 3.0 3.0 3.1 4.3 1.5 5.0 GR-GR 0.1 0.1 0.1 0.1 13.5 27.0 24.0* 9.5 LS–LS 0.1 0.1 0.1 0.6 2.6 7.5 7.5 3.0 IN- 1.3 1.5 2.3 3.8 1.5 3.5 0.2 0.12 IN–TR 2.3 2.3 3.5 3.5 4.3 6.1 6.1 0.12 IN–GR 0.8 0.8 2.3 3.3 5.9 14.2 17.5 3.0 IN–LS 0.3 0.3 0.9 1.5 5.1 12.0 11.2 0.1 AZ- 0.4 0.3 1.4 3.3 6.4 11.9 8.4 5.3 AZ-TR 0.3 0.5 0.8 0.8 11.0 22.0 24.0* 12.0* AZ-GR 0.1 0.1 0.1 0.3 13.1 25.8 24.0* 12.0* AZ-LS 0.1 0.1 0.1 0.1 10.1 19.8 24.0* 7.8 Notes. * target slump could not be reached
 Target slumps: 4 ¼ in. for high strength mixtures 3 ½ in. for medium strength mixtures 2 ¾ in. for low strength mixtures Maximum recommended dosages by producers: Super A 10 oz/100 lb of cement Super B 20 oz/100 lb of cement MRWR 12 oz/100 lb of cement LRWR 6 oz/100 lb of cement
 Table A.17 Compressive Strengths for Admixtures Study II– Mortar
 7 Days 28 Days Combi-nation High 1 High 2 Medium Low* High 1 High 2 Medium Low*
 TR–TR 6983 7025 4142 6977 6689 5211 GR-GR 4425 4492 3358 5342 4980 4365 LS–LS 5159 5057 4007 6043 5253 4640 IN- 5335 4512 3739 5711 5344 4605 IN–TR 4741 4030 3166 5559 5502 4118 IN–GR 4037 4434 3424 4499 4653 4330 IN–LS 4906 4980 4020 5431 5861 4114 AZ- 5094 5239 3779 5463 6132 4527 AZ-TR 5534 5861 4387 5325 5662 4306 AZ-GR 5005 5054 4537 5856 6255 4320 AZ-LS 5906 6039 4315 6400 6122 5038
 • Information not available due to a technical failure of the testing machine
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 Table A.18 Slump (in.) before Additions of Superplasticizer – Admixtures Study II –Supplementary Cementing Materials - Mortar
 15% Microfines + Supplementary Cementing Materials (SCM) Comb. 0% MF
 0% SCM 0% 20%-CFA 30%-CFA 30%-FFAr 30%-FFAb 5%-SF 5% SF + 25% CFA
 TR-TR 2.01 0.75 1.26 2.01 0.63 0.98 GR-TR 0.24 0.12 0.39 0.39 0.12 0.12 0.06 0.62 LS-TR 2.01 0.39 1.10 1.26 0.51 0.75 IN-TR 3.78 0.87 1.73 2.76 0.98 1.26 0.12 0.75 AZ-TR 0.75 0.12 0.75 1.10 0.39 0.51 TR-GR 2.01 0.75 0.75 1.50 0.63 0.75 GR-GR 0.24 0.12 0.24 0.24 0.12 0.12 0.25 0.25 LS-GR 2.01 0.24 0.24 0.51 0.75 0.24 IN-GR 3.78 0.43 1.26 1.73 0.51 0.63 0.12 0.25 AZ-GR 0.75 0.12 0.51 0.63 0.12 0.12
 Table A.19 Dosage of Superplasticizer (oz/100 lb of cement) to Reach a Slump of 5 in. – Admixtures Study II –Supplementary Cementing Materials - Mortar
 15% Microfines + Supplementary Cementing Materials (SCM) Comb. 0% MF
 0% SCM 0% 20%-CFA 30%-CFA 30%-FFAr 30%-FFAb 5%-SF 5% SF + 25% CFA
 TR-TR 2.8 8.5 4.6 4.2 6.1 7.5 GR-TR 7.6 10.3 7.7 6.5 10.5 11.0 11.0 8.8 LS-TR 2.7 7.3 6.0 5.0 7.7 8.3 IN-TR 0.9 5.4 3.0 2.4 4.8 6.3 7.5 5.7 AZ-TR 5.2 9.0 6.8 5.2 9.0 11.0 TR-GR 2.8 8.8 7.0 5.5 8.0 9.0 GR-GR 7.6 11.7 9.6 8.0 11.5 11.7 12.5 9.3 LS-GR 2.7 10.6 6.8 6.2 9.2 7.0 IN-GR 0.9 7.8 5.0 3.6 7.0 8.2 9.0 6.8 AZ-GR 5.2 13.0 8.0 6.5 10.8 12.0
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 Table A.20 7-Day Compressive Strength. – Admixtures Study II –Supplementary Cementing Materials - Mortar
 15% Microfines + Supplementary Cementing Materials Comb.
 0% 20%-CFA 30%-CFA 30%-FFAr 30%-FFAb 5%-SF 5% SF + 25% CFA
 TR-TR 9308 8726 7799 5701 5989 GR-TR 9276 8246 7252 5668 6259 8657 8342 LS-TR 8990 8220 7440 5956 5812 IN-TR 9483 7994 7993 5967 5701 10140 7710 AZ-TR 9318 9069 7780 5930 5897 TR-GR 8722 7788 6761 5602 5764 GR-GR 8439 7278 6377 5827 6082 7758 6026 LS-GR 8312 7673 6739 6163 5509 IN-GR 8269 7592 6743 5395 6017 9390 6218 AZ-GR 8641 6846 6396 5679 5690
 Table A.21 28-Day Compressive Strength. – Admixtures Study II –Supplementary Cementing Materials - Mortar
 15% Microfines + Supplementary Cementing Materials Comb.
 0% 20%-CFA 30%-CFA 30%-FFAr 30%-FFAb 5%-SF 5% SF + 25% CFA
 TR-TR 12762 11429 10757 8270 8622 GR-TR 11437 11154 10273 8670 8921 12078 11170 LS-TR 11878 10694 10029 8198 8497 IN-TR 11277 10605 10642 8401 8016 11713 11026 AZ-TR 11582 11635 11499 7821 7666 TR-GR 11286 10657 9870 7880 8109 GR-GR 11061 9808 9158 7799 8087 10240 9025 LS-GR 10502 11425 10926 8526 8983 IN-GR 11090 9918 9693 7600 8630 11857 8508 AZ-GR 9997 9782 9682 7869 8818
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 Table A.22 56-Day Compressive Strength. – Admixtures Study II –Supplementary Cementing Materials - Mortar
 15% Microfines + Supplementary Cementing Materials Comb.
