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ABSTRACT 

 

ASTM C 33 limits the amount of microfine aggregate smaller than 75 μm (No. 200 

sieve) to be used in concrete.  In the past, it was believed that this fraction was clay and, 

therefore, a poor performer. This is not necessarily the case with manufactured fine aggregates.  

While work continues toward altering ASTM C 33 to allow a higher percentage of microfine 

aggregates, there is need for a method of determining whether these microfines will have 

deleterious effects or not.   

Fourteen aggregates were collected for evaluation in this study.  Methods of 

characterizing the microfines to determine their effects on concrete properties were developed in 

this study.  In addition to fully characterizing the aggregates using advanced techniques, simple 

tests for microfines that can be used as a criterion for their exclusion or inclusion were evaluated.  

For such a test to be meaningful there must be a strong correlation between its results and 

concrete performance.  Mortar and concrete mixes incorporating microfines from fourteen 

different aggregates are tested in this project for a variety of performance criteria.  This project 

fully characterizes microfines and evaluates simple tests for predicting performance in concrete. 
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CHAPTER 1: INTRODUCTION 

1.1 PROJECT BACKGROUND 

Manufactured fine aggregate (MFA) is being increasingly used in concrete as natural 

sand sources are depleted.  Because of the crushing process used to make MFA, it contains large 

amounts of dust of fracture, or microfines, defined as the material passing the No. 200 (75 μm) 

mesh.  In MFA these microfines are most likely smaller size fractions of the crushed aggregate, 

while in natural sands the microfines can be clays or other deleterious particles that harm the 

concrete. 

ASTM C 33 limits the amount of microfines that can be used in concrete based on the 

natural sand microfines, but previous research has shown that good concrete can be made with 

high MFA microfine contents (Ahn, 2000; Quiroga, 2003).  If some microfines can be included 

in concrete because they are shown not to be harmful, less MFA will have to be re-graded and 

fewer microfines removed and stockpiled.    

At this time it is not known what characteristics of MFA microfines make them usable in 

concrete while others are unusable.  Determining the effect that microfines with different 

characteristics have on concrete performance can lead to a better understanding of the function of 

microfines as a part of the concrete and the benefits or disadvantages that result from their 

inclusion. 

 

1.2 PROBLEM STATEMENT 

It is of interest to everyone in the concrete and aggregate industries to not only have a 

degree of tolerance but also to understand the benefits derived from fine particles in concrete.  

Primarily, time and money will be saved if aggregate producers do not have to sieve, remove, 

and stockpile this material.  Second, concrete performance may actually be improved by the 

carefully monitored inclusion of these particles. 
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It is unwise to categorically allow the use of all manufactured fine aggregate particles in 

concrete without a careful analysis of their characteristics and effects on performance.  Dust of 

fracture versus clay minerals in the very fine size fractions is a very important issue.  The 

mineralogy, size distribution, shape, and texture of these aggregates may all influence concrete 

properties.  It is important to develop a procedure to determine usability of microfines in 

concrete.   

Standard aggregate characterization techniques are inadequate for describing minus No. 

200 mesh size particles.  In order to characterize the minus No. 200 mesh material, more 

sophisticated techniques than those encompassed by the standard methods need to be used.  

Sophisticated techniques have the advantage of giving detailed information on the size, shape, 

and texture of particles.  The disadvantage is that analysis is time consuming and costly.   

Characterization results from the sophisticated analyses must have a satisfactory 

correlation with the results from a simple, inexpensive, consistent and reliable technique that can 

be employed outside of a high-tech scientific laboratory.  For this reason, several simple tests 

will also be explored with the goal that one will correlate well with sophisticated data and 

concrete performance data.  Concrete performance tests also need to be conducted to determine 

the effects of the different microfines.  The results of this testing will provide a basis for the 

development of guidelines for the inclusion or exclusion of particular microfines from concrete. 

  

1.3 OBJECTIVES 

The research objectives for this project are as follows: 

1. Fully characterize a selection of minus No. 200 mesh sieve size aggregates in terms of 

their mineralogy, size, shape, and texture.  Dust of fracture versus clay minerals in the 

very fine size fractions will be addressed. 

2. Investigate and develop simple tests for characterizing these fine aggregates (including 

manufactured sands and clay versus dust of fracture), the results of which correlate well 

with values of shape, size, and/or texture from the more sophisticated methods. 
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3. Develop a strong correlation between the physical characteristics of these aggregates and 

the properties of concrete and mortar, including fresh properties, strength, permeability, 

abrasion resistance, freeze-thaw resistance, and drying shrinkage. 

4. Evaluate the most promising aggregate characterization technique and provide guidelines 

for implementation. 

 

1.4 SCOPE OF THIS REPORT 

The scope of this report is to present the experimental methods and results from the 

sophisticated characterization tests, simple tests, and performance tests carried out on the 

microfine aggregates in the study.  In addition, effects of clays and their differences from dust of 

fracture are presented.  Information is divided into the following sections: literature review, 

materials, experimental methods, experimental results, data correlations, influence of clays, and 

summary and future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1  OVERVIEW OF MICROFINE INCLUSION IN CONCRETE 

Using microfines in concrete is attractive in part because of the large amounts that are 

produced and must be removed during aggregate gradation.  In the United States, it is estimated 

that over 100 million tons of fines are stockpiled as waste each year (Hudson, 2003). 

The current ASTM C 33 limits the material finer than 75 μm (No. 200) sieve to 3.0 

percent for concrete subject to abrasion and 5.0 percent for all other concrete.  There is an 

additional note for “in the case of manufactured sand, if the material finer than the 75 μm (No. 

200) sieve consists of dust of fracture, essentially free of clay or shale, these limits are permitted 

to be increased to 5 and 7%, respectively.”  This additional note indicates that there is a 

recognized difference between microfines from natural sands and therefore the limits are slightly 

increased.  As research continues, it is being shown that microfines can be successfully added to 

concrete at much higher percentages than those allowed in ASTM C 33 (Ahn, 2000; Quiroga, 

2003).  Some sands can be included and perform well in concrete with fines up to 20 percent 

passing the No. 200 mesh sieve.  This is true for fines that are free of deleterious clays and 

minerals (Hudson, 2002). 

One of the major differences in adding microfines to a concrete mix is the change in the 

water demand of the mix.  For the most part, concrete mixes with microfines need additional 

water to achieve the same workability as mixes with no microfines, but in some cases less water 

is needed.  According to a study done by Teychenne (1978), the majority of concrete mixes 

including 10 to 25 percent dust of fracture needed more water, although there were a few tests 

that had a decreased water demand. 

Higher levels of water reducers are usually required for manufactured aggregate 

concretes to achieve the same slumps compared to natural sand concretes, but no adverse effects 

have been found (Hudson, 2003).  Incorporating microfines into mixtures resulted in those 

mixtures having a relatively high water demand when a specific consistency or workability was 
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needed.  Previous studies showed that a mixture with no microfines needed water-to-cement ratio 

(w/c) = 0.49, and when 3.2% (of the total weight of aggregate) microfines were added, w/c 

increased to 0.62.  In this same study, when admixture was also used the w/c with microfines 

increased from 0.41 to 0.53 to achieve a similar slump.  The study indicates that the increase in 

water demand was proportional to the fines content (Abou-Zeid & Fakhry, 2003). 

Although most materials smaller than the No. 200 mesh increase the water demand of the 

concrete, some experimental results claim that these fine particles can act as a lubricant and 

enhance workability without a significant increase in the water demand for a given workability 

(Hudson, 2002).  Fillers such as microfines can have a positive effect on concretes, influencing 

both particle packing and physiochemical reactions in the interface zone (Kronlof, 1994).   

The angularity of the microfines may have an effect on the changing water demand of the 

concrete mix.  Natural sands usually have non-angular to spherical particles, while manufactured 

sands are angular, flaky, and elongated.  The characteristics of the aggregate influence the water 

demand of the concrete (Hudson, 2003).  Poorly shaped (i.e. high angularity or elongated) sands 

in concrete have a much greater total effect on concrete quality and workability than do poorly 

shaped coarse aggregates because of the relationship between particle size and surface-area-to-

volume ratio (Hudson, 2003).  When using irregularly shaped (non-spherical) manufactured fine 

aggregates, it has also been shown that including very fine mineral fillers can reduce the water 

requirement in superplasticized concrete.  The more irregular the microfine particles are shaped, 

the greater packing improvement microfines provide (Kronlof, 1994). 

Some positive effects of including fine fillers in mixtures are: smaller water requirement 

due to improved particle packing; increased strength due to smaller water requirement and 

improved interaction between paste and aggregate; decreased porosity; and better workability 

(Kronlof, 1994). 

The United States is not the only entity dealing with the dilemma presented by dust of 

fracture.  In fact, many countries including India, Australia, and Spain have all increased the 

allowable limit of microfines upwards of twenty percent for inclusion in concrete (Hudson, 
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2003). However, in order for the United States to increase the allowable limits on microfines, it 

is necessary to understand the effects that microfines have on concrete, which requires every 

characteristic of the microfine be understood.  Characteristics that can have an effect on concrete 

include size, shape, texture, and mineralogy.  A literature review of microfine aggregate 

characterization techniques and the effects of their inclusion in concrete have been undertaken 

and are presented in the remainder of this chapter. 

 

2.2 MICROFINE CHARACTERIZATION TESTS 

Laser particle size distribution has been shown in a round-robin test of different 

classification techniques to be the most accurate for determining particle sizes for cement, which 

is of similar size to microfine aggregates.  Laser size distribution was more accurate than 

hydrometer sizing, sizing through image analysis, sieving, and electrical zone sensing (Ferraris et 

al., 2002).  In this method, a laser is directed through particles dispersed in a gas (aerosol) or 

liquid (suspension).  These methods are commonly referred to as the “wet” method and “dry” 

method, and one can generally achieve a better dispersion using the wet method and an 

appropriately selected liquid medium (Ferraris et al., 2002).  Interpretation of the diffraction 

pattern from particle shadows gives information on particle sizes (Agrawal et al. 1991).  This 

technique can be used to grade particles as small as 0.4 to 3.5 μm up to 2 mm. 

Characterizing the mineralogy of the microfines can be done in several ways.  X-ray 

diffraction can be used to identify compounds and minerals present in powdered specimens such 

as microfines.  It can also be used to identify the presence or absence of clay.  Alternatively, 

scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) allows 

high resolution identification of elements and compounds present in prepared 2-D cross-sections 

of aggregate samples. 

In x-ray diffraction, x-rays are scattered by atoms in a pattern that indicates lattice 

spacing’s of elements present in the material being analyzed.  When the x-rays are in phase, they 

will give constructive interference and produce a wavelength peak in the x-ray diffraction 
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pattern.  By measuring the x-ray wavelengths over a wide range of angles, the interplanar 

spacing’s of the material can be found.  “In order to identify an unknown substance, the powder 

diffraction pattern is recorded with the help of a [diffractometer] and a list of [interplanar 

spacing’s] and the relative intensities of the diffraction lines are prepared.  These data are 

compared with the standard line patterns available for various compounds in the Powder 

Diffraction File (PDF) database” (Chatterjee, 2001).  This process can lead to a qualitative 

determination of the elements and compounds present in the substance analyzed. 

SEM coupled with EDS can be an effective tool for visually examining a particle that is 

too small to be seen under an optical microscope.  The SEM works by aiming an electron beam 

at the surface of the specimen.  When the electron beam strikes a solid object, the electrons are 

either scattered or absorbed; the collection of these responses is what forms the SEM image.  

Any electrically conductive object can be microscopically examined in this manner (Sarkar et al., 

2001).  EDS detects the elements present in a specimen based on the detection of x-rays emitted 

by that specimen.  Each element has a characteristic emission from the electron beam because of 

each element’s characteristic energy position.  The x-ray photons emitted by the specimen are 

collected by EDS and converted to a number of “counts” at each emission voltage.  “The total 

number of counts for a particular element is proportional to the amount of that element present in 

the object” (Sarkar et al., 2001). 

Magnified images taken with SEM can be analyzed to determine several factors that 

could possibly relate to the performance of microfines in concrete.  Several computerized image 

analysis techniques have been suggested that can quantify factors for aggregate images and 

possibly correlate those factors to some performance data (Masad et al., 2000; Masad et al., 

2001).   

Image analysis may be a good indicator of aggregate shape parameters because those 

results seem largely unaffected by particle orientation that can occur during sample preparation.  

Because of this possible orientation issue, image analysis of the size distribution of particles can 

be inaccurate (Persson, 1998).  Shape and angularity of particles have been found to influence 
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the void ratios of the overall material when it is cohesion less, as is the case with the microfines 

(Sukumaran & Ashmawy, 2001).  There are several methods of calculating the different image 

parameters. 

Some basic terms are often used to describe the morphology of a particle.  A good 

summary is given by Sukumaran and Ashmawy (2001). 

Shape or form, the first-order morphologic property, is used for the gross form of a 
particle, and is independent of angularity and surface roughness.  Angularity or 
roundness, the second-order property, reflects the number and sharpness of corners on the 
particle surface.  Surface texture or roughness, the third-order property, reflects the 
number, size and sharpness of the asperities along the particle surface and on the corners. 

Two-dimensional image analysis of three indices from one set of particles measured in 

the same plane has been shown to correlate well with uncompacted void contents of fine 

aggregate.  These three indices are form, roundness, and surface texture and can also be 

expressed as aspect ratio, angularity, and roughness (Kuo, 2002).  Equations 1-3 show the 

calculation of these indices.  Length and width are the maximum and minimum dimensions of 

the particles, while Perimeterconvex is the perimeter of the bounding polygon and Perimeterellipse is 

the perimeter of the bounding ellipse.  

 

 Aspect Ratio = 
Width
Length  (1) 

 Angularity = 
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⎠
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⎜⎜
⎝

⎛

convexPerimeter
Perimeter

 (3) 

“Aspect ratio will be close to 1 for equi-dimensional or spherical aggregates, and will 

have larger values for elongated and flat particles… The angularity for either a circle or an 

ellipse will be 1.  For angular particles, angularity will be larger than 1.  Therefore, larger values 

of angularity indicate a higher degree of angularity… Roughness will increase when the surface 

texture of the aggregate increases (and thus its perimeter) while having the same bounding 

polygon (and thus its Perimeter convex)” (Kuo, 2002). 
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Masad et al. (2005) describe the radius method for finding the particle shape properties 

using black and white images.  The radius method for calculating particle angularity measures 

the difference between the particle radius, Rθ, at each angle θ and the radius of an equivalent 

ellipse, REEθ, in accordance with Equation 4.   

 

 Angularity Index = ∑
=

−355

0θ θ

θθ

EE

EE

R
RR

 (4)  

Masad et al. (2005) also calculate the form index from a two dimensional particle in a 

similar manner.  They use the particle radius, Rθ, and an incremental angle change, Δθ, of 4°.  

Equation 5 defines form index calculated by this method. 

 

 Form Index = ∑
Δ−=

=

Δ+ −θθ

θ θ

θθθ
360
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 (5) 

Fourier analysis can be used to analyze the form, angularity, and surface texture of the 

aggregate shape using one general equation and simply changing parameters to determine which 

of the three characteristics to analyze.  The general function, R(θ) used to analyze the aggregate 

is as follows: 

 

  (6) ∑
∞

=

++=
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0 ))sin()cos(()(
n

nn nbnaaR θθθ

 The variables an and bn are Fourier coefficients and the periodic “function R(θ) traces out 

the distance to the boundary from a central point as a function of the angle θ, 0 < θ < 360° ” 

(Masad et al., 2005).  This series can be simplified when measuring R(θ) only at specified angles 

for each index parameter.  One such simplification defines the shape signature as measured at 4 

angles, the angularity signature as measured at 25 angles, and the surface texture signature as 

measured at 180 angles around the particle (Masad et al., 2005; Wang et al., 2004).   

In summary, the different shape parameters of form, angularity, and texture can be 

represented by the same Fourier series function but differ by the “frequency magnitude of the 

harmonics used to capture a particle boundary” (Masad et al., 2005).  An illustrative figure of 
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this concept is taken from Masad et al. (2005) and shown in Figure 2.1.  As the figure shows, the 

three particles all have essentially the same form signature number because of the overall similar 

circular shape.  However, particle B has a much higher angularity than particles A or C, and 

particle C has a higher texture signature reflecting the small changes in the surface that occur at 

much smaller intervals than those that occur for the angularity and form signatures. 

Figure 2.1: Analysis of Idealized Shapes with Different Surface Irregularities Using Fourier 
Series (Masad et al., 2005). 

