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Chapter 1. Introduction

1.1 Introduction

Manufactured fine aggregates (MFA) are a product created when rocks are crushed using
a mechanical crusher. With the depletion of sources of natural sands, the usage of MFAs has
increased. MFAs have properties that differ from natural sands; for this reason, the plastic and
hardened properties of concrete produced using MFAs differ from the properties of concrete
made with natural sands. The main concrete properties affected by the usage of MFAs are skid
resistance, workability, and finishability.

The aim of this research project was to investigate how MFAs could be used in concrete
pavements without causing workability or skid related issues. To improve the workability of
concrete made with MFAs, the use of the optimized mixture proportioning method developed by
the International Center for Aggregate Research (ICAR) was investigated. Results obtained from
this testing were used to make recommendations on how to optimize class P concrete mixtures
made with any type and combination of aggregates.

Another goal of this research was to develop laboratory tests that could reasonably
predict skid performance of concrete pavements made with different types of sand. For this
purpose, concrete slabs made with different sands were evaluated for friction and texture using a
circular texture meter (CTM), a dynamic friction tester (DFT), and a polisher. To ensure that the
values obtained at the laboratory related to field performance, test sections constructed with
100% limestone sand and blended sands were evaluated. Laboratory and field test results for skid
were used to identify aggregate tests that best correlates with concrete performance. The Micro-
Deval Test (MD) was found to have good correlation with the expected hardness of the
aggregate as well as the laboratory friction performance. The acid insoluble residue (Al) test that
is currently being specified by TxDOT was also found to correlate well with most aggregates
tested, except for harder carbonate aggregates such as dolomites and dolomitic limestones.
Results from field testing show that if limestone fine aggregates are not blended with siliceous
sands, PCC pavements made with limestone sands on lanes with high ESAL counts could
experience large drops in skid resistance within a short period of service. Results obtained from
laboratory testing showed that blending a small quantity of siliceous sand with limestone sands
considerably increased the skid resistance of concrete specimens; a similar observation was also
made for the blended sans test sections evaluated. Measurements taken in the field using the
CTM and DFT were also used to develop a correlation with a lock-wheel skid trailer. The
relationship directly relates skid numbers to DFT values at 37 mph (60 km/hr) for concrete
pavements with mortar finished surfaces. Laboratory results for the aggregate and friction tests
were combined with field results to deduce a prediction model that can predict the skid number
of a pavement by using Al or MD, as well as the ESAL count. The prediction model was used to
develop design recommendation charts that aid in selecting the necessary Al or MD limit for
pavements with different ESAL counts.

A method of restoring friction for concrete pavements was also explored. Diamond
ground and grooved laboratory specimens made using different blade configurations and
aggregates were tested. The results show that the friction performance of diamond ground
concrete is mainly a factor of the type of coarse aggregate used. Larger land areas, produced by



using larger spacers between blades, had better performance than specimens produced with
thinner land areas.

1.2 Background

Sources of quality natural sands have begun depleting in metropolitan areas where the
need for concrete is high. In such areas the concrete industry has the option to either ship natural
sands from outside sources or use local sources of MFAs. Shipping aggregates from outside
sources adds to the cost of concrete, and it is important to find methods to maximize the use of
local materials.

Several problems arise from using MFAs in pavement concrete, including issues of
workability, finishability, and skid resistance. These problems exist because of the mineralogy,
shape, or grading of MFAs. In general, MFAs are less polish resistant than natural sands. An
increase in surface polishing leads to a decrease in skid resistance and potentially higher
incidences of skid-related accidents on highways. Skid resistance depends on the surface macro-
texture and micro-texture. In PCC pavements the long-term skid resistance is a function of the
type of fine aggregate. Softer sands like carbonate sands are believed to provide less long-term
skid resistance when compared with harder siliceous sands. No recent research has been done to
evaluate skid resistance of PCC made with limestone sands, and thus it is not clear whether or
not current specifications adopted by state agencies accurately reflect the performance of those
sands in the field.

Workability and finishability problems exist due to the poor shape and grading of many
MFAs. To overcome this poor shape and grading, additional paste is added to the mixture; the
addition of more paste adds to the cost of concrete and affects its durability.

1.3 Problem Statement

Many state agencies like the Texas Department of Transportation (TxDOT) have set
limits on the usage of carbonate sands. In Texas, the current limits are determined by the Al test
that has a minimum required value of 60% for sands used in PCC pavements. Under the current
specifications, the maximum quantity of carbonate sand that can be used in a PCC pavement is
less than 40% of the total sand volume since the carbonate sands generally have an Al value of
less than 10%. The Dallas and Ft. Worth districts have limited local sources of natural siliceous
sands but many sources of manufactured carbonate sands (mostly limestone). Since most of the
local sources of MFAs do not meet the specifications, those districts have to transport aggregates
that meet the specifications from distant pits (which increases cost). One of the problems with
the Al test is that it is a chemical test, while polishing is a mechanical phenomenon. For this
reason it was important to investigate whether manufactured sands could be used in concrete
without affecting skid resistance.

Another concern in using MFA in PCC pavements involves workability and finishability.
Compared to natural sands, concrete made with MFA yields less workable and finishable
mixtures for the same mixture proportions. In 2008, three sections containing 100%
manufactured sands were constructed as part of an implementation project in the Fort Worth
district. Major workability and finishability problems were encountered during the construction
of those sections. The concrete made with 100% MFA did not meet the workability requirements
for slip-form concrete; the mixtures were either too harsh or too workable. The mixture design
used for that implementation project was a mixture design typically used for blended sands.



1.4 Resear ch Objectives

The ultimate aim of this research project was to examine how more manufactured sands
could be used in PCC pavements without affecting the quality of the concrete produced. To
achieve this objective, several issues needed to be addressed:

e Finding a better proportioning method for designing PCC pavement mixtures.

e Investigating whether modern crushing operations could improve the shape of
manufactured sands.

e Finding improved aggregate tests that could be used by TxDOT to accept fine
aggregates for PCC pavements (fine aggregate tests that relate to skid resistance).

e Developing a laboratory concrete test to evaluate the skid resistance of concrete.

e Evaluating laboratory specimens made with different fine aggregates and aggregate
blends.

e Determining whether a change in mixture proportions could improve the skid resistance
of pavement made with MFA.

e Investigating field sections made with fine aggregates that do not meet the Al limits.

e Developing a correlation between laboratory testing equipment (CTM and DFT) and a
locked-wheel skid trailer equipped with smooth tires for pavement concrete.

e Developing a prediction model that can estimate skid number of pavement concrete.

e Reviewing and evaluating current TxDOT specifications for using fine aggregates for
pavement concrete and making recommendations for improvement.

¢ Evaluating diamond grinding and grooving of concrete as a method for restoring skid
resistance of pavements. For this purpose only laboratory specimens were tested.






Chapter 2. Aggregatesin Concrete Literature Review

Natural sand has been almost exclusively used in pavement concrete. As the sources of
natural sands are diminishing, manufactured sands have been considered as an alternative.
Manufactured fine aggregates (MFA) are produced by crushing quarried stones into smaller
sized aggregates. These aggregates have properties different from the natural aggregates that
have been historically used. These differences in properties have led to problems involving
proportioning of mixtures and the ability to obtain the fresh and hardened properties required for
paving. It has also been alleged that carbonate MFA polish more, resulting in lower surface
friction. This literature review discusses the properties of aggregates that affect concrete
performance: shape, texture, grading, and mineralogy. Other topics relevant to this dissertation
are also discussed in this chapter: methods of crushing aggregate, blended sands, and approaches
used for optimizing aggregate gradation.

2.1 Aggregate Properties

2.1.1 Shape

The shape of the aggregate particles influences paste demand, placement characteristics such
as workability, pumpability, strength, and cost [O’Flynn, 2000]. Shape is related to sphericity,
form, angularity, and roundness.

e The sphericity measures how nearly equal are the three principal axis of the aggregate
(length L, width W, and height H). The sphericity increases as the three dimensions
approach equal values [Brzezicki and Kasperkiewicz, 1999; Graves, 2006].

e The form or the shape factor, describes the relative proportions of the three axes of a
particle. It helps distinguish between particles that have the same sphericity [Graves,
2006].

e The angularity describes the proportions of the average radius of curvature of corners
and edges to the radius of maximum inscribed circle [Graves, 2006].

e The roundness describes the sharpness of the edges and corners [Graves, 2006].

Particle shape can be classified by the following descriptions:

e Sphericity and form: cubical, spherical, flat, or elongated. [Graves, 2006; Brzezicki and
Kasperkiewicz, 1999].

e Angularity and roundness. Angular, subangular, subrounded, rounded, well-rounded.
[Graves, 2006; Brzezicki and Kasperkiewicz, 1999].
The descriptions of angularity and roundness are illustrated in Figure 2.1 and detailed here:
e Angular: little evidence of wear on the particle surface
e Subangular: evidence of some wear, but faces untouched

e Subrounded: considerable wear, faces reduced in area



¢ Rounded: faces almost gone

¢ Well rounded: no original faces left
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Figure 2.1: Particle Shape

Round or nearly cubical shaped aggregates are desirable due to the ease in which they
move in the mixing and handling process. However, aggregates can also contain flat or elongated
shapes. Methods used to measure the shape of coarse aggregates are the elongation factor and
flatness factor. A flat particle has a width-to-thickness ratio greater than or equal to 3, while an
elongated particle has a length-to-width ratio greater or equal to 3. Specifications usually define
limiting elongation ratios of 3:1 or 5:1 to describe undesirable shapes of aggregates. The shape
can modify the strength of the concrete, as in the case where a thin, flat particle is oriented in the
hardened concrete where outside stresses are introduced [Graves, 2006].

The shape of natural aggregates depends on the strength, abrasion resistance, and on the
degree of wear to which they have been subjected in their depositional environment. Natural
aggregates tend be more spherical and less angular. On the other hand, the shape of
manufactured aggregate depends on the rock type (mineralogy) and the crushing equipment.
Manufactured aggregates are more angular when compared to natural aggregates [Graves, 2006].

The shape of an aggregate influences the workability of the mixture as well as the void
content and packing density. For the same amount of paste, a mixture with round or cubical-
shaped aggregate will have better workability than a mixture with flaky and elongated
aggregates. Moreover, for the same mass of aggregates, round and cubical aggregates produce
mixtures with higher packing, which results in a lower void content [Fowler et al., 2008]. The
decreased percentage of voids lowers the amount of cement paste required for that particular
mixture. Some specifications, such as the Spanish and British standards [Quiroga and Fowler,
2004], limit the percent of use of flaky and elongated particles, but ASTM (American Society for
Testing and Materials) has set no limits. Some state departments of transportation (DOTs) have
set limits on the percentage of flaky and elongated particles ranging from 8 to 20%.

The shape of fine aggregates affects concrete workability more than the shape of coarse
aggregates [Fowler et al., 2008]. Since fine aggregates are smaller than coarse aggregates, a
larger volume of paste is needed to coat the fine aggregates. When poorly-shaped fine aggregates
are used, the paste requirement to achieve the target workability becomes substantial [Fowler et
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al., 2008]. This is one of the main reasons that poorly-shaped fine aggregates are not desirable in
concrete. Unlike coarse aggregates, the shape of fine aggregates is not always directly evaluated.
Indirect methods have been used to evaluate the shape of fine aggregate; such methods include
ASTM D 3398 (standard method for Index of Aggregate of Particle Shape and Texture) and
ASTM C 1252 (Standard Test Method for Uncompacted Void Content of Fine aggregate as
Influenced by Particle Shape, Surface Texture, and Grading). Both methods evaluate shape
indirectly by measuring the packing density of a graded fine aggregate sample. Aggregates with
better shape such as natural siliceous sands are expected to have higher packing density than the
poorly-shaped manufactured sands. Electronic equipment has also been used to evaluate
aggregate shape. One of the more widely used equipment for evaluating shape is the Aggregate
Imaging Measurement System (AIMS). AIMS captures and analyzes images of multiple particles
and is capable of directly evaluating the form and angularity of fine aggregates. AIMS evaluates
the shape of fine aggregates by using a 2D form index that ranges from 1 to 20. The lower the
form index the more equidimensional a particle is. AIMS also evaluates the angularity of fine
aggregates. The scale used ranges from 0 to 10,000; O indicates the presence of well round
aggregates, and 10,000 indicates the presence of highly angular aggregates.

2.1.1 Texture

Surface texture is the degree to which the surface may be defined as either 1) being rough
or smooth (referring to the height of asperities) or 2) coarse grained or fine grained (referring to
the spacing between grains) [Graves, 2006]. The surface texture influences the workability,
quantity of cement and bond between particles and the cement paste. Two independent geometric
properties are the roughness or rugosity (degree of surface relief) and the roughness factor (the
amount of surface area per unit of dimensional or projected area) [Graves, 2006].

Natural aggregates have a smooth surface [Graves, 2006]. Natural gravel subject to
transport mechanisms tends to be smoother than manufactured aggregates. For instance, gravel
would have a surface smoother than crushed limestone. An improvement in the bond to the
matrix is obtained as the surface roughness increases [Ahn and Fowler, 2001]. Rough-textured
angular grains bond better with the cement paste to generate higher tensile strengths [O’Flynn,
2000]. Although rougher textures lead to better bond between paste and aggregate, they also lead
to harsher mixtures, as texture roughness increases, the internal friction increases between the
aggregates, and therefore more paste is needed to achieve a given workability. There are no
direct methods to measuring the texture of fine aggregates. ASTM D 3398 and ASTM C 1252
can be used to indirectly evaluate texture of fine aggregates (as well as shape).

2.1.2 Grading

The gradation of an aggregate is defined as the frequency of a distribution of the particle
sizes of a particular aggregate [Graves, 2006]. Grading limits are specified in ASTM C 33
section 6 [ASTM C 33]. For state jobs in Texas, aggregate grading has to meet the TxDOT
Standard Specifications for Construction and Maintenance of Highways, Streets, and Bridges
item 421 requirements. Aggregate grading can be divided into three categories:

1. Coarse aggregate: material retained by No. 4 sieve.
2. Fine aggregate: material passing No. 4 sieve and retained on No. 200 sieve.
3. Microfines: material passing No. 200 sieve.



Gradation plays an important role in the workability, segregation, and pump-ability of the
concrete. Grading changes are more prevalent than shape and surface texture in the case of
coarse aggregates. For example, uniformly distributed aggregates require less paste which will
also decrease bleeding, creep and shrinkage while producing better workability, more durable
concrete and higher packing [Quiroga and Fowler, 2004]. A graded aggregate, as opposed to a
single-size aggregate, will have a greater packing density. The smaller aggregates will fill in the
voids created by the larger aggregates [Graves, 2006]. Larger maximum sizes of coarse
aggregates are beneficial for workability because they extend the range of aggregate sizes which
improves grading [Fowler and Koehler, 2007]. Aggregate grading can be improved by
combining two different grades of coarse aggregates. This practice is often used for pavement
concrete in the Dallas and Fort Worth districts where a TxDOT grade 2 and a grade 4 [Table 3 of
Item 421 of the TxDOT Manual] are combined to result in an improved grading. Improving
aggregate grading can help maximize aggregate content and lower cement content.

Particles of irregular shape do not fit together perfectly and voids are created when these
particles are assembled in a single container. The greater the void content, the more the paste
required to fill these voids. The void content is affected by the particle size, shape, and grading.
When a portion of two aggregates are combined and placed in a single container, the quantity of
water (or paste) needed to fill the voids for the same volume decreases. Thus, combining
aggregates of different size fractions reduce the void ratio.

Fine aggregate grading has a greater effect on workability of concrete than coarse
aggregates [Quiroga and Fowler, 2004; Fowler et al., 2008]. Manufactured sands require more
fines than natural sands to achieve the same level of workability; this is probably due to the
angularity of the manufactured sands particles [Graves, 2006]. A decrease in the workability and
durability of concrete are possible consequences of using an aggregate with either an excess or a
lack of a particular size fraction [Galloway, 1994; Shilstone, 1990]. One common method used
for evaluating gradation of fine aggregates is by computing the fineness modulus (ASTM C 33
or Tex-402-A). Fineness modulus is obtained by adding the total percentage of a fine aggregate
sample retained on each of a specified series of sieves, and dividing the sum by 100. Various
research studies have suggested that the fineness modulus is inadequate to differentiate between
sands [Quiroga and Fowler, 2004].

Concrete mixtures with fine aggregate grading near the minimum for percent passing the
No. 50 and No. 100 sieve may pose some problems with workability, pumping or excessive
bleeding [ASTM C 33]. A fine aggregate that is too coarse will lead to harshness, bleeding, and
segregation, but fine aggregate that is too fine will result in an increased water demand and
segregation [Graves, 2006]. There is also an increase in water demand as dust of fracture
(microfines) percentage is increased. This increase is attributed to an increase in the specific
surface due to the particle size decrease [Ann and Fowler, 2001; O’Flynn, 2000]. The greater the
maximum size aggregate in a mixture the less paste is needed, and the more the fine particles the
more the paste required.

ASTM C 33 limits the microfine content to 7% for concrete, and 5% for concrete that is
subject to abrasion. To meet ASTM C 33 requirements for aggregate passing the No. 200, the
manufactured aggregate product that passes the No. 4 sieve (known as dry screenings) is
conveyed to a wet sieving operation. The wet-sieved product is known as the manufactured sand.
Research funded by ICAR has shown that good quality concrete can be produced using fine
aggregate that does not meet ASTM C 33 standards [Fowler et al., 2008]. Compared to the same
aggregate and grading without microfines, MFA with more than 17% microfines can be used to



produce quality concrete that has the same or higher compressive and flexural strength, lower
permeability, and higher resistance to abrasion [Fowler et al., 2008]. It should be noted that
ASTM C 33 was developed for natural sands. The amount of microfines allowed by
specifications has been limited for three reasons:

1. Microfines may reduce workability due to large surface areas that need to be wetted.
Microfines may increase the water requirement, which increases the amount of
cement, therefore increasing shrinkage.

2. Microfines tend to adhere to larger particles, preventing proper bonding between
paste and aggregate. Improper bonding promotes cracking and weakens concrete.

3. Clay particles may be present. These particles change volume when either they
absorb or lose water. As a result, they expand when wet in fresh concrete and shrink
when they dry in hardened concrete. Shrinkage increases cracking sensitivity,
allowing for deleterious substances to ingress and reduce concrete strength [Katz and
Baum, 2006].

Different limits than those required by ASTM C 33 can be found in specifications outside
of the U.S. One example is the European Standard for Aggregates which allows up to 22%
microfines content; however, should the content of microfines exceed 3%, the European
specification requires testing for the presence of clay particles. On the other hand, the Israeli
Standard for Concrete Aggregates limits the microfines content to 5% [Katz and Baum, 2006].

2.1.3 Absor ption

Absorption is defined as the increase of mass due to presence of water in the pores of a
material not including water adhering to the outside surface of a particle [ASTM C127; ASTM
C128]. The absorption value may be regarded as an aggregate property that is a function of
aggregate porosity and pore size [Yzenas, 2006]. It has been suggested that absorption might be
a good indication of durability since it is a direct measure of accessible pore space in the
aggregate [Forster, 2006]. However, this relationship has not been proven reliable [Forster,
2006]. Quiroga and Fowler found that the strength of the bond between cement and aggregate
increases as absorption increases, but the durability decreases with an absorption increase
[Quiroga and Fowler, 2004].

Some state transportation departments, such as the New Jersey Department of
Transportation, specify a maximum absorption limit for aggregates. Such limits have been
mainly been specified for coarse aggregates and not for fine aggregates. The problem with using
a fine aggregate absorption value as a durability index is that the absorption value determined
using ASTM C 128 (or using a similar test method) is not repeatable. The method for computing
absorption by determining the saturated surface dry condition (SSD) for fine aggregates is very
subjective. Rogers and Dziedziejko (2007) found that the presence of microfines results in
greater multi-laboratory variation than obtained with the same group of laboratories when the
fines are removed.

2.1.4 Mineralogy

The mineral composition of aggregates affects the performance of an aggregate in asphalt
concrete as well as portland cement concrete (PCC) pavements. The main mineralogy



performance issue related to pavements is skid resistance. The mineralogy of the aggregate also
affects the shape and texture of crushed aggregates.

In asphalt concrete, it has been suggested that the presence of hard minerals is vital for
producing polish resistant asphalt concrete [West et al., 2001; Masad et al., 2008]. Mohs
hardness is a scale of mineral hardness that is based on the ability of one material to scratch
another. The Mohs hardness values range from 1 to 10; a value of 1 represents a soft rock (Talc)
and 10 represents the hardest known mineral (diamond). Carbonate aggregates have a Mohs
hardness of 3, while rocks made of quartz have a Mohs hardness of 7. It should be noted that the
hardness of carbonate/calcite aggregates can vary. Some carbonate aggregates such as dolomites
have a higher Mohs hardness index value (around 3.5) [Alden, 2011]. Research on asphalt
concrete has also shown that such aggregates (dolomites) have lower polishing susceptibility
when compared to limestone aggregates [West et al., 2001].

The mineralogy of coarse aggregate is vital for obtaining good skid performance in
asphalt concrete. In PCC however, the mineralogy of the fine aggregate is more important for
obtaining good friction. NCHRP report 281 identifies fine aggregate mineralogy and hardness as
important factors for obtaining good surface friction after the texture of a pavement is abraded
[Folliard and Smith, 2003]. The coarse aggregate only becomes an influencing factor in cases
where the top surface of the pavement has been severely abraded (or when coarse aggregate is
intentionally exposed).