 0% * 20%-CFA 30%-CFA 30%-FFAr 30%-FFAb 5%-SF 5% SF + 25% CFA
 TR-TR 12762 12352 11979 8582 10014 GR-TR 11437 11411 10856 9974 10040 12703 12703 LS-TR 11878 11452 11045 9427 9833 IN-TR 11277 11292 11997 9808 9789 13115 13114 AZ-TR 11582 12666 12762 8814 9298 TR-GR 11286 12398 11237 7555 10192 GR-GR 11061 10321 10096 8774 9697 10978 10748 LS-GR 10502 12156 11576 9682 10517 IN-GR 11090 11875 10620 9246 9652 13157 10236 AZ-GR 9997 11502 10380 9538 9996
 * Strength at 28 days. For comparison.
 Table A.23 Grading of Coarse Aggregate for the Air Entraining Study – Admixtures Study II
 Size Percentage Retained
 1 ½ in. 0.0 1 in. 0.0 ¾ in. 10.0 ½ in. 50.0 3/8 in. 20.0
 N4 20.0 N8 0.0
 Table A.24 Grading of Fine Aggregate for the Air Entraining Study – Admixtures Study II
 Size 0% 15% N 4 0.0 0.0 N 8 18.0 15.3
 N 16 18.0 15.3 N 30 16.0 13.6 N 50 28.5 24.2 N 100 16.5 14.0 N 200 3.0 2.5
 MF 0.0 15.1
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 Table A.25 Grading of Coarse Aggregate for the Drying Shrinkage Study - Set 1 Admixtures Study II
 Size Percentage
 Retained 1 ½ in. 0.0 1 in. 0.0 ¾ in. 12.0 ½ in. 35.0 3/8 in. 23.0
 N4 30.0 N8 0.0
 Table A.26 Grading of Fine Aggregate for the Drying Shrinkage Study - Set 1 Admixtures Study II
 Size 0 % 5% 10% 15% 20% N 4 0.0 0.0 0.0 0.0 0.0 N 8 34.0 32.3 30.6 28.9 27.2
 N 16 23.0 21.9 20.7 19.6 18.4 N 30 22.0 20.9 19.8 18.7 17.6 N 50 12.0 11.4 10.8 10.2 9.6 N 100 8.0 7.6 7.2 6.8 6.4 N 200 1.0 1.0 0.9 0.9 0.8
 MF 0.0 5.0 10.0 15.0 20.0
 Table A.27 Grading of Coarse Aggregate for the Drying Shrinkage Study Set 2 Admixtures Study II
 Size Percentage Retained
 1 ½ in. 0.0 1 in. 0.0 ¾ in. 25.5 ½ in. 35.0 3/8 in. 14.0
 N4 25.5 N8 0.0
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 Table A.28 Grading of Fine Aggregate for the Drying Shrinkage Study Set 2 Admixtures Study II
 Size 0 % 7.5% 15% 20% N 4 0.0 0.0 0.0 0.0 N 8 26.4 24.4 22.4 21.1
 N 16 21.1 19.5 17.9 16.9 N 30 16.3 15.1 13.9 13.0 N 50 15.8 14.6 13.4 12.7 N 100 14.5 13.4 12.3 11.6 N 200 5.9 5.5 5.0 4.7
 MF 0.0 7.5 15.0 20.0
 Table A.29 Drying Shrinkage Results - Set 1 – Admixtures Study II
 14-Day 28-Day 56-Day 112-Day Mixture No Super Super No Super Super No super Super No super Super
 0% 0.018 0.018 0.026 0.023 0.033 0.033 0.043 0.041 TR-5% 0.020 0.020 0.026 0.027 0.036 0.036 0.047 0.046
 TR-10% 0.019 0.020 0.026 0.028 0.036 0.038 0.045 0.048 TR-15% 0.021 0.020 0.028 0.027 0.039 0.038 0.051 0.047 TR-20% 0.022 0.021 0.029 0.027 0.040 0.040 0.049 0.052
 Table A.30 Drying Shrinkage Results - Set 2 – Admixtures Study II
 14-Day 28-Day 56-Day 112-Day Mixture No Super Super No Super Super No super Super No super Super
 0% 0.017 0.017 0.026 0.026 0.038 0.038 0.047 0.048 LS-7.5% 0.019 0.020 0.029 0.028 0.040 0.039 0.053 0.050 LS-15% 0.020 0.018 0.030 0.028 0.040 0.038 0.053 0.049 LS-20% 0.021 0.019 0.031 0.027 0.042 0.036 0.049 0.045 GR-7.5% 0.024 0.020 0.032 0.031 0.038 0.039 0.055 0.051 GR-15% 0.022 0.020 0.031 0.030 0.038 0.039 0.052 0.054 GR-20% 0.021 0.023 0.033 0.032 0.040 0.043 0.050 0.055 TR-7.5% 0.017 0.018 0.027 0.033 0.040 0.043 0.049 0.054 TR-15% 0.018 0.016 0.029 0.026 0.041 0.036 0.053 0.047 TR-20% 0.019 0.016 0.030 0.027 0.043 0.037 0.055 0.045
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 Table A.31 Characteristics of Fresh Concrete – Proportioning Methods Study – Part I
 Proportions (lb/ cu. yd) Comb. MF Method w/c
 Water Cement FA CA CA/Agg
 PasteVolume
 (%) Slump
 (in.) Air (%)
 Unit Weight(lb/cu. yd)
 I-I ACI 0.41 289 704 1293 1716 0.57 31 8.0 1.8 149.3 A-A ACI 0.41 336 819 1134 1697 0.60 35 3.5 1.8 147.2 L-L ACI 0.41 345 842 1390 1420 0.51 36 3.5 1.5 146.1 L-I ACI 0.41 326 794 1136 1703 0.60 35 9.0 0.5 146.5 I-L ACI 0.41 326 794 1433 1403 0.49 35 6.5 N 146.2
 G-G ACI 0.41 352 859 1231 1529 0.55 37 5.0 1.4 149.5 L-L" LS ACI 0.41 341 832 1105 1674 0.60 36 2.5 1.4 145.9 I-L LS ACI 0.41 326 794 1280 1557 0.55 35 5.0 1.1 145.8
 G-G" GR ACI 0.41 408 995 834 1759 0.68 42 1.1 1.5 149.9 I-I ACI 0.68 289 425 1542 1716 0.53 25 7.0 1.5 147.3
 A-A ACI 0.68 336 494 1384 1697 0.55 29 2.3 1.5 143.7 L-L ACI 0.68 345 508 1641 1420 0.46 30 7.0 1.1 145.8 L-I ACI 0.68 326 479 1383 1703 0.55 29 9.5 0.5 147.9 I-L ACI 0.68 326 479 1681 1403 0.45 29 8.0 N 147.6