Three-dimensional analysis of aggregates using x-ray tomography can also be done and 

may be applicable for classifying microfines if imaging indices indicate a correlation.  Presently, 

this 3-D analysis is being used for computational modeling of concrete rather than as stand alone 

variables for aggregate evaluation (Garboczi, 2002). 
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Differential Thermal Analysis (DTA) is an experimental method that can follow the 

changes in several properties in a material as a result of thermal changes.  In DTA the difference 

in temperature between the sample and an inert reference material such as αAl2O3 is recorded as 

they are both heated.  The temperature of the sample will lag behind the temperature of the 

reference material when an endothermic reaction occurs.  An example of this is the 

decomposition of calcite or the melting of a mineral (Ramachandran, 2001).  DTA data are often 

shown with temperature plotted on the x-axis versus the change in temperature on the y-axis.  An 

endothermic reaction shows up as a downward peak while an exothermic reaction is seen as an 

upward peak.  The DTA data from these plots can be used qualitatively and quantitatively by 

determining specific information about the peaks shown, such as the temperature of the peak, the 

nature (endothermic or exothermic) of the peak, the amplitude, etc.  Figure 2.2 taken from 

Ramachandran (2001) shows the characteristic peaks of several known impurities that may be 

harmful to concrete.  The presence of these constituents can cause durability problems.    
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Figure 2.2: DTA of harmful constituents in aggregates (Ramachandran, 2001). 
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2.3 MICROFINE SIMPLE TESTS 

Several simple tests exist that may help evaluate whether or not a microfine is appropriate 

to use in concrete.  Previously, ICAR Project 102 performed several simple tests to characterize 

the sands including specific gravity and absorption (ASTM C 128), wet sieve analysis (ASTM C 

117), methylene blue (ASTM C 837 modified), uncompacted void content (ASTM C 1252), and 

hydrometer particle size analysis (ASTM D 422), as well as some more sophisticated 

characterization tests.  Little statistical correlation was shown between these testing results and 

mortar and concrete performance (Hudson, 2003).  Additionally, ICAR Project 104 performed 

the simple tests: wet packing using the Vicat apparatus (ASTM C 187), the “single-drop” test 

(Bigas & Gallias, 2002), and Blaine fineness (ASTM C 204).  These simple tests are reviewed 

here and further explored for microfine classification in this study. 

The methylene blue test is based on the principle that “exchangeable inorganic cations, 

Ca+2, Mg+2, K+, and Na+, on the surface and interlayer positions in some clays, may be 

exchanged by methylene blue molecules” (Grattan-Bellew, 2001).  The methylene blue molecule 

is C16H18N3SCl.3H2O and has been shown to be a possible indicator for aggregate evaluation 

(Ahn, 2000; Quiroga, 2003; Grattan-Bellew, 2001).  The test immerses aggregate in a methylene 

blue solution and some of the methylene blue dye adsorbs to the clay in the aggregate in 

proportion to the interplanar d-spacing of the clay (Grattan-Bellew, 2001).  Several versions of 

this test exist.  The method we have used is specifically for the use in evaluating the harmful 

material present in aggregate fines passing the No. 200 mesh, AASHTO TP-57.  ASTM C 837 

also measures methylene blue absorption; however, it is intended more for clay than for crushed 

aggregate fines. 

A Blaine apparatus has been used to evaluate the specific surface area of microfines in a 

previous study by Abou-Zeid and Fakhry (2003).  This apparatus is commonly used to 

characterize the specific surface area of cement (ASTM C 204).  The study by Abou-Zeid and 

Fakhry (2003) used an unspecified “readjustment” to the ASTM method and found that the 

microfines had relatively high specific surface areas that were close to those associated with 
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portland cements.  Quiroga (2003) found that specific surface areas found with the Blaine 

apparatus and the surface area test using a nitrogen adsorption BET had little correlation.  

However, the Blaine surface area was linearly proportional to the surface area calculated with the 

mean diameter of particles obtained from a laser particle size distribution.  The Blaine surface 

area also had a good correlation with the wet packing density of microfines. 

A packing test that might indicate the water demand of microfines is the single-drop 

agglomeration test proposed by Bigas and Gallias (2002).  This is a simple and rapid test that is 

based on a “single water drop” and its capillary forces on microfines to form an agglomerate 

particle.  “The water–fine mineral ratio of the formed agglomerate is proportional to the water 

requirement of the fine mineral determined by standard tests for concrete components” such as 

the standard Vicat test (Bigas & Gallias, 2002).  This test has the added benefit of using only a 

small volume of microfine aggregate during the testing and the ability to test in various 

conditions (humidity, temperature) with little specialized equipment. 

The specification for the loose packing void content test, ASTM C 1252, determines the 

void content of a fine aggregate which is dependent on the shape and surface texture of the fine 

aggregate particles.  The problem with this test, however, is that you get one value that 

represents a combination of particle size distribution, surface texture, and shape (Hudson, 2003).   

The hydrometer settling test is primarily used for the analysis of soils.  Its simple nature 

and use of material passing the No. 200 (75 μm) sieve make it a possible crossover test that 

could be applicable to microfines.  Ahn (2000) indicates that this test is only applicable for 

particles larger than 30 μm.  The test is also based on Stokes’ law, which considers the terminal 

velocity of a single sphere falling in an infinite amount of liquid.  Therefore, particle sizes 

calculated in the method correspond to the diameter of spheres that would fall at the same rate as 

the soil particles. 

Sieving has been a traditionally used method for sizing particles.  However, image 

analysis has shown that there can be a large discrepancy between the axial dimensions found in 

image analysis and its sieve size.  For example, both a particle that is very elongated with a 200 
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μm dimension and a 75 μm dimension as well as a round 75 μm diameter particle could pass 

through a No. 200 (75 μm) sieve could although their overall sizes and shapes are very different 

(Fernlund, 1998).  While sieve analysis is useful, a more detailed image analysis can give a 

better overall picture of the aggregate that the sieve analysis cannot. 

 

2.4 PERFORMANCE TESTS 

Although fine aggregates with high dust contents are often considered inferior, several 

reported test results have indicated that the strength and other properties of concretes with high 

dust contents have generally been satisfactory (Teychenne, 1978). 

Fresh concrete properties of mixtures made with microfines led to several observations.  

Concrete mixtures made with microfines have higher densities than those made with the same 

w/c and no microfines.  However, using an excessive dosage of admixture with the mixes 

resulted in a drop in concrete density.  There was a small increase in the air content of mixes 

made using microfines over those with no microfines.  This may be due to entrapped air.  Water 

demand for mixes made with microfines increased over those made with no microfines as 

previously discussed in Section 2.1.  Slump measurements for mixes with fines indicated that for 

the same w/c ratio, mixes made with microfines had much less workability than those made 

without microfines (Abou-Zeid & Fakhry, 2003). 

Hardened concrete properties have indicated that there is an increase in compressive 

strength in concrete mixes incorporating fines, not using admixtures, and keeping a consistent 

w/c.  When the w/c is increased in order to maintain workability and slump, the compressive 

strength predictably decreases.  Also, at the same w/c, mixtures incorporating microfines had 

higher flexural strengths than concrete mixtures with no microfines (Abou-Zeid & Fakhry, 

2003).  In a recent study, most of the improvement in strength attributed to the microfines 

occurred at a relatively small addition of fines and did not change greatly at higher fines contents 

(Katz & Baum, 2005). 
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Results from Ahn (2000) indicate that “for fixed water-cement ratio most MFA concretes 

showed higher compressive strengths than the control batch. On the other hand, for fixed slump, 

the compressive strength of the control batch was higher than for most MFA concretes.”  For 

flexural strength, MFA concretes with 13, 17, and 20 percent microfines contents showed higher 

flexural strengths than that of the control batch. 

Including microfines may change the shrinkage properties of the concrete.  Drying 

shrinkage testing including silica fume in varying percentages along with changing the fine 

aggregate gradation were performed on several mortar samples.  It was found that silica fume 

addition increased the ultimate drying shrinkage, and that tests made with a wider gradation of 

sand from 0.30 to 2.36 mm rather than 0.60 to 1.18 mm decreased the drying shrinkage.  This 

was assumed to be because the larger aggregate particles restrained the mortar from shrinking 

(Rao, 2001). 

A study by Ahmed and El-Kourd (1989) indicated that the addition of microfines, called 

“dust” in their study, increased the shrinkage of concrete.  Seven concrete mixes were made and 

measured for over one year.  The final shrinkages measured at 330 days are shown in Figure 2.3, 

taken from Ahn (2000).  Increasing the amount of microfines increased drying shrinkage. 

The size of the microfines may have an additional impact.  Katz and Baum (2005) write, 

“ultra-fine material, smaller than ~5 μm, may lead to a significant reduction in concrete 

properties, mainly due to a significant increase in admixture demand.” 
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Figure 2.3: Effect of increasing dust content on shrinkage (Ahmed, 1989). 

Very few field studies have been done with concrete containing high volumes of 

microfines.  Vulcan Materials performed a study, entitled “The Plainfield Demonstration 

Project,” on the effect of using MFA in concrete along with the use of high amounts of 

microfines (Sanders, 2002).  It was found that the first high microfine mix (mix #2) needed a w/c 

of about 0.56 as opposed to the normal mixes which only needed a w/c of about 0.44.  It was also 

found that even though the high microfine mix exhibited lower strengths than the other mixes in 

the study, the strength still exceeded the 14 day strength requirement at 7 days.  The high 

microfine mix also had better freeze-thaw durability than the other mixes.     

In the Plainfield Demonstration Project, mix #2 did encounter problems with finishability 

and water demand.  However, it was primarily attributed to the high mortar factor inherent in the 

mix design.  Mortar factor is defined as the volume of mortar per volume of dry-rodded coarse 

aggregate.  According to results found in other countries, such as Spain and Portugal, high 

microfine concrete often requires a reduction in the amount of fine aggregate retained on the 
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#200 sieve (Sanders, 2002).  This course of action was taken in the second high-microfine mix 

(mix #3), which reduced the mortar factor of 0.90 in mix #2 to 0.72 in mix #3.  The water was 

also reduced from 0.56 in mix #2 to 0.47 in mix #3.  Mix #3 ended up being one of the easiest 

mixes to finish aside from the natural sand mix.  Mix #3 also outperformed all the other mixes in 

almost every performance category.  High-microfine concrete along with a proper mix design 

resulted in a high quality concrete (Sanders, 2002). 

 

2.5 GUIDELINES FOR MICROFINE INCLUSION IN CONCRETE 

The previous ICAR projects 102 and 104 have summarized some guidelines for including 

additional microfines in portland cement concrete.  ICAR 102 test results indicate that good 

quality concrete could be produced using many of the fine aggregates in the study at microfine 

levels of up to 18 percent, when chemical admixtures are used to increase the workability of 

concrete but keep it at a fixed w/c ratio.  Ahn (2000) believes that “a maximum amount of 

chemical admixtures should be determined by quality control testing to prevent adverse effects 

on the properties of concrete,” and thinks that the amount of chemical admixture needed will 

likely depend, in part, on properties of the microfines such as grading, particle shape, texture, 

etc.  Caution is recommended when using fine aggregate with high methylene blue values to 

produce concrete.  Ahn also suggests that different proportioning methods for concrete based on 

aggregate shape and texture as well as grading must be developed in order to properly design 

concrete using high levels of microfines. 

Based on testing results from ICAR 104, Quiroga (2003) recommends concrete 

proportioning a methodology based on ASTM C 211 that is modified for high fines MFA.  This 

proportioning method includes performing the following tests on microfines: methylene blue 

value, wet packing density using Vicat, Blaine fineness, and a size distribution test (either laser 

or hydrometer).  Determination of water and cement follows using ASTM C 211 guidelines.  The 

aggregate should then be proportioned according to the coarseness chart (Table 2.1 and Figure 

2.4) and the 0.45 power chart (Figure 2.5).  Recommended aggregate gradations for this study 
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also fell within the general limits of the “18-8” aggregate proportions chart (Figure 2.6).  When 

all of these limits are satisfied, a trial concrete mix should be made to determine if the 

proportions are correct to make a full scale mix. 

 

Table 2.1: Suggested Desirable Zones in the Coarseness Chart (Quiroga, 2003) 

Low Microfines (about 0%) High Microfines (about 15%) Type of Plus 

No. 200 No Super With Super No Super With Super 

Round II-a, II-b, II-c II-c II-a, II-b, II-c II-b, II-c 

Crushed II-a, II-b II-b, II-c II-a, II-b II-b, II-c 

 

Figure 2.4:  Coarseness Chart for Desirable Mixtures (Quiroga, 2003) 
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A Upper limit 

D Lower limit 

Figure 2.5: 0.45 Power Chart Limits for Mixtures with High Microfines (Quiroga, 2003) 

 

 

Figure 2.6: Size Distribution of Limiting Gradings with High Microfines (Quiroga, 2003). 
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Chapter 3: Materials 

3.1 AGGREGATE SELECTION 

For this study, a wide range of aggregates was desired in order to have as wide a range of 

microfine variability as possible.  Manufactured sands were targeted as the main focus of the 

aggregates obtained, with the possibility of one or two natural sands for comparison.  The 

mineralogies of the aggregates were also intended to be diverse and produce as much variability 

as possible.  This desire for variability resulted in testing fourteen aggregates that were donated 

from quarries across the United States and Canada.  Aggregate mineralogy information from the 

quarry, sources, and nomenclature to be used in this report are presented in Table 3.1 

 

Table 3.1: Aggregate Source Data 

Aggregate 
Identification Classification Source 

DL01 Dolomitic Limestone Ontario 
GN01 Gneiss North Carolina 
GR01 Granite Georgia 
GR02 Granite British Columbia 
GR03 Granite California 
HG01 Hornblende Gabbro North Carolina 
LS01 Limestone Michigan 
LS02 Limestone Ontario 
LS03 Limestone Texas 
MA01 Marble Maryland 
NS01 Natural Sand Pond Fines Ontario 
PF01 Limestone Pond Fines Ontario 
TR01 Basalt - Traprock Texas 
TR02 Diabase - Traprock Virginia 

 

With the exception of aggregates GR03, NS01, PF01, and TR01, all aggregates came as 

raw material directly from the quarry and the microfines smaller than 75 μm were not separated 

from the remainder of the sand fraction.  Granite aggregate GR03 did not come as raw material; 
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instead, it came from a post-processing operation at a quarry.  Also, GR03 was not a part of a 

larger sand fraction but was part of a very fine sand fraction.  Most of the particles that GR03 

was shipped with passed the No. 200 mesh, and all passed the No. 50 mesh.  NS01 consisted of 

natural sand washings and LS01 consisted of manufactured limestone sand washings, both of 

which were collected in settling ponds.  Several drums of those pond fines were collected and 

sent for testing.  Like GR03, they did not include larger size fractions of the fine aggregate as the 

remainder of the sands did.  The final exception is aggregate TR01, which was a leftover 

aggregate from ICAR Project 104 (Quiroga, 2003).  It was in raw material form and combined 

with a larger size gradation of manufactured traprock sand, but was not shipped directly from the 

quarry.  Instead, it was sitting in plastic drums at the University of Texas for a number of years. 

After completion of the initial portion of the study, which included only twelve 

aggregates, it was observed that the microfines not only performed very well, but differences 

were not very apparent in any performance criteria.  Therefore, it was necessary to procure poor 

performers for inclusion in the study.  Two more fine aggregates were obtained for use in the 

study.  LS03 is a limestone with high clay content.  Clay is in fact proven to be deleterious to 

concrete because of water demand and bonding issues.  GN01 is micaceous gneiss.  Mica is 

similar to clay minerals in the effect that water absorption is higher.  In fact, mica is part of the 

clay family.  However, a large quantity of the mica usually exists in the size fractions larger than 

microfines.  The limestone was received from the quarry as produced.  However, the gneiss, 

GN01, was dry-screened before it was received.  Both aggregates were then subjected to the 

same separation process as the other aggregates in the study. 

A standard fine aggregate and a coarse aggregate were chosen for use in the mortar and 

concrete performance tests.  By choosing control fine and coarse aggregates, the microfines were 

isolated as the only variable that was analyzed in this study.  The granite sand source that sent 

the microfine aggregate GR01 was also used for the fine aggregate control sand for the fraction 

greater than the No. 200 mesh.  This granite was a manufactured sand that has been used 
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successfully in the past as a fine aggregate in concrete.  The control coarse aggregate was a 

locally produced limestone that has been successfully used for making concrete in other studies.   

 

3.2 AGGREGATE PREPARATION 

The microfine aggregates smaller than the No. 200 mesh had to be separated from the rest 

of the manufactured fine aggregate in order to be used in the study.  Two methods of separating 

that size fraction were investigated: wet and dry sieving. 

For wet sieving, ASTM C 117 was followed.  This procedure consisted of immersing the 

fine aggregate in water, mixing it to suspend the smallest particles, and pouring the water with 

suspended microfines through a No. 200 sieve into a pan.  The pan collected all of the water and 

particles that would pass through the sieve.  Then the pan and its material was oven dried at 110 

± 5 °C until all of the water had evaporated.  The aggregate remaining in the pan was the 

microfine material. 

The dry sieving method followed ASTM C 136, Standard Test Method for Sieve Analysis 

of Fine and Coarse Aggregate.  This sieve method consisted of arranging a set of sieve screens 

by decreasing mesh sizes, with the bottom screen being a No. 200 mesh.  The fine aggregate was 

oven-dried to ensure that all particle clumps could be easily broken.  The fine aggregate was then 

shaken through the different screens, and the material that passed all the way through the bottom 

mesh was collected in a pan at the bottom and was the microfine material saved and tested. 

Both wet and dry sieving worked to produce microfines, but each method had its own 

drawbacks.  Wet sieving seemed to capture a larger amount of microfines per volume of fine 

aggregate, while during dry sieving some of the microfines seemed to “fly away” because of 

their dry nature and the shaking of the machine.  However, wet sieving was far more labor 

intensive than dry sieving and could not produce as high a quantity of microfines in the same 

time period as dry sieving.  Because of the large quantity of manufactured sand that needed to be 

sieved to separate out the microfines and time constraints on beginning the testing in this study, 
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dry sieving was chosen as the method of obtaining the microfines.  The microfines tested in this 

study were all collected with dry sieving.    