It is difficult to directly measure the resistance of fine aggregate to polishing [Folliard
and Smith, 2003]. For this reason other indicator tests have been used to identify polish resistant
fine aggregates. The most widely used test is the Al test (ASTM D 3042, in Texas Tex-612-J is
used). The test assesses the presence of noncarbonated material in the fine aggregate; materials
that have a high carbonate content yield a low residue because they dissolve in acid, while
materials with low carbonate content yield a high residue. It is believed that the presence of acid
insoluble material in the sand fraction generally improves skid resistance [Folliard and Smith,
2003]. In the 1950s Michigan banned the usage of carbonate fine aggregates in pavement
concrete after very low friction numbers were measured on pavements made of the same source
of fine and coarse limestone aggregate [Robords, 2008]. States such as Indiana and Minnesota
have also banned carbonate fine aggregates in PCC Pavements; other states, including Texas,
Illinois, Ohio, and Georgia have blended their carbonate fine aggregates with siliceous
aggregates to avoid skid problems.

In general, the mineral composition of the majority of aggregates is naturally
heterogeneous; it is therefore important to test for the presence of deleterious material that might
have a negative impact on the performance of concrete. Deleterious materials might include
clays, friable aggregates, chert, or organic materials [Forster, 2006]. In natural sands, it is
important to determine the percentage of aggregates passing No. 200 sieve because those
particles might be composed of deleterious materials such as clays [ASTM C 33]. Manufactured
sands have a higher percentage of aggregates passing the No. 200 sieve that are not necessarily
composed of clay particles [Fowler et al., 2008]. It is not enough to test the percentage of
microfines present in a manufactured sand to identify the presence of clay; other tests such as the
methylene blue (AASHTO TP 57) or the sand equivalent test (Tex-203-F) should be performed
to test for the presence of clay particles in the microfines [Quiroga and Fowler, 2004; Fowler et
al., 2008]. Another method of testing for the presence of clay in fine aggregates is the W.R.
Grace methylene blue test. This test method uses a methylene blue solution to test the entire
sample of fine aggregate using a colorimeter.

10



2.2 Durability of Fine Aggregatesfor Paving Concr ete

2.2.1 Acid Insoluble Residue Test

The main requirement for fine aggregates in paving concrete that is different from the
requirements for all other uses of concrete is having a polish resistant aggregate. In Texas, the
current limits are determined by the acid insoluble residue (Al) test (Tex-612-J). The TxDOT
test consists of mixing a 25g sample of fine aggregate with a concentrated solution of hydraulic
acid. After the reaction between the aggregate and the acid stops, the aggregate is washed and
oven dried, and then the weight change is used to compute the Al Individual aggregate sources
have to meet an Al limit of 60%. If an aggregate does not meet this limit, then it has to be
blended with another aggregate so that the blended fine aggregate meets the 60% Al limit. Prior
to 1993, the minimum Al limit in Texas was 28%. This limit effectively omitted all carbonate
fine aggregates. Between 1982 and 1993, some districts had started using higher requirements by
plan note. The plan notes were not uniform, and the limits were based on sources local to each
district. When the specifications were rewritten in 1993, the limit was set at 60% because
that was representative of the value used by the districts [Herrera, 2011]. The only other state
that has adopted the 60% Al limit is Oklahoma.

2.2.2 Magnesium Sulfate Test

The magnesium sulfate test is a test widely used to determine the durability of fine and
coarse aggregates. In 1828 there was no method for freezing water in the laboratory, thus the
sulfate soundness test was developed to simulate the forces generated by freezing water in
building stone [Rogers et al., 1991]. The test is conducted with either sodium sulfate or
magnesium sulfate. It consists of repeatedly re-immersing aggregates in a sulfate solution and
then drying them; the mass loss is computed after the last drying cycle. The re-crystallization of
salts inside the aggregate causes expansive forces inside the aggregate pores which simulate
what happens during freezing and thawing when water freezes inside aggregate pores.

Most researchers agree that the test suffers poor repeatability, but conclusions on the
ability of the sulfate test to predict field performance are mixed. Folliard and Smith (2003)
recommend only using the magnesium sulfate test since it provides more precise values. In 1987,
researchers determined that among seven laboratory test methods selected for the research the
four-cycle soundness test was the best indicator of performance [Papaleontiou et al., 1987]. On
the other hand, Kandhal and Parker (1998) claim that the crystal growth of salts inside the
aggregate pores does not adequately simulate field conditions. Despite citing four references
which show correlations with field performance, one researcher reported that sulfate soundness
tests did not necessarily reflect field performance because stringent limits have been placed on a
test that does not adequately model the actual field conditions of aggregate [Forster, 2006]. He
explained that several sound aggregates have been rejected by sulfate soundness tests, and
several unsound aggregates have been accepted by sulfate soundness tests and caused severe
degradation in concrete. He concluded that sulfate soundness tests may be used to accept
aggregate but should not necessarily be used to reject them. Some aggregates containing calcium
or magnesium carbonate are attacked chemically by fresh sulfate solution, resulting in
erroneously high measured losses [Meininger, 2002].
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2.2.3 Micro-Deval

The micro-Deval (MD) test was developed to evaluate the wet mechanical strength and
abrasion resistance of aggregates [Rogers et al., 1991]. The original test was invented in France,
and its use in North America began in Canada where it was modified by the Ontario Ministry of
Transportation (OMT). OMT developed tests for coarse and fine aggregates and because the MD
test demonstrated good correlation with field performance, the Ontario Ministry of
Transportation adopted the test for asphalt pavement, concrete, and granular base and sub-base
applications [Rogers et al., 1991]. The test consists of placing a pre-soaked aggregate sample
(washed and graded) in a jar with a fixed volume of water and a fixed quantity of steel ball
bearings. The unit is then put into rotation for a specified period of time or number of cycles.
After the sample is run in the device, it is washed over a sieve (No. 200 sieve for fine aggregates)
and the retained sample is oven dried. The percent loss in mass is computed from the oven dried
sample. Aggregates with a low percent loss are considered more durable than the aggregates with
a higher percent loss. Aggregates that give more than 25% loss are considered marginal for use
in PCC and asphaltic concrete [Rogers, 1991]. ASTM D 7428 recommends a maximum MD
percent loss limit of 20% for pavement concrete. The ASTM limit for structural concrete is also
20% loss.

Most of the research done on the fine aggregate MD test aimed to show that it can predict
performance of fine aggregates better than the magnesium sulfate test. However, in most cases
the performance was not related to skid resistance of concrete pavement or even a quantifiable
field or laboratory concrete performance criteria. Instead, experience-based evaluation of the
general quality and performance of the material was compared to MD lab results. Rogers et al.
(1991) found that the MD test for fine aggregates was more precise and repeatable than the
magnesium sulfate test. Shabir et al. (2007) found that the MD fine aggregate test is better at
predicting performance than the magnesium sulfate test. The performance criteria used by Shabir
et al. was based on the experience of the Virginia Department of Transportation in using the
selected aggregates for testing. Hudec and Boateng (1995) were able to relate MD percent loss to
petrography. The MD loss values were influenced by the amount of shale or chert in the sample;
higher contents of either led to higher MD percent loss.

2.3 Production of Manufactured Sands

Most material for aggregate production comes from bedrock or unconsolidated deposits.
These materials are obtained from surface-mined stone quarries or from sand and gravel pits.
The mineralogy of an aggregate and extraction method affect the physical properties of the
aggregate (shape, texture, and gradation); this in turn affects the physical and mechanical
properties of the concrete produced with this aggregates. The major types of rocks used to
produce crushed aggregates include limestone, granite, dolomite, trap rock, sandstone, quartz,
and quartzite.

The production process begins by extracting the rocks either by drilling or blasting. The
quarried rocks are transported to a processing plant and stored in large bins. To reduce the load
on the primary crushers, screens are used to separate boulders from the finer rocks. Several types
of crushers exist; the optimum choice of crusher is dependent on properties of the rock being
crushed and on the reduction size required. The type of crusher also affects the shape of the
crushed aggregate being produced. The following are the types of crushers commonly used in the
production of aggregates:
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e Jaw crushers

e Gyratory crushers

e Cone crushers

e Horizontal shaft impactors

e Vertical shaft impactors

Primary crushers are used for initial size reduction (6 to 12 in. in diameter); jaw,
impactor, or gyratory crushers can be used as primary crushers. The rocks are then conveyed to
scalping screens; rocks that are too large to pass the screens are processed through secondary and
tertiary crushers (usually a cone or impact crusher). Secondary crushers reduce the size of the
rocks to about 2 to 4 in.; tertiary crushers further reduce the size of the rocks to about 3/16 to 1
in. Oversized material from the tertiary crusher are sized in an inclined vibrating screen and
processed in another cone crusher or a Hammermill (fines crusher) to further reduce the size of
the rocks. The output of this operation is returned to the fines screen for resizing.

Compression crushers, like cone crushers, yield elongated shaped aggregates. However,
this can be minimized by using a technique called “choke” feeding the crusher. Impact crushers,
such as the Hammermill impactor tend to produce a uniform shape despite the higher operating
cost. Centrifuge type crushing action in vertical impact crushers rounds sharp edges making
manufactured sand particles similar to those of natural sands [Saunders, 1995]. One disadvantage
of using impact crushers is that they produce more fines; these fines are usually washed to meet
specifications (such as ASTM C 33). The process of washing aggregates to remove the fines
increases the cost of the aggregates and leaves behind a large amount of unused materials.

The shape of the aggregate produced is affected by the speed on the crusher. The
optimum speed for crushing an aggregate is highly dependent on the mineralogy of the
aggregate. Prior to crushing rocks, aggregate producers run a series of tests to determine the
crushing settings. Some of the properties that are determined prior to the crushing operation
include abrasiveness and crushability.

2.4 Blended Sandsin Concrete Pavements

When used in concrete pavements, soft manufactured sands such as carbonate sands
polish and cause the concrete pavement to lose skid resistance. This is why manufactured sands
are blended with siliceous sands. Many states have either used or adopted specifications for
blended sands; these include Texas, Oklahoma, Illinois, Ohio, and Georgia. Some specifications
require a minimum of 25% siliceous sand content in pavement concrete. In Texas, the combined
blended sand has to meet an Al value of 60% (the test has to be performed on individual sands
prior to blending). Since sands made of calcium carbonate are soluble in acid, the maximum
percentage of manufactured carbonate sand cannot exceed 40%. Blending siliceous sands with
manufactured sands has the following benefits:

e [t has allowed softer manufactured sands to be used in concrete without negatively
affecting skid performance.

e It has improved the grading of the fine aggregates, which in turn can improve the
workability of the concrete.
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e [t has decreased the negative effect that poorly shaped manufactured sands have on the
workability and finishability of concrete.

e It has reduced the cost of hauling large quantities of aggregates in locations where poor
performing aggregates are present.

2.5 Approachesfor Optimizing Aggregate Gradation

2.5.1 Packing Density M ethod

Packing density is defined as the volume of solids as a percentage of the total bulk
volume. It provides an indirect mean of measuring aggregate geometric characteristics and a
means of calculating the void content that needs to be filled with cement paste. Aggregate
gradations with higher packing density allow for larger volumes of aggregates and lower
volumes of paste.

Research done by Fuller and Thompson (1907) on adjusting gradation to render the
greatest strength and workability concluded that aggregates should be graded in sizes and
combined with water to give the greatest density. They developed a gradation curve that
represented the greatest density of aggregates, but concluded that this gradation might not
produce the greatest density when combined with cement and water because of the way cement
particles fit in the pores. Work done by Wig et al. (1916) showed that the curve suggested by
Fuller and Thompson (1907) does not always give the maximum density when aggregates
different than the ones they studied were used. Talbot and Richart (1923) developed the
following equation:

P = (%)n (Eq. 2.1)

where P is the amount of material in the system finer than size d, D is the maximum particle size,
and n is the exponent governing the distribution of sizes. They concluded that for a given
maximum particle size D, the maximum density can be achieved when n=0.5, but the resulting
mixtures were harsh and not usable.

Many modifications have since been made to this equation; Shilstone (1990) and Quiroga
(2003) suggested that the optimum value of nis 0.45. Work done by Bolomey (1947) extended
the concept of parabolic grading and added an empirical value to the equation that reflected the
desired level of workability. Furthermore, many other mathematical models based on empirical
measurements have been developed to compute packing density.

2.5.2 Surface Area

According to Edwards (1918), the amount of water required for a concrete mixture is a
function of the surface area of the aggregate particles. Young (1919) found that quantity of water
required was dependent upon the quantity and consistency of the cement and the total surface
area of the aggregate, which in turn is dependent on the grading. Young (1919) also found that
the less the surface area of the aggregates, the less the excess water needed for the cement.

2.5.3 0.45 Power Chart

The 0.45 Power Chart is similar to a semi-log graph. It was originally used to obtain
uniform gradation for asphalt mixture designs. The x-axis contains the sieve size, and the y-axis
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contains the percent of aggregates passing a given sieve. According to this method, the best
combined grading, i.e., the grading with the least amount of voids is defined by a straight line.
Fowler and Koehler (2007) used a modified 0.45 power chart for sands with high microfine
content for optimizing self-consolidating concrete mixtures (Figure 2.2). The difference between
the modified 0.45 chart and the conventional 0.45 power is that the modified 0.45 power chart
does not take into account microfines as part of the aggregate gradation (microfines are
considered part of the paste portion).
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Figure 2.2: Modified 0.45 Power Chart [ Koehler and Fowler 2007]

Deviations from the 0.45 power line help identify the location of grading problems.
“Zigzags” across the line are undesirable. Gap-graded aggregate combinations will form an S-
shape curve deviating from the optimum.

2.5.4 Coar seness Factor Chart

The coarseness factor chart developed by Shilstone (1990) is an alternative method of
analyzing the size and uniformity of the combined aggregate particle distribution (Figure 2.3).
For the coarseness factor chart a consideration of the grading of the whole aggregate is made,
instead of considering the coarse and fine aggregate separately. Aggregate is divided into three
fractions: large, Q, intermediate, I, and fine, W. Large aggregate is larger than 3/8-in.,
intermediate aggregate is considered to be between 3/8-in. and the No. 4 sieve and fine aggregate
is defined as smaller than a No. 4 sieve and larger than a No. 200 sieve. All minus No. 200 sieve
materials are classified as paste and the combination of paste and fine aggregate is considered
mortar. The coarseness factor chart gives the relationship between the modified workability
factor, which is equal to W corrected for cement content when more or less than 6 sacks per
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cubic yard are used, and the coarseness factor, which is defined as Q/(Q+I) [Quiroga and Fowler,

2004].
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Figure 2.3: Coarseness Chart Proposed by Shilstone

This chart is based on the assumption that as cementitious materials are increased, the

fine aggregate content should be reduced to maintain the same workability factor and vice versa.
An increase or decrease in the cementitious materials or fine aggregate content without
compensation in the other of these two components will impact the workability of the mixture.
Five zones are defined in the chart:

e Zone I — This zone includes seriously gap-graded mixtures with high potential for
segregation during placement or consolidation due to a deficiency in intermediate
particles. They are not cohesive mixtures and are not recommended for paving or slabs
due to segregation potential.

e Zone II — This is the optimum zone, including mixtures with nominal maximum
aggregate size from 1-1/2 to 3/4 inch. These mixtures generally produce consistent,
high quality concrete. Mixtures with slivered or flat intermediate aggregate require
more fine sized aggregate due to their non-rounded shapes that create mobility
problems.

e Zone III — This zone is an extension of Zone II for maximum aggregate size equal to or
smaller than 1/2 inch.

e Zone IV — These mixtures have excessive fines leading to a high potential for
segregation during consolidation and finishing. Mixtures in this zone will produce
variable strength, have high permeability, and exhibit shrinkage.

e Zone V — Mixtures falling in this zone are very coarse or non-plastic, creating a need to
increase the fines content (ACI 302-04; IM 532).
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2.5.5 Percent Retained

The current ASTM C 33 specification could lead to poor workability mixtures and gap-
graded mixtures due to an excess or a deficiency of some sizes. The goal of the “Percent
Retained” method (Figure 2.4), sometimes referred to as the “18-8” method, is to produce
uniform blends by limiting the maximum and minimum amount of aggregate fractions to a
ceiling value of 18% and a floor value of 8% [Quiroga and Fowler, 2004].

A deficit in particles retained on the No. 8, 16 and 30 sieves and an excess of particles
retained in the No. 50 and 100 sieves can be found in many areas of the U.S. This leads to
problems such as cracking, curling, blistering, and spalling of concrete. If there is a deficit in one
sieve but an excess on the adjacent sieve, the two sieve sizes can balance one another. However,
if there are three adjacent deficient sieve sizes, the grading distribution in these sieves needs to
be adjusted. These deficits can be seen through adjacent peaks and dips in the “18-8” chart [ACI
302-04; IM 532].
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This method, however, is not intended to be used for aggregate with high microfines
content. The mixtures meeting the “18-8” limits could still have workability problems and low
packing density due to an excess or deficit of either fine or coarse aggregate [Quiroga and
Fowler, 2004].
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Chapter 3. Concrete Properties and Performance Literature Review

The main acceptance criterion for aggregates should be related to their performance in
concrete. If good quality concrete that meets all the required performance criteria can be made
using a certain source of aggregate, then there is no reason not to use that aggregate. This chapter
will discuss how aggregate properties affect fresh and hardened concrete performance. Methods
of evaluating skid resistance and proportioning concrete are also reviewed in this chapter.

3.1 Effect of Fine Aggregates on Fresh Concrete Properties

Particle shape, texture, and grading have a great impact on the fresh properties of
concrete. Mixtures containing high amounts of poorly shaped particles (like MFAs) tend to need
a higher amount of paste content to achieve the same workability (compared to a mixture made
with natural sands) [Fowler et al., 2008]. Other properties such as finishability, air content,
bleeding, and segregation might also be affected by the use of MFA.

3.1.1 Workability

In the 1970s, an aggregate manufacturer in North Carolina began promoting the use of
manufactured sands in pavement concrete. A test section was made with manufactured sand
containing a maximum of 3% microfines. The performance of this manufactured sand was a
nightmare for the paving contractor [Saunders, 1995]. The concrete workability was horrible;
there was excessive bleeding, edge slump, and edge shearing [Saunders, 1995]. Following this
incident, a 50/50 blend of manufactured sand and natural sand was used instead to improve
performance.

Fine aggregates have a higher impact on workability than coarse aggregates [Wills,
1972]. One of the obstacles to using MFA in concrete is that manufactured sands are typically
composed of sharp, angular particles with large numbers of flat and elongated particles [Graves,
2006]. Angular particles create a greater void volume within the aggregate. Additional paste
(water and cement) is needed to fill those voids [Quiroga and Fowler, 2004]. This can be offset,
however, by using a higher dosage of admixture [Fowler et al., 2008]. When using MFA in
concrete mixtures, a water-reducing admixture may not be sufficient to achieve a slump of 2 in.
[Trachet, 2008]. Mid-range or high-range water-reducing admixtures (MRWRA and HRWRA)
have a higher water reducing capacity; however, MRWRA and HRWRA are not usually used for
slipform paving jobs.

Another aspect of MFA that affects workability is the presence of high amounts of
microfines. Microfines are believed to have an adverse effect on the workability of concrete due
to their small sizes (large surface area) and because they might contain deleterious materials (like
clay and other organic materials). Research by ICAR on self-consolidating concrete found that
microfines can be successfully used and can lead to an improvement in the workability of
concrete (when low amounts of deleterious materials such as clays are present) [Koehler and
Fowler, 2007]. Furthermore, when microfines are considered as part of the aggregates, higher
dosages of admixture are needed to achieve the same workability as compared to mixtures where
the microfines are accounted for as part of the paste [Fowler et al., 2008].

Both the angular nature of MFA and the presence of high amount of microfines affect the
workability of concrete. These negative impacts on workability can be counteracted by blending
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sands, using an admixture, or by the addition of fly ash [Trachet 2008]. Increasing the quantity of
manufactured sand in a blend will reduce workability or will require a higher dosage of
admixture [Trachet, 2008].

3.1.2 Finishability

One of the problems experienced during the “TxDOT Implementation Project for
Increased Microfines Content in Pavement Concrete” was problems that involved finishing
[McLeroy, 2008]. The finishing crew tried to solve the problem by adding more water to the
surface of the concrete (“blessing” the concrete). Such problems have not been encountered
when natural sands were used, and are believed to have been caused due to the poor shape of
MFA and the presence of high amounts of microfines [McLeroy, 2008]. A type D admixture
(water reducing and retarding) was used in that project. Finishability can be improved by either
improving the shape or grading of crushed aggregates [Saunders, 1995] or by using a different
type of admixture. MRWRA admixtures have higher water reducing capacity, and have the
ability to improve surface slickness, which results in easier finishing and better concrete surfaces
[Schaefer, 1995]. Using a MRWRA might help solve workability and finishability problems
encountered when MFA are used, but such admixtures are not usually used in paving concrete.

3.1.3 Bleeding and Segregation

By increasing the water demand, the amount of bleed water in the concrete increases
[Washa, 1998; Kosmatka, 1994]. Research done during ICAR 401 [Fowler et al., 2008], have
shown that for the same mixture proportions, mixtures containing MFA will only bleed if not
enough paste (water and cement) is present in the mixture; the volume of paste to avoid bleeding
in mixtures containing natural sands is lower than that of mixtures made with MFA. As for
segregation, Kalcheff (1977), Hudson (1999), and research done by the Japan Society of Civil
Engineers (2002), have shown that the presence of microfines help decrease the segregation of
concrete.

3.1.4 Air Content

Research done during ICAR 104 suggest that the high percentage of microfines present in
MFA can lead to an increase in the amount of entrained air, and thus decrease the amount of air-
entrainment needed [Quiroga and Fowler, 2004]. Later research done on MFA has shown no
correlations between the presence of MFA and the increase of entrained air [Trachet, 2008]. The
observed increase in entrained air might be due to the increase in the dosage of the water-
reducer, or maybe due to the presence of fly ash [Trachet, 2008].