 G-G ACI 0.68 352 518 1498 1529 0.51 31 6.0 1.2 146.5 L-L" LS ACI 0.68 341 502 1353 1674 0.55 30 7-ns 0.8 146.5 I-L" LS ACI 0.68 326 479 1528 1557 0.50 29 8.0 1.2 145.1
 G-G" GR ACI 0.68 408 600 1116 1759 0.61 35 4.0 0.8 142.3 I-I Euro 0.41 289 706 1312 1689 0.56 31 6.3 N 149.4
 A-A Euro 0.41 336 851 834 1883 0.69 37 3.5 1.3 148.1 L-L Euro 0.41 345 842 903 1900 0.68 36 7.0 N 146.7 L-I Euro 0.41 326 794 1202 1625 0.57 35 8.0 N 147.2 I-L Euro 0.41 326 794 1018 1810 0.64 35 4.0 1.2 147.2
 G-G Euro 0.41 352 859 1049 1711 0.62 37 6.0 N 149.0 L-L" LS Euro 0.41 341 832 1056 1723 0.62 36 6.0 1 147.0 I-L" LS Euro 0.41 326 794 1050 1787 0.63 35 5.5 N 148.7
 G-G" GR Euro 0.41 408 995 1193 1400 0.54 42 2.3 1.7 148.0 I-I Euro 0.68 289 426 1417 1834 0.56 25 8.5 1.1 149.6
 A-A Euro 0.68 336 494 955 2126 0.69 29 7.0 1.5 148.0 L-L Euro 0.68 345 508 991 2065 0.68 30 6.5 N 146.5 L-I Euro 0.68 326 479 1310 1764 0.57 29 9.0 N 147.2 I-L Euro 0.68 326 479 1110 1965 0.64 29 9.5 0.5 145.7
 G-G Euro 0.68 352 518 1150 1876 0.62 31 5.5 0.7 148.4 L-L" LS Euro 0.68 341 502 1150 1877 0.62 30 ns 0.4 148.0 I-L" LS Euro 0.68 326 479 1141 1944 0.63 29 8.5 0.3 147.5
 G-G" GR Euro 0.68 408 600 1322 1553 0.54 35 7.0 0.7 148.6 I-I 18-8 0.41 289 704 1751 1283 0.42 31 6.5 2.0 146.5
 A-A 18-8 0.41 336 819 1592 1265 0.44 35 1.8 2.4 146.3 L-L 18-8 0.41 345 842 1572 1240 0.44 36 6.0 0.5 147.0 G-G 18-8 0.41 352 859 1651 1109 0.40 37 6.0 1.2 146.7 L-L" LS 18-8 0.41 341 832 1117 1475 0.57 38 5.0 3.5 143.0 G-G" GR 18-8 0.41 408 995 1224 1369 0.53 42 1.0 1.5 149.4
 I-I 18-8 0.68 289 425 1895 1389 0.42 25 6.3 2 146.0 A-A 18-8 0.68 336 494 1716 1363 0.44 29 3.0 2.5 141.9 L-L 18-8 0.68 345 508 1714 1350 0.44 30 6.8 0.7 145.4 G-G 18-8 0.68 352 518 1809 1217 0.40 31 3.5 1.7 145.9 L-L" LS 18-8 0.68 341 502 1304 1722 0.57 30 8.1 6 138.4 G-G" GR 18-8 0.68 408 600 1357 1518 0.53 35 7.0 1.3 146.8
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 Table A.32 Characteristics of Concrete Mixtures – Proportioning Methods Study-Part I
 Shilstone Results CPM Results Comb. MF Method w/c
 C.F. M.F. W.F. Zone Pack τ (Pa) υ (Pa.s) Slump I-I ACI 0.41 85 57 41 IV 0.853 2663 124 -0.5
 A-A ACI 0.41 59 57 39 II 0.832 2127 93 2.0 L-L ACI 0.41 85 63 49 IV 0.847 1944 85 2.8 L-I ACI 0.41 89 57 41 IV 0.846 2963 134 -1.9 I-L ACI 0.41 84 57 40 IV 0.856 2795 131 -1.1
 G-G ACI 0.41 72 59 41 IV 0.817 1798 72 3.5 L-L" LS ACI 0.41 90 58 41 IV 0.859 2055 93 2.3 I-L LS ACI 0.41 88 61 45 IV 0.880 2263 100 1.4
 G-G" GR ACI 0.41 79 58 36 I 0.835 1414 54 4.7 I-I ACI 0.68 84 57 38 I 0.847 904 46 7.5
 A-A ACI 0.68 57 56 35 II 0.833 622 22 9.3 L-L ACI 0.68 83 62 44 IV 0.844 546 18 9.7 L-I ACI 0.68 87 57 38 I 0.843 1022 53 6.8 I-L ACI 0.68 82 56 37 I 0.854 857 43 7.8
 G-G ACI 0.68 70 57 36 II 0.813 582 18 9.5 L-L" LS ACI 0.68 88 57 37 I 0.869 486 17 10.1 I-L" LS ACI 0.68 86 60 41 IV 0.879 522 20 9.9
 G-G" GR ACI 0.68 76 55 31 I 0.853 326 7 11.1 I-I Euro 0.41 85 58 42 IV 0.852 2670 123 -0.5
 A-A Euro 0.41 78 54 33 I 0.826 1505 72 4.1 L-L Euro 0.41 91 54 34 I 0.816 1732 86 3.8 L-I Euro 0.41 89 58 42 IV 0.845 2956 132 -1.9 I-L Euro 0.41 84 57 41 IV 0.856 2796 130 -1.1
 G-G Euro 0.41 76 56 36 I 0.818 1671 72 3.1 L-L" LS Euro 0.41 90 57 40 IV 0.853 2021 93 2.5 I-L" LS Euro 0.41 90 56 38 IV 0.871 1991 96 2.6
 G-G" GR Euro 0.41 73 63 46 IV 0.857 1887 65 3.1 I-I Euro 0.68 85 54 34 I 0.852 794 41 8.2
 A-A Euro 0.68 78 49 24 V 0.826 423 16 10.5 L-L Euro 0.68 91 50 26 V 0.817 507 24 10.0 L-I Euro 0.68 89 54 34 I 0.845 927 49 7.4 I-L Euro 0.68 84 54 33 I 0.856 786 41 8.2
 G-G Euro 0.68 76 51 27 V 0.818 480 16 10.1 L-L" LS Euro 0.68 90 53 31 I 0.853 480 19 10.1 I-L" LS Euro 0.68 90 52 30 I 0.871 456 19 10.3
 G-G" GR Euro 0.68 73 59 36 II 0.857 361 7 10.9 I-I 18-8 0.41 68 63 50 IV 0.853 2997 125 -2.7
 A-A 18-8 0.41 47 62 48 IV 0.818 2183 86 1.3 L-L 18-8 0.41 55 49 26 IV 0.789 1808 88 3.0 G-G 18-8 0.41 44 63 49 IV 0.776 2549 88 -0.5 L-L" LS 18-8 0.41 49 56 38 II 0.805 1890 84 2.7 G-G" GR 18-8 0.41 58 67 53 IV 0.848 2261 71 0.9