The manufactured granite control sand was shipped in the same manner as the microfine 

aggregates.  For this sand, it was necessary to remove the microfine fraction and keep the 

remainder larger than the No. 200 mesh.  The sand was washed over a No. 200 screen until the 

water running from the screen was clear of fines.  Then the sand was oven dried and dry sieved.  

It was collected and stored in different size fractions to simplify regrading for use in mortar and 

concrete tests.  Dry sieving the washed material also allowed for the removal and disposal of any 

remaining microfines that passed the No. 200 mesh. 

The limestone coarse aggregate was prepared by screening the aggregate into different 

size fractions and then washing the individual size fractions to remove fines.  For this aggregate, 

washing took place over a No. 8 mesh screen and therefore all fines were removed.  Washing the 

coarse aggregate before screening proved undesirable because the physical nature of the 

screening broke small particles off of some of the coarse aggregate, which needed rewashing as a 

result.  Coarse aggregate was stored in individual size fractions until it was re-graded for use in 

concrete. 

 

3.3 OTHER MATERIALS 

A Type I/II cement from TXI was chosen because it met the general purpose 

requirements of regular cement while providing compatibility with other ICAR projects.  Two 

different water reducing admixtures were used.  For the high microfine mortars, a mid-range 

water reducer (MRWR) was used – Degussa Polyheed 997.  For the concrete and clay-doped 

mortars, ADVA Flow superplasticizer was used.  Four concrete mixes were made containing air 

entraining admixture.  ADVA Darex II was chosen for its compatibility with the plasticizer used. 
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CHAPTER 4:  EXPERIMENTAL METHODS 

The experimental methods used in this project span four categories: characterization tests, 

simple tests, mortar tests, and concrete tests.  Characterization tests and simple tests were done 

on the microfines only, while microfines were combined with fine and/or coarse aggregate, 

cement, water, and admixtures for the mortar and concrete tests to determine behavior when 

combined with traditional concrete materials.  This chapter will describe the different tests used 

in each of the different categories, as well as explain any particular methods done for this project 

that were irregular. 

 

4.1 CHARACTERIZATION TESTS 

Characterization tests are classified as tests done on the microfines that need to be done 

in specialized facilities or with highly specialized equipment.  They are useful in research for 

determining exact characteristics of the microfine aggregates, but would not be able to be done in 

the field, in a quarry lab, or similar setting. 

 

4.1.1 Laser Particle Size Distribution 

A sample from each microfine was sent to the National Institute of Standards and 

Technology (NIST) for laser particle size analysis.  The microfines were suspended in water and 

a wet dispersion method was used.  The particle size of cement was also analyzed by suspending 

it in isopropanol and analyzed again using the wet dispersion method.  The dry dispersion 

method was evaluated, but the microfines “clumped” too much and wet dispersion was needed to 

separate the individual particles. 

 

4.1.2 X-Ray Diffraction 
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Powders of microfines were analyzed using the x-ray diffractometer seen in Figure 4.1.  

A small amount of microfines was put into an aluminum sample holder and the surface 

smoothed.  The holder was then placed into the x-ray diffractometer and analyzed from two-theta 

angles of 5 to 70 degrees.  The analysis was stepped at 0.04-degree increments and timed for a 

period of 3 seconds. 

 

Figure 4.1: X-Ray Diffractometer 

After x-ray analysis was complete, the scans were analyzed using Jade 7 – XRD Pattern 

Processing, Identification, & Quantification (Jade) software.  Using Jade, peak intensities at 

different angles were compared to a database of different minerals and compounds.  Compounds 

with peak intensities matching those of the scans were identified and determined to be 

compounds present in the microfines. 

 

4.1.3 Scanning Electron Microscopy 

Scanning electron microscope (SEM) imaging was performed on specially prepared 

microfine samples.  Using SEM enabled the microfines to be seen at higher resolution than 

possible with an optical microscope.  Images of each microfine sample were taken at 100x, 500x, 

and 1000x magnification. 
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Other SEM techniques and processes used that may be unique to this project are 

described in the sample preparation, energy dispersive spectroscopy, and image analysis 

subsections. 

 

4.1.3.1 Sample Preparation 

Microfines were suspended in a two-part Epotek 301 epoxy to stabilize them for SEM 

use.  First, the epoxy was mixed according to the manufacturer’s directions.  Then microfines 

were stirred into the mixture by adding small amounts at a time in order to ensure that particles 

were evenly coated with epoxy and to avoid large numbers of uncoated particles sticking 

together.  The microfine additions were stopped when the mixture reached a thick gel 

consistency, occurring when the total mixture was approximately 40% epoxy and 60% 

microfines by weight.  The mixture was then poured into a one-inch diameter sample cup, put 

under vacuum to remove air bubbles, and then the vacuum was released to minimize the size of 

any remaining air bubbles.  The sample was then cured undisturbed at room temperature for a 

minimum of 24 hours under normal pressure.   

After they were cured, the samples were removed from the sample holders and polished.  

First, a fresh surface was ground on the sample to expose the aggregate using 120-grit sandpaper.  

Grinding progressed with levels of higher grit sandpaper until reaching the 1200-grit size.  The 

sample was cleaned to remove all dust and monitored under an optical microscope.  If any major 

scratches and imperfections remained, the sample continued to be sanded with the 1200-grit 

paper.  If the sample had no large scratches, polishing continued with 6μm, 3μm, 1μm, and 

0.25μm diamond paste.  Samples were generally polished for three minutes on one size paste, 

then wiped with a clean cotton cloth and monitored under the optical microscope before moving 

on to the next smaller paste.  Samples had a shiny, mirror-like surface after polishing was 

complete. 
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Samples were then gold-palladium coated in order to provide a conductive surface for the 

SEM.  A piece of copper tape was added to each sample to continue the conductive surface down 

to the base of the sample before being inserted into the SEM.  Figure 4.2 shows the finished 

SEM samples mounted on the sample carrier and ready to be analyzed. 

 

Figure 4.2: Finished SEM samples mounted on sample carrier 

4.1.3.2 Energy Dispersive Spectroscopy 

Energy Dispersive Spectroscopy (EDS) was performed while images were taken with 

SEM to determine their composition.  When samples were at a magnification of either 500x or 

1000x, depending on the sample, several points were selected on the image and analyzed through 

EDS.  Using EDS at this large magnification ensured that any smaller particles analyzed would 

be accurately targeted.   

 

4.1.3.3 Image Analysis 

SEM images were analyzed using the program Image Tool Version 3.0 (IT3) developed 

by the University of Texas Health Science Center San Antonio (UTHSCSA).  First, the raw 

grayscale images taken at 500x magnification were thresholded in order to make the particle 

mass completely black and the suspending epoxy matrix completely white.  Then the image was 

cleaned up using erosion or dilation commands that would get rid of one stray black or white 
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particle surrounded completely by the opposite color.  The black and white image was compared 

to the original grayscale image to ensure that it was an accurate representation of the original 

before any analysis took place.  (Representative images are included in section 5.1.3.2.) IT3 was 

then used to find all of the black objects in the image, which were clusters of black particles 

separated by a space of white epoxy.  An area of 50 pixels was chosen as the minimum size that 

IT3 should count as an object.  After the different particles were found as objects, they were 

analyzed according to the program’s “Object Analysis” command, which found the following 

parameters: 

• Area – the number of pixels in the object 

• Perimeter – the number of pixels around the outside of the object 

• Major Axis Length – the longest dimension of the object 

• Minor Axis Length – the longest dimension of the object at a perpendicular angle 

to the major axis length 

• Elongation – the ratio of the major axis length to the minor axis length 

• Roundness – 4π x Area / perimeter2; the result gives a value between 0 and 1 with 

1 being a perfect circle and departing from a circular form as the ratio decreases 

• Feret Diameter – π/4 Area× ; the diameter of a circle having the same area as 

the object 

• Compactness – 
lengthaxismajor

Area
__
/4 π× ; measures an object’s circleness from 1 

(roughly circular) to 0, decreasing as the object becomes less circular.  

The same thresholded images used in the IT3 analysis were also analyzed by Eyad Masad 

at Texas A&M University to find form, angularity, and texture indices using a Fourier analysis.  

The Fourier analysis was not possible to perform using IT3 but is described in Section 2.2. 
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4.1.4 Differential Thermal Analysis 

Samples of each of the microfines were analyzed in a Simultaneous Thermal Analyzer 

(STA).  In the STA, both Differential Thermal Analysis (DTA) measuring the sample voltage 

changes and Thermogravimetric Analysis (TGA) were performed simultaneously on each 

microfine sample.  Small amounts of each microfine were put in an alumina crucible and heated 

from room temperature to 1200 °C.  Mass and voltage changes of the sample were monitored 

and compared to other properties of the microfines. 

 

4.2 SIMPLE TESTS 

For this project, simple tests are defined as tests that can be done on the microfines with 

relatively simple equipment in comparison to the characterization tests.   The tests in this 

category may need their own specialized equipment, but it is something that can be done in a 

general laboratory setting with minimal training. 

 

4.2.1 Methylene Blue Test 

The methylene blue test is a system for determining how much of a solution made from 

water and methylene blue will adhere to the microfines, which gives an indication of their 

surface area.  The test method followed was AASHTO TP57-99, Standard Test Method for 

Methylene Blue Value of Clays, Mineral Fillers, and Fines. 

Microfines and water were continuously mixed in a beaker while methylene blue dye was 

added in small increments.  A drop of the mixture was removed after each increment and tested 

by dropping it onto filter paper and determining whether a blue ring or “halo” formed around the 

sample.  The presence of the ring indicates that the sample can no longer absorb additional 

methylene blue dye and it has reached its endpoint.  After each incremental methylene blue 
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addition, the mixture was stirred for one minute before testing on the filter paper.  After the 

endpoint was reached, mixing continued for five minutes and the solution was then retested on 

the filter paper as dictated by the test method.  Additionally, a small amount of methylene blue 

dye was added after the endpoint was reached, the mixture stirred, and the drop tested on the 

filter paper again to make sure that the halo did not reabsorb and that the true endpoint was 

recorded.  

 

4.2.2 Blaine Fineness Test 

The Blaine fineness test, which measures the fineness of cement, was also used for 

microfine analysis.  ASTM C 204, Standard Test Method for Fineness of Hydraulic Cement by 

Air-Permeability Apparatus, was followed but microfines were substituted for cement as the test 

material.  The test method uses the Blaine air-permeability apparatus, as seen in Figure 4.3.  

Known weights of microfine samples were placed in a stainless steel cell of a known volume.  

The cell was inserted into the Blaine air-permeability apparatus and the amount of time for a 

specific quantity of air to flow through the cell (measured at fixed manometer liquid levels) was 

measured.  Several time measurements at different microfine porosities combined with the 

specific gravity of the individual microfine were used for the calculation for the specific surface 

of the test sample, as indicated in ASTM C 204.  The initial calibration of the cell and air-

permeability apparatus was done with certified standard cement, while the remainder of the tests 

and calculations on the microfines were carried out with the applicable instructions and 

equations for materials other than portland cement. 
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Figure 4.3: Blaine Air Permeability Apparatus 

4.2.3 Single Drop Test 

The single drop test was described by Bigas and Gallias (2002).  To run the test, a 0.20 

mL drop of water was dropped into a small pan containing the microfines.  The quantity of 

water, w, was weighed.  The water drop adhered to microfines in the pan and the agglomerate 

was removed.  The weight of the pan after the agglomerate removal was subtracted from the 

original weight of the pan with all of the microfines.  This gave the weight of the microfines that 

adhered to the water drop, f, and a ratio of w/f was found.  This test was repeated twenty times 

for each microfine in order to obtain an average value.  Figure 4.4 is a photograph of the original 

pan of microfines as well as the removed agglomerate for weighing. 
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Figure 4.4: Single Drop Test Materials 

4.2.4 Loose Packing 

The loose packing test was performed according to the standard guidelines for ASTM C 

1252, Standard Test Methods for Uncompacted Void Content of Fine Aggregate (as Influenced 

by Particle Shape, Surface Texture, and Grading) using the funnel and cylindrical measure seen 

in Figure 4.5.  It was used to find the loose uncompacted void content of the control sand and the 

microfine samples. 

33 



Figure 4.5: Loose Packing Test Setup 

The loose packing test was done with both Test Method B – Individual Size Fractions 

and Test Method C – As Received Grading.  Test Method B was performed on 190 grams of the 

microfine sample alone and not performed on the other size fractions of the standard sand.  Test 

Method C was done on a modified version of the as-received sand grading.  The control sand 

was combined with the microfines keeping the same control sand gradation for all of the samples 

and keeping the same microfine volume for each sample.  This entailed varying the mass of the 

microfine used in the samples because of the different specific gravities of the microfines.  The 

total mass for each sample was approximately 190 grams as specified in the ASTM standard, but 

had a slight variability due to the specific gravity differences.   Table 4.1 shows the sand and 

microfine gradation used for the loose packing tests. 
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Table 4.1: Loose Packing Sand Gradation Test Method C 

Fine Aggregate Gradation Weights (g) Sample 
#8 #16 #30 #50 #100 #200 microfines

Total 
Mass 

(g) 
Control 38.1 39.7 35.4 34.0 26.9 16.0 0.0 190.0 
DL01 32.4 33.7 30.1 28.9 22.9 13.6 32.7 194.2 
GR01 32.4 33.7 30.1 28.9 22.9 13.6 29.1 190.6 
GR02 32.4 33.7 30.1 28.9 22.9 13.6 31.8 193.3 
GR03 32.4 33.7 30.1 28.9 22.9 13.6 26.6 188.1 
HG01 32.4 33.7 30.1 28.9 22.9 13.6 34.1 195.6 
LS01 32.4 33.7 30.1 28.9 22.9 13.6 29.0 190.5 
LS02 32.4 33.7 30.1 28.9 22.9 13.6 32.2 193.7 
MA01 32.4 33.7 30.1 28.9 22.9 13.6 32.3 193.8 
NS01 32.4 33.7 30.1 28.9 22.9 13.6 32.1 193.6 
PF01 32.4 33.7 30.1 28.9 22.9 13.6 33.3 194.8 
TR01 32.4 33.7 30.1 28.9 22.9 13.6 34.3 195.8 
TR02 32.4 33.7 30.1 28.9 22.9 13.6 33.5 195.0 

 

When Test Method B was run with the individual microfine samples, the microfines often 

stuck to each other in the funnel and did not flow freely into the cylinder measure below.  In this 

situation, a slender metal tool was inserted into the funnel neck from below in order to get the 

microfines to fall freely from the funnel but prevent the effects of additional compaction from 

external forces as much as possible.  

 

4.2.5 Hydrometer Analysis 

The settling time of the microfines in a hydrometer was tested in order to determine the 

size distribution of microfine particles.  ASTM D 422, Standard Test Method for Particle-Size 

Analysis of Soils was followed for this analysis.  Microfines were added to a sodium 

hexametaphosphate and water solution and thoroughly mixed using ASTM Apparatus A and put 

in a one-liter glass sedimentation cylinder.  The settlement of the particles was monitored over 

the next 24 hours with hydrometer readings taken at seven or more intervals. 
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4.2.6 Specific Gravity 

A test to find the specific gravity of each aggregate was performed according to ASTM C 

128, Standard Test Method for Density, Relative Density (Specific Gravity), and Absorption of 

Fine Aggregate or ASTM D 854, Standard Test Method for Specific Gravity of Soil Solids by 

Water Pycnometer.  Two tests were used because of the form that the different microfines came 

in.  Many of the microfines came combined as a fraction of a MFA that included sands much 

larger in size than the microfines.  In this case, ASTM C 128 was used on the entire size fraction 

of sands.  For the remainder of the aggregates, the microfines came combined with much smaller 

size fine aggregates and ASTM C 128 provided inconsistent results due to problems with 

detecting the specific surface dry state of such fine particles.  In this case, ASTM D 854 - 

Method B for oven dry specimens was used with the fine material to find specific gravity.  

Absorption was simultaneously found as part of ASTM C 128. 

 

4.3 MORTAR TESTS 

Mortar tests were performed on all the microfine aggregates to see if these gave any 

indication of performance without requiring as much time and material as a full concrete mix.  

Each of the microfine aggregates was combined with the same granite control sand for the 

mortar mixes.  The gradation of the granite control sand was kept constant for all twelve mixes.  

The same Type I/II cement was used for all mortar mixes. 

Two sets of mortar tests were run; both kept the mortar flow on the flow table constant, 

but one set varied the water/cement ratio of the mortar mixes while the other set kept the 

water/cement ratio constant and varied the amount of chemical admixture added.  The admixture 

used in this set of mortar tests was mid-range water reducer, Degussa Polyheed 997. 
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4.3.1 Granite Control Sand 

The granite control sand was selected and processed as described in Sections 3.1 and 3.2.  

After washing and sieving, each size fraction was stored separately until it was re-graded for use 

in the mortar mixes. 

The control sand gradation used for the mortar mixes follows in Table 4.2.  The 

microfine GR01 has the same specific gravity as the control sand, therefore it is 15% by mass of 

the total sand gradation.  The masses of all other microfines vary according to their specific 

gravity because the volume of microfines was kept constant at 15% of the total sand in the mix.  

The microfine masses used in the mortar mixes follow in Table 4.3.  A control mortar mix was 

done with no microfines.  Its gradation is the same as shown in Table 4.2, but each size fraction 

was increased by 17.7% in order to increase the total sand to the amount used in the microfine 

mixes.  