3.2 The Effect of Fine Aggregates on Hardened Concrete Properties

The hardened properties of concrete are affected by the amount, mineralogy, and grading
of aggregates. The addition of water to mixtures made with MFA to compensate for the water
needed to achieve the required workability might affect the strength and durability. Properties
that might be affected by the use of MFA include compressive and tensile/flexural strength,
shrinkage, permeability, and skid resistance.
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3.2.1 Strength

Using water-reducing admixtures, concrete mixtures made with MFA do not need
additional water to achieve the required workability. ICAR 401 [Fowler el al. 2008] showed that
the same compressive strength can be produced by using natural sand, a well-shaped
manufactured sand, or a poorly-shaped manufactured sand. The only additional requirement was
a higher dosage of admixture that was used to achieve the same workability. Research by Kim et
al. (1997) has shown that concrete made with crushed limestone fines has generated compressive
and tensile strengths about equal to or larger than natural sand. Other research by Celik and
Marar (1996) has shown that the strength is affected by the percent of microfines in the sand,
fine aggregates with amounts of microfines equal of about 30% lead to a decrease in
compressive and flexural strength. For the same water-to-cement ratio, MFAs or blended sands
demonstrate either equal or superior strength or resistance to carbonation, when compared to
concrete made with natural sand [Yamamoto et al., 2005]. Using manufactured granite sand in a
blend can cause reduction in compressive and flexural strength [Trachet, 2008], while using
dolomitic limestone sand increases strength [Trachet, 2008]. The granite sand tested by Trachet
(2008) produced concrete with the lowest values of compressive strength and flexural strength.

3.2.2 Shrinkage

Due to the restraining effect of aggregate particles, concrete generally shrinks less than
cement paste. According to Torben el al. (1965), the degree of restraint provided by the
aggregates in concrete i1s dependent on the quantity of aggregate, elastic properties of the
aggregate, and the shrinkage of the cement paste and aggregate; the greater the volume of the
aggregate in the concrete, the less the shrinkage. Furthermore, the lower the aggregate modulus
of elasticity the lower the restraining effect on the cement paste during shrinkage. Higher
shrinkage is usually associated with higher paste content (water and cement) [Fowler et al.,
2008]. When microfines in manufactured sands are considered as part of the paste, rather than as
part of the aggregates, shrinkage decreases; this is due to decrease of cement in the mixtures
[Fowler et al., 2008]. Higher shrinkage in mixtures containing manufactured sands can be
attributed to the higher paste requirements.

3.2.3 Skid Resistance

Skidding, slipping, or sliding occurs as a result of lack or loss of friction. Friction is
defined as the force resisting relative motion of two objects in contact (Figure 3.1). Friction
created by the tire and pavement interaction allows vehicles to accelerate, decelerate, and
maneuver. A study done by Viner et al (2004) estimated that risks of accidents crashes can be
halved by doubling the skid resistance [Hall et al., 2006]
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Figure 3.1: Friction Force

In PCC pavements, adequate surface friction generally exists in dry conditions. In wet
conditions the presence of water reduces the contact between the tire and the pavement, which
reduces friction. If a sufficiently thick film of water is formed between the tire and the pavement
(this might occur at higher traveling speeds), the tire will lose contact with the pavement, a
phenomenon known as hydroplaning (Figure 3.2) [Hoerner et al., 2003]. The difference between
hydroplaning and skidding is that in hydroplaning there is no contact between the tire and the
road surface to develop any frictional force.

Direction of Maotion

Pavement

Figure 3.2: Hydroplaning

Early investigations of friction hypothesized that friction was only due to the interlocking
of mechanical protuberances or asperities on the surfaces of contacting materials [Rabinowicz,
1995]. This explanation for the friction phenomena is referred two as the “roughness hypothesis”
[Rabinowicz, 1995]. In the 1900s, as the science of surface chemistry was developed, it became
evident that friction was not just due to roughness.

The friction force between two objects arises from the need to shear strongly adherent
surface atoms of contacting materials [Rabinowicz, 1995]. This phenomenon is known as
adhesion and usually accounts for 90% or more of the overall friction force [Rabinowicz, 1995].
On wet pavements, adhesion can account for two-thirds of the resistance force [Hogervorst,
1974]. The other main factor contributing to the frictional force involves the roughness of a
surface [Rabinowicz, 1995]. This component of friction arises from the need during the sliding
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of rough surfaces to lift one surface over the roughness of the other. This phenomenon is also
known as the hysteresis component. A depiction of adhesion and hysteresis between tire and
pavement is shown in Figure 3.3.
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Figure 3.3: Schematic Plot of Adhesion and Hysteresis [ adapted from Hall et al., 2006]

The adhesion component of the friction force is proportional to the area of contact
[Rabinowicz, 1995]. The area of contact though is not the “apparent area” (or the visible area)
but the “real area” of contact. The real area of contact might be larger than the apparent area of
contact because it is made up of large number of small regions of contact, or “junctions” (not
necessary visible). To prove that friction is not necessarily related to surface roughness but is
rather related to adhesion, Bailey and Courtney-Pratt (1955) showed that atomically smooth
surfaces of mica, produced by cleavage, show very high friction [Rabinowicz, 1995].

Texture on pavements is composed of the deviations of the pavement surface from a true
planar surface. Many types of texturing methods are used in concrete, some are formed in wet
concrete and others are formed in hardened concrete. Textures formed in wet concrete include
texture formed by dragging techniques (burlap, carpet, broom, etc.), tining (longitudinal or
transverse), or exposed coarse aggregate (less commonly used). Textures formed in hardened
concrete include ground concrete (diamond grinding) or shot blasted/abraded concrete (less
commonly used).

The Permanent International Association of Road Congresses (PIARC) defines three
levels of texture; these are micro-texture, macro-texture, and mega-texture [Hall et al., 2009].
Each of these can be differentiated by their wavelength [A] and amplitude (A)[ Hall et al., 2009].
Micro-texture (A < 0.5 mm, A= 1 to 500 um), is the surface roughness on the microscopic level.
Unless the coarse aggregate is exposed, the micro-texture is mainly influenced by the fine
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aggregate in PCC pavements. The micro-texture is important to maintain adequate friction in
dry-weather conditions and wet-weather conditions when speeds are under 72 km/h (45 mph)
[Hall et al., 2009].

Macro-texture (0.5 mm < A < 50 mm, A = 0.1 to 20 mm) is defined by the type of surface
finishing/texturing technique formed in the surface of the concrete. Good macro-texture is
required to maintain adequate friction under wet-weather conditions at speeds over 72 km/h (45
mph) and to prevent hydroplaning.

Mega-texture (50 mm < A < 500 mm, A = 0.1 to 50 mm). This type of texture is usually
undesirable and is unintentionally formed or is a result for distress in concrete.

Texture can also influence properties of the pavement other than friction. These
properties include noise, ride quality, splash and spray and tire wear. A summary of how the
different levels of texture can affect concrete pavement is presented in Figure 3.4. In Figure 3.5,
aggregate texture, fine aggregate size, and coarse aggregate size are compared to the wavelength
of the different levels of texture on a pavement.
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Figure 3.4: Pavement Wavelength and Surface Characteristics [adapted from Hall et al., 2006;
Hoerner, 2003]

4x10*in. 2x107%in. 2in. 20 in. 300 in.
10%m 5x10°m 5x10%m 5x10 ' m 10m
Micro-texture Macro-texture Mega-texture Roughness/Unevenness

1 1
' !
Aggregate Texture !

Fine Aggregate

Coarse
Aggregate

I
I
I
I T
I I

I I

I |

i |

i i Surface channels,

i i grooves, or indentations
i 5 that are intentionally
i ! formed

| |

Figure 3.5: Type of Texture Contributing to Texture
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After the texture formed on the concrete surface is abraded (mainly the texture created by
dragging techniques), the skid resistance of a pavement is a function of the fine aggregate used in
the concrete mixture. This property of PCC pavement was recognized early on and research has
been done to find tests that better evaluate the performance of fine aggregates for skid.

According to Balmer and Colley (1966), the need for skid resistant pavements was
recognized in 1958 by the First International Skid Prevention Conference. After this conference,
state agencies started to develop equipment to test skid both in the laboratory and in the field. In
1958, Shupe and Lounsbury showed a correlation between calcium carbonate content of
aggregates and skidding susceptibility. Gray and Renninger (1965) recognized the contribution
of siliceous sand particles in skid resistance and pioneered the Al test to analyze the amount of
siliceous materials in the aggregates. Balmer and Colley (1966) compared Al of fine aggregates
to a laboratory skid performance test. It should be noted, however, that the acid insoluble test
used by Balmer and Colley differed significantly from what is currently being used by TxDOT.
Balmer and Colley tested samples that had a weight ranging from 1 to 2 Ibs. (450 to 900 grams)
with a 6N solution of hydrochloric acid solution. The TxDOT test method uses 25 grams of fine
aggregates along with a concentrated hydrochloric acid solution. ASTM D 3042 (Standard Test
Method for Insoluble Residue in Carbonate Aggregates) is similar to the test conducted by
Balmer and Colley.

The laboratory testing conducted by Balmer and Colley consisted of subjecting concrete
specimen made with sands having different mineralogy to three cycles of wear. The first and
third cycles consisted of wearing the surface by means of a rotating 600 lb loaded tire. The
second cycle was similar to the first and third cycles, but was complemented by the addition of
fine Ottawa sand. The goal of adding the fine aggregate was to simulate wear caused by the grit
and dirt on roadways. The results obtained from Balmer and Colley are shown in Table 3.1.
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Table 3.1: Wear Index Results Obtained by Balmer and Colley (1966)

Agg%neéate Principal Rating of Field Wear Index,
No. Constituents, % Performance
1...... 90 caloite poor 3.6
2..e... 70 calcite poor 4.4
24 dolomite
3...... 90 ealcite poor 4.0
4...... 80 dolomite poor 5.6
L T 75 dolomite poor 5.8
- I 70 dolomite poor 5.4
7eev... 60 ealcite poor 5.3
16 gilt and clay
8...... 80 caloite fair 6.2
15 quartz
L2 RN 68 calcite poor 5.9
12 dolomite
10...... 50 ealcite excellent 6.8
33 mica and quartz
11...... 56 dolomite excellent 6.8
39 quartz, quartzite, and feldspar
12...... 55 calcite and dolomite exeelient 6.7
40 quartz, mica, and epidote
13...... 45 calcite excellent 7.3
42 quartz and feldspar
4...... 50 dolomite exeellent ,7.0
44 quartz
15...... 45 dolomite excellent 6.8
45 quartz
16...... 45 dolomite excellent 7.2
45 quarts
17...... 30 graywacke excellent 7.0
55 quartz
18,..... 75 quarts excellent 7.3
17 feldspar
19...... 72 quartz excellent 7.2
20 feldspar
20...... 99 qusartz excellent 7.5

Balmer and Colley rated the skid performance of the concrete by measuring the power
required to rotate a wheel against the abraded specimen. This value was translated into a wear
index. The wear index values ranged from 3.5 to 7.5 (Table 3.1); the “calcites” (probably
limestone aggregates) had the lowest values, while the aggregates containing quartz (siliceous)
had the highest. Although dolomitic aggregates were rated as “poor,” they had values ranging
from 4.4 to 5.8.

After comparing the results obtained from the aggregate tests to the concrete laboratory
performance test, Balmer and Colley concluded that 25% siliceous fine aggregate replacement
was satisfactory for performance with most aggregates (Figure 3.6).
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Figure 3.6: Effect of Sliceous Particle Content on Wear Index [ Balmer and Colley, 1966]

Most current specifications base their limits on the study done by Balmer and Colley
(1966). Federal Highway Administration guidelines recommend the usage of wear resistant
aggregate. FHWA recommends a minimum siliceous fine aggregate content of 25% [FHWA,
2005]. Such a limit would allow up to 75% of the sand to be composed of carbonate aggregate
(35% more than the TxDOT specifications).

Most of the studies done after 1966 had the same conclusions as the study done Balmer
and Colley. Renninger and Nichols (1977) found good correlation between skid resistance (as
determined by the British Pendulum Tester) and Al
As part of a study the evaluated micro-texture and macro-texture on PCC pavements around the
United States, Hall and Smith (2009) found that tougher, more durable aggregates retain higher
friction values. They found that the usage of limestone in Kansas and Illinois resulted in greater
rates of micro-texture deterioration compared to the usage of high silica granite in Minnesota.

In Pennsylvania, PDOT formed a committee to investigate decrease in skid resistance on
some PCC pavements that was attributed to the use of a soft limestone coarse aggregate. A task
force was formed in 2006, after several crash clusters in areas of I-80 were reported. The
committee determined that the pavements with diminished skid performance had lost the surface
mortar and that the tires were riding in a combination of coarse aggregate and mortar. The “loss
of surface” (loss of the mortar on the surface) was attributed to the usage of metal stud/chain,
diamond grinding, or shot blasting of the surface [PDOT, 2007].

The properties that affect PCC pavements and asphalt concrete skid performance are
similar but are due to different factors. Table 3.2 is a summary of how PCC and asphalt
pavements differ.
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Table 3.2: Propertiesand Factors Affecting the Skid Resistance of PCC and Asphalt

Pavements

Property/Factor

PCC Pavement

Asphalt Concr ete Pavement

Aggregates contributing
to skid resistance

Unless the coarse aggregate is
exposed, skid resistance is
mainly affected by the fine

aggregate.

The coarse aggregate plays a
major role in skid resistance;
fine aggregate have little to
no effect.

Aggregate property
affecting skid resistance

Fine aggregate mineralogy is
the main factor in determining
the long-term skid resistance
of PCC pavements.

Coarse aggregate mineralogy,
shape, angularity, and texture
affect performance.

Macro-texture

Macro-texture is formed on
the concrete surface to drain
the pavement from water and

to avoid hydroplaning; it is

formed mainly by tining or

Macro-texture is not
intentionally formed; it is
defined by the angularity and
shape of the coarse aggregate.

grooving.

Other factors might affect the
loss of skid resistance besides
abrasion (such as
temperature, age, etc.).

Wear or loss of friction is
mainly due to abrasion.

Loss of skid
(deterioration)

3.3 Evaluating Pavement Skid Performance

Many methods have been developed to evaluate skid resistance both for field and
laboratory usage. These methods either evaluate micro-texture, macro-texture, or both. In this
section, methods of evaluating friction, texture, and equipment used to simulate wear at a
laboratory will be discussed.

3.3.1 Test Methodsfor Evaluating Texture

The Sand Patch Method (ASTM E 965 or Tex-436-A) is a method used to measure the
average macro-texture depth of a pavement. The test consists of spreading a uniform material of
known volume on a clean and dry pavement surface and then calculating the average depth of the
macro-texture based on the area covered by the material. The sand test method is known to be
cumbersome and has poor repeatability [Doty, 1974]. Another method similar to the sand patch
method was developed, it is known as the grease patch method.

The Outflow Meter (ASTM E 2380) is also a method used to evaluate macro-texture. It
consists of measuring the time it takes for a cylinder of known volume to discharge water over a
pavement. This method is suitable as a field test to evaluate surface drainage.

The Circular Track Meter (CTM) (ASTM E 2157) is a device that utilizes a
displacement sensor that is mounted on an arm that rotates in a circular path and measures the
mean profile depth (MPD) of a pavement (macro-texture). The CTM is a device that can be used
in the field and in a laboratory to evaluate macro-texture.

Many other methods that use laser or image processing equipment like the CTM have
been developed. Some of these include the Road Surface Analyzer (ROSAN), Robotex, the

28



Multi-Laser Profiler (MLP), the Lightweight Profiler, and the Liteweight Inertial Surface
Analyzer (LISA). Many of those devices were developed because highway agencies were
researching methods of evaluating pavement texture and skid resistance without interrupting
traffic.

3.3.2 Test Methodsfor Evaluating Friction

The Locked-Wheel Skid Trailer (ASTM E 274) is the most common method used by
state agencies to evaluated skid resistance. The method consists of measuring the locked-wheel
friction (100% slip condition) of a trailer towed behind a truck at a speed of 40 mph (TxDOT
uses 50 mph). The trailer administers a water spray to the pavement in front of the tire to
simulate wet conditions. The resulting friction force acting between the test tire and the
pavement surface is used to determine the skid resistance which is reported as a skid number
(SN). Higher SN values signify higher skid resistance. A smooth tire (ASTM E 524) or a ribbed
tire (ASTM E 501) can be used on the skid trailer. Research has shown that ribbed tires are only
capable of evaluating the effect of micro-texture on friction, while smooth tires can measure the
contribution of micro-texture as well as macro-texture [Jackson, 2008; Hall et al., 2006]. Some
state agencies have trigger skid values that they use as means of initiating some sort of
rehabilitation treatment; these values differ from state to state. The most common trigger values
reported are SN < 35 or 30 for ribbed tires, and SN < 20 for smooth tires [Hall et al., 2006]. It is
believed that SN values below those limits can result in an increase in skid related accidents on
roadways.

The British Pendulum Tester (BPT) (ASTM E 303) is one of the simplest and cheapest
instruments used in the measurement of friction characteristics of pavement surfaces [Lee,
2005].The BPT produces a low-speed sliding contact (about 6 mph, or 10 km/hr) between a
standard rubber slider and a pavement surface. The elevation to which the arm swings after
contact is used to compute a frictional value. Various studies have shown that the BPT is
unreliable especially when used on coarse-textured surfaces [Lee, 2005].

The Dynamic Friction Tester (DFT) (ASTM E 1911) is laboratory and field apparatus
that measures the friction-speed relationship on a pavement surface for speeds ranging from 0 to
50 mph (80 km/hr). The DFT measures the torque needed to stop three small spring-loaded
standard rubber pads rotating in a circular path. The torque measured is then converted to a
friction value. Water is also introduced during testing to simulate wet conditions. The DFT can
be used along with the CTM to evaluate both micro-texture and macro-texture on the same
circular path.

Since the 1960s many methods of measuring frictional resistance have been invented
worldwide. Most of these methods were mainly developed for field usage and they closely
resemble the Locked-Wheel Skid Trailer discussed earlier; these include the British Mu-Meter,
the British Sideway Force Coefficient Routine Investigation Machine (SCRIM), Roadway and
runway friction testers (RFTs), the Airport Surface Friction Tester (ASFT), the Saab Friction
Tester (SFT), the Griptester, the Finland BV-11, the Road Analyzer and Recorder (ROAR), and
the Norwegian Norsemeter RUNAR [Hall et al., 2006]. Other methods of evaluating friction are
based on measuring the stopping distance (ASTM E 445) or the deceleration rate (ASTM E
2101). Some of these methods are used to evaluate friction at different speeds while an antilock
braking system (ABS) is fully engaged. Laboratory sized equipment similar to the BPT and DFT
have also been developed; these include the Michigan Laboratory Friction Tester, the North
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Carolina Variable Speed Friction Tester, and the Pennsylvania Transportation Institute (PTI)
Tester.
3.3.3 Accelerated Wear and Polishing Devices

Machines that simulate wear and polish caused by traffic have been used since research
on skid resistance started in the 1960s. Some were made to wear and polish aggregates, while
others were made to wear and polish asphalt and concrete surfaces. Such devices include

e The British Polishing Wheel.
e The Michigan Indoor Wear Track.
e The MD.

e The Three-Wheel Polishing Device (TWPD) developed by the National Center for
Asphalt Technology (NCAT).

e The North Carolina State University Wear and Polishing Machine.
e The Wehner/Schulze Polishing Machine.

e The Penn State Reciprocating Polishing Machine.
e The Model Mobile Load Simulator (MMLS-3).

All those machines essentially do the same thing; they wear and polish aggregate, asphalt, or
concrete surfaces. In general these devices differ in the following:

e The size of the machine and the area it polishes.

e The material used to polish specimen (Different types of tire material have been used to
abrade the surfaces).

e Some devices have used means to accelerate wearing and polishing. For example, hard
sands have been used to complement and accelerate the wear caused by tires.

e Some devices utilize water in the abrasion process, while others do not.

It should be noted that most of those devices have been developed for testing asphalt
pavements and not for concrete pavements. Moreover, some of those devices have shown to
reproduce wearing and polish patterns very similar to what is observed in the field; such
machines can be used to estimate when the loss of skid will occur based on the materials used,
expected traffic, and age of a pavement.

3.3.4 Correlating Skid Values M easur ed by Different Devices

Many methods and devices of evaluating skid resistance have been created, and each of
these evaluates skid in its own defined way. The need to define a common scale for friction on
pavements was explored by the Permanent International Association of Road Congresses
(PTARC). In 1992, PIARC conducted a study aimed at correlating the results obtained from 51
different measurement systems used worldwide. Sixteen countries covering each continent
participated and experiments were conducting at 54 sites across the U.S and Europe. One of the
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main results of the PIARC experiment was the development of the International Friction Index
(IFT) [PTIARC, 1995]. ASTM E 1960 defines the IFI as an index for comparing and harmonizing
friction measurements with different equipment to a common calibrated index. For example
values measured using a CTM and DFT can be used to calculate the IFI index; the IFI index can
then be used to compute the equivalent texture or friction values for other devices. The following
is an example of how values measured using a CTM and DFT can be converted to equivalent
locked-wheel skid trailer SNs (ASTM E 274):

e The IFI parameters F60 and S, are first computed using the formulas provided in
ASTM 1960:

Sp =14.2+89.7MPD (Eq. 3.1)

F60 = A+ B x FRS x e(569)/5p (Eq. 3.2)
e A and B are the calibrated constants for the device used for measurement: A = 0.0082
and B = 0.732 for the coefficient of friction measured by the DFT at 12 mph (20 km/hr)

(ASTM 1960). FRS is the friction value measured at a speed S (in this case at 20
km/hr). The MPD is the mean profile depth value measured by the CTM.