 I-I 18-8 0.68 68 60 42 IV 0.853 903 42 7.5 A-A 18-8 0.68 47 59 39 II 0.818 680 23 8.9 L-L 18-8 0.68 55 44 18 II 0.789 671 39 9.0 G-G 18-8 0.68 44 60 40 III 0.776 953 36 7.2 L-L" LS 18-8 0.68 49 52 29 V-II 0.805 646 28 9.1 G-G" GR 18-8 0.68 58 63 43 II-IV 0.848 426 8 10.5
 C.F. = Coarseness factor M.F. = Mortar factor W.F. = Modified workability factor (considering cement) Zone = Zone in the coarseness factor Pack = Predicted packing density of aggregates τ = Yield stress (Pa) µ = Plastic viscosity (Pa.s)
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 Table A.33 Compressive and Flexural Strengths – Proportioning Methods Study – Part I
 Compressive Strength (psi)
 Flexural Strength (psi) Comb. MF Method w/c
 7-d 28-d 7-d 28-d I-I ACI 0.41 5590 6810 712 760
 A-A ACI 0.41 5770 7690 715 866 L-L ACI 0.41 5620 6400 707 803 L-I ACI 0.41 5080 6800 668 868 I-L ACI 0.41 4930 5920 672 810
 G-G ACI 0.41 5520 6720 809 899 L-L" LS ACI 0.41 6150 8210 757 961 I-L LS ACI 0.41 5260 6490 806 854
 G-G" GR ACI 0.41 5990 7000 740 889 I-I ACI 0.68 2350 3760 491 656
 A-A ACI 0.68 2970 4250 519 629 L-L ACI 0.68 1890 2370 477 598 L-I ACI 0.68 2810 3590 544 687 I-L ACI 0.68 2200 2990 504 602
 G-G ACI 0.68 2620 3570 533 608 L-L" LS ACI 0.68 5470 5080 612 778 I-L" LS ACI 0.68 3060 3910 573 687
 G-G" GR ACI 0.68 2970 4470 524 621 I-I Europack 0.41 5040 6540 659 868
 A-A Europack 0.41 4570 6170 572 881 L-L Europack 0.41 4820 6030 590 730 L-I Europack 0.41 5580 7140 758 939 I-L Europack 0.41 5200 6410 764 753
 G-G Europack 0.41 5340 6870 841 891 L-L" LS Europack 0.41 6790 8430 854 908 I-L" LS Europack 0.41 5210 6110 788 856
 G-G" GR Europack 0.41 5040 6220 827 843 I-I Europack 0.68 2490 3630 393 609
 A-A Europack 0.68 1550 3380 435 564 L-L Europack 0.68 2170 2120 378 553 L-I Europack 0.68 2270 3090 573 666 I-L Europack 0.68 1450 2500 400 586
 G-G Europack 0.68 2280 2940 475 621 L-L" LS Europack 0.68 3290 4060 548 710 I-L" LS Europack 0.68 2430 3150 527 690
 G-G" GR Europack 0.68 3250 4360 495 616 I-I 18-8 0.41 5460 6860 767 836
 A-A 18-8 0.41 5460 7040 813 878 L-L 18-8 0.41 5690 6880 772 891 G-G 18-8 0.41 5610 7170 711 901 L-L" LS 18-8 0.41 5530 6580 843 901 G-G" GR 18-8 0.41 5420 6820 724 980
 I-I 18-8 0.68 3010 4420 472 616 A-A 18-8 0.68 2640 3550 530 563 L-L 18-8 0.68 2110 2750 515 673 G-G 18-8 0.68 2080 3070 499 616 L-L" LS 18-8 0.68 2590 3450 535 678 G-G" GR 18-8 0.68 3310 4430 504 709
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 Table A.34 Characteristics of Concrete Mixtures – Proportioning Methods Study Part II
 Proportions (lb/cu. yd) Mixture Description w/c
 Micro Fines
 (%) Water Cement Sand Coarse
 Paste volume
 (%) ACI-41 57-80-20 0.41 14 315 767 1905 1434 33 ACI-68 60-80-20 0.68 14 314 462 2193 1433 27
 ACI-100 61-80-20 1.00 14 368 368 2177 1376 29 C-1 57-20-80 0.41 14 314 767 1903 1436 33 C-2 43-20-80 0.41 14 316 770 1442 1912 33 C-3 43-80-20 0.41 14 316 770 1442 1912 33 C-4 40-80-20 0.68 14 317 465 1459 2189 27 C-5 40-20-80 0.68 14 317 465 1459 2189 27 C-6 60-80-20 0.68 14 315 462 2175 1450 27 C-7 60-20-80 0.68 14 315 462 2175 1450 27 C-8 40-30-70 0.41 14 263 659 1450 2175 28 C-9 40-70-30 0.41 14 263 659 1450 2175 28 C-10 60-30-70 0.41 14 262 655 2160 1440 28 C-11 60-70-30 0.41 14 262 655 2160 1440 28
 C-12 F-ash 40-30-70 0.41 14 262 655 1441 2161 29 C-13 F-ash 40-70-30 0.35 14 337 972 1206 1809 40 C-14 F-ash 60-30-70 0.41 14 260 651 2147 1431 29 C-15 F-ash 60-70-30 0.41 14 260 651 2147 1431 29
 Fill-1 Best filling 0.41 9 319 777 1697 1630 33 Fill-2 Best filling 0.41 8 318 777 1697 1630 33 Fill-3 Best filling 0.41 0 318 775 1981 1337 33 Fill-4 Best filling 0.41 0 319 777 1630 1699 33 Fill-5 Best filling 0.68 8 313 461 1843 1771 27 Fill-6 Best filling 0.68 0 316 464 1780 1860 27
 18-8-1 18-8 spec 0.41 2 324 789 1825 1555 33 18-8-2 18-8 spec 0.41 2 324 789 1825 1555 33 18-8-3 18-8 spec 0.41 0 318 776 1831 1492 33 18-8-4 18-8 spec 0.68 0 312 458 1942 1654 27
 D-1 TPM 1.00 14 395 395 1958 1495 31 D-2 TPM 0.68 14 385 566 1665 1665 34 D-3 TPM 0.58 14 385 671 1302 1942 36 D-4 TPM 0.50 14 388 773 1114 2028 38 D-5 TPM 0.41 14 400 969 626 2311 42 D-6 TPM 0.37 14 421 1135 287 2441 47