Table 4.2: Control Sand Gradation for Mortar Mixes 

Retained on Sieve Mass (g) 
#4 41.3 
#8 421.5 
#16 438.3 
#30 391.0 
#50 375.5 
#100 297.1 
#200 176.4 

Pan (passes #200) See Table 4.3 Microfine Mass 
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Table 4.3: Microfine Specific Gravities and Masses for Mortar Mixes 
 

Microfine Aggregate Specific Gravity Mass (g) 
DL01 2.73 424.7 
GR01 2.43 378.0 
GR02 2.66 413.8 
GR03 2.22 345.3 
HG01 2.85 443.3 
LS01 2.42 376.4 
LS01 2.69 418.4 
MA01 2.70 420.0 
NS01 2.68 416.9 
PF01 2.78 432.4 
TR01 2.87 446.4 
TR02 2.80 435.6 

 

4.3.2 Mortar Mixing 

The mix design for the mortar specimens was different depending on whether the w/c 

was varied or the water reducing admixture was varied.  The mix designs for the two sets of tests 

follow in Table 4.4. 

 

Table 4.4: Mortar Mix Design 

Variable w/c Mortar Mixes Constant w/c Mortar Mixes 
• Combined control sand and 

microfine masses from Tables 4.3 
and 4.4 

• Cement = 1186 g 
• w/c varied according to flow 
• No admixture 

• Combined control sand and 
microfine masses from Tables 4.3 
and 4.4 

• Cement = 1186 g 
• w/c = 0.42 (498.1 g water) 
• Admixture varied according to flow 

 

The mortar specimens were mixed based on the procedure from ASTM C 305, Standard 

Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic 

Consistency.  Two different procedures were used depending on whether water reducer was 

added to the mix or not.  The mixing procedures follow in Table 4.5 and were based on 

procedures used by Quiroga (2003).  The difference between the mixing procedures in that 
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project and this one was when using the water reducer.  If the correct flow was not obtained on 

the first attempt, the batch of mortar was discarded and a new one made with a new amount of 

water reducer added to get the correct flow.  Adding water reducer to the existing mix in order to 

get the correct flow gave inconsistent results depending on the amount that needed to be added 

and over how many intervals it was added.   

 

Table 4.5: Mixing Procedures 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 ½ minutes and scrape 
sides of mixing bowl down during first 15 
seconds 

• Mix at medium speed for 1 minute 
 
Add water as required for flow 

• 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 

 

4.3.2.1 Mortar Flow Table 

The freshly mixed mortar was placed inside the mold and compacted according to ASTM 

C 1437, Standard Test Method for Flow of Hydraulic Cement Mortar.  The mold was removed, 

and the mortar met the required flow guidelines when 25 drops of the table resulted in a flow that 

was 110±5 percent of the original diameter.  The flow table used is shown in Figure 4.6. 
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Figure 4.6: Mortar Flow Table 

4.3.3 Compressive Strength 

Mortar compressive strengths were determined by testing 2-in. cubes according to ASTM 

C 109, Standard Test Method for Compressive Strength of Hydraulic Cement Mortars.  Three 

cubes were each tested at the ages of 24-hrs., 7-days, and 28-days.  They were tested in the test 

machine seen in Figure 4.7. 
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Figure 4.7: Test machine for mortar compression cubes 

4.3.4 Mortar Shrinkage 

Two mortar bars measuring 1-in. x 1-in. x 11 ¼-in. were cast for each specimen to 

measure drying shrinkage according to ASTM C 596, Standard Test Method for Drying 

Shrinkage of Mortar Containing Hydraulic Cement.  The specimens were moist cured in the 

molds for 24 hours, removed from the molds and immersed in lime-saturated water for 48 hours, 

then removed from the lime water.  After surface drying, their lengths were measured for the 

initial reading.  Specimens remained in air storage with a 50% relative humidity and controlled 

temperature of 73 °F for the remainder of the measurements.  Additional length measurements 

were taken at 7-days, 14-days, 21-days, 28-days, 56-days, and 112-days after casting. 

 

4.4 CONCRETE TESTS 

The following tests were performed on the concrete samples.  Several were done on the 

concrete immediately after mixing and before the concrete was set, the remaining tests were 

performed at 7-days, 28-days, or longer.  Concrete tests were all done with a water-cement ratio 
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0.50, and superplasticizer was added to each mix as needed to meet the target slump.  The 

superplasticizer used was ADVA Flow Superplasticizer (W.R. Grace & Co.). 

 

4.4.1 Concrete Mixes 

The aggregate gradation used was a result of using the 0.45-power chart, the coarseness 

chart, and the 18-8 chart as recommended by Quiroga (2003).  The gradation of the total 

aggregate is shown in Table 4.6.  The amount of microfines used was 7% of the total aggregate, 

or 15% of the fine aggregate.  Figures 4.8, 4.9, and 4.10 show where this gradation falls on the 

different gradation charts. 

 

Table 4.6: Aggregate gradation for concrete mixes 

Sieve Percent Passing 
1 100.0% 

3/4 91.8% 
5/8 83.2% 
1/2 74.0% 
3/8 56.7% 
1/4 47.5% 
N4 45.6% 
N8 35.7% 
N16 27.6% 
N30 19.8% 
N50 14.1% 
N100 9.6% 
N200 7.0% 
MF 0.0% 
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Figure 4.8: 0.45-Power Chart 
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Figure 4.9: Coarseness Chart 
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Figure 4.10: 18-8 Chart 

Concrete mix proportions used are located in Table 4.7.  The concrete samples were 

mixed based on the ASTM C 192, Standard Practice for Making and Curing Concrete Test 

Specimens in the Laboratory, mixing procedure that follows in Table 4.8 taken from Quiroga 

(2003).   

 

Table 4.7: Concrete mixture proportions 

Concrete Mixture Proportions 

1952 pounds/yd3 coarse aggregate (retained on #8 sieve) 

1086 pounds/yd3 fine aggregate (passing #8 sieve) 

658 pounds/yd3 Type I/II cement (7 sack mix) 

Water to cement ratio: 0.50 

Target slump: 6 ± 1 inches  
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Table 4.8 Concrete Mixing Procedure 

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 

 

4.4.2 Slump 

A slump of 6 ± 1 in. was chosen as the target slump for concrete mixes done in this study 

and was tested in accordance with ASTM C 143.  Because superplasticizer was being added in 

trial-and-error intervals to reach this slump, there are some samples that exceed the target slump. 

 

4.4.3 Air Content 

Air content was measured on the freshly mixed concrete according to ASTM C 138, 

Standard Test Method for Density (Unit Weight), Yield, and Air Content (Gravimetric) of 

Concrete.  The container used for this test had a 0.25 cubic foot capacity. 
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4.4.4 Unit Weight 

Unit weight of the freshly mixed concrete was determined using ASTM C 138, Standard 

Test Method for Density (Unit Weight), Yield, and Air Content (Gravimetric) of Concrete.  The 

container used for this test had a 0.25 cubic foot capacity. 

 

4.4.5 Rheology 

In addition to measuring workability by performing the slump test, the workability of the 

concrete was further measured using the rheometer developed in ICAR Project 105 (Koehler, 

2004).   The rheometer consists of a steel vane that sits vertically extending into a 1.8 cubic foot 

container of concrete.  The vane is then twisted mechanically and the shear and torque are 

measured electronically in order to determine the properties of the concrete.  After the rheometer 

tests were complete, the concrete was removed from the container and used in the molds. 

 

4.4.6 Compressive Strength 

Tests for compressive strength were performed according to ASTM C 39, Standard Test 

Method for Compressive Strength of Cylindrical Concrete Specimens.  Tests were performed at 

7-days and 28-days on three 4-in. x 8-in. cylinders.  The samples were cured in a moisture room 

with 100 percent humidity after demolding and until testing.  Samples were sulfur-capped prior 

to testing. 

 

4.4.7 Flexural Strength 

Tests for flexural strength were performed according to ASTM C 78.  These tests were 

performed at 7-day and 28-day ages for all samples.  In total, four 3-in. x 3-in. x 10-in. prisms 

were tested for each sample, two each at the 7-day and 28-day ages.  Before testing, the samples 
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were cured in a moisture room with 100 percent humidity.  Testing was done using the setup 

seen in Figure 4.11. 

Figure 4.11: Test setup for flexural strength 

4.4.8 Freeze-Thaw Durability 

The freeze-thaw testing program followed ASTM C 666, Standard Test Method for 

Resistance of Concrete to Rapid Freezing and Thawing, to determine the response of each 

concrete mix to repeated freezing and thawing cycles.  A 4-in. x 3-in. x 16-in. prism was cast 

during mixing operations for each sample for use in this test.  The freeze-thaw prisms began 

testing at the age of 30 days rather than 14 days as specified in ASTM C 666 due to scheduling 

and equipment conflicts.  Because they were consistently started at 30 days, the results of the 

testing are comparable across the samples run in this study, but may not directly compare to the 

same test in other studies.  The freeze-thaw chamber used for this project can be seen in Figure 

4.12.   

Samples were arranged randomly throughout the testing phase and rearranged after each 

measurement cycle.  Figure 4.13 shows the arrangement of specimens inside of the freeze-thaw 

chamber. 
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Figure 4.12: Freeze-Thaw Chamber 

Figure 4.13: Random Arrangement of Samples Inside Freeze-Thaw Chamber 

4.4.9 Permeability 

Permeability was measured according to ASTM C 1202, Standard Test Method for 

Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration.  A cylindrical 

specimen is immersed in sodium hydroxide solution on one end while the other end is immersed 

in sodium chloride.  An electric current is then passed through the specimen maintaining a 

voltage difference of 60 V.  The electric current passed is related to the permeability of the 

specimen. 
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Permeability specimens were cut from 4 in x 8 in cylinders.  The top quarter inch was cut 

off to avoid improper finishes in the specimens.  Two 2 in specimens were then cut from the next 

4 in of cylinder.  The bottom specimen was used for confirmation of the results from the top 

specimen.   

 

4.4.10 Abrasion 

With high amounts of microfines, it is often a concern that abrasion resistance is lowered 

due to the increased percentage of finer particles near the surface.  Concrete specimens were 

finished using a wooden float and were then subjected to abrasion according to ASTM C 944, 

Standard Test Method for Abrasion Resistance of Concrete or Mortar Surfaces by the Rotating-

Cutter Method, via the rotating cutter method at 90 days.  Three specimens per mix were abraded 

using a drill press under the normal loading scheme (98 N).  The specimens were abraded for 

two minutes each using a twenty four teeth grinder and then measured for mass loss.  The three 

results were then averaged to determine the relative abrasion resistance.   
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CHAPTER 5:  EXPERIMENTAL RESULTS 

Results from the characterization, simple, mortar, and concrete tests are all reported in 

this chapter.   Correlations between these test results are not described at this point, but are 

discussed in Chapter 6: Data Correlation. 

 

5.1 CHARACTERIZATION TESTS 

Characterization tests were performed at a variety of locations due to the specialized 

nature of the equipment needed for the tests.  All characterization tests took place on the 

University of Texas at Austin campus except for the laser particle size distribution test which 

took place at the NIST campus in Gaithersburg, Maryland as discussed in section 4.1.1 and some 

image analysis that took place at Texas A&M University as described in section 4.1.3.3. 

 

5.1.1 Laser Particle Size Distribution 

Results from the laser particle size distribution done at NIST follow in Table 5.1.  The 

parameters reported in the table are for d10, d50, and d90, meaning the diameter that 10 percent, 50 

percent, and 90 percent are smaller than, respectively.  The particle size distribution was also 

found for the cement used in the project.  Additionally, a specific surface area (SSA) value was 

calculated for each microfine by the particle size analyzer and is also reported in Table 5.1. 
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Table 5.1 Laser Particle Size Distribution Results 

Aggregate d10 (microns) d50 (microns) d90 (microns) SSA (m2/g) 

DL01 2.5 24.1 64.1 0.948 
GN01 6.5 37.1 86.4 N/A 
GR01 4.6 36.7 96.5 0.703 
GR02 2.6 24.0 64.6 0.359 
GR03 2.5 14.0 38.7 0.423 
HG01 5.1 37.8 87.3 0.632 
LS01 2.7 18.8 53.6 0.930 
LS02 3.1 28.9 71.0 0.752 
LS03 2.8 26.2 67.3 N/A 
MA01 4.0 35.5 82.7 0.286 
NS01 18.4 50.1 92.1 0.366 
PF01 8.0 39.7 80.5 0.456 
TR01 2.0 16.6 57.8 0.468 
TR02 3.8 35.2 90.0 1.544 

Type I/II 
Cement 

1.8 14.1 42.7 0.390 

 

The complete distributions of the particle sizes can be seen in Figure 5.1.  The data are 

split into several plots for ease of viewing.  These particle size distributions show that the 

majority of particles fall below the 75 μm size range, but most have some particles that are above 

this size fraction.  This can be explained by one of two reasons.  First, the sieve separation 

method of obtaining the microfines may have been flawed.  Perhaps the No. 200 screen used for 

separating the microfines was damaged and allowed for the passage of larger particles into the 

pan with the microfines.  Second, the larger particles may have one dimension that is longer than 

the other.  For example, a particle could be elongated and have one dimension that is 100 μm and 

a second that is 60 μm.  If oriented correctly, this particle could pass through the No. 200 screen 

and may be measured as a larger particle in the laser particle size analysis.  Regardless, all of the 

microfines used passed the No. 200 sieve in some manner.  The laser particle size distribution 

shows more clearly that there are size differences in these microfines that are not apparent to the 

naked eye or apparent by normal sieving practice.  The particle size distribution for the cement 

used for all of the mortar and concrete performance tests is shown on three of the graphs for 
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comparison purposes.  The y-axis, labeled “Differential (Percentage)” is the percentage of 

particles that make up each size fraction of particles. 
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Figure 5.1: Laser Particle Size Distribution (a) and (b) 
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Figure 5.1 cont.: Laser Particle Size Distribution (c) and (d) 

 

5.1.2 X-Ray Diffraction 

The results from x-ray diffraction show that a number of minerals are present in the 

microfines.  Each microfine was analyzed to match the peak intensities found for the individual 

angles to those for known minerals in a database.  A graph of one typical analysis is shown in 

Figure 5.2, where the microfine peak intensity data is shown on the top graph and the known 
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data is shown on the bottom.  Table 5.2 lists the minerals that matched x-ray intensities for each 

of the microfines.  X-ray diffractograms for all microfine samples are shown in Appendix A. 

Figure 5.2: Typical graph of microfine x-ray diffraction analysis 

PF01 peak 
intensities 

Matching dolomite 
peak intensities 
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Table 5.2: Minerals found with x-ray diffraction analysis 

Aggregate Mineral(s) 

DL01 Dolomite – CaMg(CO3)2
GN01 Potassicsadananagaite – 

(K,Na)Ca2(Fe,Al,Mg,Ti)5(Si,Al)8O22(O,OH,CL,F)24 
Tantalum Nitride – TaN 
Moganite – SiO2

GR01 Quartz – SiO2
Albite – NaAlSi3O8

GR02 Quartz – SiO2
Albite – NaAlSi3O8
Boron Nitride – BN 
Clinochlore-1Mllb – (Mg,Fe)6(Si,Al)4O10(OH)8

GR03 Quartz – SiO2
Ferroactinolite – Ca2Fe5Si8O22(OH)2
Nimite-1Mllb – (Ni,Mg,Al)6(Si,Al)4O10(OH)8
Cobalt Phosphate – Co2P2O7HG01 
Calcium Aluminum Silicate – Ca0.88$Xs0.12Al1.77Si2.23O8
Ferropargasite – NaCa2Fe4AlSi6Al2O22(OH)2

LS01 Calcite – CaCO3
LS02 Dolomite – CaMg(CO3)2

Strontium Chromium Oxide – Sr2CrO4
LS03 Calcite – CaCO3

Ankerite – Ca(Fe+2,Mg)(CO3)2 
Dolomite - CaMg(CO3)2
Minrecordite - CaZn(CO3)2

MA01 Dolomite – CaMg(CO3)2
Strontium Chromium Oxide – Sr2CrO4

NS01 Calcite – CaCO3
Quartz – SiO2
Manganese Bromide – MnBr2

PF01 Dolomite – CaMg(CO3)2
TR01 Calcite – CaCO3

Sodium – Na 
Nickel Vanadium Zirconium – Ni3VZr2

TR02 Graphite – 2H-C 
Calcium Bismuth Oxide – Bi1.09Ca0.91O2.55
Calcium Aluminum Oxide Sulfate – Ca4Al6O12SO4

  
Minerals in regular type are clearly indicated in XRD 
Minerals in italics are not as clearly indicated and may be present; 
peak matches are not readily apparent 

As can be seen, similar materials are signified by similar composition.  Granites (GR01, 

GR02, GR03) are composed primarily by quartz and various silicates.  Marble (MA01) is 
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composed primarily of dolomite which is an indication that a metamorphosis of dolomite took 

place to generate the marble.  The basalt or trap rock (TR01) contained calcite which commonly 

forms in veins in the locality where the rock was obtained.  The sample must have been primarily 

from a vein location to give such high indication of calcite.  The carbonates (DL01, LS01, LS02, 

LS03, PF01) were made up primarily of calcite and dolomite; however, they also contained 

strands of other carbonate minerals such as ankerite and minrecordite.  The natural sand (NS01) 

was primarily composed of quartz along with the presence of calcite.  The gneiss (GN01) 

contained secondary minerals in the amphibole group and also found traces of ferropargasite 

which is a more common mineral evident in gneiss.  The gneiss also showed signs of quartz with 

presence of moganite.  Tantalum also represents a common element present in this type of rock.  