F60 = 0.081 + 0.732DFT,,e %%/ (Eq. 3.2)
e After the IFI parameters F60 and S, are computed, the same formulas using different
device constants can be used to compute the equivalent friction.

e To compute the equivalent SN measured by a locked-wheel skid trailer at 50 mph using
a smooth tire (ASTM E 524), the following formula can be used:

SN(50)smootn = (‘”5 X ) X 100 (Eq. 3.3)

0.925 S
e SP

e To compute the equivalent SN measured by a locked-wheel skid trailer at 40 mph using
a ribbed tire (ASTM E 501), the following formula can be used:

F60+0.023—0.098XxMPD 1
SN(4'0)ribbed = < 0.607 a X 4.37) x 100 (Eq~ 3~4)
. o Sp

Research done at University of North Florida on asphalt concrete found direct correlation
between the DFT coefficient of friction at 37 mph (60 km/hr) and the locked-wheel skid trailer
value measured at 40 mph using ribbed tires [Jackson, 2008]. A similar correlation for asphalt
concrete was found by NCAT after correlating field and laboratory results (Figure 3.7)
[Heitzman, 2011].
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Figure 3.7: Correlation between SN(64)inbed and DFT60 (metric units) [ Heitzman, 2011]

3.4 Diamond Grinding and Grooving

Diamond grinding is a technique used to correct irregularities or restore surface friction
on PCC pavements and bridges. Grinding consists of cutting the surface of a hardened concrete
pavement using closely spaced saw blades. Grooving involves cutting the pavement with deeper
cuts that serve as water channels which help drain the pavement and prevent hydroplaning.

Grinding a surface restores macro-texture initially increasing the surface friction.
However, the concern with grinding is that the increase in friction will be short-lived if a soft
aggregate is exposed. The texture produced by grinding varies depending on the size of blades
used on the grinding head. Larger spacers produce larger land areas, while smaller spacers
produce smaller land areas (Figure 3.8).

Land area: function of spacer thickness

—>

—

Groove: function of blade thickness

Figure 3.8: Factors Affecting Diamond-Ground Surfaces

Compared to other repair techniques, grinding has many advantages, including the following:
e Improvements in ride quality by making the concrete surface smoother.
e Possible reduction in noise on pavements. Research on noise has focused on finding the

optimum blade configuration to produce the quietest pavement.

Grinding operations do not require shutting down adjacent lanes; they require less traffic
interruptions than other restoration techniques. Moreover, using multiple machines during a
grinding operation allows a lane to be completed and opened to traffic after only one pass.
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3.5 Mix Proportioning M ethods for Portland Cement Concrete

Many approaches to mix proportioning have been published; most are based on the
following principals:

¢ Fineness modulus
¢ Void density
e Specific surface

e Workability factor

Since most of the research done by ICAR at University of Texas at Austin attempted to find
better methods of proportioning manufactured aggregates in concrete, only two methods for
proportioning concrete were considered and evaluated during this research project. The first
method is the ACI method (ACI 211), and the second is the proportioning method developed by
ICAR that was made specifically for proportioning manufactured sands in concrete.

3.5.1 ACI Mixture Design Method

The ACI 211 (2002) method is based on an empirical formula that indirectly determines
the amount of aggregates in a mixture. The values recommended by ACI assume that the
aggregates are well graded and no guidance is given on how to blend two or more aggregates.

The ACI method relates the amount of cement needed in a mixture to strength and
durability criteria in terms of minimum amount of cement and required water-to-cement ratio
(w/c). The amount of water required increases with increasing aggregate angularity, increasing
slump, decreasing maximum aggregate size, lack of air entrainment, or use of water-reducing
admixtures. The volume of coarse aggregate is a function of the dry-rodded unit weight of the
coarse aggregate, the fineness modulus of the fine aggregate, and the maximum aggregate size.
The volume of fine aggregates depends on the amount of all other ingredients.

One of the major shortcomings of the ACI approach is that it over simplifies the
proportioning process by using the fineness modulus of the sand as a factor. Research done by
Young (1921), Besson (1935), and Kennedy (1940) suggest that the fineness modulus is
inadequate to differentiate between sands. ACI also relates strength and durability of concrete to
cement content (by specifying a minimum cement content), which is also misleading.
Furthermore, ACI 211 is based on ASTM C 33 which limits the amount of microfines to a
maximum of 7%.

3.5.2 ICAR Method for Proportioning Concrete

The ICAR method was originally developed by Fowler and Koehler (2007) for self-
consolidating concrete and was then modified by McLeroy (2009) for pavement concrete.
Following are the recommended steps for designing a mixture containing MFA:

1. Choose the aggregate system.
e Evaluate aggregate properties.

e Determine optimum grading.
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2. Choose the paste quantity.
¢ Determine minimum paste content based on the chosen combined aggregate gradation.

e Determine additional paste needed for workability based on shape and angularity of
MFA.

3. Choose the paste quality.
e Choose the type of Supplementary Cementitious Materials (SCM).
e Choose air content.

e Choose w/cm.

Each item is discussed in more details in the following section.

1. Choosing the Aggregate System

To improve the performance of concrete, it is important to properly choose aggregates
based on the properties obtained from characterization tests. Each of the characterization tests
has been developed to evaluate critical aggregate properties that influence concrete performance.

To achieve the highest packing density of aggregates, more than one grade of aggregate
can be used. The combined gradation of coarse and fine aggregate should be evaluated using a
modified 0.45 power curve. The modified 0.45 power curve should not take into account the
presence of microfines since the microfines will be accounted for as part of the paste not the
aggregate. The modified 0.45 power curve should go through the #200 sieve (Figure 3.9).
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Figure 3.9: Modified 0.45 Power Curve (Fowler and Koehler 2007)

In addition to using a modified 0.45 power curve, two other methods can be used to
ensure that uniform blends of aggregates are being used: the 8-18 grading system and the
Shilstone Coarseness chart. Note that Fowler and Quiroga (2004) found that the 8-18 grading
system was not suitable for evaluating aggregates with high microfine content.

After the optimal grading is determined using the modified 0.45 power curve, the dry-
rodded unit weight (DRUW) of the aggregate combination should be evaluated (the Tex-404-A -
rodded method can be used). To ensure that highest aggregate density was obtained, multiple
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aggregate combinations can be tested using the modified 0.45 power curve and then by obtaining
the DRUW; the combination with the highest DRUW corresponds to the highest aggregate
density.

After obtaining DRUW, the percent compacted voids corresponding to the chosen
aggregate gradation should be determined. The percent compacted void content is determined as
follows:

DRUW

 (624) Z’iil(pi(saou)i)] X 100% (Eq. 3.5)

where DRUW is the dry-rodded unit weight of the combined aggregate (Ib/ft’), p; is the volume
of aggregate fraction i divided by the total aggregate volume, and (SGop); is the oven-dry
specific gravity of aggregate fraction i.

%UOLdScompacted_agg =11

2. Choosing the Paste Quantity

Figure 3.10 shows a schematic representation of aggregate in cement paste. The total
volume of paste needed for concrete is equal to the volume of paste needed to fill the voids in
compacted aggregates + the volume of paste needed to separate aggregate.

Paste to separate
aggregates
3

v
Total Concrate
Volume

v
Compactad

Aggregates

=S o 4 4
Paste to fill voids in
compactad aggreqates

Figure 3.10: Paste Needed to Fill Voids between Aggregates [ Koehler and Fowler, 2007]

VTotaI paste =V +Vpaste7 spacing (Eq 3 6)

V ase voigs €OTTESpONds to the %V0IdS ;e oy Calculated using DRUW. V

paste—\Voids

vaste_spacing 1S T€lated to

the shape and angularity of fine aggregate. Fowler and McLeroy (2009) found that V

paste_ spacing
for a class P concrete containing high microfines content ranges from 3 to 8% paste by volume.

3. Choosing the Paste Quality

After the paste quantity is determined, the composition of the paste is selected to achieve
the required plastic and hardened concrete properties. The paste is composed of cement, water,
SCMS, air, mineral fillers (microfines present in the fine aggregates are accounted as mineral
fillers), and admixtures. Table 3.3 summarizes the effect and purpose of the different paste
constituents.
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Table 3.3: Selection of Paste Composition [Fowler and Koehler 2007]

Parameter Purpose

Waer/Cemem Early-pge hardened properties
Water | Water/Cementitious Materials | Long-term hardened properties

Water/Powder Workability

Cement Strength and durability
Powder SCMs Improve workability and durability, reduce heat, reduce cost
| Mineral Fillers Improve workahility, reduce cost, reduce heat

Air Air Content Durability
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Chapter 4. Material Properties

The main goal of this research project was to evaluate the properties of fine aggregates in
PCC pavement. To do so, other materials were also needed, such as cementitious materials,
admixtures, and coarse aggregates. This chapter presents a list of materials used on this project
as well as the results for all standard tests for fine and coarse aggregates.

4.1 Cementitious Material and Admixtures

The cement used for all mortar and concrete mixtures was an ASTM C 150 Type I/II
cement obtained from TXI Midlothian; this cement is used in the Dallas and Fort Worth
Districts. A class F fly from Boral Material Technologies was used for the six blended sand
mixtures tested for skid resistance (discussed in a later chapter). Fly ash was added to those
mixtures to test blended mixtures that better represent those used in the field.

TxDOT required that the fine aggregates be evaluated for skid resistance using identical
concrete mixture proportions. Thus, a mid-range water reducing admixture was used to facilitate
the casting of concrete specimens. DARACEM 55 was used to make specimens that were tested
for strength, modulus of elasticity, skid resistance, and shrinkage. DARACEM 55 is a mid-range
water-reducing admixture produced by W.R. Grace. This type of admixture is not common for
slipform paving mixtures and was used only to evaluate hardened concrete properties. To
evaluate concrete proportions for workability (slump), WRDA 82 was used. WRDA 82 is an
ASTM C 494 Type A and D admixture produced by W.R. Grace.

4.2 Fine Aggregates

Thirty-three fine aggregates were tested in this project. Nine of the fine aggregates were
natural siliceous fine aggregates and were chosen based either on their Al values or because they
are materials local to the Dallas and Fort Worth Districts. The following is a list of the natural
sands that were evaluated:

e TXI Paradise
e Trinity Kopperl
¢ Chanas Eagles Nest
e Lattimore Cleburne
e Grandbury Pit #1
e Ingram Rainbow
e Lattimore Rosser
e TXI Beckett Rd.
e Colorado River Sand
Twenty MFAs were tested; some were chosen based on their mineralogy while others were

selected because they are materials local to the Dallas and Fort Worth district. These MFAs
included the following:
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e Lattimore Materials - Stringtown (slate)

e Martin Marietta Materials Apple (sandstone)

e Capital Aggregates - Marble Falls (dolomite)

e Cemex West Quarry (dolomite)

e Cemex South Quarry (dolomite)

e Cemex McKellingon (dolomite)

¢ Ingram Del Rio (dolomite)

e Alamo Evans Road (limestone)

e Martin Marietta Materials Centerpoint (limestone)
e Martin Marietta Materials New Braunfels (limestone)
e Martin Marietta Materials Beckman (limestone)
e Mummie Mummie (limestone)

e Cemex Balcones (limestone)

e South West Aggregate Knipa (limestone)

e Ingram Hondo (limestone)

e Yarrington Road (limestone)

¢ Colorado Materials Hunter (limestone)

e Texas Crushed Stone-Feld Pit (limestone)

e TXI Bridgeport (limestone)

e Hanson Servtex (limestone)

e Hanson Perch Hill (limestone)

e Vulcan Materials Hebner (limestone)

e Vulcan Materials Helotes (limestone)

e Vulcan Materials 1604 (limestone)

The types of fine aggregates used are referred to as siliceous, limestone, dolomite,

sandstone, or slate. The lithology of those rocks was determined by the TxDOT petrographer.
For the purpose of this project, evaluating the mechanical properties of the sands was determined
to be more important than evaluating the exact mineral composition. To evaluate those

properties, these ASTM or TxDOT standard tests were used:

e Sieve analysis (Tex 401-A)

e Specific gravity and absorption (Tex 403-A & ASTM C 128)

e DRUW (Tex 404-A)
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¢ Void content for relative shape and texture (ASTM C 1252)
e Al (Tex-612-J)

e MD (ASTM D 7428)

e Methylene blue (AASHTO TP 57-06)

Seven manufactured sands as well as one of the siliceous sands (the Colorado River
Sand) were evaluated using all of the listed tests. The rest of sands were only tested for specific
gravity, absorption, Al, and MD. The reason that not all of the properties were tested for all fine
aggregates was because those properties were not needed to evaluate the hardened properties of
concrete made with those sands.

4.2.1 Sieve Analysis

The sieve analysis was performed as described by Tex 401-A; the results are presented in
Table 4.1. Among the manufactured sands tested, the limestone obtained from Texas Crushed
had the highest microfine content (21.9%). Hanson Servtex had the second highest microfine
content (7.2%). All other manufactured sands seem to have been washed to meet ASTM C 33
limits for microfine content (less than 5% microfines for concrete subject to abrasion).

Table4.1: Sieve Analysis

Per cent Retained
Colorado Copplial floxs: Lattimore Hanson Hanson TXI
River Sand Aggregate ST Stringtown Servtex | Perch Hill | Bridgeport
Marble Falls Stone

#4 2.8 2.0 0.8 2.5 1.4 0.5 2.1
#8 12.2 15.8 9.3 34.5 13.6 22.2 28.0
#16 16.3 25.6 21.9 27.4 18.3 30.1 29.4
#30 21.1 16.8 16.2 14.6 18.5 18.2 16.3
#50 25.5 14.9 13.0 9.6 18.0 13.2 11.6
#100 18.5 13.3 10.0 6.4 15.0 8.0 6.8
#200 2.4 8.3 6.7 2.6 7.6 4.0 2.4
Pan 0.8 2.7 21.9 2.3 7.2 3.8 33

4.2.2 Dry-rodded Unit Weight and Uncompacted Void Test

Results for the dry-rodded unit weight (DRUW - Tex 404-A) and the uncompacted void
(ASTM C 1252) tests are shown in Table 4.2. DRUW is determined by rodding a dry sample of
aggregate into a container of known volume and it is an indirect measure of aggregate shape,
texture, and grading. The uncompacted void test is a measure of shape and texture and is
independent of gradation (discussed in Chapter 2). The test for uncompacted voids is performed
by placing a sample of graded sand in a funnel and allowing it to free fall into a cylinder of
known volume. The mass of the uncompacted sand in the cylinder is measured, and the
uncompacted void content is then computed. Lattimore Stringtown had the highest uncompacted
void content as well as the lowest DRUW; this indicates that Lattimore Stringtown had the
poorest shape and packing density. As expected, the Colorado River Sand had the highest
DRUW value as well as the lowest void content. River sands generally have better packing
densities and shapes compared to most manufactured sands.
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Table 4.2: Dry-Rodded Unit Weight and Uncompacted Voids

Capital Texas : Hanson
River qang | Aggresete | Crued | gBIERR | U P | i
MarbleFalls | Stone g Hill gen
DRUW (Ib/ft®) 108 105.8 105.6 102.2 106.7 106.2 106.1
Uncompacted
Voids (%) 39.4 46.4 47.6 48.0 437 443 442

4.2.3 Methylene Blue Test

The methylene blue test was conducted based on the procedures described in AASHTO
TP 57-06 (only the aggregates passing No.200 sieve were tested). The methylene blue test
indicates the presence of clay-like material in the aggregate. The results are shown in Table 4.3.
All the fine aggregates were expected to perform well in concrete except for the Colorado River
Sand. Although the test results indicate that that sand is marginally acceptable, the sieve analysis
results indicate that the percent aggregates passing the No.200 sieve was 0.8% (Table 4.1). Thus
the presence of clay in the microfines of the Colorado River Sand should not be an issue.

Table 4.3: Methylene Blue Value (MBV)

Colorado Aggféézlte CTS);?; Lattimore | Hanson HP?i?\n TXI
River Sand Marble Falls Stone Stringtown | Servtex Hill Bridgeport
MBV Value 10.25 4.00 5.50 3.0 6.50 3.50 3.00
(mg/g)

4.2.4 Specific Gravity, Absorption, Acid Insoluble Residue, and Micro-Deval

The results for specific gravity, absorption, Al (discussed in Section 2.1), and MD
(discussed in Section 2.2) for all the manufactured sands are presented in Table 4.4; the results
for the siliceous sands are presented in Table 4.5.
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Table 4.4: Specific Gravity, Absorption, Acid Insoluble Residue, and Micro-Deval Percent Lossfor MFA

Lattimore Martin Marietta Capital Aggregate | Cemex West | Cemex South Cemex Ingram Del
Stringtown Materials Apple Marble Falls Quarry Quarry McKelingon Rio
Lithology Slate Sandstone Dolomite Dolomite Dolomite Dolomite Dolomite
SGssp 2.54 2.58 2.78 2.63 2.53 2.68 2.61
SGop 2.52 2.54 2.77 2.58 2.45 2.64 2.56
Absorption (%) 0.84 1.44 0.38 2 33 1.6 1.8
Acid Insoluble
Residue (Al %) 77 100 23 24 37 19 52
Micro-Deval
(% Loss) 13.2 11.6 18 18.2 12
Texas Hanson Hanson I Alamo Martin Marietta Martin Marietta | Martin Marietta
Crushed Servtex Perch Hill Bridueoort | Evans Road Materials Materials New Materials
Stone gep Centerpoint Braunfels Beckman
Lithology Limestone | Limestone Limestone Limestone Limestone Limestone Limestone Limestone
SGssp 2.55 2.57 2.63 2.6 2.54 2.54 2.54 2.51
SGop 2.48 2.51 2.58 2.55 2.44 2.45 2.46 2.42
Absorption (%) 2.57 2.29 2.04 222 3.9 3.39 3.33 3.58
Acid Insoluble
Residue (Al %) 0 1.2 6.7 1 5.4 10.8 3.6 2.7
Micro-Deval 218 26.8 2238 19.1 258 17.9 29.1 27.2
(% Loss)
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: South West . Colorado Vulcan Vulcan Vulcan
mzmm:g Bc'imle(r;nor;exa Aggregate Igg:]zrg YarRr:)r;gton Materials Materials | Materials | Materials
Knipa Hunter Hebner Helotes 1604
Lithology Limestone | Limestone Limestone Limestone | Limestone Limestone Limestone | Limestone | Limestone
SGssp 2.64 2.62 2.6 2.62 2.57 2.57 2.53 2.5 2.58
SGop 2.60 2.58 2.55 2.57 2.49 2.50 2.47 2.41 2.53
Absor ption (%) 1.5 1.7 1.9 1.88 3.1 2.6 2.27 3.5 2.06
Acid Insoluble
Residue (Al %) 8.1 4 21 8 5 4.5 6.4 10.7 3.6
Micro-Deval 17.1 29.7 15.7 16.6 20.5 28.3 24.8 334 224
(% Loss)

Table 4.5: Specific Gravity, Absorption, Acid I nsoluble Residue, and Micro-Deval Percent Lossfor Siliceous Sands

TXI Colorado TXI Eagle's Ingram Lattimore Lattimore Trinity Granbury
Paradise River Sand | Beckett Rd. Nest Rainbow Cleburne Rosser K opperl Pit #1
Lithology Siliceous Siliceous Siliceous Siliceous Siliceous Siliceous Siliceous Siliceous Siliceous
SGssp 2.65 2.60 2.67 2.63 2.63 2.63 2.67 2.64 2.64
SGop 2.64 2.58 2.64 2.62 2.62 2.62 2.65 2.63 2.61
Absorption (%) 0.62 0.45 0.77 0.6 0.52 0.58 0.79 0.68 1.11
Acid Insoluble
Residue (Al %) 74.4 84.5 77 95.3 85.9 72.6 73.6 76.8 98
Micro-Deval
(% L oss) 8.2 7.7 6.5 7.6 8.3 7.1 6.4 6.8 3.5
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At least two specific gravity and absorption tests were performed on each aggregate, but
only one value was reported in Table 4.5 (the other values were used to check that the reported
value was in the same range). Two Al tests and at least two MD tests were performed on each
aggregate.

The values obtained for specific gravity, absorption, Al, and MD for all the siliceous
sands are not significantly different. The absorption values for the limestone sands were higher
than for all of the other sands tested. One of the dolomite sands and the slate sand had absorption
values closer to the values of the siliceous sands. All carbonate aggregates failed the Al test (did
not meet the 60% limit). Compared to the other carbonate aggregates, the Capital Marble Falls
(dolomite) and Ingram Del Rio (dolomite) had lower MD percent loss. As for the limestone
aggregates, the MD percent loss had a wide range that varied from 15.7 to 33.4%, the lowest
percent loss for limestones was obtained for South West Aggregate Knipa. The MD percent loss
for the siliceous sands ranged from 3.5 to 8.2%.

4.3 Coar se Aggregates

Four coarse aggregates were used in this project; two were limestone coarse aggregates
that were used for all mixture proportioning and fine aggregate skid testing, while the other two
were only used for diamond grinding tests. All the coarse aggregates used were TxDOT grade 4
(note that Table 3 of Item 421 of the TxDOT Manual defines aggregate grades). The reason two
coarse aggregates were used for skid testing of manufactured sands was not because differences
in performance were expected, but only to include aggregates from two different sources.

The specific gravity and absorption of the coarse aggregates was tested using the method
described in ASTM C 127; the results are shown in Table 4.6. Tex-401-A was used to evaluate
the grading while the MD for coarse aggregate test was performed following Tex-406-A
procedures; results are shown in Table 4.7.