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 Table A.35 Fresh Concrete Properties – Proportioning Methods Study – Part II
 Mixture Description w/c Slump (in)
 Air (%)
 Unit Weight
 (lb/cu .ft) ACI-41 57-80-20 0.41 1.0 1.8 163.2 ACI-68 60-80-20 0.68 1.0 1.5 162.6
 ACI-100 61-80-20 1.00 4.5 0.7 159.9 C-1 57-20-80 0.41 0.5 2.0 163.0 C-2 43-20-80 0.41 0.0 1.5 164.7 C-3 43-80-20 0.41 0.3 1.0 166.2 C-4 40-80-20 0.68 1.3 1.8 165.2 C-5 40-20-80 0.68 0.0 1.3 161.2 C-6 60-80-20 0.68 0.3 1.7 162.9 C-7 60-20-80 0.68 0.3 1.5 163.8 C-8 40-30-70 0.41 0.3 N/A N/A C-9 40-70-30 0.41 0.0 N/A N/A C-10 60-30-70 0.41 0.3 N/A N/A C-11 60-70-30 0.41 0.3 N/A N/A
 C-12 F-ash 40-30-70 0.41 0.0 N/A N/A C-13 F-ash 40-70-30 0.35 0.0 N/A N/A C-14 F-ash 60-30-70 0.41 0.0 N/A N/A C-15 F-ash 60-70-30 0.41 0.0 N/A N/A
 Fill-1 Best filling 0.41 0.8 2.3 163.6 Fill-2 Best filling 0.41 1.0 N/A N/A Fill-3 Best filling 0.41 0.5 N/A N/A Fill-4 Best filling 0.41 1.8 N/A N/A Fill-5 Best filling 0.68 3.9 N/A N/A Fill-6 Best filling 0.68 5.0 N/A N/A
 18-8-1 18-8 spec 0.41 1.5 2.5 162.0 18-8-2 18-8 spec 0.41 1.8 N/A N/A 18-8-3 18-8 spec 0.41 1.5 N/A N/A 18-8-4 18-8 spec 0.68 1.2 N/A N/A
 D-1 TPM 1.00 7.5 0.3 158.8 D-2 TPM 0.68 6.3 0.5 161.0 D-3 TPM 0.58 7.0 0.5 161.1 D-4 TPM 0.50 5.0 0.8 161.4 D-5 TPM 0.41 4.0 0.8 161.7 D-6 TPM 0.37 3.3 1.2 161.2
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 Table A.36 Compressive and Flexural Strengths – Proportioning Methods Study Part II
 Compressive Strength (psi)
 Flexural Strength (psi) Mixture Description w/c
 7-d 28-d 7-d 28-d
 ACI-41 57-80-20 0.41 5854 7413 947 1177 ACI-68 60-80-20 0.68 3676 5045 669 835
 ACI-100 61-80-20 1.00 1239 2330 350 489 C-1 57-20-80 0.41 5862 7467 967 1158 C-2 43-20-80 0.41 6082 7914 960 1104 C-3 43-80-20 0.41 5348 7597 908 973 C-4 40-80-20 0.68 3268 4860 593 812 C-5 40-20-80 0.68 2593 3721 523 680 C-6 60-80-20 0.68 3828 5035 674 835 C-7 60-20-80 0.68 3366 4825 616 838 C-8 40-30-70 0.41 5883 6443 N/A N/A C-9 40-70-30 0.41 5420 6636 N/A N/A C-10 60-30-70 0.41 5952 7291 N/A N/A C-11 60-70-30 0.41 5919 7614 N/A N/A
 C-12 F-ash 40-30-70 0.41 6144 7947 N/A N/A C-13 F-ash 40-70-30 0.35 6741 9222 N/A N/A C-14 F-ash 60-30-70 0.41 5754 8044 N/A N/A C-15 F-ash 60-70-30 0.41 5806 8294 N/A N/A
 Fill-1 Best filling 0.41 5719 7531 N/A N/A Fill-2 Best filling 0.41 5212 7603 N/A N/A Fill-3 Best filling 0.41 5969 8348 N/A N/A Fill-4 Best filling 0.41 6039 8240 N/A N/A Fill-5 Best filling 0.68 3592 5198 N/A N/A Fill-6 Best filling 0.68 3447 5097 N/A N/A
 18-8-1 18-8 spec 0.41 6825 8383 N/A N/A 18-8-2 18-8 spec 0.41 5853 8220 N/A N/A 18-8-3 18-8 spec 0.41 5923 8590 N/A N/A 18-8-4 18-8 spec 0.68 2899 4353 N/A N/A
 D-1 TPM 1.00 1433 2416 405 565 D-2 TPM 0.68 3688 4953 600 752 D-3 TPM 0.58 4774 6048 695 824 D-4 TPM 0.50 4799 6178 768 706 D-5 TPM 0.41 5676 7185 750 988 D-6 TPM 0.37 5598 6395 805 996
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 Table A.37 Concrete Properties – Proportioning Methods Study – Part II
 Shilstone Results CPM Results Mixture w/c
 C.F. M.F. W.F. Zone Pack τ (Pa) υ (Pa.s) Slump ACI-41 0.41 53 55 36 II 0.860 3020 124 -2.8 ACI-68 0.68 53 52 30 II-V 0.863 690 29 9.0
 ACI-100 1.00 52 53 25 V 0.864 294 6 11.3 C-1 0.41 40 55 36 III 0.850 3292 129 -4.1 C-2 0.41 48 50 29 V 0.830 2767 122 -1.6 C-3 0.41 67 50 29 II-V 0.847 2426 115 0.1 C-4 0.68 69 44 19 V 0.840 594 30 9.4 C-5 0.68 50 44 19 V 0.823 739 38 8.5 C-6 0.68 53 52 30 II-V 0.863 675 28 8.9 C-7 0.68 38 52 30 V 0.852 777 32 8.3 C-8 0.41 53 44 23 V 0.846 6761 255 -19.4 C-9 0.41 66 44 23 V 0.839 5798 235 -15.0 C-10 0.41 41 52 34 III 0.829 24133 401 -104.8 C-11 0.41 51 52 34 II 0.836 21397 376 -91.6
 C-12 F-ash 0.41 53 45 23 V 0.846 2865 138 -1.4 C-13 F-ash 0.35 66 54 31 II 0.839 1289 45 5.4 C-14 F-ash 0.41 41 52 34 III 0.856 3453 136 -4.1 C-15 F-ash 0.41 51 52 34 II 0.863 3157 129 -2.8
 Fill-1 0.41 59 61 47 IV 0.875 3059 118 -2.9 Fill-2 0.41 59 61 46 IV 0.872 2856 113 -2.0 Fill-3 0.41 44 65 52 IV 0.845 3240 115 -3.8 Fill-4 0.41 59 59 44 IV 0.858 2272 98 0.8 Fill-5 0.68 59 58 38 II 0.872 642 25 9.1 Fill-6 0.68 59 56 35 II 0.858 607 24 9.4
 18-8-1 0.41 46 59 43 II 0.827 2317 97 0.6 18-8-2 0.41 46 59 43 II 0.827 2321 97 0.6 18-8-3 0.41 44 59 43 III 0.823 2539 104 -0.5 18-8-4 0.68 46 55 34 II 0.826 816 35 8.1