The diabase or trap rock (TR02) contained graphite along with calcium oxides.  The mafic rock 

hornblende gabbro (HG01) showed no specific signs of primary minerals; however, the presence 

of ferropargasite is common in hornblende along with cobalt phosphate.  Both of these minerals 

were evident in the physical colors of the aggregate. 

The smallest particles are often where clays and other deleterious products often exist.  In 

order to determine if any of the microfines contained clay or other deleterious materials, samples 

containing only minus two micrometer particles were extracted using a sedimentation cylinder 

like that used in the hydrometer test to be discussed later.  Samples were removed from the top 

of the sedimentation cylinder after six hours of settling.  The water filled with microfines < 2 μm 

was then placed on a glass plate and left to dry.  These samples were then exposed to the x-ray 

diffractometer.  The results from these tests are in Table 5.3. 
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Table 5.3: X-ray Diffraction Analysis of Minus Two Micrometer Material 

Aggregate Mineral(s) 

DL01 Dolomite – CaMg(CO3)2 
Minrecordite – CaZn(CO3)2

GN01 Calcium aluminum hydroxide hydrate 
Tantalum carbide sulfide 

GR01 Quartz – SiO2
GR02 Clinochlore-1Mllb – (Mg,Fe)6(Si,Al)4O10(OH)8

Nimite - 1Mllb – (Ni,Mg,Al)6(Si,Al)4O10(OH)8
Quartz – SiO2

GR03 Clinochlore-1Mllb – (Mg,Fe)6(Si,Al)4O10(OH)8
Nimite-1Mllb – (Ni,Mg,Al)6(Si,Al)4O10(OH)8
Nimite-1Mllb – (Ni,Mg,Al)6(Si,Al)4O10(OH)8 
Clinochlore-1Mllb – (Mg,Fe)6(Si,Al)4O10(OH)8

HG01 

LS01 Calcite – CaCO3
LS02 Dolomite – CaMg(CO3)2

Minrecordite – CaZn(CO3)2
LS03 Calcium Manganese Oxide 

Zeolite 
Clay 

MA01 Dolomite – CaMg(CO3)2
Calcite – CaCO3 
Minrecordite – CaZn(CO3)2

NS01 Calcite – CaCO3
Quartz – SiO2

PF01 Dolomite – CaMg(CO3)2
TR01 Calcite – CaCO3
TR02 Clinochlore-1Mllb – (Mg,Fe)6(Si,Al)4O10(OH)8

Nimite-1Mllb – (Ni,Mg,Al)6(Si,Al)4O10(OH)8
  
Minerals in italics are micaceous 

The minus two micrometer fractions of GR02, GR03, HG01, TR02 all contain minerals 

in the chlorite group.  These particular minerals are micaceous.  Mica, along with clays, is part of 

the phyllosilicates class of minerals.  The inclusion of mica has been found to have undesirable 

effects on the performance of concrete.  However, the effect is primarily dependent on the type 

of mica rather than how much mica is present (Muller, 1971).  LS03 is composed of clays and 

zeolite.  The structure of both clays and zeolite allow for increased absorption of water.  

Although the particular clay mineral in LS03 could not be identified, Figure 5.3 shows a definite 
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clay peak at approximately 2θ = 7°.  Diffraction patterns for the minus two micrometer samples 

are in Appendix A. 

 

 

Figure 5.3: X-ray diffractogram of LS03 (minus two micrometer sample) 

5.1.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) imaging was used to take pictures of the microfines 

magnified at several levels.  Figures 5.4-5.6 are images of different microfines taken at 100x, 

500x, and 1000x magnification. 
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Figure 5.4: SEM Image of GR01 at 100x magnification 
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Figure 5.5:  SEM image of MA01 at 500x magnification 
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Figure 5.6: SEM image of LS01 at 1000x magnification 

Each magnification serves a different purpose.  The image taken at 100x magnification is 

intended to determine whether there are a sufficient number of particles in the SEM sample and 

whether they are adequately separated from one another by the epoxy matrix.  The image taken 

at 500x magnification was used in the image analysis programs to quantify characteristics such 

as form, angularity, and texture for the different microfines.  The 500x magnification was 

sometimes used in EDS analysis (see sections 4.1.3.2 and 5.1.3.1).  The image taken at 1000x 

magnification was also used for EDS analysis of the smallest particles.  SEM images taken at 

500x magnification for all microfines are shown in Appendix B. 

 

62 



5.1.3.1 Electronic Dispersive Spectrography 

The results from EDS analysis indicate the presence of different elements in selected 

particles on the SEM image.  Figure 5.7 shows a typical image and the particles selected for 

analysis by EDS.   

Figure 5.7: SEM image used for analysis of MA01 using EDS 

The elements found in the EDS analysis of each microfine sample follow in Table 5.4.  If 

the element is located in parentheses with the word “trace,” EDS indicated that this element 

never made up more than one percent of the mineral when it was found.  Where gold (Au) was 

found in the mineral, it is as a result of the gold-palladium coating operation done in sample 

preparation and is not an element present in the microfine.  The automated EDS analysis done by 

this particular instrument also indicated a higher presence of tungsten, W, than was actually 

present.  In most cases, tungsten was not present in the microfines although it may be indicated 

in Table 5.4. 
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Table 5.4: Elements found in EDS Analysis 

Aggregate Elements found in EDS 

DL01 C, O, Mg, Ca, Au  
(Al, Si trace) 

GR01 O, Mg, Si, Ca, Fe, Na, Al, C, Ti  
(S trace) 

GR02 O, Al, Si, Ca, W, Mg, Na, C, Nb, Au 
GR03 O, Mg, Si, Ca, Al 
HG01 O, Mg, Al, Si, Na, Ca, W, C 
LS01 C, O  

(Na, Mg, Ni, Cu, Cl trace) 
LS02 C, O, Mg, Ca, Al, Si, K, W  

(Na trace) 
MA01 Ca, Pd, C, O, Ca, Mg, Al, Si, K, W, Pu, Au 
NS01 Ca, Pd, C, O, P, Zr, Mg, Al, Si, Fe, Au  

PF01 
C, O, Mg, Ca, P  

(Si, Cl trace) 
TR01 C, O, Mg, Si, W, Ca, F, P, Zr, Ti, Fe, Na, 

Al, Ra, Au  
(Nb trace) 

TR02 Mg, Al, Si, Pd, O, K, C, Na 
 
* GN01 and LS03 were not analyzed by SEM and EDS 

 

5.1.3.2 Image Analysis 

The 500x magnification SEM images were thresholded before they were analyzed using 

IT3 (see section 4.1.3.3).  Instead of the raw grayscale image, the microfine particles were turned 

solid black and the epoxy matrix was turned white.  Figure 5.8 shows examples of the grayscale 

image and the thresholded image.  The basic form, shape, and size of all the particles were kept 

intact, but the image was completely partitioned into black pixels for the microfines and white 

pixels for the matrix. 
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Figure 5.8: SEM image (a) and thresholded image (b) of TR01 

The analysis from IT3 done on the thresholded image produced a large amount of data.  

Table 5.5 presents both the average factors calculated for each microfine as well as the range of 

 

a) 

 

b) 
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each factor.  Table 5.6 presents additional image data from image analysis done by Eyad Masad 

at Texas A&M University.  The first three columns (form, angularity, and aspect ratio) were 

found using the form index and radius method (see section 2.2).  The last three columns, shape, 

angularity, and texture were found using a Fourier analysis.  Additional graphs showing the 

Fourier analysis are located in Appendix A.  Images of GR03 were not adequate to get a good 

distribution of data, so that microfine is not included in this table.  GN01 and LS03 were not 

examined by SEM, so they are not included in these analyses. 

Table 5.5: Image analysis output data from IT3 

Sample Elongation Roundness 
Feret 

Diameter Compactness 

Mean 2.12 0.46 25.6 0.69 DL01 Range 1.09-6.06 0.10-0.98 7.9-153.8 0.36-0.99 
Mean 2.29 0.33 28.7 0.65 GR01 Range 1.04-9.63 0.05-0.84 7.8-261.5 0.31-0.94 
Mean 2.25 0.59 24.2 0.70 GR02 Range 1.09-8.90 0.16-1.07 7.9-323.8 0.13-0.98 
Mean 2.43 0.48 26.8 0.66 HG01 Range 1.00-7.30 0.12-0.91 7.9-278.0 0.36-0.96 
Mean 1.79 0.39 25.0 0.73 LS01 Range 1.00-5.49 0.07-0.78 7.9-288.6 0.37-0.94 
Mean 1.97 0.40 21.3 0.70 LS02 Range 1.07-4.95 0.09-0.82 7.7-215.3 0.38-0.99 
Mean 2.02 0.62 35.0 0.73 MA01 Range 1.10-5.91 0.18-1.05 8.0-276.4 0.46-0.95 
Mean 1.86 0.51 52.1 0.72 NS01 Range 1.00-6.09 0.11-0.91 8.7-247.7 0.34-0.96 
Mean 2.04 0.60 28.3 0.71 PF01 Range 1.07-6.49 0.11-1.14 8.1-184.9 0.36-0.99 
Mean 1.95 0.66 24.4 0.74 TR01 Range 1.05-9.24 0.20-1.10 7.9-272.5 0.38-1.01 
Mean 2.91 0.54 26.5 0.64 TR02 Range 1.10-16.64 0.07-1.11 7.7-265.2 0.24-0.99 
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Table 5.6: Image analysis from other analytical methods 

Sample Form Angularity Aspect 
Ratio 

Fourier 
Form 

Fourier 
Angularity 

Fourier 
Texture 

Mean 5.32 8.53 2.05 0.1782 0.0215 0.0008 
DL01 Range 2.45-15.99 3.63-16.16 1.20-5.38 0.0165-

0.8610 
0.0022-
0.0831 

0.0001-
0.0052 

Mean 4.99 8.87 2.13 0.1884 0.0346 0.0010 
GR01 Range 1.42-16.15 2.55-21.44 1.05-

11.74 
0.0029-
1.4610 

0.0013-
0.7850 

0.0000-
0.0186 

Mean 5.03 8.15 2.31 0.2177 0.0230 0.0009 
GR02 Range 2.89-9.06 3.18-15.38 1.13-4.47 0.0330-

0.6276 
0.0029-
0.0866 

0.0001-
0.0061 

Mean 4.66 8.21 2.43 0.2414 0.0268 0.0006 
HG01 Range 2.79-8.71 4.33-16.03 1.16-5.58 0.0096-

1.2307 
0.0030-
0.1078 

0.0001-
0.0032 

Mean 5.36 9.61 1.79 0.1393 0.0194 0.0008 
LS01 Range 2.40-14.76 3.89-19.19 1.03-4.05 0.0107-

0.6434 
0.0027-
0.0863 

0.0001-
0.0057 

Mean 4.21 7.89 1.70 0.1061 0.0142 0.0004 
LS02 Range 2.52-11.24 4.36-19.23 1.18-3.15 0.0230-

0.4754 
0.0032-
0.0406 

0.0001-
0.0032 

Mean 3.95 7.40 1.97 0.1622 0.0152 0.0003 
MA01 Range 2.12-8.33 3.29-15.11 1.08-4.94 0.0103-

0.9015 
0.0028-
0.0873 

0.0001-
0.0021 

Mean 3.51 7.27 1.71 0.1072 0.0111 0.0002 
NS01 Range 2.28-6.45 4.04-16.33 1.10-2.83 0.0129-

0.3134 
0.0015-
0.0396 

0.0001-
0.0011 

Mean 5.77 11.90 2.01 0.1997 0.0288 0.0009 
PF01 Range 3.23-10.91 5.14-36.60 1.14-3.64 0.0093-

0.6240 
0.0047-
0.0911 

0.0001-
0.0029 

Mean 3.89 7.71 1.90 0.1495 0.0152 0.0003 
TR01 Range 2.00-7.58 3.04-15.90 1.07-3.85 0.0045-

0.5276 
0.0014-
0.0597 

0.0000-
0.0014 

Mean 4.64 8.55 2.30 0.2231 0.0247 0.0005 
TR02 0.0194-

0.8283 
0.0016-
0.0883 Range 2.09-8.81 3.66-18.58 1.14-5.19 0.0001-

0.0017 
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5.1.4 Differential Thermal Analysis 

The output from the DTA and TG analysis is in graphical form.  Both the mass of the 

sample (TG) and the voltage of the sample (DTA) are indicated throughout the testing as the 

temperature of the sample increases.  Figure 5.9 shows the TG/DTA analysis output for two 

samples, differentiated by the red and green lines.  The TG set of lines show the mass of the 

sample as a percentage of the original mass as the test progresses; these lines correspond to the 

left vertical axis and begin at 100 because the sample has not lost any mass at the beginning of 

the test.  The DTA set of lines corresponds to the voltage through the sample divided by the mass 

of the sample.  These lines correspond to the right vertical axis and begin at a value of zero when 

the test begins.  As shown in Figure 5.9, each microfine reacts differently to the change in 

temperature. GN01 and LS03 were not tested with DTA/TGA. 

 

 

Figure 5.9: DTA output for NS01 (dashed) and LS02 (solid) 

Sample Voltage (DTA)

Sample 
Mass 
(TG) 
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Table 5.7 was prepared in order to summarize both the TG and DTA graphs for each 

microfine because of the difficulty of looking at all of the graphs at once or comparing them 

visually on an individual basis.  Graphs of the TG/DTA of each microfine tested are located in 

Appendix C. 

 

Table 5.7: TG/DTA summary table 

Microfine TG DTA  
DL01 45% mass loss occurs between 

600 – 900 °C 
Gradual exothermal trend, endothermic 
peaks at 800 °C, 900 °C, endothermal to 
1200 °C 

GR01 0.5% mass loss occurs over 
entire cycle 

Gradual exothermal until 800 °C, stable 
until 1100 °C, endothermal to 1200 °C 

GR02 2.3% mass loss occurs over 
entire cycle 

Gradual exothermal until 800 °C, stable 
until 1100 °C, endothermal to 1200 °C 

GR03 5% mass loss occurs over 
entire cycle 

Gradual exothermal until 800 °C, stable 
until 1100 °C, endothermal to 1200 °C 

HG01 1.7% mass loss occurs over 
entire cycle 

Gradual exothermal until 900 °C, stable 
until 1150 °C, endothermal to 1200 °C 

LS01 45% mass loss occurs between 
800 – 1000 °C 

Gradual exothermal trend to 800 °C, 
endothermic peak at 925 °C, endothermal 
to 1200 °C 

LS02 38% mass loss occurs between 
800 – 900 °C 

Gradual exothermal trend, endothermic 
peaks at 800 °C, 900 °C, endothermal to 
1200 °C 

MA01 40% mass loss occurs between 
750 – 950 °C 

Gradual exothermal trend, endothermic 
peaks at 800 °C, 950 °C, endothermal to 
1200 °C 

NS01 15% mass loss occurs between 
750 – 900 °C 

Gradual exothermal trend, endothermic 
peak at 900 °C, endothermal to 1200 °C 

45% mass loss occurs between 
750 – 950 °C 

Gradual exothermal trend, endothermic 
peaks at 800 °C, 925 °C, endothermal to 
1200 °C 

PF01 

TR01 11% mass loss occurs until 925 
°C 

Gradual exothermal trend to 1000 °C, 
small endothermic peak at 900 °C, 
endothermal to 1200 °C 

TR02 2% mass loss occurs until 925 
°C 

Gradual exothermal trend to 1000 °C, 
endothermal to 1200 °C 
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5.2 SIMPLE TESTS 

Results for the simple tests follow in this section.  Tests explored were the methylene 

blue value test, the Blaine fineness test, the single drop test, the loose packing test, and the 

settling hydrometer test. 

 

5.2.1 Methylene Blue Test 

The methylene blue test results in Table 5.8 are reported as a methylene blue value in 

milligrams of solution per gram of the minus No. 200 material.  According to AASHTO TP57 

(2000), aggregates with methylene blue values less than 6 are considered excellent and will not 

cause problems in asphalt concrete.  Almost all of the aggregates tested have methylene blue 

values below 6.  Two aggregates, GR03 and TR01, have methylene blue values close to 6, 

indicating that they either have higher inherent surface areas than the others or that they contain a 

small amount of clay.  The particle size distributions shown in Figure 5.1 for these aggregates do 

indicate that they have a larger amount of small particles compared to some of the other 

aggregates, indicating higher surface areas and therefore larger methylene blue values.   

One aggregate, LS03, has a very high methylene blue value of 20. According to 

AASHTO TP57, this aggregate should not be used in asphalt concrete.  A methylene blue value 

this large is indicative of high clay content. X-ray diffraction run on the hydrometer sediments 

containing material less than 2 μm showed that LS03 contains clay (Table 5.3 and Figure 5.3).  