Table 4.6: Specific Gravity, Absorption, Micro-Deval for Coar se Aggr egates

Colorado Capital Aggregate Hanson TXI

River MarbleFalls Perch Hill Bridgeport

Gravel (Coarse Aggregate) | (Coarse Aggregate) | (Coarse Aggregate)

Lithology Siliceous Dolomite Limestone Limestone
SGssp 2.6 2.8 2.67 2.65
SGop 2.56 2.78 2.65 2.62
Absorption (%) 1.36 0.75 0.69 1.09
Micro-Deval (% Loss) 9.6 12.5 13.8 15.0
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Table4.7: Sieve Analysisfor Coar se Aggregates

Per cent Retained
Hanson Perch Hill (Coarse Aggregate) | TXI Bridgeport (Coar se Aggregate)

1%in. 0 0

lin. 2.1 2.4

Yain. 11.9 13.8

Lin. 21.8 29.5
3/8in. 11.2 16.9

#4 39.8 28.2

#8 11.8 7.0

Pan 1.3 1.2

4.4 Conclusions

The material properties listed in this chapter were determined before the concrete testing
started. Those properties were used to proportion all the mortar and concrete mixtures tested in
this research. The aggregate properties were also compared to concrete performance test results;
this will be discussed in a later chapter.
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Chapter 5. Non-Standard Micro-Deval Aggregate Testing

The reason aggregate properties are determined is to evaluate their potential performance
in concrete. For an aggregate test to be viable, it has to correlate well with concrete laboratory or
field performance. It is simpler and faster to test an aggregate specimen than to test a concrete
made from this aggregate; that is why aggregate tests are preferred tools for predicting
performance. This chapter will discuss an attempt to find better or improved methods for testing
fine aggregates using the micro-Deval (MD) apparatus.

5.1 Testing Fine Aggregates Using the Micro-Deval Apparatus

The Standard ASTM D 7428 MD test for fine aggregates consists of placing 500g of a
graded sand sample, 1250g of 10mm steel ball bearings, and 750ml of water in the MD jar
(Figure 5.1). The jar is put into rotation for 15 minutes at 100 rpm. After the sample is run in the
MD device, it is washed over a No. 200 sieve and the retained sample is oven dried (the washed
fines passing the No. 200 are discarded). The percent loss in mass is computed from the oven-
dried sample.

Figure5.1: Micro-Deval Jar

At the beginning of this research project, it was not clear whether or not the current
settings (including test time, sample size, and weight of ball bearings) for the MD test were
adequate to differentiate between aggregates for skid resistance. The researchers investigated
whether changing the MD settings could result in an improved test. Instead of running the MD
for only 15 minutes, the test was run for 15, 60, and 120 minutes (all other settings were not
changed). Note that only one test was performed for each aggregate at 60 and 120 minutes. Four
sources of sands were tested:

e Colorado River Sand: a siliceous aggregate that meets the Al limits and is expected to
perform well.

e Capital Marble Falls: a dolomite known to be harder than other limestone carbonate
aggregates but fails the Al test.

e Hanson Servtex: a limestone fine aggregate that fails Al and is not expected to perform
well in PCC pavements.
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e Texas crushed stone: a soft limestone expected to have very poor skid performance in
PCC.

A summary of the results is shown in Figure 5.2. The limestone sands had the highest
percent loss at all testing times. The percent loss for the Colorado River Sand was the lowest at
15 and 60 minutes, while Capital Marble Falls had the lowest percent loss at 120 minutes. At 15
and 60 minutes, Capital Marble Falls had a percent loss that was higher than the siliceous sand
and lower than the two limestone sands.

> 100 ==¢==Colorado River
8 Sand

—

& 50 -

= ={i— Capital

& Aggregate

- Marble Falls

6 0 -

_<§:> 0 15 60 120  —*—Hanson Servtex

Run Time (minutes)

Figure 5.2: Varying Run Time for Micro-Deval Fine Aggregate Testing

When the MD test was run for 60 and 120 minutes, there was a huge reduction in the
quantity of aggregates remaining (Figure 5.3). Most of the sand left after the test consisted of the
larger fine aggregate (No. 8 and No. 16).

Figure 5.3: Hanson Servtex Before and After Micro-Deval (120 Minutes Run time)

The MD test is considered an abrasion test for coarse aggregates. For fine aggregates, the
difference in size between the steel ball bearings and the fine aggregates makes the MD seem
more of a crushing test. Figure 5.4 shows the difference in size between fine aggregates, coarse
aggregates, and the 10mm steel ball bearings used for the MD test.
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Figure 5.4: Fine and Coarse Aggregate Szes Compared to 10mm Ball Bearings

When coarse aggregates are tested in the MD, there is no major reduction in the size of
the aggregates. Coarse aggregates tested in the MD are smoother and less angular than they
originally were; this indicates that coarse aggregates are being abraded and not crushed.

To verify that fine aggregates are being crushed in the MD rather than just abraded, a
sieve analysis was performed on all the fine aggregates tested (only one test was performed for
each aggregate). Figures 5.5, 5.6, and 5.7 show the percent change in fine aggregate gradation
after testing the aggregates in the MD for 15, 60, and 120 minutes. Compared to the original
gradation of the sample placed in the MD, there was a reduction in the percent of aggregates
retained on the No. 30 sieve, as Figure 5.5 shows. There was also an increase in the percent of
aggregates retained on the No. 200 sieve. When aggregates were tested for 60 minutes, there was
a significant reduction in the percent of aggregates retained on the No. 30, No. 50, and No. 100
(Figure 5.6). Texas crushed stone and Hanson Servtex (the limestone sands) experienced a loss
of No. 16 retained aggregates that was larger than the other two aggregates. In general, there
seems to be a lower reduction in the percentage of aggregates retained on the No. 8 and No. 16
sieves; this might be attributed to the ball bearings having more of an abrasion effect on the
larger sizes of fine aggregate. When the test was run for 120 minutes, the percentage of
aggregates passing the No. 16 sieve was greatly reduced (Figure 5.7). The limestone sands
experienced a loss of all sizes of fine aggregates, including fine aggregates retained on the No. 8
and No. 16 sieves.
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Figure 5.5: Percent Change in Gradation After 15 Minutes in the Micro-Deval Test
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Figure 5.6: Percent Change in Gradation After 60 Minutes in the Micro-Deval Test
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Figure 5.7: Percent Changein Gradation After 120 Minutes in the Micro-Deval Test

The test results for MD percent loss and gradation change yielded the following results:

e Capital Marble Falls (dolomite) had a percent loss close to that of the Colorado River
Sand when the tests are run for 15 or 120 minutes. At 60 minutes, Capital Marble Falls
was about halfway between the siliceous sand and the limestone sands.

e Fine aggregates are crushed and abraded in the MD; larger sizes of sand get abraded,
while the smaller sizes get crushed. Crushing becomes the dominant cause of loss of
materials when the MD test is run for a longer period.

Polishing of aggregates in PCC pavement is believed to occur due to abrasion of fine aggregates
caused by traffic. It would therefore be more appropriate to have an aggregate test that can
simulate abrasion rather than crushing of fine aggregate. To achieve that, the following changes
to the MD test were considered:

I.

Using smaller steel ball bearings: Reducing the size of the ball bearings to match the fine
aggregate size might be a good idea in theory but it is not a practical solution. An attempt
was made to use 3-mm ball bearings. Due to their size, the 3-mm ball bearings were hard to
recover and that made such a test impractical.

Testing of a coarse aggregate obtained from the same source as the fine aggregate: At the
beginning this sounded like a good idea, but initial attempts identified several problems. The
shape and texture of coarse aggregates play a big role in abrasion loss; this is not necessarily
true for fine aggregates used in PCC. The aggregates being tested also do not represent the
aggregates being used (same source but different sizes).

Testing of mortar specimen: Among the three ideas considered, this was the most promising.
Details of the mortar testing using MD are described in the next section of this chapter.

5.2 Testing Mortar Abrasion Using the Micro-Deval Apparatus

The test described in this section does not follow any known standards for testing mortars

or aggregates. The testing done on mortar using the MD was an attempt to find a better test
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method for evaluating fine aggregates for skid resistance by testing mortar specimens rather than
fine aggregate specimens. The reason a MD mortar test would be better than the current fine
aggregate test is because the larger size of the mortar specimen will allow the sands in the mortar
to be abraded rather than crushed. Moreover, some blended sands are blended before the
individual properties of each of the sands are tested. Because aggregates tested in the MD are
washed over a No0.200 sieve and then graded, testing blended sands using the fine aggregate MD
test will probably result in a lower percent loss for those blended sands and that will result in less
conservative percent loss values (softer manufactured sands often have higher microfine
content).

Mortar specimens measuring 1 2 in. wide and % in. deep were cast using the same four
fine aggregates described in the first section of this chapter. The mold used was a silicone mold
made for baking brownies. For this reason the mortar specimens are referred to as “mortar
brownies.” To test the mortar brownies, the following procedures were followed:

e The mortar brownies were placed in water and cured for 7 days.
e After 7 days of curing the mortar brownies were oven dried for 24 hours.
e The oven-dried weight of each of the mortar brownies was measured and recorded.

e Seven or nine mortar brownies were placed in the MD jar along with 1200g or 3000g of
ball bearings and 2000ml of water.

e The jars containing the specimen were run in the MD for 2 hours.

e The abraded mortar brownies were removed from the MD jar by hand and washed (no
sieves were required).

e The abraded specimens were oven dried for 24 hours and their oven-dried weight was
measured and then recorded.

e The percent change in mass was computed using the recorded oven-dried weights.

The results of the percent loss in weight for specimens made with different sands at
different water-to-cement ratios are shown in Figures 5.8 and 5.9. Note that only one batch per
mixture was made for each test. The results in Figure 5.8 show the percent loss in weight for
tests where nine specimens of mortar were tested with 3000g of ball bearings. The results in
Figure 5.9 show the percent loss in weight for tests where seven specimens of mortar were tested
with 1200g of ball bearings.

The results obtained for percent loss in weight were not as expected; the Colorado River
Sand had the highest percent loss. All the other carbonate aggregates generally had lower percent
loss at the different water-to-cement ratios. The percent loss increased when the water-to-cement
ratio was increased from 0.32 to 0.6. The percent loss also increased when more steel ball
bearings were used.

The results of the percent weight loss of the mortar brownies does not correlate well with
the expected field performance. The percent weight loss measured in this test better represents a
loss in macro-texture of mortar and not a loss of micro-texture. In other words, it is a measure of
how much mortar is getting abraded and not a measure of the polishing of fine aggregates. The
abraded mortar specimens made with the Colorado River Sand at w/c=0.6 had rougher textures
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compared to all other abraded specimens (Figure 5.10). The mortar specimens made with the
same sand at w/c=0.32 seemed to have less texture.
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Figure 5.10: Mortar Brownies Made with Sliceous Sand at a Water-to-cement Ratio of 0.45
and 0.6
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The difference between the texture of the abraded mortar brownies made with carbonate
sands and the siliceous sand was palpable, but that was not enough to evaluate their texture. To
quantify the difference in texture, AIMS was used. AIMS is capable of evaluating the shape and
texture of coarse aggregates. To evaluate the texture created by fine aggregates in mortar, the
mortar brownies were tested the same way coarse aggregates would be. The older model of
AIMS was used for this purpose (Figure 5.11). The texture index values for three specimens
made with siliceous sand and three other specimens made with limestone sand at a w/c=0.6 were
measured using AIMS. The results illustrated in Figure 5.12 show that AIMS is able to
differentiate between the textures of the mortar brownies made with different sands (each bar
represents the texture of one brownie).

Figure 5.11: Mortar Specimen Tested Using Original AIMS Apparatus
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Figure5.12: AIMS Texture Index Results Using the Original AIMS Device

The results obtained so far seemed promising but the test still needed to be improved.
Based on the results obtained from the initial tests, a higher water-to-cement ratio was needed to
expose the sand particles. It was also important to increase the sand content in the mortar
because the aim of the test was to evaluate the texture created by that sand. Table 5.1 shows the
volumetric mixture proportions used to make the second batch of mortar brownies.
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Table5.1: Mixture Proportion Used for Mortar Mixtures
Material Volume (%)

Cement Water Sand
11.55 25.46 62.99

To test the second batch of brownies, the following procedures were followed:
e The mortar specimens were made using the same 1 %2 in. wide and % in. molds
e The brownies were placed in containers and cured in water for 7 days.

e For each of the sands, six brownies were tested in the MD with 2500g of steel ball
bearings and 2000ml of water for 1 hour.

e The brownies were removed from the MD jar and placed in the oven for one hour.

e AIMS was then used to evaluate the texture of the finished surface of the mortar
brownies; the finished surface is also the wide surface.

Three sands were tested: the Colorado River Sand (siliceous), Texas Crushed Stone
(limestone), and Lattimore Stringtown (Slate). Instead of using the AIMS machine shown in
Figure 5.11, a newer version of AIMS was used (Figure 5.13). The main difference between the
two devices is that the newer version of AIMS is not influenced by external sources of light.
Such a device is capable of measuring more consistent and repeatable texture index values.

— ———

. o ) e X
Figure 5.13: New AIMS Apparatus (AIMS 2.0)

Results of the AIMS texture index values are shown in Figure 5.14. Each bar in Figure
5.14 represents the texture of one mortar brownie. Compared to Figure 5.12, a more significant
difference between the texture of the siliceous and limestone sand was obtained. This occurred
because a higher sand content was used (the higher sand content created more texture). The
higher texture index values obtained on the brownies made with Lattimore Stringtown do not
seem to only be attributed to the sand, but also to presence of air voids on the surface of the
abraded brownie mortar (Figure 5.15—the mortar brownie on the left). The mortar brownies
made with Lattimore Stringtown have more air voids than the brownies made with the Colorado
River Sand (Figure 5.15, the brownie in the middle) and more air voids than the brownies made
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with Texas Crushed Stone (Figure 5.15, the brownie on the right). The air voids problem seemed
to only be prominent when Lattimore Stringtown was used. Mortar brownies made with Hanson
Servtex and Capital Marble Falls were also cast and tested in the MD but none of those had
significant air void content after being abraded.
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Figure 5.14: AIMS Texture Index Results Using the New AIMS Device

Figure5.15: Mortar Specimen Tested for Texture (from left to right: Lattimore Stringtown,
Colorado River Sand, and Texas Crushed Sone)

A third batch of mortar brownies was made using the exact mixture proportions used for
the second batch. To reduce the air void content, 9ml of alcohol was added per 1000ml of mortar
used to make the brownies. The molds were also vibrated using a table vibrator. The abraded
finished surface obtained from those mixtures had less exposed aggregates (Figure 5.16).
Although adding alcohol and vibrating the molds seemed to have reduced the air void content for
the mortar brownies made with Lattimore Stringtown, less aggregate was exposed. This makes
evaluating the texture created by fine aggregate not possible because not enough fine aggregates
are exposed by abrasion.
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Figure 5.16: Abraded Lattimore Stringtown and Colorado River Sand Mortar Specimens

Further research done on AIMS has shown that the texture measurement algorithm used
by AIMS is color dependent. To evaluate the texture algorithm used by AIMS, a test was
conducted using 2 in. white limestone coarse aggregate. The test consisted of coloring the top
surface of the coarse aggregate and comparing the texture values measured by AIMS before and
after the coloring the aggregate surfaces. Figure 5.17 shows an increase of 165.2% in texture was
measured after the aggregates were colored. Those results also correspond to what was observed
in Figures 5.14 and 5.15; AIMS measured a higher texture value for Lattimore Stringtown only
because the aggregate is black in color. The siliceous sand and the limestone sand had lower
AIMS texture values because they have lighter colors compared to the black Lattimore
Stringtown sand.
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Figure5.17: AIMSColor Test

Since AIMS does not truly measure texture, using a British pendulum tester was
considered as an alternative method for evaluating the micro-texture produced on the abraded
mortar specimen. The mortar specimen produced though were too small, so larger specimen
were cast and abraded using the MD (Figure 5.18).
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Figure 5.18: Larger Mortar Specimen For Testing Polish Resistance

The issue encountered with the larger specimen was that the surfaces produced were not
straight. The MD wore the outside edges of the rectangular specimen made before it wore out the
top surface, which produced a curved surface.

Testing mortars in for abrasion might be the best accelerated method for evaluating the
polish resistance of aggregates because it better simulates field conditions. The problem that
remains, however, is finding the best size of specimen as well as the best equipment to simulate
accelerated abrasion and to test the abraded surface.

5.3 Conclusions

Although the additional work done with MD testing did not result in a better method to
test fine aggregates, it did help to clarify the aggregate properties that the MD test was
evaluating. The 15-minute run time adopted by ASTM seems to be better than the longer times
attempted, because longer MD run times resulted in more crushing of fine aggregates. The
procedures to make and test mortar specimens in the MD have not yet been optimized to the
extent where reliable and repeatable results could be obtained. However, the test is very
promising because it could be used not only to evaluate individual sources of sand, but also to
more accurately evaluate pre-blended sands.

Since more research needs to be done to improve the MD test for mortars, the results
described in this chapter will not be correlated with results obtained from concrete tests. The
only MD test results that will be compared to concrete results are the results that were presented
in Chapter 4.
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Chapter 6. Evaluating the Shape of MFA

6.1 Introduction

During the manufacturing process of aggregates, the type of crusher and the crushing
speed influences the shape, texture, and grading of the manufactured sand product. The shape of
manufactured sands can be improved if the crushing operation is optimized to produce better
shaped aggregates. Producing better-shaped fine aggregates would encourage the use of more
MFA because fewer workability and finishability problems would arise.

To investigate how much improvement in shape could be obtained by optimizing the
crushing operation, two materials were sent to the Metso Mineral Research and Test Center
(MRTC) in Milwaukee. The two materials sent to MRTC were rocks obtained from the
Lattimore Stringtown and Hanson Perch Hill aggregate pits. MRTC crushed each of those rocks
using a Barmac B3000 VSI crusher at three different speeds.

In Chapter 4, the dry-rodded unit weight test (Tex 404-A) as well as the uncompacted
void test (ASTM C 1252) were used to compare the shape, texture, and packing densities of all
the manufactured sands. This chapter describes how the shape and texture of fine aggregates
were tested using the uncompacted void test, AIMS, and a mortar flow test (ASTM C 1437).
These nine aggregates were evaluated:

1. Colorado River Sand: this is the control—a well-shaped siliceous sand.

2. Lattimore Stringtown: crushed by Lattimore Materials and obtained from the
Lattimore Stringtown pit.

3. Hanson Perch Hill: crushed by Hanson Materials and obtained from the Hanson Perch
Hill pit.

4. Lattimore Stringtown (Metso 55 m/s): produced by MRTC by crushing a rock
obtained from Lattimore Stringtown at a crushing speed of 55 m/s.

5. Lattimore Stringtown (Metso 60 m/s): produced by MRTC by crushing a rock
obtained from Lattimore Stringtown at a crushing speed of 60 m/s.

6. Lattimore Stringtown (Metso 65 m/s): produced by MRTC by crushing a rock
obtained from Lattimore Stringtown at a crushing speed of 65 m/s.

7. Hanson Perch Hill (Metso 50 m/s): produced by MRTC by crushing a rock obtained
from Hanson Perch Hill at a crushing speed of 50 m/s.

8. Hanson Perch Hill (Metso 55 m/s): produced by MRTC by crushing a rock obtained
from Hanson Perch Hill at a crushing speed of 55 m/s

9. Hanson Perch Hill (Metso 60 m/s): produced by MRTC by crushing a rock obtained
from Hanson Perch Hill at a crushing speed of 60 m/s

Some of the aggregates tested are shown in Figures 6.1, 6.2, and 6.3. The Colorado River Sand

has a shape that is better than all the manufactured sands. Hanson Perch Hill is not as angular as
Lattimore Stringtown (Figure 6.1). Hanson Perch Hill and Hanson Perch Hill (Metso 60 m/s)
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appear to be very similar (Figure 6.2). Figure 6.3 shows that Lattimore Stringtown has more flat
and elongated particles compared to Lattimore Stringtown (Metso 65 m/s).

- o

Figure 6.1: Aggregates Retained on the No. 8 sieve (from left to right: Colorado River Sand,
Hanson Perch Hill, and Lattimore Sringtown)

Figure 6.2: Aggregates Retained on the No. 8 sieve (from left to right: Colorado River Sand,
Hanson Perch Hill (Metso 60 nvs), and Hanson Perch Hill)

Figure 6.3: Aggregates Retained on the No. 8 sieve (from left to right: Colorado River Sand,
Lattimore Sringtown (Metso 65 nvs), and Lattimore Stringtown)
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6.2 Uncompacted Void Test Results

The nine aggregates were evaluated using the uncompacted void test (ASTM C 1252).
The uncompacted void test (discussed in Section 4.2.2) is an indirect test that evaluates shape
and texture by comparing the packing densities of fine aggregates. The results of the
uncompacted void test for the Hanson Perch Hill aggregate are shown in Figure 6.4. Note that
each test was performed twice, and the average standard deviation was 0.09%. The Colorado
River Sand had the lowest percent of uncompacted void; this indicates that it had a better shape.
Hanson Perch Hill (Metso 60 m/s) had the second lowest percent of uncompacted voids. The
uncompacted void percent seems to decrease as the crusher speed for the Metso aggregates
increases. This indicates that by increasing the crusher speed, Metso was able to produce a better
shaped aggregate.