 D-1 1.00 44 53 26 V 0.853 244 3 11.6 D-2 0.68 48 52 27 V 0.846 336 8 11.0 D-3 0.58 54 50 25 V 0.828 420 13 10.5 D-4 0.50 56 50 25 V 0.817 552 21 9.7 D-5 0.41 63 50 22 V 0.771 1073 46 6.5 D-6 0.37 67 50 21 V 0.733 1843 70 2.9
 C.F. = Coarseness factor M.F. = Mortar factor W.F. = Modified workability factor (considering cement) Zone = Zone in the coarseness factor Pack = Predicted packing density of aggregates τ = Yield stress (Pa) µ = Plastic viscosity (Pa.s) Slump = Predicted slump (in)
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 Table A.38 Slump before Chemical Admixtures for Different Types and Amounts of Microfines – Optimization Study – Mortar
 Microfines - w/c = 0.41 Microfines - w/c = 0.57 Fine Aggregate 0% TR-15% GR-15% LS-15% 0% TR-15% GR-15% LS-15%
 TR 2.0 0.8 0.3 0.8 4.3 2.0 0.1 2.5 GR 0.3 0.1 0.0 0.3 0.4 0.4 0.1 0.5 LS 1.5 0.4 0.3 0.6 2.5 0.8 0.6 1.5 IN 3.8 0.9 0.4 1.0 4.8 2.8 1.3 3.1 AZ 0.8 0.1 0.1 0.4 1.3 0.8 0.1 1.0
 Table A.39 Flow before Chemical Admixtures for Different Types and Amounts of Microfines – Optimization Study – Mortar
 Microfines - w/c = 0.41 Microfines - w/c = 0.57 Fine Aggregate 0% TR-15% GR-15% LS-15% 0% TR-15% GR-15% LS-15%
 TR 128 92 78 97 150 114 108 132 GR 70 45 28 65 140 87 70 98 LS 114 81 65 80 150 120 87 90 IN 120 100 90 105 150 150 130 135 AZ 105 70 35 50 150 105 82 110
 Table A.40 7-Day Compressive Strengths for Different Types and Amounts of Microfines – Optimization Study – Mortar
 Microfines - w/c = 0.41 Microfines - w/c = 0.57 Fine Aggregate 0% TR-15% GR-15% LS-15% 0% TR-15% GR-15% LS-15%
 TR 9160 9308 8722 10041 12316 12762 11286 11927 GR 7969 9276 8439 9347 10709 11437 11061 10435 LS 9214 8990 8312 9625 10923 11878 10502 11432 IN 8269 9483 8269 9879 11233 11277 11090 11410 AZ 9121 9318 8641 10386 10201 11582 9997 12449
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 Table A.41 7-Day Compressive Strengths for Different Types and Amounts of Microfines – Optimization Study – Mortar
 Microfines - w/c = 0.41 Microfines - w/c = 0.57 Fine Aggregate 0% TR-15% GR-15% LS-15% 0% TR-15% GR-15% LS-15%
 TR 6095 5790 5792 6240 8887 8346 7410 8212 GR 4626 6238 5059 5741 6693 7333 6563 7560 LS 5428 6654 4975 5903 7889 8367 6612 7161 IN 5472 6450 5069 6301 7801 8515 7343 8220 AZ 5439 5556 4975 6440 7523 7907 7992 8419
 Table A.42 Grading of Coarse Aggregate for the Optimization Study – Concrete (Percent Retained)
 Size Percentage Retained
 1 ½ in. 0 1 in. 10 ¾ in. 50 ½ in. 20 3/8 in. 20
 N4 0 N8 0
 Table A.43 Grading of Fine Aggregate for Optimization Study - Concrete (Percent Retained)
 Microfines Size
 0 % 15% N 4 0.0 0.0 N 8 18.0 15.3
 N 16 18.0 15.3 N 30 16.0 13.6 N 50 28.5 24.2 N 100 16.5 14.0 N 200 3.0 2.5
 MF 0.0 15.1
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 Table A.44 Slump and Flow before Superplasticizer for Different Types and Amounts of Microfines - Optimization Study - Concrete
 Microfines – Slump (in) Microfines - Flow Plus N 200 0% TR-15% GR-15% LS-15% 0% TR-15% GR-15% LS-15%
 TR 0.9 0.0 0.1 0.3 22 2 9 3 GR 0.3 0.1 0.1 0.1 49 2 2 2 LS 1.0 0.1 0.1 0.5 114 53 53 66 IN 8.0 1.0 1.0 1.5 104 29 39 40 AZ 0.8 0.3 0.1 0.3 53 36 39 42
 Table A.45 Slump and Flow with Half of the Maximum Recommended Dosage of Superplasticizer for Different Types and Amounts of Microfines -Optimization Study - Concrete
 Microfines - Slump (in) Microfines - Flow Plus N 200 0% TR-15% GR-15% LS-15% 0% TR-15% GR-15% LS-15%
 TR 5.1 0.4 0.6 1.1 92 10 26 25 GR 3.4 0.9 0.3 1.1 89 13 7 31 LS N/A* 1.3 1.5 3.2 N/A* 60 87 112 IN N/A* 7.0 7.0 N/A* N/A* 70 80 N/A* AZ 7.8 0.8 0.5 1.7 125 65 47 74
 * Some mixtures for dosages less than half of the maximum reached very high slumps or flows
 Table A.46 Superplasticizer Dosage (oz/100 lb of cement) to Reach a 5-in. Slump for Different Types and Amounts of Microfines - Optimization Study - Concrete
 Microfines Plus N 200 0% TR-15% GR-15% LS-15%
 TR 4.8 11.3 11.1 8.7 GR 6.5 10.0 10.6 8.8 LS 2.4 8.2 8.2 6.5 IN 0.1 4.2 4.2 2.2 AZ 3.7 9.0 10.0 7.4
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 Table A.47 Concrete Characteristics- Optimization Study - Concrete