This accounts for the high methylene blue value. 
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Table 5.8: Methylene blue summary table 

Aggregate Methylene Blue Value 

DL01 0.75 
GN01 1.25 
GR01 0.94 
GR02 1.75 
GR03 6.88 
HG01 2.75 
LS01 1.08 
LS02 1.88 
LS03 20.0 
MA01 2.17 
NS01 1.25 
PF01 0.50 
TR01 6.25 
TR02 2.92 

 

5.2.2 Blaine Fineness Test 

The results from the Blaine fineness test turned out to be questionable for approximately 

half of the aggregates tested.  When doing the test with material other than cement, ASTM C 204 

dictates that a “b-factor” be found by varying the compacted porosity of the material within a 

certain range, plotting the results, and extrapolating the results on a graph to find the y-intercept, 

or b-factor.  For some aggregates, the b-factor was relatively straightforward to find and 

extrapolate.  Figure 5.10 shows an example of how data is plotted with porosity on the y-axis, 

and the square root of porosity cubed x time on the x-axis. The b-factors are interpolated as the 

average of the y-intercept of the three graphed lines.  The specific surface areas found with the 

straightforward analysis and their associated b-factors can be found in Table 5.9. 
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Figure 5.10 Finding the b-factor for TR01; good data  

Table 5.9 Good Blaine Fineness Results 

Aggregate b factor Specific Surface Area 
m2/kg 

DL01 0.92 144.6 
GR01 0.94 236.7 
GR02 0.90 246.9 
LS02 0.87 242.9 
LS03 0.97 193.1 
TR01 0.94 263.9 
TR02 0.92 137.2 

 

The aggregates not listed in Table 5.9 did not have b-factors that could be easily 

interpolated, or the results from those tests did not make sense with the larger calculations.  

Figure 5.11 shows how some of the porosities and times calculated did not correlate to a valid b-

factor. Table 5.10 shows the more questionable results from the Blaine fineness testing.   
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Figure 5.11: Finding the b factor for NS01; poor data 

Table 5.10: Questionable Blaine Fineness Results 

Aggregate b factor Specific Surface Area 
m2/kg 

GN01 1.14 102.1 
GR03 1.11 285.5 
HG01 1.00 126.0 
LS01 1.06 205.8 
MA01 * * 
NS01 * * 
PF01 1.15 87.7 

 
* b factor was not able to be determined 

 

5.2.3 Single Drop Test 

The single drop test results are presented in Table 5.11.  As described in section 4.2.3, 

larger w/f values (where w is the weight of the water drop and f is the weight of the microfine 

agglomerate) indicate that fewer of the microfines stuck to the water drop and smaller 

agglomerate was formed.  The packing ratio as determined by the single drop test was generally 

consistent for the different aggregate types.  It was in the range of 0.24-0.37, with the exception 

of GR03, LS03, and TR01, which had significantly higher values of 0.510, 0.465 and 0.449, 
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respectively.  Bigas and Gallias (2002) found a critical threshold of w/f > 1.5 resulting in 

excessive water demand in cement pastes where minerals replaced a portion of the cement.  

None of the microfines tested for the present study exceeded that value. 

Table 5.11: Single drop test summary table 

Aggregate Single Drop Test  
w/f value 

DL01 0.2588 
GR01 0.2964 
GR02 0.3295 
GR03 0.5102 
HG01 0.2771 
LS01 0.3223 
LS02 0.3299 
MA01 0.2678 
NS01 0.3128 
PF01 0.2352 
TR01 0.4492 
TR02 0.3390 

 

5.2.4 Loose Packing 

The loose packing tests were performed two different ways as described in Section 4.2.4.  

Loose packing values in Table 5.12 are expressed as uncompacted void content. With these tests, 

no aggregates stand out as having particularly higher or lower values than the others. 
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Table 5.12: Loose packing test results (uncompacted void content) 

Aggregate Loose Packing B Loose Packing C 

DL01 61.75 37.07 
GN01 60.76 32.60 
GR01 61.68 35.36 
GR02 66.28 35.04 
GR03 67.23 34.74 
HG01 59.65 35.97 
LS01 61.49 34.94 
LS02 61.32 33.19 
LS03 62.13 34.09 
MA01 56.96 35.22 
NS01 51.50 33.04 
PF01 53.21 32.86 
TR01 62.80 35.88 
TR02 58.55 35.75 

 

5.2.5 Hydrometer  

The hydrometer results indicate the size distribution of the microfine aggregate without 

the need for highly specialized equipment.  The settling time needed for the microfines to fall out 

of solution corresponded to the different sizes of the microfines.  The hydrometer test was 

performed on all of the microfines and repeated on half of the samples to ensure repeatability.  

An assumption was made that the upper end of the analyzed particle sizes was 75 μm.  Although 

this does correspond to the particle size that passed the No. 200 mesh while sieving, the results 

from the laser particle size analysis indicate that some of the microfines were larger than 75 μm.  

Particle size distribution results from the hydrometer are separated for clarity and presented in 

Figures 5.12 (a-d) in graphical form.  They are further compared with the laser size distributions 

in Section 6.2. 
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Figure 5.12a: Hydrometer results for DL01, GR01, GR02, GR03  
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Figure 5.12b: Hydrometer results for HG01, LS01, LS02, MA01 
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Figure 5.12c: Hydrometer results for NS01, PF01, TR01, TR02 
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Figure 5.12d: Hydrometer results for GN01, LS03 
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5.3 MORTAR TESTS 

Several tests were performed on both the fresh and hardened mortar.  Fresh mortar was 

tested for flow; mortar mixes were modified so as to reach a constant flow on the flow table 

either by adding water or water-reducing admixture to the mortar.  The hardened mortar tests 

consisted of measuring the compressive strength and shrinkage at different time intervals after 

the mortars were mixed. 

 

5.3.1 Water and Admixture Demand Flow 

The mortar specimens were mixed based on the procedure from ASTM C 305, Standard 

Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic 

Consistency.  As mentioned in Section 4.3, two different sets of mortar mixes were tested; one 

where the w/c was varied and one where the w/c was kept consistent and water reducing 

admixture was added.  Mortar flows were always kept consistently within the limits of ASTM C 

1437.  Control mortar mixes with no microfines were made with and without admixture.  The 

labeling scheme used for the mortar tests is shown in Figure 5.13. The two sets of tests with their 

associated w/c, admixtures, and flows are shown in Table 5.13.   

 

Figure 5.13: Labeling scheme used on mortar mixes 

Microfine 
aggregate 
label 

DL01 – 0 – 15 

GR02 – P – 15 

0: no admixture 
P: admixture used 

15% microfines 
used 
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Table 5.13: Mortar mixes and fresh properties  

Mix Label Percent 
Microfines 

Water/Cement 
Ratio 

MRWR 
admixture 

(mL) 

Flow  
(percent of 
original) 

Variable w/c Mixes 
Ctrl-0-0 0 0.42 0 110 

DL01-0-15 15 0.48 0 111 
GN01-0-15 15 0.50 0 1161

GR01-0-15 15 0.47 0 106 
GR02-0-15 15 0.48 0 106 
GR03-0-15 15 0.49 0 107 
HG01-0-15 15 0.47 0 106 
LS01-0-15 15 0.46 0 108 
LS02-0-15 15 0.49 0 114 
LS03-0-15 15 0.52 0 108 
MA01-0-15 15 0.48 0 110 
NS01-0-15 15 0.45 0 114 
PF01-0-15 15 0.46 0 108 
TR01-0-15 15 0.48 0 111 
TR02-0-15 15 0.48 0 111 

Constant w/c Mixes 
DL01-P-15 15 0.42 12 111 
GN01-P-15 15 0.42 25 110 
GR01-P-15 15 0.42 16 109 
GR02-P-15 15 0.42 21 108 
GR03-P-15 15 0.42 23 109 
HG01-P-15 15 0.42 19 108 
LS01-P-15 15 0.42 10 108 
LS02-P-15 15 0.42 17 106 
LS03-P-15 15 0.42 30 105 
MA01-P-15 15 0.42 17 106 
NS01-P-15 15 0.42 13 112 
PF01-P-15 15 0.42 15 111 
TR01-P-15 15 0.42 18 106 
TR02-P-15 15 0.42 18 106 
Ctrl-P-0A 0 0.42 10 off flow table1

Ctrl-P-0B 0 0.42 20 off flow table1

 

                                                 
1 outside of flow parameters of 110 ± 5 
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5.3.2 Mortar Compressive Strength 

Mortar compressive strengths for 2-in. cubes were tested at 24-hrs., 7-days, and 28-days.  

The test results for compressive strength for each of these mixes are shown in Figures 5.14 and 

5.15.  It can be seen that even with a variable w/c (Figure 5.14), most of the 28-day compressive 

strength values are within error of the average value of all mortars tested.  However, the 28-day 

compressive strength values with variable w/c are significantly lower than that of the control 

specimen.  This is to be expected, as the control specimen has the lowest w/c.  When w/c is fixed 

and MRWR amount is varied to achieve constant flow, the compressive strength values are 

comparable for all samples (Figure 5.15). 
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Figure 5.14: Compressive strength of mortars with variable w/c 
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Figure 5.15: Compressive strength of mortars with fixed w/c 

5.3.3 Mortar Shrinkage 

Mortar bars to be tested for drying shrinkage were cast from each of the mixes described 

in Table 5.13 and measured at 3-days, 7-days, 14-days, 21-days, 28-days, 56-days, and 112-days.  

Only data up to the ASTM specified 28 day period are shown in Figures 5.16 and 5.17.   

For the variable w/c mixes, shrinkage generally appeared to increase with w/c, as 

expected.  This strong effect is demonstrated in Figure 5.18.  The w/c is not the only determining 

factor for shrinkage, however.  In the fixed w/c mixes, the mortars with the highest amount of 

MRWR shrink the most, Figure 5.19.   Therefore, effects of the microfines of drying shrinkage 

cannot be distinguished from either set of data because they are masked by the strong influence 

of water and MRWR contents. 
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Figure 5.16: Mortar shrinkage with variable w/c 
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Figure 5.17: Mortar shrinkage with fixed w/c and variable MRWR 
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Figure 5.18: Mortar drying shrinkage versus w/c 
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Figure 5.19: Mortar drying shrinkage versus MRWR content 

 

5.4 CONCRETE TESTS 

Fresh and hardened concrete tests were carried out on most of the microfines collected; 

GR02 was not included in the concrete tests because of lack of material.  The water/cement ratio 

was held constant and admixture (ADVA Flow) was added to the mixes as required to achieve a 

common slump. 

 

5.4.1 Tests on Fresh Concrete  

Slump, air content, unit weight, and rheology of the fresh concrete were measured shortly 

after mixing was complete.  These parameters, along with the amount of superplasticizer (ADVA 

Flow) that was added to get the required slump are presented in Table 5.14. 
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Table 5.14: Fresh Concrete Test Parameters 

Bingham 
Parameters 

Microfine 
Superplasticizer 

dosage  
(mL/CF) 

Slump 
(in.) 

Unit 
Weight 
(lb/CF) 

Air 
Content 

(%) 
Yield 
Stress 
(Pa) 

Plastic 
Viscosity 

(Pa-s) 
DL01 21.7 5.0 144 2.00 430 61.8 
GN01 37.2 8.5 144 2.50 * * 
GR01 32.6 8.5 143 2.25 347 65.5 
GR03 23.9 7.0 143 2.75 223 54.4 
HG01 17.5 5.5 143 2.00 99 51.2 
LS01 15.0 8.25 144 2.25 82 50.2 
LS02 30.0 7.5 145 2.25 78 57.7 
LS03 48.8 7.75 142 3.25 * * 
MA01 22.5 7.75 145 1.75 781 33.0 
NS01 10.0 5.0 144 2.00 325 26.5 
PF01 10.0 6.0 146 2.50 209 48.6 
TR01 15.0 5.5 143 2.50 616 34.4 
TR02 30.0 6.25 145 2.00 * * 
Ctrl 0 8.5 144 1.25 22 29.1 

 * Values were not calculated for these materials 

 

5.4.2 Compressive Strength 

The 4 in. x 8 in. cylinders were tested in compression at 7-days and 28-days.  Results 

from these tests are shown on Figure 5.20.  Several individual compression results fell outside of 

the ASTM range of precision.  This is defined as raw data outside the coefficient of variation 

(100 x standard deviation / sample mean) of 2.37% or the range of 6.6% for two results or 7.8% 

for three results for laboratory conditions.  Because the data in Figure 5.20 are only based on 

three samples from each mix, imprecise data were not removed (GR03 7-day data fell outside the 

precision range; HG01, LS01, LS02, TR01, TR02 28-day data fell outside the precision range).   

Microfine mixes had higher 7-day strengths than the control mix, but the 28-day strengths were 

not significantly different than the control mix.   
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Figure 5.20: Compression Test Results  

5.4.3 Flexural Strength 

Tests for flexural strength were performed at 7-days and 28-days for all samples.  Results 

for the flexural testing are shown in Figure 5.21.  In this case, the individual laboratory error 

specified in ASTM C 78 is 16%.  Microfine mixes were not significantly different in flexural 

strength than the control mix. 
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Figure 5.21: Flexural strength test results 

5.4.4 Freeze-Thaw Durability 

Two series of freeze-thaw tests were run following ASTM C 666.  The first series 

included all concrete mixes except GN01, LS03, and GR02.  Because variability was minimized 

for the other concrete testing, no air entrainment was used in this series.  Because the specimens 

were not air-entrained, results cannot be compared to freeze-thaw results reported elsewhere.  

Furthermore, testing began after 30 days instead of 14 days due to scheduling and equipment 

conflicts.  Freeze-thaw durability factors are shown in Table 5.15.  Most specimens did not last 

longer than twenty cycles; ASTM C 666 specifies that freeze-thaw resistant concrete last more 

than 300 cycles in testing.  However, two specimens (GR03, TR01) exhibited much higher 

freeze-thaw durability than the rest. 
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Freeze-thaw testing of the second series of concrete was not completed due to equipment 

failure.  Specimens were cast and testing was begun, but the freeze-thaw chamber broke before 

testing was completed. 

 

Table 5.15: Freeze-thaw durability factors 

Material Entrapped Air 
(%) 

Number of 
Cycles at Which 
Failure Occurred

Durability Factor

DL01 
GR01 
GR03 
HG01 
LS01 
LS02 
MA01 
NS01 
PF01 
TR01 
TR02 
CTRL 

2.00 
2.25 
2.75 
2.00 
2.25 
2.25 
1.75 
2.00 
2.50 
2.50 
2.00 
1.25 

11 
8 
69 
9 
9 
17 
13 

1.32 
0.96 
8.28 
1.08 

6 
6 
71 
8 
8 

1.08 
2.04 
1.56 
0.72 
0.72 
8.52 
0.96 
0.96 

 

5.4.5 Permeability  

Microfines have been hypothesized to reduce permeability by blocking the pores in the 

concrete, reducing the flow of water and ions (Hudson, 1997). 

Permeability was measured according to ASTM C 1202, Standard Test Method for 

Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration.  Permeability of 

each specimen is listed in Table 5.16.  Permeability higher than 4000 coulombs is considered 

very high.  All of the specimens except for GR03, including the control, are above this value.  

This is most likely related to the high w/c of 0.50.  Also, most microfine samples were 

determined form laser PSD to have approximately the same gradation as the cement.  This could 
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result in poor particle packing leaving voids in the mix which could also contribute to the poor 

permeability.   

Table 5.16: Concrete chloride ion permeability 

Microfine Specimen Permeability 
(Coulombs) 

DL01 
GN01* 
GR01 
GR03 
HG01 
LS01 
LS02 
LS03* 
MA01 
NS01 
PF01 

4890 
6360 
5350 
3455 
5485 
5630 
4810 

TR01 
TR02 
CTRL 

7840 
4580 
5295 
5385 
6730 
5075 
4765 

* - tested at 28 days; all others tested at 90 
days 

 

5.4.6 Abrasion Resistance 

Due to the inclusion of high amounts of microfines, it is often a concern that abrasion 

resistance is lowered due to the increased percentage of finer particles near the surface.  Concrete 

specimens were tested for abrasion loss following ASTM C 944, Standard Test Method for 

Abrasion Resistance of Concrete or Mortar Surfaces by the Rotating-Cutter Method.  Abrasion 

loss results are shown in Table 5.17.  Most microfine specimens performed better than the 

control.   
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Table 5.17: Abrasion Loss 

Microfine Specimen Abrasion Loss 

DL01 
GN01* 
GR01 
GR03 
HG01 
LS01 
LS02 
LS03* 
MA01 
NS01 
PF01 

1.5 
1.8 
4.1 
4.0 
3.6 
2.1 
1.7 
2.4 
2.1 
3.4 
4.2 
3.1 
3.6 

TR01 
TR02 

4.0 CTRL 

* - tested at 28 days; all others tested at 90 
days 
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CHAPTER 6:  DATA CORRELATION 

The data presented in the previous chapter were analyzed to see if there were any 

correlations between the results from the characterization tests, simple tests, and performance 

tests.  A discussion of some of the performance data results and observations follows. 

 

6.1 METHODOLOGY 

The data from the characterization, simple, and performance tests were broken into 

approximately 90 variables for evaluation.  Certain tests were easily characterized by a single 

value, simplifying the task of correlation.  Methylene blue value, for example, was an easily 

quantified, single value for each microfine.  On the other hand, data from the particle size 

distribution curves or DTA analysis were not easily boiled down to one value.  For tests such as 

these, characteristics from the tests were quantified as much as possible.  For the laser particle 

size distribution, particle sizes d90, d75, d50, d25, and d10 (where 90%, 75%, etc. of the particles are 

smaller than that diameter) were each used as variables.  For DTA, the percent mass loss over the 

temperature change was used as a single, characterizing value.  Furthermore, test data that were 

even more qualitative were quantified as much as possible in order to be included in the analysis. 