Figure 6.5 shows the results for the Lattimore Stringtown aggregate. All aggregates
crushed by Metso had better packing densities than the aggregate crushed by Lattimore
Materials. Increasing the crusher speed for the Lattimore Stringtown aggregate did not improve

the aggregate’s packing density since the lowest packing density for the Lattimore aggregates
was obtained at 55 m/s.
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Figure 6.4: Uncompacted Void Test for the Hanson Perch Hill Aggregates
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Figure 6.5: Uncompacted Void Test for the Lattimore Sringtown Aggregates
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6.3 AIM S Results

The AIMS device (shown in Chapter 5, Figure 5.12) was used to evaluate the shape and
angularity of the aggregates. The sizes tested were aggregates retained on No. 8, No. 16, No. 30,
and No. 50. Each tested sample consisted of at least one hundred particles from each size and
each sample was only tested once. AIMS evaluates the shape of fine aggregates by using a 2D
form index. The 2D form index scale ranges from 1 to 20; the lower the form index the more
equidimensional a particle is. Figure 6.6 shows the cumulative percentage of fine aggregates
having a shape factor less than 6 for the Hanson Perch Hill aggregates. The Colorado River Sand
had the highest percentage of aggregates with a 2D form index that is less than 6; this indicates
that it had the best shape. The Hanson Perch aggregates produced by Metso had higher values
than the original Perch Hill aggregate produced by Hanson.
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Figure 6.6: Cumulative 2D Form Index for the Hanson Perch Hill Aggregate

Figure 6.7 shows the cumulative percentage of fine aggregates having a shape factor less
than 6 for the Lattimore Stringtown aggregates. All the aggregates produced by Metso had better
shapes than the aggregate produced by Lattimore. Compared to the Perch Hill aggregates in
Figure 6.6, the Lattimore Stringtown aggregates in Figure 6.7 had significantly lower
percentages of aggregates with a shape factor less than 6. The better shape of the Perch Hill
aggregate can be attributed to Perch Hill’s mineralogy; better shaped aggregates can be produced
with limestone aggregates.
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Figure 6.7: Cumulative 2D Form Index for the Lattimore Stringtown Aggregate

AIMS can also evaluate the angularity of fine aggregates. The scale used ranges from 0 to
10,000; 0 indicates the presence of well round aggregates, and 10,000 indicates the presence of
highly angular aggregates. Figure 6.8 shows the cumulative percentage of fine aggregates having
an angularity factor less than 3300 for the Hanson Perch Hill aggregates. Less angular aggregates
were produced by Metso when the crusher speed was increased from 50 to 60 m/s. For the
Hanson Perch Hill (60 m/s) the percent of aggregates with an angularity index less than 3300
was almost equal to that of the Colorado River Sand.
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Figure 6.8: Cumulative Angularity Index for the Hanson Perch Hill Aggregate

Figure 6.9 shows the cumulative percentage of fine aggregates having an angularity
factor less than 3300 for the Lattimore Stringtown aggregates. The aggregates produced by
Metso were less angular than the original Lattimore aggregate, but increasing the crusher speed
did not improve the angularity like it did for the Perch Hill aggregate.
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Figure 6.9: Cumulative Angularity Index for the Lattimore Stringtown Aggregate

6.4 Mortar Flow Test

In this section the effect of shape and texture of aggregates on workability was evaluated
using ASTM C 1437 “Standard Test Method for Flow of Hydraulic Cement Mortar.” Each of the
nine sands was tested using the same mixture proportions at three different water-to-cement
ratios. The mixture design for the mortars was based on a 5.5-sack concrete mixture with a sand-
to-aggregate ratio of 0.37 (S/A=0.37). The volumetric proportions for the concrete mixtures are
shown in Table 6.1. The volumetric proportions for the mortar mixtures in Table 6.2 were
computed using the concrete proportions shown in Table 6.1.

Table6.1: Concrete Mixture Proportions Used for the Mortar Testing

Material Volume (%
w/c Cement Water Fine Aggregate Coarse Aggregate
0.39 9.74 11.97 28.97 49.32
0.405 9.74 12.43 28.80 49.03
0.42 9.74 12.89 28.63 48.74

Table6.2: Volumetric Proportionsfor the Mortar Mixture

A Hobart mixer was used to mix the mortar tested for flow; the mortar was prepared as follows:
1.

Material Volume (%)
w/c Cement | Water | Sand
0.39 19.22 23.62 57.16
0.405 19.11 24.38 56.50
0.42 19.01 25.14 55.85

All fine aggregates were batched oven dry.
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2. Fine aggregates and water were first added to the bowl and mixed for 30 seconds at low

speed.

NS kW

The material was allowed to rest undisturbed for 30 seconds.

The mixer was turned on low speed, and the cement was added over a period of 30 seconds.
The mixer was then turned to medium speed for an additional 30 seconds and then turned off.
The mortar was allowed to rest for 1 minute before it was tested on the flow table.

The procedures described in ASTM C 1437 were used to measure the percent flow.

Only one mixture per test was performed, and all tests were performed by the same
operator (the single-operator standard deviation was found to be 4% by ASTM C 1437). Results
of the mortar flow tests for Perch Hill aggregates are shown in Figure 6.10. The difference in
percent flow between the mixtures made with the different sands was not significant. The highest
flow among the Perch Hill sands crushed by Metso was achieved by the aggregate crushed at 60
m/s. The difference in percent flow between the mixtures made with the different sands was not

significant.
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Figure 6.10: Mortar Flow Test Results for Hanson Perch Hill (grading as obtained from

source)

Results of the mortar flow tests for Lattimore Stringtown aggregates are shown in Figure
6.11. Among all the Lattimore Stringtown aggregates, the aggregate crushed by Metso at 65 m/s
produced the mortar with the highest flow. All mortar mixtures made with aggregates crushed by
Metso had higher flow than the original aggregate produced by Lattimore Materials.
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Figure 6.11: Mortar Flow Test Results for Lattimore Stringtown (grading as obtained from
source)

The results presented in Figures 6.10 and 6.11 are for mortar mixtures made with sands
that were grading as obtained from source; this means that sands tested were the as-received
sands which had different gradations. To compare the aggregate shape and texture on the flow of
mortar without having the difference in gradation affect the results, the mortar test was done on
graded sands. All sands used were washed over a No. 200 sieve, then sieved and graded to meet
the gradation shown in Table 6.3.

Table 6.3;: Graded Gradation for Mortar Mixtures

% passing % retained

#4 100 0
#8 77 23
#16 54 23
#30 30 24
#50 14 16
#100 0 14
#200 0 0

The mortar proportions shown in Table 6.2 and the procedures for mixing mortar
described earlier were also used. Note that the reason the grading shown in Table 6.3 was used,
was because the Metso aggregates were found to have lower percentages of aggregates retained
on the No. 50 and No. 100. The grading was not chosen to meet ASTM C 33 requirements since
the goal of this testing was not evaluate gradations but to evaluate the effect of shape and texture
on the flow of mortar.

Results for the flow of mortars made with the Perch Hill fine aggregates are shown in
Figure 6.12. Even when the aggregates were graded, the flow of the mortar made with the
aggregates crushed by Metso was not improved compared to the aggregate crushed by Hanson.
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The flow of the mortar made with Perch Hill sands was as high as the flow obtained by the
Colorado River Sand. This does not mean that the Hanson Perch Hill Sand can be used to
produce a mortar or concrete with a workability that matches the workability of a mortar or
concrete made with siliceous sand. Higher flow values probably were achieved with Hanson
Servtex because the absorption values used to compute the batch weights were not very accurate.
This occurred because the method used to test absorption of fine aggregates (ASTM C 128) is
not very repeatable and is influenced by the microfine content of an aggregate (Perch Hill has
around 7% microfines).
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Figure 6.12: Mortar Flow Test Results for Hanson Perch Hill (graded sand)

Figure 6.13 shows the results for the flow of mortars made with Lattimore Stringtown
aggregates. The flow of the mortars made with the aggregates crushed by Metso was
significantly higher than the original aggregate produced by Lattimore Materials. The highest
flow was achieved by the mixture made with the aggregate that was crushed at 65 m/s. At
w/c=0.39, the flow of mortar made with Lattimore Stringtown increased from around 34% to
61% when the aggregates were crushed by Metso at a speed of 65 m/s.
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Figure 6.13: Mortar Flow Test Results for Lattimore Stringtown (graded sand)
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6.5 Conclusions

The testing described in this chapter evaluated the shape of aggregates obtained from
different sources and crushed at varying speeds. Results from the three different testing methods
used to evaluate the aggregate also permitted the evaluation of the test methods themselves.

MRTC was able to improve the shape of the Lattimore Stringtown aggregate using the
Barmac B3000 VSI crusher. The improvement in shape was identified visually (Figure 6.3) and
by testing the flow of a mortar made with the different Lattimore Stringtown aggregates (Figure
6.13). AIMS was not effective in evaluating the Lattimore Stringtown aggregates, mainly
because AIMS is capable of evaluating only the 2D form and the angularity index of fine
aggregates. Further, AIMS failed to measure the flatness of the Lattimore Stringtown aggregate
(the flatness of this aggregate can be visually identified in Figure 6.3). AIMS is not capable of
differentiating between flat and cubical aggregates because, as mentioned, it evaluates only the
2D form. Flat aggregates set on the AIMS tray will tend to lie on their flat side, meaning AIMS
cannot measure the flatness of those aggregates because only the image on the non-flat side is
recorded and evaluated.

The mortar flow test method described in this chapter was probably the best method used
to indirectly evaluate the shape and texture of fine aggregate. The problem with the mortar flow
test is that it is more time intensive (especially if graded sands are used). The results of the
mortar flow test were also influenced by the accuracy of the measured absorption capacity of the
aggregates being compared.
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Chapter 7. Proportioning PCC Containing MFAs

One main issue encountered in using MFAs in PCC involves workability. The
proportioning methods commonly used for siliceous sands do not work well for manufactured
sands because MFAs have poor shape and grading (grading that does not meet ASMT C 33).
This chapter describes work done to evaluate the proportioning method developed by ICAR. The
only concrete property tested in this chapter was workability (slump). No hardened properties
were evaluated because the hardened properties were tested using standard mixtures (Chapter
10). Optimizing mixtures by reducing cement content improves the durability of concrete
without reducing strength [Fowler et al., 2008]; this is also why testing hardened property for
optimized mixtures is not necessary. Suggested modifications to the ICAR method for
proportioning pavement concrete are presented at the end of this chapter.

7.1 Thel CAR Proportioning Method

Much of ICAR’s work involved finding better methods of proportioning MFA in
concrete. The problem with using conventional methods for proportioning MFA in concrete is
that those methods result in mixtures with higher cement content (or paste — water + cement).
Higher cement content is not desirable because it adds to the cost of concrete and negatively
affects the durability of the concrete (shrinkage, ASR, etc.). The proportioning method
developed by Koehler and Fowler (2007) that was modified by McLeroy (2009) for pavement
concrete was discussed in Section 3.4.2. This method could be summarized in the following five
steps:

1. Evaluating aggregate properties.

2. Plotting the modified 0.45 power curve to determine the optimum gradation. This step
involves choosing the percent of each coarse and fine aggregate needed to obtain the
maximum aggregate density. The modified 0.45 power curve does not account for microfines
(aggregates passing the No. 200 sieve).

3. Performing a combined dry-rodded unit weight (DRUW) test on the selected proportions of
aggregates to determine the minimum paste requirements (V,ge voias)-

4. Adding paste to achieve the desired workability (V ). This paste value is based on

paste spacing
aggregate shape. This value is also dependent on the desired workability. McLeroy (2009)
determined that an addition of 3 to 8 percent paste by volume was needed for pavement
concrete made with MFA containing high microfine content. To compute this value,
McLeroy (2009) used a visual shape and angularity rating (Figure 7.1).

8-3
Vpaste_spacing =3+ (T) X (RS—A - 1) (Eq' 7'1)
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Figure 7.1: Visual Shape and Angularity Rating Scale McLeroy (2009)

5. Reducing the cement and water content based on the percentage of No. 200 fines present in
the aggregates. In this step the percent microfines in the aggregates are subtracted from the
paste content (paste = cementitious materials + water) while maintaining a constant water-to-
cementitious ratio. Microfines are not accounted for as cementitious materials but as powder
(powder = cementitious + microfines).

7.2 Preliminary Modificationsto the ICAR Proportioning M ethod

Before any testing was done to evaluate the ICAR method, the fourth step which
involved determining the additional paste needed based on the shape of the aggregates was
modified. The modification was made because the visual shape and angularity rating used by
McLeroy (2009) was subjective. Instead of using Figure 7.1, the 2D form and angularity indices
determined using AIMS were used. As discussed in Chapter 6, AIMS evaluates the shape of fine
aggregates by using a 2D form index. The lower the form index the more equidimensional a
particle is. AIMS also evaluates the angularity of fine aggregates. The scale used ranges from 0
to 10,000; 0 indicates the presence of well round aggregates, and 10,000 indicates the presence
of highly angular aggregates. Note that this work was done before the results of Chapter 6 were
obtained. Those results showed that AIMS was not capable of properly evaluating flat fine
aggregates.

In the third step of the ICAR method the minimum paste is computed using the dry-
rodded unit weight. This minimum paste is the paste required to coat the aggregates. The
additional paste, which is computed in the fourth step of the ICAR method, is the paste needed to
achieve the desired workability. The percentage of that paste is related to its flow; the higher the
flow, the less of that additional paste needed to achieve the required workability. For this reason,
a flow test was run on four aggregates and the results were compared to the AIMS values to
determine how flow and AIMS values relate. The tested aggregates included the Colorado River
Sand, Hanson Servtex, Texas Crushed Stone, and Capital Marble Falls (those aggregates were
not as flat as Lattimore Stringtown was). The aggregates were designated with numbers based on
their shape: aggregate 1 was a natural sand with a good shape, Aggregate 2 was an MFA with a
good shape, and Aggregates 3 and 4 were MFAs with relatively poor shape. For each of those
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aggregates the cumulative percentage of aggregate with a shape < 6 was computed (Table 7.1—
highlighted in yellow). Aggregate 1 had the highest percentage (indicating a good shape factor);

Aggregates 3 and 4 had the worse shape factor (lower cumulative percentages).

Table 7.1: Cumulative 2D Form Index

Aggregate 1 | Aggregate 2 | Aggregate 3 | Aggregate 4
(Cum. %) (Cum. %) (Cum. %) (Cum. %)
= 42.7 29.8 17.8 14.7
<12 96.6 95.1 93.5 93.8
<20 100 100 100 100

Table 7.2 shows the results of the cumulative angularity index for the four aggregates
used in this study. Aggregates 1 and 2 had higher percentage of particles with an angularity

index < 3300; therefore they were less angular than aggregates 3 and 4.

Table 7.2: Cumulative Angularity Index

Aggregate 1l | Aggregate 2 | Aggregate 3 | Aggregate 4
(Cum. %) | (Cum.%) | (Cum.%) | (Cum.%)
<3300 79.1 68.2 50.4 55.6
<6600 99.7 99.2 98.5 100
< 10000 100 100 100 100

Note that Aggregate 1 had the best shape and angularity index while aggregate 2 had a
shape and angularity index that was better than aggregates 3 and 4. Aggregate 3 had a better
shape index than aggregate 4 but had a lower angularity index.

To evaluate whether or not those indices of shape and angularity could relate to concrete
workability, the flow of mortars made with these aggregates was evaluated. ASTM C 1437 was
used to measure the flow of mortar. To evaluate shape and angularity without including the
effect of gradation, all fine aggregates were washed, sieved, and then re-graded to have the same
gradation. All mortar mixtures had the same volume (1 liter) and were batched based on SSD
values with no additions of admixtures. The same procedures described in section 6.3 were used.
The results obtained are shown in Figures 7.2 and 7.3.
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Figure 7.2: Flow of Aggregates with Different Shape and Angularity (5.5 sacks)
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Figure 7.3: Flow of Aggregates with Different Shape and Angularity (6 sacks)

Results in Figure 7.2 represent a concrete mortar composed of a 5.5-sack mix, while
Figure 7.3 represents a concrete mortar of a 6-sack mix. Comparing Figures 7.2 and 7.3 to results
of Tables 7.1 and 7.2, shows that aggregates with higher 2D form and angularity index
performed better than aggregates with lower indices. Thus shape and angularity values obtained
from AIMS seemed to relate to concrete flow measured using ASTM C 1437.

The shape of aggregates measured by AIMS seemed to influence flow more than
angularity did (comparing aggregate 3 and 4). Based on those results, the visual rating chart was
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replaced by a linear AIMS function that increased the additional paste content in the mixture (up
to 8%) as the AIMS form and angularity values increased. The function was made such that an
increase in form would account for 80% of the increase in paste while the other 20% was
associated to the angularity index. The goal was to start out with a basic AIMS function and to
then to improve this function based on the slump results obtained from testing fine aggregates
with various shapes. Note that the AIMS function was only used to evaluate fine aggregate shape
since the shape of fine aggregates affect concrete workability more than the shape of coarse
aggregates. The ICAR method also accounts for the shape of coarse aggregates indirectly
through the combined dry-rodded unit weight test in step three.

7.3 Evaluating the ICAR Method

The ICAR method was evaluated using four different fine aggregates and one coarse
aggregate; these included the Colorado River Sand, Capital Marble Falls (MFA), Hanson Servtex
(MFA), Texas Crushed Stone (MFA), and a grade 4 coarse aggregate obtained from the Hanson
Perch Hill quarry. All aggregate properties were first evaluated (Chapter 4) before the
proportioning computations were performed (step one of section 7.1). One mixture was batched
and tested for each mixture proportion considered in this chapter.

The second step of the ICAR method involves determining the optimum aggregate
proportions using a modified 0.45 chart (discussed in Section 2.5.3); this was done for the four
fine aggregates (Figures 7.4, 7.6, 7.8, and 7.9). The optimum grading using the modified 0.45
power chart was found to be at a sand-to-aggregate ratio of 0.3. This gradation was judged to be
too coarse, so a different sand-to-aggregate ratio was also considered for two of the four fine
aggregates. The second sand-to-aggregate ratio was determined using the conventional 0.45
power chart; the optimum gradation using such a curve corresponded to a sand-to-aggregate ratio
of around 0.37 (Figures 7.5 and 7.7).
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Figure 7.4: Capital Marble Falls ¥A=0.30 (Modified 0.45 Power Chart)
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The third step in the ICAR method is to measure the combined DRUW of the aggregates.
DRUW was measured for the six aggregate combinations shown in Figures 7.4 through 7.9. For
the Colorado River Sand and the Capital Marble Falls MFA, a higher DRUW was obtained at a
sand-to-aggregate ratio of 0.3 (higher DRUW indicates a higher aggregate density). After
DRUW was determined, the minimum paste content was computed. You pass by this step
without any discussion. The fourth and fifth step involved adding paste based on the shape of the
aggregate and then reducing the paste volume based on the microfine content of the sand. The
results obtained are shown in Table 7.3. Each of the proportions shown in Table 7.3 was batched
oven-dry and then mixed following the procedures described in ASTM C 192. The minimum
dosage of WRDA 82 was added to each of those mixtures (2 oz/cwt). The slump test was then
performed as described by ASTM C 143. All mixtures made with sand-to-aggregate ratio of 0.3
resulted in a shear slump. A shear slump occurs when the top portion of the concrete shears off
during a slump test; it is usually due to the mixture being too coarse or due to a lack of paste. In
this case it was clear that the shear slump was a result of having mixtures that were too coarse.
The mixtures made with Capital Marble Falls and the Colorado River Sand at a sand-to-
aggregate ratio of 0.37 achieved a slump that was higher than required (%2 to 2 Y4 -in. is required
for slip-form paving concrete). The reason this occurred was because too much cement was used.
For Capital Marble Falls MFA, using the ICAR proportioning method resulted in 7 %2 sack
mixture. The reason such high cement content was computed using this method is because step
four adds a certain paste quantity that is based on the shape of the fine aggregate, and then step
five subtracts a portion of the paste based on the microfine content. Capital Marble Falls is a fine
aggregate with poor shape but with very low microfine content, so step four resulted in the
addition of paste, but no paste was subtracted in step five because the aggregate did not contain
many microfines.
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Table 7.3: Summary of the Results Obtained Using the ICAR Proportioning M ethod

Capital Marble Falls (MFA) CoIora(ll(\jl(;tll?;é(T)r Sand Tg;((;i:ec(r:ﬂs':h:)d Hans(ol\: I:SAe)rvtex
Sand/Aggregate 0.37 0.30 0.37 0.30 0.30 0.30
wW/C 0.45 0.45 0.45 0.45 0.45 0.45
Coarse Aggregates (Ib/yd®) 1861.8 2107.3 2006.6 2274.2 2274.7 2214.0
Fine Aggregates (Ib/yd?) 1138.5 940.6 1147.6 949.1 938.6 913.3
Water (|b/yd3) 319.1 307.0 268.65 254.6 254.5 273.5
Cement (Ib/yd®) 709.2 682.2 597.01 565.9 565.6 607.9
Sacks of Cement (Ib/yd?®) 7.54 7.26 6.35 6.02 6.02 6.47
Slump (in.) 7-% Shear Slump 3-% Shear Slump Shear Slump Shear Slump
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7.4 Deter mining the Optimum Paste Content for Pavement Concr ete

The ICAR method developed by McLeroy (2009) worked for MFA containing high
microfines but it did not work well with MFA not containing high microfine content. The
problem encountered occurred after the minimum paste content was computed in step three. For
this reason, a series of tests was made to determine the minimum paste addition needed to
achieve the desired workability. Examples are shown in Tables 7.4 and 7.5.