 CPM Results Shilstone Results Plus N 200
 Microfines Slump
 (in) τ (Pa) µ (Pa.s) Packing C.F. M.F. W.F. Zone
 TR 0% 1.35 2165 102 0.832 72 53 36 II TR-15% -1.73 2802 117 0.860 72 57 40 II-IV GR-15% -3.67 3203 129 0.858 72 57 40 II-IV LS-15% -0.83 2617 112 0.862 72 57 40 II-IV
 GR 0% -0.07 2459 110 0.825 72 53 36 II TR-15% -3.36 3140 125 0.854 72 57 40 II-IV GR-15% -5.61 3605 137 0.851 72 57 40 II-IV LS-15% -2.33 2927 119 0.855 72 57 40 II-IV
 LS 0% 2.37 1954 96 0.837 72 53 36 II TR-15% -0.48 2543 112 0.866 72 57 40 II-IV GR-15% -2.18 2896 122 0.864 72 57 40 II-IV LS-15% 0.31 2380 107 0.868 72 57 40 II-IV
 IN 0% 4.39 1408 77 0.865 72 53 36 II TR-15% 2.29 1971 96 0.889 72 57 40 II-IV GR-15% 1.00 2238 105 0.886 72 57 40 II-IV LS-15% 2.89 1847 92 0.891 72 57 40 II-IV
 AZ 0% 2.61 1905 93 0.842 72 53 36 II TR-15% -0.47 2541 111 0.869 72 57 40 II-IV GR-15% -2.21 2902 121 0.866 72 57 40 II-IV LS-15% 0.34 2375 106 0.870 72 57 40 II-IV
 Slump = Predicted slump (in) τ = Yield stress (Pa) µ = Plastic viscosity (Pa.s) C.F. = Coarseness factor M.F. = Mortar factor W.F. = Modified workability factor (considering cement) Zone = Zone in the coarseness factor
 Table A.48 Grading of Coarse Aggregate for the Optimization Study – Concrete – Effect of Grading (Percent Retained)
 Size Initial Slump Filling 18-8
 1 ½ in. 0.0 0.0 0.0 0.0 1 in. 0.0 0.0 0.0 0.0 ¾ in. 10.0 8.5 12.9 12.3 ½ in. 50.0 42.5 30.1 32.4 3/8 in. 20.0 28.3 20.1 21.6
 N4 20.0 20.8 36.8 33.7 N8 0.0 0.0 0.0 0.0

Page 374
                        

350
 Table A.49 Grading of Fine Aggregate for the Optimization Study – Concrete – Effect of Grading (Percent Retained)
 With Microfines Without Microfines Size
 Initial Slump Filling 18-8 Initial Slump Filling 18-8
 N 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 N 8 15.3 24.9 23.6 29.5 18.0 31.0 25.2 29.5
 N 16 15.3 19.1 19.7 20.1 18.0 23.8 18.4 16.4 N 30 13.6 5.7 15.8 18.8 16.0 7.1 14.8 16.4 N 50 24.2 15.3 14.4 10.7 28.5 19.0 14.8 14.8 N 100 14.0 15.3 14.4 8.0 16.5 19.0 14.8 13.1 N 200 2.5 0.0 0.0 0.0 3.0 0.0 11.9 9.8
 MF 15.1 19.7 12.0 12.8 0.0 0.0 0.0 0.0
 Table A.50 Grading of Entire Aggregate for the Optimization Study – Concrete – Effect of Grading (Percent Retained)
 With Microfines Without Microfines Size
 Initial Slump Filling 18-8 Initial Slump Filling 18-8
 ¾ in. 5.7 5.7 5.7 5.7 6.1 6.1 6.1 6.1 ½ in. 28.5 28.4 13.7 17.2 30.4 30.4 14.2 16.0 3/8 in. 11.4 19.0 9.1 11.4 12.2 20.3 9.4 10.6
 N 4 11.4 13.9 15.6 15.0 12.2 14.9 17.3 16.6 N 8 6.6 8.2 12.8 15.0 7.0 8.8 13.4 15.0
 N 16 6.6 6.3 10.7 10.2 7.0 6.8 9.8 8.3 N 30 5.8 1.9 8.5 9.5 6.3 2.0 7.9 8.3 N 50 10.4 5.1 7.8 5.4 11.1 5.4 7.9 7.5 N 100 6.0 5.1 7.8 4.1 6.5 5.4 7.9 6.6 N 200 1.1 0.0 0.0 0.0 1.2 0.0 6.3 5.0
 MF 6.5 6.5 6.5 6.5 0.0 0.0 0.0 0.0
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 Table A.51 Concrete Characteristics for the Optimization Study – Concrete – Effect of Grading
 CPM Results Shilstone Results Grading Micro
 fines Slump (in) τ (Pa) µ (Pa.s) Packing C.F. M.F. W.F. Zone
 Initial 0% 1.36 2163 102 0.832 72 53 36 II
 Slump 0% 2.05 2020 116 0.803 71 44 23 II-IV
 Filling 0% -2.83 3030 116 0.836 49 58 43 II-IV
 18-8 0% -1.30 2714 111 0.834 51 55 39 II-IV
 Initial 15% -1.70 2797 117 0.860 72 56 40 II
 Slump 15% 0.32 2378 118 0.843 71 48 29 II-IV
 Filling 15% -5.12 3505 127 0.851 50 61 47 II-IV
 18-8 15% -2.32 2925 120 0.841 53 56 39 II-IVSlump = Predicted slump (in) τ = Yield stress (Pa) µ = Plastic viscosity (Pa.s) C.F. = Coarseness factor M.F. = Mortar factor W.F. = Modified workability factor (considering cement) Zone = Zone in the coarseness factor
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 APPENDIX B
 Non ASTM Methods
 B.1 WET PACKING DENSITY OF MICROFINES AND CEMENTITIOUS MATERIALS
 The wet packing density of material passing the N 200 sieve can be determined by
 means of the Vicat test and the “thick paste” test. The last one is described and
 recommended by de Larrard [1999]. However, both methods yielded similar results and
 the “thick paste” state for microfines is difficult to define. For that reason the Vicat test
 was used in the study.