Tables 6.1, 6.2, and 6.3 list the variables analyzed and divide them into groups 

representing independent variables from characterization tests, independent variables from 

simple characterization tests, and dependent variables from concrete performance tests. 
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Table 6.1: Characterization test independent variables 

Characterization Test Variable 
Laser PSD d90, d75, d50, d25, d10
Laser PSD Indication of percentage microfines 

smaller than 5 μm 
Laser PSD Indication of percentage microfines 

smaller than 2 μm 
Laser PSD Specific surface area (SSA) indicated by 

PSD 
Laser PSD Difference between mean size of 

microfine and mean size of cement (μm) 
SEM analysis Image elongation: low, mean, & high 
SEM analysis Image roundness: low, mean, & high 
SEM analysis Image feret diameter: low, mean, & high 
SEM analysis Image compactness: low, mean, & high 
SEM analysis Image radius method form: low, mean, & 

high 
SEM analysis Image radius method angularity: low, 

mean, & high 
SEM analysis Image radius method aspect ratio: low, 

mean, & high 
SEM analysis Image Fourier analysis form: low, mean, 

& high 
SEM analysis Image Fourier analysis angularity: low, 

mean, & high 
SEM analysis Image Fourier analysis texture: low, mean, 

& high 
DTA Mass loss (%) 
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Table 6.2:  Simple test independent variables 

Simple Test Variable 
Specific gravity Specific gravity value 
Absorption Percentage 
Methylene Blue Methylene blue value 

SSA (m2/g) using all experimentally 
calculated values (good and bad b factors 
as described in section 5.2.2) 

Blaine Fineness 

SSA (m2/g) using b = 0.9 for all cases Blaine Fineness 
SSA (m2/g) using only good experimental 
values (as described in section 5.2.2) 

Blaine Fineness 

Hydrometer settling d75, d50, d25
Hydrometer settling Indication of percentage microfines 

smaller than 5 μm 
Single Drop Test w/f ratio 
Loose Packing Test method B packing density percentage 
Loose Packing Test method C packing density percentage 

Table 6.3: Mortar and concrete performance test dependent variables 

Performance Test Variable 
Mortar compression Variable w/c mix strengths at 24-hrs, 7-

days, & 28-days 
Mortar compression Fixed w/c mix strengths at 24-hrs, 7-days, 

& 28-days 
Mortar water demand Variable w/c mix water demand 
Mortar flow Variable w/c mix flow, % 
Mortar admixture demand Fixed w/c mix admixture demand 
Mortar flow Fixed w/c mix flow, % 
Mortar shrinkage Variable w/c mix shrinkage at 7, 14, 21, 

28, 56, 112 days in percentages 
Mortar shrinkage Fixed w/c mix shrinkage at 7, 14, 21, 28, 

56, 112 days in percentages 
Concrete admixture demand Superplasticizer dosage, ml/cu. ft. 
Concrete slump Slump, in. 
Concrete air content Air content, % 
Concrete unit weight Unit weight, pcf 
Concrete flow properties Bingham yield stress 
Concrete flow properties Bingham yield viscosity 
Concrete compression 7-day and 28-day strengths 
Concrete flexural 7-day and 28-day strengths 
Concrete freeze-thaw Freeze-thaw durability factor 
Concrete permeability Coulombs 
Concrete abrasion Mass loss 
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All variables were then examined to find any correlations between them.  This was done 

with a spreadsheet table that compared each variable with every other variable.  The linear fit of 

the data for each data couple combination was determined. 

 

6.2  CORRELATION RESULTS 

Correlations between variables that are confounded (such as 14-day and 28-day 

strengths) were ignored.  The following sections focus on valid correlations that exist between 

the data. 

 

6.2.1 Hydrometer Settling and Laser Particle Size Distribution 

The independent variables quantifying the particle size distributions found with the laser 

analysis and the hydrometer were strongly correlated.  Figure 6.1 shows comparisons of the 

hydrometer and laser PSD results for three microfine aggregates.  The remainder of the 

comparison graphs for particle size are located in Appendix D.  These plots reinforce that there is 

good correlation between the hydrometer analysis and Laser PSD.  This suggests that a simple 

test, the hydrometer settling test, can give nearly as accurate an analysis of particle size 

distribution as the much more specialized and expensive laser diffraction test.  Further, these data 

show no indication that the hydrometer analysis becomes inaccurate for particles smaller than 30 

μm, a limitation that Ahn (2000) believed existed. 
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Figure 6.1: Hydrometer Analysis (pink) and Laser PSD (blue) comparison for a. DL01, b. 
NS01, c. TR02 

The difference between the mean size of the microfines and cement used was 

investigated because it was hypothesized that this value might have an effect on mortar and 
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concrete performance.  This value was calculated as the Laser PSD d50 of the microfine (variable 

for each aggregate) minus the PSD d50 of the cement (a constant).  Because this calculation 

method merely involved subtracting a constant from the PSD d50 variable, the trends are the 

same as for the microfine Laser PSD d50.  The results correlated well with the d50 of the 

hydrometer, as expected from the previous discussion.  The results also correlated well with the 

loose packing test B.  However, the difference between mean size of microfine and mean size of 

cement does not correlate with any of the performance data in concrete or mortar. 

Another interesting aspect of the particle size distribution data seemed to be with regard 

to the smallest particles in the mix.  As the number of particles below five microns increased (as 

measured using the hydrometer), water and admixture demand increased.  Furthermore, as the 

percent of particles below five microns increased, so did the entrapped air content.  It is 

understood that microfines can and often do densify a concrete mix (Hudson, 2003), however, 

this increase in air could be attributed to poor packing due to similar gradations between 

microfines and cement particles.  As the gradation of the one material becomes more similar to 

that of the other material, the mix becomes gap graded.  In this case, this causes an 

overabundance of “filler” in the mix, which creates a separation between the aggregates.   

 

6.2.2 X-ray diffraction 

XRD diffractograms of the < 2 μm samples indicate that GN01, GR02, GR03, HG01, 

LS03, and TR01 all contain some sort of micaceous minerals or clay minerals (Table 5.3).  These 

microfines also have the highest admixture demand in mortar mixes.  These minerals are the 

primary cause of high admixture demand.  LS03 is the microfine containing the most clay 

minerals.  It also has the highest water and admixture demand, which in turn made its concrete 

and mortar performance deficient in comparison to other microfines. 
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6.2.3  Image analysis 

The image analysis data showed some expected correlations between some of the size 

parameters calculated by Laser PSD and Feret diameters, another indicator of size.   

There is a possible influence of the radius method form values of the microfines on the 

Bingham viscosity of the concrete mix.  Figure 6.2 shows the correlation of the high end of the 

form values with the Bingham viscosity.  By examining Equation 5 in Section 2.2, a form value 

of 1 corresponds to a circle, and the larger the form value becomes, the less circular the particle 

is.   This indicates that as shape of the largest microfines becomes less circular they increase the 

viscosity of the concrete.  The form values of the smallest and average sized microfines did not 

show this same correlation. 
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Figure 6.2: Bingham viscosity and form correlation 

6.2.4 Methylene Blue Value and Single Drop Test 

Methylene Blue Value (MBV) showed a positive correlation with water and admixture 

demand for both concrete and mortar.  This is to be expected, as increasing surface area and clay 

content of the microfine should increase water/admixture demand.  The single drop value also 

was positively correlated with water and admixture demand.  Both of these tests show promise as 

good indicators of water/admixture demand.  The R2 values of linear plots for the data are low 
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(0.2-0.4), however, so that one cannot use these values to accurately predict water/admixture 

demand.  

The single drop value was also positively correlated with entrapped air content.  This test 

measures the packing properties of aggregates.  It is likely that poor packing will result in less 

efficient mixing and filling of pore space, thereby increasing entrapped air.   

 

6.2.5 Blaine Fineness 

Because the Blaine fineness test is so unreliable when used with microfines as discussed 

in Section 5.2.2, any correlations with these test results are most likely insignificant.   

 

6.2.6 Loose Packing Test 

The loose packing test method B independent variables correlated well with several of 

the different size fraction values for both the hydrometer and laser PSD.  This loose packing test 

did not have any correlation to the form, angularity, or texture factors found in the image 

analysis.  Therefore, the test seems to be a much more dependent on size than shape.  The loose 

packing test did not correlate well with any performance variables. 

 

6.2.7 Other Variables 

Several mortar and concrete performance variables did not correlate with any of the 

results from simpler or advanced characterization techniques. The results from Chapter 5 show 

that most of the microfines tested performed adequately in concrete and mortar.  Their strengths 

and other parameters were not significantly different from the control.  Because of these smaller 

differences in performance it is impossible to derive good conclusions on how each microfine 

property is affecting the mortar and concrete.  There are no good correlations with the 

independent variables because there is no significant difference between the dependent variables.  

On one hand, this may confirm that microfines can be used in concrete when the proper 
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measures such as grading and using admixture are taken.  However, the microfine aggregates 

tested may all have been “good performers.”   

 

6.3 Summary 

The most interesting correlations to come from this study have to do with 

characterization of particle size and prediction of water demand.  The laser particle size 

distribution data agreed well with hydrometer data, showing that the simpler technique is 

adequate for characterizing particle size in microfine aggregates.  The methylene blue value and 

single drop value are good indicators of water demand and admixture demand in mortar and 

concrete, as is detection of the presence of clay or micaceous mineral by X-ray diffraction. 

Correlating characterization techniques to performance has been disappointing in this 

study because of the homogeneity of the performance results.   Because most of the performance 

data are within error of the control values, these data cannot be used to quantify the 

characteristics that lead to poor concrete performance.  To reach a conclusion about the role that 

the characteristics of microfines play in concrete, additional microfine aggregates that do not 

perform well need to be tested and evaluated. 
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CHAPTER 7: CLAY REPLACEMENT STUDY 

7.1 INTRODUCTION 

ASTM C33 limits the amount of material less than 75 μm allowed in concrete.  This 

limitation was based on natural aggregates because of their possible inclusion of clay minerals in 

the smallest fraction of sand particles.  However, with manufactured fine aggregates (MFA), 

there is a greater amount of these microfine particles present in the sand.  In this case, there may 

be clay-sized particles present, but not clay minerals.  There is interest in increasing the 

allowable limit of microfine material in the case of MFA, up from its current 7%.  However, 

before this can be done, it is necessary to understand the difference between clay-sized particles 

and clay minerals with regard to their effects on concrete properties. 

Clay minerals are deleterious to concrete because of high water demand and high 

admixture demand.  Clay minerals increase water and admixture demand because of their large 

surface area and because of their layered structure, which enables them to swell and absorb 

water.  Also, if clays clump together, which is not uncommon, they will absorb mixing water and 

cause popouts in hardened concrete, which also affects durability of the specimen (Kosmatka, 

Kerkhoff, & Panarese, 2002).  Although clay-sized particles in MFA increase water and 

admixture demand somewhat, the increase is limited to surface area requirements rather than the 

clay particle swelling dynamics. 

In order to investigate the difference between clay minerals and clay-sized particles, a 

study was conducted investigating mortar containing both types of materials.  Three of the most 

common clays were used as replacements of a portion of the fine aggregate in the high-microfine 

mortar mixes defined earlier.  Ultra–fine, non-clay particles were used as replacements to further 

investigate the difference between clay-sized particles and clay minerals. 
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7.2 PROPERTIES OF CLAY 

Most clay minerals fall into the phyllosilicate subclass of minerals.  Phyllosilicates are 

defined by their sheet-like structure.  Rings of tetrahedrons and octahedrons are linked together 

by oxygen.  These rings are then joined with layers of cations.  The cations create a weak bond 

between the rings allowing water and other materials such as admixtures to be incorporated into 

the clay sheet structure.  The ability of these sheets to absorb water and the ability of the cations 

to exchange with more prevalent compounds is related to the amount and type of cations present 

in the clay mineral.  Three major types of clay minerals were chosen for this study – kaolinite, 

illite, and montmorillonite. 

Kaolinite is the most abundant and common of the clays.  Its structure consists of 

repeating layers of silica and alumina sheets joined by hydrogen bonding.  Hydrogen bonds are 

strong, inhibiting the absorption of water between layers.  Both illite and montmorillonite have 

one alumina sheet sandwiched by two silica sheets.  Illite is bound together by potassium ions 

which limit the amount of water absorbed between layers.  However, an overabundance of 

potassium ions results in a negative charge which requires a balance by exchanging aluminum 

for silicon.  Montmorillonite differs from illite by exchanging aluminum with magnesium or iron 

in an effort to balance the negative charge.  Also, no potassium ions exist between layers 

allowing large amounts of water between layers.  Although the two clays both have the same 

structure, illite is much less absorptive.  This difference is made evident by the cationic 

substitutions allowed by each different clay mineral.  Illite is part of the mica group and has less 

exchangeable cations.  However, montmorillonite has a larger capacity to exchange cations and 

has more interlayer capacity for absorption.  In fact, montmorillonite is the most absorptive of all 

clay minerals (Yong & Warkentin, 1975). 

 

7.3 CONCRETE-CLAY INTERACTIONS 

As mentioned previously, the most deleterious aspect of the clay mineral is its ability to 

readily exchange cations.  The cations are exchanged in an effort to balance the inherent charge 
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of the clay.  The cations are very readily exchanged with organic compounds, such as a water-

reducing agent or superplasticizer.  This high affinity for organic compounds makes the 

plasticizer unavailable for lubricating the fresh concrete.  As more plasticizer is “used up” by the 

clays, more is needed for mixing.  Not only is this costly, but in many cases it retards setting and 

reduces strength of the hardened concrete.  It has been shown that the inclusion of clay in 

concrete substantially lowers performance characteristics as compared to concrete with the same 

amount of “dust” microfines from MFA (Seleem & Ei-Hefnawy, 2003). 

Most research shows that clay is deleterious to concrete because of its weak bonding 

characteristics (Neville, 1995).   The clay mineral actually coats the outside of the aggregates 

producing a weaker bond.  This weaker bond increases shrinkage and reduces strength.  The 

shrinkage is also enhanced by the swelling capacity of the clay minerals. 

Although all clay minerals have negative concrete to some extent, the worst culprit is 

smectite.  The high absorption capacity of smectite creates a high water demand, loss of slump, 

and in some instances shrinkage has been shown to increase by as much as 70% when smectite 

minerals are present (Powers, 1959). 

7.4 METHYLENE BLUE 

Since clay minerals are deleterious to concrete production, it is important to differentiate 

between clay minerals and clay-sized particles.  Although clay minerals can be identified through 

highly advanced characterization techniques such as x-ray diffraction, it is necessary to find a 

simpler test that can be used daily in the production yard of a quarry.  Several tests were tried in 

this study, but only one is a good indicator of the presence of clay minerals – the methylene blue 

test. 

The methylene blue test was performed in accordance with AASHTO TP-57, Standard 

Test Method for Methylene Blue Value of Clays, Mineral Fillers, and Fines, and consists of 

mixing methylene blue solution at a concentration of 5 g/L with the aggregate sample in a water-

based slurry.  A small amount of the mixture is then removed and dropped onto filter paper to 
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observe the residue.  Methylene blue solution is added until a light blue halo is observed around 

the dye stain.  At this point the material is not able to absorb more solution. 

The methylene blue dye test is a measure of cationic exchange capacity of a material.  As 

mentioned earlier, clays have a high affinity for the exchange of cations.  This high exchange 

rate promotes the absorption of methylene blue into the clay matrix, resulting in a higher, 

measured methylene blue value. 

 

7.5 TEST SETUP 

In order to differentiate between the deleterious clay minerals and the clay-sized rock 

dust, it was important to first show the effects of clay minerals on mortar properties.  The 

mortars tested contained manufactured granite fine aggregate including microfines (GR01), type 

I/II cement, and ADVA Flow superplasticizer.  Two types of tests were performed – one with a 

varying water-cement ratio (w/c) and a constant flow as measured by the flow table of 110±5, 

and one with a constant w/c and constant flow (110±5) controlled by the addition of 

superplasticizer (ASTM C 1437).  Each test series included both 1% and 4% replacement of the 

total sand content with small particles.  These small particles replaced microfine material in the 

sand.  Control mixes were also prepared without any replacement of the microfines (labeled 

CTRL and CTRL-A). 

The first series of tests included the replacement of sand with three different types of clay 

minerals – kaolinite (KAO), illite (ILL), and montmorillonite (MONT).  The labeling scheme for 

the mortar mixes is summarized in Figure 7.1.  The kaolinite and montmorillonite were both 

received in the natural powder form.  The illite was crushed from shale using a grinding puck 

mill.  All the clay minerals were sent to The National Institute of Standards and Technology 

(NIST) for size analysis using a laser diffractometer.  The results are reported in Table 7.1.  The 

dx columns represent the diameter of particle in which x percent of the particles are smaller.  

Specific surface areas as calculated by the laser particle size analyzer are also reported.  

Complete gradations are shown in Figure 7.2. 
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Figure 7.1: Clay Mortar Labeling Scheme 

Table 7.1: Laser Particle Size Distribution Results for Replacement Materials 

Material d10 (microns) d50 (microns) d90 (microns) SSA (m2/g) 

Illite 1.8 6.8 45.8 1.360 
Kaolinite 1.3 11.2 35.0 1.610 

Montmorillonite 

ILL – 0 – 15 

KAO – A – 15 

clay 
mineral 
label 

0: no admixture
P: admixture used 
M: methylene blue addition 

% microfines 
replacement 

4.1 21.7 65.5 0.586 
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Figure 7.2: Particle Size Distributions for Clays 
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Another series of tests utilized methylene blue solution to offset the effect of the clay 

minerals on the plasticizer demand.  The methylene blue value (MBV) presented in Table 7.2 

was found for the proportional amount of microfines and clay used in the mortar mixes.  