Tables 7.4 and 7.5 show that the slump requirement was reached by just using the
minimum paste volume computed using DRUW. In Table 6.2, a slump of 4 in. was obtained for
the mixture containing no additional paste; a lower slump could be obtained if a lower dosage of
admixture was used. The minimum paste content determined for the mixtures containing Capital
Marble Falls corresponded to a 6.2-sack mixture. To obtain mixtures with lower cement content,
a better gradation of coarse aggregate with a larger maximum size aggregate is needed. The
coarse aggregate used for this testing was a grade 4; pavement mixtures are usually made with a
grade 3 coarse aggregate or a combination of a grade 2 and grade 4. Compared to grade 4, both

grades 2 and 3 have larger maximum size aggregates.

Table 7.4: Determining the Optimum Paste Content for a Mixture Containing Capital
Marble Fallsand a w/c=0.45

Sacks of | Paste | Cement | Water Aggljzrlggeate Aggoraergsste Slump E\)Ac/) IzaDgAé
3 3 H

Cement | Added | (Ib/yd’) | (Ib/yd®) (Ib/y dg) (Ib/y dg) (in.) (oz/cwt)
6.2 0 581.9 261.9 1238.9 2026.1 4.0 9.4
6.4 1 603.9 271.7 1221.6 1997.7 2.0 6.0
6.7 2 625.8 281.6 1204.3 1969.4 3-% 5.3
6.9 3 647.8 291.5 1187.0 1941.1
7.1 4 669.7 301.4 1169.6 1912.7 7-% 5.5

Table 7.5: Determining the Optimum Paste Content for a Mixture Containing Capital
Marble Fallsand a w/c=0.42

Sacks of Paste Cemer;t Wateg Aggrlggate Aggraergsaete Slgmp I\D/:/) z;)gAe
Cement | Added (Ib/yd?) (Ib/yd?) (Ib/ydd) (Ib/yd?) (in.) (0z/cwt)
6.4 0 605.6 254.4 1238.9 2026.1 1-% 7.8
6.7 1 628.4 263.9 1221.6 1997.7 1-% 6.7
6.9 2 651.3 273.5 1204.3 1969.4 5.0 7.0
7.2 3 674.1 283.1 1187.0 1941.1 2.0 5.4

The same procedure shown in Figures 7.4 and 7.5 was applied for five other sands at a
water-to-cement ratio of 0.45 and a sand-to-aggregate ratio of 0.37. A summary of the results
showing the percentage of additional paste required to achieve %2 to 2 7 -in. of slump is shown in
Table 7.6. More paste was needed for the mixture made with Texas Crushed Stone because that
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MFA contained about 21% microfines. Lattimore Stringtown required less paste than the
computed minimum paste requirement. This occurred because the combined DRUW measured
for Lattimore Stringtown was relatively low. A low DRUW resulted in a high computed
minimum paste content. Lattimore Stringtown has a low packing density when measured using
DRUW; after mixing it in concrete, its packing density seemed to improve. Similar testing was
also performed using TXI Bridgeport coarse aggregate. The results on quantity of paste that
needed to be added to achieve required workability resembled the results shown in Table 7.6.

Table 7.6: Additional Paste Required to Reach Target Workability

Fine Aggregate Source | Additional Paste Needed to Reach Target Slump (%)
Colorado River Sand 0
Capital Marble Falls 0
Texas Crushed Stone 2
TXI Bridgeport 0
Hanson Perch Hill 0
Lattimore Stringtown -3

7.5 Recommendations

The ICAR proportioning method proposed by McLeroy (2009) for pavement concrete
overestimates the amount of cement needed for mixtures containing MFA with low microfine
content. To avoid overestimating the cement content, we recommend computing only the
minimum paste content and not adding any additional paste before trial batches are evaluated
(steps one to three of Section 7.1). Since pavement concrete is a low slump concrete, the
minimum paste computed using DRUW should be enough to achieve 'z to 2 '2-in. slump (unless
the MFA contains high microfines). However, if the slump is too low, the slump can be adjusted
by making the paste more flowable; this can be achieved by adding a higher dosage of
admixture.

The modified 0.45 power curve seemed to result in denser aggregate gradations, but it
also resulted in aggregate proportions that caused shear slumps for the fine aggregates tested.
The modified 0.45 power curve was developed by Fowler and Koehler (2007) for self-
consolidating concrete (SCC), but the conventional 0.45 curve seemed to work better for
proportioning pavement concrete. The ICAR method for pavement concrete could be
summarized in the following five steps:

1. Evaluate aggregate properties (sieve analysis, specific gravity, and absorption).

2. Plot the 0.45 power chart to determine the optimum gradation of fine and coarse
aggregate (Figure 7.10).
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3. Perform a combined DRUW test on the selected proportions of aggregates to determine
the minimum paste volume (Figure 7.11).

Figure 7.11: Example of a Combined DRUW Test

4. Choose paste quality: w/c, percent air, SCM, admixture, etc.

5. Perform trial batches and adjust mixture proportions accordingly. If the workability could
not be achieved and paste can be added to the mixture, then do so. On the other hand, if
the trial batch shows that paste could be further reduced, then reduce the paste content.

7.6 Conclusions
Following are the advantages of using the ICAR proportioning method for pavement concrete:

e The method was specifically made for slipform concrete.
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e The aggregate gradation is entirely based on power 0.45 chart. Other methods employ
only the power 0.45 chart to proportion coarse aggregate and rely on the fineness
modulus to determine the sand-to-aggregate ratio.

e This method could be used for any aggregate regardless of individual aggregate
gradation.

e Unlike other proportioning methods, this method accounts for aggregate shape
indirectly through the combined DRUW.

e [t is a simple method to reach optimized proportions for a combination of aggregates.

e Only basic equipment is needed to perform all the testing required for design.
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Chapter 8. Preliminary Skid Testing

Most of ICAR’s work involved finding better proportioning methods for MFA and
testing hardened properties of concrete made with MFA, including strength, modulus of
elasticity, abrasion resistance, and coefficient of thermal expansion. However, none of the ICAR
projects evaluated skid resistance of concrete. When this research project started in fall 2008, it
was not clear what methods were going to be used to measure skid resistance in the laboratory.
TxDOT suggested using the CTM (discussed in Section 3.3.1) and the DFT (discussed in Section
3.3.2) to evaluate skid resistance of concrete in the laboratory and in the field. Those two devices
had previously been used on a similar TxDOT project that involved evaluating skid resistance of
asphalt pavements. The CTM and DFT are shown in Figures 8.1 and 8.2.

Most of the literature found on the usage of those devices was from research on asphalt
concrete. Therefore, preliminary testing was conducted to evaluate the two devices. The goal of
the preliminary testing described in this chapter was to

1. Better understand how the texture and friction values obtained from the CTM and DFT relate
to concrete textures.

2. Establish a testing protocol for evaluating the polish resistance of concrete.
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8.1 Evaluating the Texture of Concrete Made by Different Finishing
Techniques

Five surfaces with different textures were evaluated using the CTM and DFT. Four of
those were 24-in. by 24-in. concrete slabs that were cast in the laboratory. The same mixture was
used to cast all four concrete surfaces. Following are the five surfaces evaluated:

1. A broom finish (Figure 8.3)
. Burlap drag finish (Figure 8.4)
. Tined and burlap drag finish (Figure 8.5)

. A trowel finish (Figure 8.6); a steel trowel was used to obtain a smooth surface.

wn kW

. Smooth glass surface (Figure 8.7). This surface was evaluated to measure how low of
a friction and texture value could be obtained using those devices. Since the CTM is a
laser-based device, the surface of the glass was painted after friction measurements

using the DFT were taken.
Figure 8.3: Broom Finish Figure 8.4: Burlap Drag
Figure 8.5: Tined + Burlap Drag Figure 8.6: Trowel Finish
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Figure 8.7: Painted Glass

The CTM was used to measure texture on three different locations on each of the
surfaces. The profiles obtained for the different surfaces using the CTM are shown in Figure 8.8.
The CTM measures the Mean Profile Depth (MPD); the MPD is a measure of the macro-texture
of a surface. The range of the MPD values for the five surfaces is shown in Figure 8.9. The
highest MPD was obtained by using a broom finish. Tining a surface significantly increased the
MPD values measured. The MPD value of a surface finished with a burlap drag almost doubled
after the surface was tined. The surface that was trowel finished had the lowest MPD value
among the four concrete specimens. The glass surface had very low MPD values; the values
were higher than zero because the surface was painted.
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Figure 8.8: Texture Profiles
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The DFT was used to evaluate the friction on the five surfaces. The DFT measures the
coefficient of friction on a surface from a speed of 0 to 50 mph (80 km/hr). The average of three
readings taken on three different locations on each surface is shown in Figure 8.10. Using the
values shown in Figure 8.10, the coefficient of friction obtained at specified speeds could be
obtained. The coefficient of friction at 12 mph (20 km/hr) and 37 mph (60 km/hr) are shown in
Figures 8.11 and 8.12. The coefficient of friction at 12 mph (20 km/hr) was higher than the
coefficient of friction at 37 mph (60 km/hr). The values for the coefficient of friction (Figures
8.11 and 8.12) do not correlate well with the texture values (Figure 8.9). The higher textures
obtained from the broom and the tined finishes did not significantly increase the coefficient of
friction. Tining a surface finished with a burlap drag did not lead to a major increase in the
coefficient of friction value at 37 mph (60 km/hr). The only surface that had significantly lower
friction was the glass surface.
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Figure 8.10: DFT Valuesfor the Different Textures
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Figure 8.12: DFT60 Values for Different Textures

Results show that the CTM can differentiate between the different types of finishing
techniques. The CTM is a device that is good for evaluating macro-texture; macro-texture in
PCC is intentionally formed to provide skid resistance and to drain water from concrete
pavements. Macro-texture formed on concrete is not expected to contribute to long-term skid
resistance (reviewed in 2.1.5 and 3.2.3.2). The DFT cannot differentiate between the types of
finishings created on the surface of the concrete because the DFT evaluates friction; having
higher macro-texture does not seem to always lead to higher friction values and that is why no
clear correlation exists between the MPD values and friction values. For example, the surface
finished using a trowel had a low MPD value compared to the tined surface (Figure 8.9), but the
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differences in friction values (Figures 8.11 and 8.12) were not as significant. Moreover, although
the surface finished with a trowel had very low MPD, it had considerably higher friction values
compared to the glass surface. This further shows that the friction coefficient measured by the
DFT is mainly controlled by the micro-texture and not the macro-texture.

8.2 Establishing a Testing Protocol for Testing Texture and Friction at the
L aboratory

To be able to evaluate the polish resistance of concrete, a method of simulating abrasion
due to traffic was needed. A three-wheel polishing device (TWPD) developed by the National
Center for Asphalt Technology (NCAT) was purchased (Figure 8.13); the TWPD was developed
to be used with a CTM and DFT. It polishes a circular path on a laboratory specimen that has the
same diameter as the path evaluated by the CTM and DFT. NCAT developed the polisher to test
asphalt concrete. The NCAT polisher is composed of three wheels that rotate on a laboratory
specimen for a specified amount of cycles. Circular iron plates can be placed on the turntable to
change the weight on the TWPD. The TWPD also has a water spray system that sprays water on
the surface being polished. NCAT added the water spray system to wash away the abraded
particles, simulate wet weather conditions, and to extend the life of the wheels because their
initial testing showed that wheels were getting worn faster when no water was used. The
introduction of water in the polisher is believed to cool the wheel material and reduce tire wear
(wheels would need to be changed less often). NCAT investigated the use of several types of
wheel material to polish asphalt surfaces and chose pneumatic rubber wheels.

Figure 8.13: NCAT Three-Wheel Polishing Device

When the TWPD was obtained, it was important to investigate whether or not the TWPD
was able to abrade PCC specimen. Abrasion on PCC pavements is usually caused by trucks and
not by cars, so the TWPD was loaded with the maximum amount of plates to attain the highest
stress. Wheels made with three different materials were tested:

1. Rubber
2. Polyurethane
3. Steel

Several surfaces were tested to investigate which of those wheel materials could serve as
a better accelerated wear test. The four different wheels tested are shown in Figure 8.14.
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Figure 8.14: Wheels Used on the Polisher

The pneumatic rubber wheels used by NCAT for asphalt did not cause any noticeable
wear on the concrete surface after 15,000 cycles (Figure 8.15). Using the pneumatic tires on the
PCC specimen seemed to have damaged the tires more than it did the concrete. Trying to abrade
concrete using pneumatic wheels was judged infeasible because a lot of pneumatic wheels would
be needed to wear a single slab; abrading one slab would also would take a long time.
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Figure 8.15: Pneumatic Wheels
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The second set of wheels used was polyurethane wheels. The polyurethane wheels shown
in Figure 8.16 were 2 5 -in.-wide wheels with a durometer hardness of 75. The polyurethane
wheels were able to abrade the surface of the concrete (Figure 8.16); the wear caused by the
polyurethane also seemed to resemble wear patterns observed in the field (discussed in Chapter
9). Although the polyurethane wheels were able to wear the concrete surface, the wheels were
also severely worn after only 30,000 cycles.

Polish residue (Polyurethane)

Folished area

Figure 8.16: Polyurethane Wheels

The last wheel material tested was steel (Figure 8.17). Abrasion using steel wheels was
attempted on many different surfaces. The steel wheels caused polishing on all tested surfaces
after only a few hundred cycles. The steel wheels polished slabs made with siliceous aggregates
as much as they polished surfaces made with limestone aggregates. The wear patterns also did
not resemble what had been observed in the field. Polishing with the steel wheels was
discontinued because the steel wheels were found to cause excessive wear that did not resemble
wear caused by traffic on pavements.
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Figure 8.17: Steel Wheels

The best results were obtained using the polyurethane wheels. For this reason a second
set of polyurethane wheels was obtained. The black polyurethane wheels (Figure 8.14) were 2-in.
wide and had a durometer hardness of 85. Four mortar slabs were abraded using those
polyurethane wheels; two were made with siliceous sand (Colorado River Sand), and the other
two were made with a limestone MFA (Texas crushed stone). For those slabs friction and texture
measurements were taken before the slabs were abraded and after each abrasion cycle using the
CTM and DFT. The change in texture measured using the CTM are shown in Figure 8.18.
Compared to the slabs made with limestone, the slabs made with siliceous sand had lower MPD
values before and after abrading the surface.
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Figure 8.18: Change in Texture Values for the River Sand and Limestone MFA

The change in friction values measured by the DFT is shown in Figure 8.19. Although
the slabs made with the limestone sand had higher texture (Figure 8.18), the slabs made with
siliceous sand had higher friction values. The friction values for the slabs made with siliceous
sand remained to be higher than the slabs made with limestone MFA even after 60,000 polishing
cycles.

Figure 8.20 shows a picture of a slab made with siliceous sand. The TWPD abraded the
wheel path and exposed the siliceous fine aggregates. The exposed fine aggregates were not
polished after 60,000 cycles, and the unpolished fine aggregates provided the skid resistance.
Figure 8.21 shows a picture of an abraded slab made with limestone MFA. Although the slab
seems to still have considerable macro-texture, the top portion of the macro-texture polished; this
was what caused the loss in friction.
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Figure 8.19: Changein Friction Values for the River Sand and Limestone MFA
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Figure 8.20: Sab Made with Sliceous Sand

Figure 8.21: Sab Made with Limestone MFA
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The difference in wear patterns between concrete made with hard and soft fine aggregates
is shown in Figure 8.22. Abrasion caused by traffic exposes fine aggregates; harder fine
aggregates do not polish and provide frictional resistance, while soft fine aggregates that are
exposed polish and cause a drop in frictional resistance.

Texture created by finishing technigue
— ol >

Original Section

Soft limestone FA

Hard siliceous FA Ahr&dedl Section \

Figure 8.22: Surface Made with Sliceous Sand vs. Limestone MFA

8.3 Conclusions

The preliminary testing described in this chapter was necessary to learn how to use the
CTM, DFT, and TWPD to evaluate concrete surfaces for skid resistance at the laboratory and in
the field. The results obtained from the DFT correlated better with the expected performance of
sands. The DFT values did not correlate well with the texture values obtained using the CTM.
The macro-texture measured by the CTM is not a good measure of friction; higher MPD values
did not always correlate with higher friction values measured by the DFT. The comparison
between the trowel-finished surface and the glass surface shows that even concrete surfaces with
low macro-texture could still have significant friction. This also showed that the DFT is a better
tool for evaluating polished surfaces (the glass surface represents a very polished surface). The
materials and setting on the TWPD needed to polish PCC specimen were also investigated. The
wheels adopted for the concrete test were polyurethane; the pneumatic wheels used by NCAT for
polishing asphalt specimen did not sufficiently abrade the concrete surface like they did on
asphalt concrete.
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Chapter 9. Field Testing for Skid Resistance

Twelve field sections in five different locations were evaluated for skid resistance using a
CTM and DFT. Some of those sections were chosen because they were the only known sections
made with materials that did not meet the Al requirements. The first location had four sections,
three of which were constructed with 100% limestone MFA, while the fourth section was a
control section made with blended sands. The second location contained three sections made
from three different blends of siliceous sand and limestone MFA. The other three locations had
sections that were made with fine aggregates that met the Al requirements—those sections were
evaluated to obtain a wider range of skid numbers, which were needed to get better correlation
between CTM, DFT, and skid trailer values.

9.1 Test Equipment Correlation

CTM, DFT, and skid trailer measurements were taken on twelve different PCC
pavements sections to evaluate the correlation between different testing equipment (all twelve
sections had a carpet drag and tined finish surface). Three to four CTM and DFT measurements
were taken in the wheel path of each of the test sections; measurements were taken 50 to 200 feet
apart, depending on how long each section was. A skid trailer equipped with smooth tires was
then used to skid the same sections at 50 mph. Using equations presented in Chapter 3
(Equations 3.1, 3.2, and 3.3), the average equivalent skid numbers for each section was
computed. Figure 9.1 shows a comparison between computed skid values and the actual skid
values measured using a skid trailer.

35.0
y = 0.4456x + 7.6968 ¢ +

30.0 R?=0.5081 ¢ o
-
2  »
5 250 pe
g. L &
c ’..—"-. ’
S 200
£
3 15.0
& *
2 .
< 100
z
(%]

5.0

0.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0
SN (50),c0th Measured

Figure 9.1: Computed vs. Measured SN(50)smooth

Results from Figure 9.1 indicate that the IFI formula was not able to predict the measured
skid number. Figures 9.2 and 9.3 show that better correlation was obtained when the measured
skid trailer values were compared to friction values at 12 and 37 mph (20 and 60 km/hr) (DFT20
and DFT60).
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Figure 9.3: DFT60 vs. Measured SN(50)smooth

Figure 9.4 shows that there is no correlation between SN(50)smoon and the MPD
measured by the CTM. The poor correlation between SN(50)smooth and MPD, which is used to
compute the IFI parameters, explains the poor correlation between the measured and IFI
computed SN(50)smooth-
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Figure 9.4: MPD vs. Measured SN(50)smooth

Based on the results obtained in Figures 9.1, 9.2, 9.3, and 9.4, the best method to compute
SN(50)smooth using laboratory equipment is by using the following equation:

_ DFT60-0.0604

SN(SO)smooth ~ 7 00114 (Eq- 9-1)

where DFT60 is the average coefficient of friction at 37 mph (60 km/hr) measured using the
DFT at different locations along a concrete section.

Note that Equation 9.1 was established for concrete surfaces that have a mortar finish. It
is not known whether or not Equation 9.1 accurately predicts SN(50)smootn fOr other types of
finishing such as diamond ground or exposed aggregate.

9.2 Sections Made with 100% MFA

9.2.1 Construction of the 100% MFA Sections

The 100% MFA sections were constructed in 2008 as part of a TxDOT implementation
project on the usage of MFA containing high microfine content in PCC pavements. The three
sections were made with the same source of limestone sand but with varying microfine contents.
Information provided in this chapter about the construction of those three test sections was
obtained from the report written by McLeroy (2009).

In the manufactured aggregate production process, after rock pieces are conveyed to a
crusher, the resulting product is sieved over a No. 4 screen into coarse and fine aggregate. The
fine aggregate which is known as the dry screenings is then conveyed to a wet sieving operation.
This is done to reduce the fines passing the No. 200 sieve. The wet-sieved product is known as
the manufactured sand.

Since the aim of that implementation project was to use sands with varying percentages
of microfines, the two types of sands, dry screening and manufactured sand, were combined in
different amounts to create fine aggregate blends with 5, 10, and 15% microfine content
[McLeroy, 2008]. The gradation of the manufactured sand and the dry screenings are shown in
Table 9.1.
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Table9.1: Fine Aggregate Grading [McL er oy, 2008]

% Retained
US Sieve | Manufactured Sand | Dry Screenings
#4 2 29
#8 28.1 19.0
#16 29.2 22.4
#30 17.8 16.4
#50 10.5 13.6
#100 5 6.2
#200 1.9 4
Pan 5.5 15.4

The two limestone coarse aggregates used in this implementation project were obtained
from the same source as the fine aggregates. The difference between the two aggregates was in
their grading; the first was a TxDOT Grade 2 (1 '2-in. maximum size aggregate) and the other
aggregate was a TxDOT Grade 4 (1-in. maximum size aggregate). The reason two different
coarse aggregates were combined was to obtain better packing of aggregates. Combining a Grade
2 and Grade 4 coarse aggregate is common to the optimized concrete mixtures used in the Fort
Worth district. Other materials used on this project included a Type I/II cement (ASTM C 150), a
Class C fly ash (ASTM C 618), an air entraining admixture (ASTM C 260), and a water-
reducing and retarding admixture (ASTM C 494 Type D) [McLeroy, 2008].

The optimized mixture used for this project is a mixture typically used on TxDOT
projects for Class P concrete made with blended sands (Class P is pavement concrete). To create
mixtures with microfine contents of 5%, 10%, and 15%, three different blends of sands were
used. Table 9.2 shows the batch quantities for each of the three mixtures.