 The recommended procedure is the ASTM C 187 “Standard Method for Normal
 Consistency of Hydraulic Cement”, except that cement is replacement by the powder that
 is going to be tested. With the amount of water from the test, the packing density is
 calculated with Equation B.1
 mf
 mf
 wtotal
 solids
 SGWWV
 V
 +==
 1
 1φ (B.1)
 where: Ww = weight of water
 Wmf = weight of microfines or powder
 SGmf = Specific gravity of microfines or powder
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 B.2 PACKING DENSITY OF AGGREGATES
 Dry packing density of aggregates should be performed either in representative
 samples of the material or in fractions that have been previously washed. The packing
 density depends on the method of compaction. Dewar [1999] suggests using the loose
 packing density for the Theory of Particle Mixtures (TPM), de Larrard [1999] suggests
 using the vibrated-plus-pressure packing density for the Compressible Packing Model
 (CPM), and Andersen [1993] suggest using the rodded packing density according to
 ASTM C 29.
 Material can be in oven-dry or in saturated surface-dry material condition.
 Packing can be determined in a 0.10-ft3 container for fine aggregate and material passing
 the 3/8-in. sieve, and in a 0.25-ft3 container for both coarse aggregate and material
 retained in the 3/8-in. sieve and for fine aggregate and material passing the N4 sieve. The
 container should be rigid and should have an inside diameter at least five times the
 maximum size of aggregate.
 The packing density, α, is defined as the volume of solids in a unit volume. If a
 weight W of aggregate with specific gravity, SG, fills a container of volume Vc, α is:
 SGV
 WVV
 cc
 s ==α (B.2)
 The “wall effect” correction is made by means of Equation B.3 [de Larrard,
 1999].
 αα ])1(1[' pw Vk−−= (B.3)
 where α’ = packing corrected for wall effect
 α = measured packing
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 Vp = disturbed volume by the wall effect
 kw = constant that depends on particle angularity.
 kw = 0.88 for rounded particles
 kw = 0.73 for crushed particles
 Vp is calculated under the assumption that due to the wall loosening effect, the
 packing density is affected within a distance of d/2 from the wall, where d = mean
 diameter of particles. Then
 Vp = π/4 [D²H – (D-d)²(H-d/2)] (B.4)
 where D = Interior diameter of the container
 H = Interior height of the container
 Additionally, for the Compressible Packing Model, the virtual packing, φ, is
 calculated as:
 φ = α’ (1+1/K)
 where: K = index of compaction = 9 for vibrated-plus-pressure packing
 Compaction Methods
 Loose Packing
 The loose packing of coarse and fine aggregate can be determined following the
 BSI 812: Part 2, “Testing Aggregates: Methods of Determination of Density.” The
 relevant portions of the standard are the following:
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 Fill the container with the aggregate by means of a shovel or scoop; the aggregate
 should not be discharged from a height exceeding 50 mm (2 in.) above the top of the
 container. Take care to prevent, so far as is possible, segregation of the particle sizes from
 which the sample is composed. Fill the container to overflowing and remove the surplus
 aggregate by rolling a 16 mm (5/8-in.) rod across and in contact with the top of the
 container; any aggregate which impedes its progress should be removed by hand. Add
 aggregate to fill any obvious depressions. For 6 mm (N 4) aggregate or smaller, the
 surface may be struck off, using the rod as a straight edge. Then determine the mass of
 the aggregate in the container. Make two tests.
 Vibration-Plus-Pressure Packing
 A mass of dry aggregate is put in a cylinder having an diameter more than five
 times the maximum size of aggregate. A piston is introduced in the cylinder, applying a
 pressure of 10 kPa (1.42 psi) on the surface of the specimen. Then the cylinder is fixed on
 a vibrating table, and submitted to vibration for 2 min.
 Rodded Packing
 Following ASTM C 29, three layers of material are compacted with a 5/8-in. rod
 25 times each.
 B.3 THE METHYLENE BLUE ADSORPTION TEST [OHIO DOT, 1995]
 1. Scope
 This supplement covers the procedure for measuring the amount of potentially
 harmful fine material (including clay and organic material) present in an aggregate.
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 2. Equipment
 This test shall be performed in a Level 2 laboratory, containing the following
 additional equipment:
 • Amber colored burette, mounted on a titration stand, with sufficient capacity to
 completely perform the test
 • 3 suitable glass beakers or flasks
 • Magnetic mixer with stir bar
 • Balance, sensitive to 0.01 gram, of sufficient capacity to perform the test
 • 250 mm glass rod with an 8 mm diameter
 • Laboratory timer or stop watch
 • 75 µm (no. 200) sieve and pan
 • 1000 ml volumetric flask
 • Whatman No. 2 filter paper
 3. Reagents
 • Methylene blue, reagent grade, dated and stored for no more than four months in a
 brown bottle wrapped with foil in a dark cabinet, at lab temperature.
 • Distilled or deionized water at lab temperature.
 4. Procedure
 This test shall be performed on a sample(s) of material passing the 75 µm (No.
 200) sieve, taken from the washed gradation of a 2000 g sample of the individual or
 combined materials (as required). The washed sample is dried to a constant weight and
 mixed thoroughly. Three separate samples of 10 g (± 0.05g) each are taken. Each of these
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 samples is combined with 30 g of distilled water in a beaker by stirring with the magnetic
 stirrer until thoroughly wet and dispersed.
 One gram of methylene blue is dissolved in enough distilled water to make up a
 200 ml solution, with each 1 ml of solution containing 5 mg of methylene blue. This
 methylene blue solution is titrated stepwise in 0.5 ml aliquotes from the burette into the
 beakers containing the fine aggregate solution, while continually stirring the fine
 aggregate solution, keeping the fine aggregate in suspension. After each addition of the
 methylene blue solution, stirring is continued for 1 minute. After this time, a small drop
 of the aggregate suspension is removed and placed on the filter paper with the glass rod.
 Successive additions of the methylene blue solution are repeated until the end
 point is reached. Initially, a well-defined circle of methylene blue-stained dust is formed
 and is surrounded with an outer ring or corona of clear water. The end point is reached
 when a permanent light blue coloration or “halo” is observed in this ring of clear water.
 When the initial end point is reached, stirring is continued for five minutes and the test
 repeated to ascertain the permanent end point. Small additions of methylene blue solution
 are continued until the 5-minute permanent end point is reached. The number of
 milligrams of methylene blue is calculated by multiplying the number of milliliters of
 methylene blue (MB) by 5 mg/ml (ml MB × 5 mg/ml = mg MB).
 The methylene blue value (MBV) is reported as milligrams of methylene blue
 solution per gram of fine aggregate (e.g. MBV = 55 mg/10g or 5.5 mg/g). Multiple tests
 should be reported separately.
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 5. Notes
 • Certain clays will give poor results with this test. If so, soak the 75 µm (No. 200)
 sieve material in the distilled water at 90° C for three hours while stirring. Allow
 to cool to lab temperature before proceeding with titration.
 • With experience, the person performing the test can reach the end point more
 quickly by skipping early aliquotes.
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