Methylene blue was then added to the mix water and allowed to mix for five minutes with the 

sand and clay prior to adding cement.  It was noticed that thoroughly mixing the methylene blue 

with the sand-clay was important in order to observe any mitigating effects.   The mixing 

schedule is presented in Table 7.3. 

Table 7.2: MBV and Addition of Methylene Blue for Clay Mortars 

MBV Methylene Blue added to 
mix (g) 

Microfine-

Clay 

Mixture 1% 4% 1% 4% 

KAO 
ILL 
MONT 

2.5 
2.0 

19.5 

7.5 
5.5 

77.5 

0.95 
0.76 
7.37 

2.84 
2.08 
29.3 

see next page) 
Table 7.3: Mixing Schedules (
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Mixing Schedule for Clay Replacement 
Mortars 

Modified Mixing Schedule with the 
Addition of Methylene Blue 

Add ¾ of total water to sand Add ¾ of total water w/ methylene blue to 
sand • Mix at slow speed for 30 seconds 

• Mix at slow speed for 5 minutes • Stop mixer 
 • Stop mixer 
Add cement  

Add cement • Mix at slow speed for 1 minute 
• Mix at slow speed for 1 minute • Stop mixer 

 • Stop mixer 
Add remaining water with incorporated 
water reducer 

 
Add remaining water with incorporated 
water reducer • Mix at medium speed for 1 minute 

• Mix at medium speed for 1 minute • Stop mixer 
 • Stop mixer 
Rest for 1 minute  

Rest for 1 minute • Mix at medium speed for 1 minute 
• Mix at medium speed for 1 minute 

 

A third series of tests focused on examining the effects of clay-sized particles.  These 

tests included the replacement of sand with ground calcium carbonate and ground silica.  The 

ground calcium carbonate was ordered through OMYA, Inc. (Alpharetta, Georgia).  Both fine 

and ultra fine samples were used.  The fine (CCF) samples contained material which was 60% 

finer than 2 μm.  The ultra fine (CCUF) samples contained 90% finer than 2 μm.  The ground 

silica (GS) was ordered from US Silica Company (Berkeley Springs, West Virginia) and 

contained 96 % finer than 5 μm. 

 

7.6 RESULTS 

All materials involved in this portion of the study were tested for Methylene Blue Value 

(MBV) according to AASHTO TP57.  MBV is the milligrams of methylene blue solution per 

gram of material upon reaching the titration point.  MBV for microfine+clay and 

microfine+clay-sized mixtures are listed in Table 7.4.  According to the AASHTO standard, 

hardened asphalt specimens should not contain microfine materials with MBV greater than 
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twenty.  It is clear from Table 7.4 that montmorillonite at 1% and 4% replacement of sand 

increases the MBV value to 20 or more.  Kaolinite-microfine and illite-microfine mixtures have 

much lower MBV values, but they did increase the MBV of the microfine used, GR01, which 

has a MBV value by itself of 0.94 (Table 5.8).  The microfine+clay-sized mixtures all had MBV 

less than 1.0.  Although the replacements were smaller than GR01 microfines, they still had 

approximately the same MBV as the original microfine material.   
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Table 7.4: MBV for Microfine Replacement 
 

MBV 
Replacement 
Percentage 

 

1% 4% 
Microfine+Clay Mixtures 
     KAO 
     ILL 
     MONT 

 
2.5 
2.0 

19.5 

 
7.5 
5.5 

77.5 
Microfine+ Clay-Sized 
Mixtures <1.0 <1.0 
     GS <1.0 <1.0 
     CCF <1.0 <1.0 
     CCUF 

 

The first series of mortar tests with clay replacements show that clay increases the 

water/admixture demand compared to the control, Figures 7.3a and 7.3b.  In Figure 7.3b, the 4% 

replacement of sand with montmorillonite actually required 186 mL instead of 20 mL of 

plasticizer to achieve a flow of 110±5.  The figure scale was resized to a maximum of 20mL for 

better visualization of other mixes.  Although illite has more capacity for cation exchange than 

kaolinite, its potassium bond makes water absorption more difficult, which is evident in Figure 

7.3.  Illite affected admixture demand more than water demand.  Also, small additions of 

kaolinite and illite showed little effect on water and admixture demand. 

Compressive strength (Figures 7.4 and 7.5) and drying shrinkage (Figures 7.6 and 7.7) 

were also affected by clay replacement.  However, it can also be seen that some clay minerals are 

not as deleterious as others.  In fact, the 1% replacement with illite and kaolinite exhibited 

comparable compressive strength and drying shrinkage properties to those of the variable w/c 

microfine mortars.  Montmorillonite, on the other hand, showed bad performance characteristics 

on all three criteria – water/admixture demand, compressive strength, and drying shrinkage. 
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In Figure 7.5, it is interesting to note the large increase in compressive strength for the 

control using admixture (CTRL-A) at 24 hr.  Data for 7 days and 28 days were not yet available.  

However, the 24 hr strength outperforms 7 day strength for the clay inclusions. 
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Figure 7.3: (a) Water-Cement Ratio  (b) Admixture Dosage, constant w/c (mL) 
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Figure 7.4: Mortar-Clay Compressive Strength, variable w/c (w/c noted above mixes) 
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Figure 7.5: Mortar-Clay Compressive Strength, fixed w/c (plasticizer dosage noted above 
mixes) 
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Figure 7.6: Mortar-Clay Drying Shrinkage, variable w/c (w/c noted above mixes) 

 

112 



0.00%

0.05%

0.10%

0.15%

0.20%

0.25%

0.30%

0.35%

KAO-A
-1

KAO-A
-4

ILL
-A

-1

ILL
-A

-4

MONT-A
-1

MONT-A
-4

Sh
rin

ka
ge

 (%
) 56-day

28-day
21-day
14-day
7-day

6.0mL 8.0mL 5.5mL 10.0mL 18.5mL

186mL

 

Figure 7.7: Mortar-Clay Drying Shrinkage, variable w/c (plasticizer dosage noted above mixes) 

The second series involved adding methylene blue to the aggregates before making 

mortars.  The purpose of these tests was to see if other compounds besides water reducers can be 

readily exchanged into the clay structure before the addition of admixtures and thus reduce the 

high admixture demand.  Figure 7.8 demonstrates that admixture demand in the clays was 

eliminated as a result of mixing methylene blue into the mortar sand prior to adding the 

plasticizer (Table 7.3).  Due to poor mixing procedure in the kaolinite mixes (KAO-MA-1 and 

KAO-MA-4), admixture demand was only slightly decreased.  Figures 7.9 and 7.10 show the 

effect of the methylene blue addition on compressive strength and drying shrinkage, respectively.  

The addition of methylene blue appears to negatively affect both compressive strength and 

drying shrinkage.  However, the difference is within error for the test method as long as the 

appropriate mixing procedure (Table 7.3) is used.  Adding methylene blue to clay-containing 

aggregates is, therefore, an interesting strategy for eliminating their deleterious effect concerning 

admixture demand.  Unfortunately, this procedure is not effective in reducing the effect on 

113 



compressive strength or drying shrinkage, neither is it cost feasible.  However, other products 

could be found or developed that are clay mitigators and would allow the use of sands containing 

mild clay minerals to be included in concrete. 
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Figure 7.8: Admixture Demand, Series 1 vs. Series 2 (fixed w/c) 
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Figure 7.9: Compressive Strength, Series 1 vs. Series 2 (fixed w/c) 
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Figure 7.10: Drying Shrinkage, Series 1 vs. Series 2 (fixed w/c) 

It was expected that the clays would perform poorly in comparison to the microfine 

mortars.  It is necessary to show that the size of clay minerals is not the primary contributing 

factor to its deleterious behavior.  The third series of tests were intended to demonstrate this fact 

by using materials in the same size range as the clay, but that are not clay minerals and therefore 

do not have the same cation exchange propensity.  Results for water and admixture demand for 

these materials are located in Table 7.5.  The difference in water demand is almost negligible 

compared to that of the microfine-only control.  Furthermore, the admixture demand actually 

decreased as compared to the control. 
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Table 7.5: Water/Admixture Demand 

Water Demand 
(w/c) 

Admixture 
Demand (mL) Material ID 

CTRL 0.47 4.5 
GS-1 0.47 * 
GS-4 0.47 2.5 

CCF-1 0.48 * 
CCF-4 0.48 4.0 

CCUF-1 0.49 * 
CCUF-4 0.49 4.0 

 

Figures 7.11, 7.12, 7.13 show drying shrinkage results for replacement mortars using 

clay-sized particles versus using clay minerals for variable w/c with 1% replacement, variable 

w/c with 4% replacement, and fixed w/c with 4% replacement, respectively.  Drying shrinkage 

was decreased from use of clay-sized particles, even from that of the control for variable w/c.  In 

fact, drying shrinkage was lowered by more than two-thirds between extremes of both types of 

materials.  Figures 7.14, 7.15, and 7.16 show compressive strength results for replacement 

mortars using non-clay particles versus using clay minerals for variable w/c with 1% 

replacement, variable w/c with 4% replacement, and fixed w/c with 4% replacement, 

respectively.  Compressive strength was increased from the use of clay-sized particles.  

However, the increase is not as dramatic as the decrease in drying shrinkage. 
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Figure 7.11: Drying Shrinkage, Series 1 vs. Series 3 (1% replacement, variable w/c) 
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Figure 7.12: Drying Shrinkage, Series 1 vs. Series 3 (4% replacement, variable w/c) 
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Figure 7.13: Drying Shrinkage, Series 1 vs. Series 3 (4% replacement, fixed w/c) 
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Figure 7.14: Compressive Strength, Series 1 vs. Series 3 (1% replacement, variable w/c) 
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Figure 7.15: Compressive Strength, Series 1 vs. Series 3 (4% replacement, variable w/c) 
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Figure 7.16: Compressive Strength, Series 1 vs. Series 3 (4% replacement, fixed w/c) 
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7.7 CONCLUSIONS 

From this study, it has been shown that size is not necessarily the key factor in 

determining whether or not a small particle is deleterious.  Rather, effects are due to 

mineralogical characteristics of the particles.  The amount and type of clay is also a very 

important factor.  The ground calcium carbonate and ground silica actually reduced 

water/admixture demand and drying shrinkage and increased compressive strength from that of 

the microfine mortars, showing that a quality microfine can actually boost concrete performance.  

Since the size of the non-clay particle replacements were below that of the clay minerals, it can 

be safely deducted that size is not the primary contributing factor in affecting performance 

characteristics. 

Another important conclusion is that the effect of clays on admixture demand can be 

mitigated without affecting performance characteristics using an appropriate concrete admixture.  

This was demonstrated by soaking the aggregates in methylene blue before testing.  However, 

due to the high cost of methylene blue, it is not feasible for use in production of concrete. 

Methylene blue is also proven to be a fair indicator of the presence of harmful materials.  

Upon comparison of MBV to performance in mortars, it is evident that the methylene blue test is 

a good indicator of poor performing materials.  The two less active clay mixtures, kaolinite and 

illite, do not have high MBV, which corresponds to their adequate performance characteristics.  

However, the highly active montmorillonite mixture has indicated a MBV of approximately 

twenty and higher.  The performance results also concur that montmorillonite is deleterious for 

concrete performance in both fresh and hardened states. 
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CHAPTER 8:  SUMMARY AND FUTURE WORK 

This report presents methods and results for the full characterization of fourteen 

microfine aggregates taken from manufactured fine aggregate.  Simple test methods and results 

for additional microfine characterization using less specialized equipment are also presented.  

These characteristics were then compared with data from mortar and concrete performance tests. 

Little correlation was found between the different characterization tests and mortar and 

concrete performance tests.  This is likely due to the fact that there was little variation in 

performance test results between specimens.  Also, the microfine concrete performance data 

compared well with control specimens made with no microfines.  This could indicate that 

microfines from MFA are often usable in concrete with little to no side effects.  Before this 

conclusion can be verified, more poor-performing microfines must be found and tested to 

determine the characteristics about them that cause poor performance. 

Examination of the test data did show a few interesting results.  It was observed that the 

particle size distribution of microfines is effectively determined using a simple, hydrometer test.  

Results from this test agreed well with those from the more expensive laser diffraction method.   

It was also found that the methylene blue test (AASHTO TP 57, 2000) is a good indicator of 

water and admixture demand, whether due to particle size or mineralogy.  The single drop test 

(Bigas and Gallias, 2002), a measure of packing, also correlates well with water and admixture 

demand.  However, these correlations cannot be used to predict the exact water/admixture 

demand, but can only give an indication of relative amounts. 

A study of the effects of clays and clay-sized particles showed that while clays increase 

water/admixture demand, decrease compressive strength, and increase drying shrinkage, non-

clay particles of the same size do not.  Additionally, mixing clay-containing aggregates with an 

absorption mitigator such as methylene blue reduces admixture/water demand, but does not 

decrease the deleterious effects of the clays on compressive strength and drying shrinkage. 
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A study of the effects of clays and clay-sized particles showed that while clays 

increase water/admixture demand, decrease compressive strength, and increase drying 

shrinkage, non-clay particles of the same size do not.  Additionally, mixing clay-

containing aggregates with an absorption mitigator such as methylene blue reduces 

admixture/water demand, but does not decrease the deleterious effects of the clays on 

compressive strength and drying shrinkage. 
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APPENDIX A: X-RAY DIFFRACTION RESULTS 
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Figure A.1: XRD of DL01 
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Figure A.2: XRD of GN01 
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Figure A.3: XRD of GR01 
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Figure A.4: XRD of GR02 
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Figure A.5: XRD of HG01 
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Figure A.6: XRD of LS01 
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Figure A.7: XRD of LS02 
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Figure A.8: XRD of LS03 
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Figure A.9: XRD of NS01 
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Figure A.10: XRD of PF01 
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Figure A.11: XRD of TR01 
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Figure A.12: XRD of TR02 
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Figure A.13: XRD of DL01 (minus two micrometer sample) 

141 



 

Figure A.14: XRD of GN01 (minus two micrometer sample) 
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Figure A.15: XRD of GR01 (minus two micrometer sample) 
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Figure A.16: XRD of GR02 (minus two micrometer sample) 
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Figure A.17: XRD of GR03 (minus two micrometer sample) 
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Figure A.18: XRD of HG01 (minus two micrometer sample) 
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Figure A.19: XRD of LS01 (minus two micrometer sample) 
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Figure A.20: XRD of LS02 (minus two micrometer sample) 
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Figure A.21: XRD of LS03 (minus two micrometer sample) 

149 



 

Figure A.22: XRD of MA01 (minus two micrometer sample) 
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Figure A.23: XRD of NS01 (minus two micrometer sample) 
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Figure A.24: XRD of PF01 (minus two micrometer sample) 
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Figure A.25: XRD of TR01 (minus two micrometer sample) 
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Figure A.26: XRD of TR02 (minus two micrometer sample) 
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APPENDIX B: SEM AND IMAGE ANALYSIS RESULTS 
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Figure B.1:  SEM image of DL01 

 

 

Figure B.2:  SEM image of GR01 
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Figure B.3:  SEM image of GR02 

 

 

Figure B.4:  SEM image of GR03 
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Figure B.5:  SEM image of HG01 

 

 

Figure B.6:  SEM image of LS01 
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Figure B.7:  SEM image of LS02 

 

 

Figure B.8:  SEM image of MA01 
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Figure B.9:  SEM image of NS01 

 

 

Figure B.10:  SEM image of PF01 
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Figure B.11:  SEM image of TR01 

 

 

Figure B.12:  SEM image of TR02 
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Figure B.13: Form Indices, Fourier Analysis 

163 



0%

20%

40%

60%

80%

100%

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Angularity, Fourier Signature

Pe
rc

en
ta

ge
 o

f P
ar

tic
le

s
DL01
GR01
GR02
Ref.

 

0%

20%

40%

60%

80%

100%

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Angularity, Fourier Signature

Pe
rc

en
ta

ge
 o

f P
ar

tic
le

s

HG01
LS01
LS02
MA01
Ref.

 

0%

20%

40%

60%

80%

100%

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Angularity, Fourier Signature

Pe
rc

en
ta

ge
 o

f P
ar

tic
le

s

NS01
PF01
TR01
TR02
Ref.

 

Figure B.14: Angularity Indices, Fourier Analysis 
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Figure B.15: Surface Texture Indices, Fourier Analysis 

165 



 

 

 

 

 

 

APPENDIX C: DTA/TGA RESULTS 
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Figure C.1: TG/DTA of DL01 (2 samples) 

 

 

Figure C.2: TG/DTA of GR01 (green), GR02 (red), GR03 (blue) 
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Figure C.3: TG/DTA of HG01 

 

 

Figure C.4: TG/DTA of LS01 (green), LS02 (red) 
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Figure C.5: TG/DTA of MA01 (green), NS01 (red), PF01 (blue) 

 

 

Figure C.6: TG/DTA of TR01, TR02 
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APPENDIX D: HYDROMETER – LASER PSD RESULTS 
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Figure D.1:  Hydrometer Analysis (pink) and Laser PSD (blue) comparison for GR01, 
GR02, GR03 
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Figure D.2: Hydrometer Analysis (pink) and Laser PSD (blue) comparison for HG01, 
LS01, LS02 
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Figure D.3: Hydrometer Analysis (pink) and Laser PSD (blue) comparison for MA01, 
PF01, TR01 
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