Table 9.2: Concrete Mixture Proportions[M cL eroy, 2008]

Concrete Mixtures Proportions (Ib/yd?)

5% 10% 15%

Cement 362 362 362

Fly Ash 155 155 155

Water 233 233 233

Coarse Aggregate - Grade 2 636 636 636
Coarse Aggregate - Grade 4 1,177 1,177 1,177
Drying Screenings (TXI Bridgeport) 0 684 1,368

Manufactured Sands (TXI Bridgeport) 1,368 684 0

Laboratory testing for fresh and hardened properties was conducted on each of the three
mixtures prior to field implementation [McLeroy, 2008]; these properties included slump (Tex-
430-A), unit weight (ASTM C 138), compressive strength (Tex-418-A), modulus of elasticity,
abrasion resistance (ASTM C 944), and coefficient of thermal expansion (Tex-428-A). A
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summary of all the results is shown in Table 9.3. The goal of those tests was to ensure that the
performance of the concrete made with limestone MFA can meet TxDOT requirements. The
abrasion test was included to show that the addition of microfines does not necessarily reduce
abrasion resistance (as implied by ASTM C 33). All properties tested for those three mixtures
yielded acceptable results. It should be noted, however, that the concrete was evaluated for
abrasion resistance and not for skid resistance. ASTM C 944 is a test that evaluates wear of
concrete or mortar by measuring the loss in mass and not the loss in texture or friction. The
abrasion/wear test described in ASTM C 944 better relates to wear caused by the use of studded
tires rather than polish caused by traffic.

Table 9.3: Laboratory Concrete Tests Results Obtained from M cL er oy (2008)

Concrete Mixtures
5% 10% 15%
Slump (in.) 0.5 2.75 0.75
Unit Weight (Ib/ft%) 150 148 151
28-day Compressive
Strength (psi) 6,370 6,155 6,160
28-day Modulus of
Elasticity (ksi) 5,320 5,310 5,360
Coefficient of Thermal
Expansion (ustrain/°C) 5.1 5.1 4.9
Abrasion  (average

The next part of this project was to implement the mixtures tested at the laboratory and in
the field. Paving began on the 5% microfine mixture in July 2008. The first truck delivered to the
site had a concrete temperature between 90-95°F (32-35°C) [McLeroy, 2008]. The first truck
was rejected, but the high temperatures remained a problem in subsequent trucks [McLeroy,
2008]. The slump measured for the concrete shown in Figure 9.5 was around % -in. which is
below the TxDOT requirements of Y4 to 2 4 -in. slump. The paving machine did not have much
effect vibrating the low slump concrete that was being delivered. Some of the concrete delivered
also had higher workability than what was required (Figure 9.6). This was probably due to the
addition of water to the concrete.
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Figure 9.6: Concrete with a Sump Exceeding the Requirements [ McLeroy, 2008]

Placing the concrete was not the only problem encountered during the construction of
those sections. The contractor had a very hard time finishing the surface of the concrete because
the mixtures were too stiff and lacking mortar on the surface. To resolve this issue, the surface
was sprayed with water (Figure 9.7). Enough water was sprayed on the concrete surface to
permit it to be finished. Tined and carpet drag finishes were used on the surfaces of all three

sections.
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Figure 9.7: Finishability Problems Encountered with 100% MFA Sections [ McLeroy, 2008]

A fourth section was constructed adjacent to the three sections made with 100% MFA
and referred to as the TxDOT optimized mixture. This section was a control section that had
50% siliceous and 50% limestone MFA (Table 9.4). No workability or finishability problems
were encountered when this section was cast.

Table9.4: TXDOT Optimized Mixture Design

Concrete Mixtures
Proportions (Ib/yd®)
TxDOT Optimized

Cement 394
Fly Ash 170
Water 254
Coarse Aggregate - Grade 2 620
Coarse Aggregate - Grade 4 1148
Manufactured Sands (TXI Bridgeport) 667
Siliceous Sand (TXI Paradise) 664

Table 9.5 shows the difference between the compressive strength of the concrete made at
the laboratory and that of the concrete used for the field sections. The concrete used in the field
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probably had higher water-to-cement ratio (and that is not even accounting for the surface of the

concrete).

Table9.5: Lab and Field Compressive Strength

Concrete Mixtures
5% 10% 15%
28-day Compressive Strength - Lab (psi) 6,370 6,155 6,160
28-day Compressive Strength - Field (psi) 5,480 5,240 4,850
Standard Deviation of Field Compressive Strength (psi) 720 230 330

9.2.2 Texture and Friction Evaluation of 100% MFA Sections

Four visits have been made since the sections were constructed in 2008. During those two
visits, the texture and friction of the sections were measured using the CTM and DFT. Figure 9.8
shows that sections 1 and 2 seem to be highly polished on the wheel path. Section 3 and 4 were
constructed on the inside lane—thus both those sections were exposed to different traffic. The
outside lane (sections 1 and 2) is exposed to more truck traffic, and that is probably why sections
1 and 2 were more polished than section 3.

Sect3 -15%

Figure 9.8: 100% MFA Sections December 2010

The 100% MFA sections were monitored for three years. CTM and DFT measurements
were taken during four visits to the site and the values were converted using Equation 9.1.
Measurements taken between the wheel paths are generally not exposed to traffic and were
assumed to represent the initial conditions of the pavement (June, 2008). The data obtained are
shown in Figure 9.9.
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Figure 9.9: Computed Skid Numbers for Trial Field Sections as a Function of Time

Figure 9.9 shows that a change in microfine content (gradation change) did not have any
effect on skid resistance. Even though section 2 had slightly higher initial skid values, sections 1
and 2 had very similar skid values after more than 1 year of traffic. Results obtained from Figure
9.9 also show that trucks have a higher wearing and polishing effect on pavements. The inside
lane and the outside lane might have the same average daily traffic (ADT) count but they almost
assuredly have different 18-kip Equivalent Single Axle load (ESAL) counts.

Figures 9.10, 9.11, 9.12, and 9.13 show the difference between the pavement surfaces on
the wheel paths and between the wheel paths. Sections 1 and 2 were clearly more abraded and
polished than sections 3 and 4 on the wheel path (high loss of macro-texture). The between-the-
wheel-path pictures show that all sections had the same finishing.

Figure 9.10: Section 1 Wheel Path (left) vs. Between Whedl Path (right)
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Figure 9.11: Section 2 Whedl Path (left) vs. Between Wheel Path (right)

Figure 9.12: Section 3 Wheel Path (left) vs. Between Wheel Path (right)

Figure 9.13: Section 4 Whedl Path (left) vs. Between Wheel Path (right)

9.3 Blended Sand Sections

In 1995, three sections were constructed by TxDOT with blends of sands not meeting the
TxDOT 60% AI limit. The three sections were constructed on the inside lane of a highway
mainly used by trucks transporting aggregates (the sections are subject to a very high percentage
of truck traffic). The following blends of fine aggregates were used for those three sections:
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e A 60/40 TXI Paradise (siliceous)/TXI Bridgeport (limestone) blend (Al = 40%)

e A 50/50 TXI Paradise (siliceous)/TXI Bridgeport (limestone) blend (Al = 35%)

e A 40/60 TXI Paradise (siliceous)/TXI Bridgeport (limestone) blend (Al =29%)
TxDOT regularly evaluates the skid resistance of those blended sand sections. The skid numbers

measured by TxDOT in 1997 and 2005 as well as the Al values are shown in Table 9.6. Note
that the measurements were made using a skid trailer with ribbed tires (probably at 40mph).

Table9.6: Skid Numbersfor Blended Sand Sections

Ribbed Tire Average Skid Number SN(40);ipbed
Acid Insoluble Residue (Al %) August 1997 February 2005
60/40 Blend 40 43 39
50/50 Blend 35 43 36
40/60 Blend 29 40 35

The values shown in Table 9.6 show that the 60/40 blended section had the least drop in
skid between 1997 and 2005. The sections with 50/50 and 40/60 blends had similar skid values
in 2005. Note that all three blended sand sections are exposed to the same traffic.

Figure 9.14 shows a picture of the section with 60/40 blended sand between the wheel
path and on the wheel path. It was hard to visually differentiate between the two surfaces shown
in Figure 9.14 (no major loss in macro-texture). Similar observations were made for the 50/50
and 40/60 blended sands sections (The degree of wear and polish cannot be visually
distinguished on those blended sections). The equivalent skid values were computed using
Equation 9.1 and are shown in Figure 9.15.

Figure 9.14: 60/40 Blended Section Wheel Path (left) vs. Between Wheel Path (right)
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Figure 9.15: S\(50)smooth for Blended Sand Sections Computed Using DFT60

Friction values measured during the three different trips to the site varied. It is not clear if
the variation was due to different locations being tested or if it was due to sections being exposed
to excessive dust falling from the trucks. The dust might be helping the section wear faster or it
might have helped it increase in friction.

9.4 Analysisand Conclusions

For both sections the ESAL count was obtained for the year 2011. The ESAL count for
the 100% MFA sections was 4897, while ESAL count for the blended section was 7876. ESAL
counts for other years could not be obtained, so the ESAL count for previous years was assumed
to equal that of 2011. The 100% MFA sections were constructed in the outside lane, while the
blended sand sections were constructed in the inside lane. Based on AASHTO design
recommendations, the inside lanes were assumed to receive 20% of the ESAL count, while the
outside lanes were assumed to receive the other 80%. The ESAL count was also split equally
between both directions of traffic.

Results shown in Figure 9.16 were computed using Equation 9.1, and they represent the
average of three measurements taken on the wheel path of each of the sections evaluated.
Although the estimated ESAL count for the blended sections is twice that of the 100% MFA
sections, the skid values obtained for the 100% manufactured limestone sections are around half
those of the blended sand sections. The blended sand section with the highest siliceous sand
content (or highest Al content) had the highest skid value. Moreover, Figure 9.16 shows that
even when only 40% siliceous sand is used (Al = 29%), good skid can be achieved.
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Figure 9.16: MPD vs. Measured SN(50)smooth

Using a 100% manufactured limestone fine aggregate likely resulted in greater loss of
skid resistance than when some siliceous sand was present. Blending a limestone aggregate with
a small percentage of siliceous fine aggregate can have a high impact on skid performance. Skid
performance seems to increase due to using blends of aggregates with higher siliceous content.
Pavements made with lower siliceous content will not necessarily polish and fail, but will have
lower skid values when compared to sections with higher siliceous content. The rate of wear of a
pavement is also related to the amount of traffic it experiences. The blended sand sections have
been in service for more than 16 years. However, because they are located in an inside lane, they
have experienced fewer ESALs than they would have if they were located on the outside lane.
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Chapter 10. Evaluation of Hardened Concrete Properties

The effects of aggregates on the hardened properties of concrete were evaluated using
standard mixture proportions. In this chapter, the effect of changing fine aggregates on
compressive strength, modulus of elasticity, drying shrinkage, and skid resistance were tested for
concrete made with different fine aggregates. Thirty-three different fine aggregates as well as six
blends were tested for friction. Fifteen out of the thirty-three fine aggregates as well as the six
blended mixtures were tested for strength, modulus of elasticity, and drying shrinkage. The
reason the other eighteen were not tested for modulus of elasticity and drying shrinkage was that
those properties did not correlate with friction results obtained for the original fifteen aggregates
tested. Note that all the mixtures evaluated in this chapter had the same mixture proportions, and
that they were tested for strength and had a compressive strength of more than 4500 psi after 7
days of curing. The data for skid testing in this chapter is limited to what is needed to perform
analysis and make conclusions. However, the full results are presented in Appendix A. Appendix
A includes CTM and DFT after every testing interval as well as the computed SN(50)smootn and
SN(40)ribbed using the IFI formula (Equations 3.1, 3.2, 3.3, and 3.4) and SN(50)smeotn USing
Equation 9.1.

10.1 Mixing and Testing Procedures

The procedures described in ASTM C 192 were used for mixing concrete. However,
when MFAs were used, the mixing time sometimes had to be increased to ensure proper mixing.
Also, for the mixtures containing blended sands, the two fine aggregates were added to the mixer
and mixed prior to the coarse aggregate. This was done to ensure that the fine aggregates were
well blended (each of the fine aggregates was batched separately). As discussed in Chapter 4, a
mid-range water-reducing admixture was used to facilitate casting the specimen. The admixture
content was varied depending on the fine aggregate and proportions used. The admixture dosage
was not recorded since this type of admixture is not usually used in paving concrete; data
obtained on admixture content or workability was considered to not be useful.

The compressive strength of concrete was tested at 7 and 28 days following ASTM C 39
procedures using 4-in. x 8-in. cylinders. The modulus of elasticity at 28 days was measured using
the procedures described in ASTM C 469 (two cylinders were tested). The method described in
ASTM C 157 was used to measure drying shrinkage for 112 days after curing. The concrete
tested for shrinkage was not cured for 28 days as specified by ASTM C 157; it was cured for
only 7 days. This approach was taken because 7 days of curing better represents curing done in
the field (three samples were tested).

Skid resistance was evaluated using the CTM, DFT, and TWPD. Two slabs measuring 20
in. wide and 3 'z in. deep were tested for each mixture. The change in texture and friction was
monitored over 160,000 polishing cycles (3 days of testing per slab). Measurements were taken
initially and after 5,000, 40,000, 100,000, and 160,000 polishing cycles. To evaluate the same
polished area, each slab was marked so that readings could be taken at the same location (Figure
10.1). All slabs were finished using a broom finish and the surface was cured for at least 28 days
before the slabs were tested. Two texture readings were measured using the CTM for each slab at
each polishing interval. When measuring friction using the DFT, ASTM E 1911 reports that
standard deviation on the same test surface for DFT60 is 0.038. Thus, friction measurements
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using the DFT at 40,000, 100,000, and 160,000 cycles, were repeated several times on the same
slab at the same location until the difference between the last two readings was less than or equal
to 0.01. The last measurement obtained (usually the lowest) was reported. Note that after
comparing laboratory and field results, it was found that 160,000 TWPD cycles were equivalent
to 700,000 ESALs; the derivation of this number is shown in Chapter 12.

Figure 10.1: Typical Markings on a Sab

The black polyurethane wheels described in Chapter 8 were used to polish all slabs
tested. Each set of polyurethane wheels lasted about 500,000 cycles (1 wheel per slab). Because
those wheels were used, another modification to the TWPD was needed. A vibration dampener
was added to TWPD after the TWPD failed several times (Figure 10.2). The failure happened
because the wheels used were much stiffer than the original pneumatic wheels that the TWPD
was designed for. The stress caused by the wheels on the concrete surface was estimated to be
around 50psi (based on the total load and the contact area).

Figure 10.2: Modified Three-Wheel Polishing Device
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10.2 Evaluating the Effect of Fine Aggregates on Hardened Concr ete
Properties

10.2.1 Mixture Proportions

One standard concrete mixture was used to evaluate all fine aggregates tested (Table
10.1). The reason this was done was because the effect of changing mixture proportions on skid
resistance was not well understood at that time. In Chapter 11, the effect of changing mixture
proportions on friction is discussed. The mixture used for all the tests discussed in this chapter
was a six-sack mixture with a water-to-cementitious ratio of 0.42 and a sand-to-aggregate ratio
of 0.37.

Table 10.1: Mixture Proportions used for Evaluating Fine Aggr egates

Materials (Volume %)
Cementitious | Water | Fine Aggregate | Coarse Aggregate
10.73 14.20 27.06 46.01

10.2.2 Siliceous Sands vs. M anufactured Sands

The hardened concrete properties of sands obtained from different sources are compared
in this section. The results for the compressive strength at 7 and 28 days are shown in Figures
10.3 and 10.4. The average standard deviation between three compressive strength tests
performed was 110 psi. All mixtures reached a compressive strength higher than 6000psi after 7
days of curing. Except for the mixture made with Texas Crushed Stone MFA, the compressive
strength of concrete made with the different sands was more or less equal at 7 days. The mixture
containing Texas Crushed Stone MFA reached a compressive strength of about 8000psi in 7
days. This might have occurred because Texas Crushed Stone has high microfine content.
Research done by Fowler et al, (2008) has shown that higher microfine content could lead to
higher compressive strengths. Also, compressive strength is mainly controlled by water-to-
cement ratio, and although all mixtures were designed to have the same water-to-cement ratio,
the moisture corrections done were influenced by the values of absorption obtained. Rogers and
Dziedziejko (2007) found that when using ASTM C 128 for measuring absorption, the presence
of microfines results in greater multi-laboratory variation than obtained with the same group of
laboratories when the fines are removed. The absorption value obtained for Texas Crushed Stone
might not be representative of the real absorption capacity of that aggregate. After 28 days of
curing, all concrete mixtures reached a compressive strength higher than 7500psi. The mixture
made with Texas Crushed Stone reached a compressive strength of around 9000psi.
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Figure 10.3: Compressive Srength of Concrete Made with Different Sands after 7 Days of
Curing
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Figure 10.4: Compressive Strength of Concrete Made with Different Sands after 28 Days of
Curing

Results for the modulus of elasticity tested at 28 days are shown in Figure 10.5. The two
aggregates that resulted in a significantly higher modulus of elasticity were Capital Marble Falls
and Trinity Kopperl. The modulus of elasticity of concrete made with MFA did not otherwise
differ from concrete made with siliceous sand.
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Drying shrinkage was monitored for all specimens for 112 days. The 112-day shrinkage
results are shown in Figure 10.6. Using Lattimore Stringtown in concrete resulted in the highest
shrinkage. Lattimore Stringtown had a mineralogy and shape that differed from all other
aggregates tested, and that might explain why the shrinkage values obtained using Lattimore
Stringtown were different. All other aggregates resulted in shrinkage values that ranged between
300 to 460 pustrain. The use of manufactured carbonate fine aggregates did not have a negative
effect on the shrinkage of concrete.
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Figure 10.5: Modulus of Elasticity of Concrete Made with Different Sands after 28 Days of
Curing
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Figure 10.6: Drying Shrinkage of Concrete Made with Different Sands

Texture and friction was measured on concrete slabs made with different fine aggregates
using the procedures described in 10.1. The average results for the coefficient of friction at 37
mph (60 km/hr) (DFT60) for the first fifteen aggregates tested are shown in Figure 10.7, while
the average results for texture are shown in Figure 10.8. The average difference in MPD between
two slabs made from the same material was 0.155 while the difference in DFT60 values was
0.0212. Except for the slabs made with Lattimore Cleburne, the initial coefficient of friction
value at 37 mph (60 km/hr) obtained on each of the surfaces made with siliceous sands ranged
from around 0.72 to 0.82. The DFT60 value after 160,000 polishing cycles for all the siliceous
sands was higher than a coefficient of friction p of 0.45. After 160,000 cycles, all siliceous sands
had DFT60 values that ranged from 0.47 to 0.52.

The MPD values obtained from finishing the surfaces (initial MPD) ranged from 1.3 to
2.05 for all finished surfaces. After only 5,000 polishing cycles, the MPD was reduced to a range
of about 0.7 to 1.2. The only slabs that maintained significantly higher MPD values were the
slabs made with the Colorado River Sand. Those slabs had higher MPD values because their
initial texture was higher; this texture, however, did not seem to contribute to an increase in
friction after 160,000 polishing cycles. The reduction in texture between 40,000 cycles and
160,000 cycles was not significant compared to the reduction in texture that occurred after the
initial 5,000 cycles.

There were no trends between texture and friction results; while the friction values at
160,000 cycles for all siliceous sands converged to a range of 0.47 to 0.52, the range of texture
values was wider (0.55 to 1). Also, between 40,000 and 160,000 cycles, the drop in friction was
more significant than the drop in texture.

Note that the reason many siliceous sands were tested was to test how sands having
different acid insoluble residue (AI) values above 60% differed. The values obtained in this
chapter will be compared to Al in Chapter 11.
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Figure 10.7: DFT60 Results for Sliceous Sands

=@={olorada River Sand
—&— Enghe’s Nest
=Tl Paradise
=Tl Beckett

— &— Granbery

Texture (MPD)

— = £ Imgram Rainbosw

— S— - Lattimore Cleburne
. “ " — . —_— Lattimons Rosser

64 #=Trinity Kopperd

Number of Cycles

Figure 10.8: Texture Results for Sliceous Sands

The results of the friction measurements for the manufactured sands are shown in Figure
10.9. The average difference in DFT60 values between two slabs made from the same material
was 0.0262. The initial finished slabs had DFT60 values ranging from 0.52 to 0.85. Compared to
the siliceous sands, the values at 160,000 cycles for the manufactured sands were significantly
different; they ranged from 0.37 to 0.5 (the siliceous sands ranged from 0.47 to 0.52). Moreover,
the slabs that had the highest initial friction did not necessarily maintain it after 160,000 cycles.
Lattimore Stringtown started with a DFT60 value of 0.52 and reached a value of 0.48 after
160,000 cycles. Texas Crushed Stone started with an average DFT60 value of around 0.74; this
value dropped to 0.37 after 160,000 cycles. The starting friction value for the manufactured
sands did seem to affect the final value at 160,000 cycles. The only three MFAs that had a
DFT60 value higher than 0.45 were Lattimore Stringtown, Capital Marble Falls, and Hanson
Servtex. The values obtained for Hanson Servtex were not expected; Hanson Servtex is a
limestone that has shown poor performance in asphalt concrete and was therefore expected to
perform as the other three limestone fine aggregates did.
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After the preliminary testing for skid was performed (discussed in Chapter 8), testing the
slabs for 160,000 cycles was considered to be adequate to differentiate between different fine
aggregates. After the results for the slabs made with Servtex were obtained, it was decided to test
three slabs made with carbonate manufactured sands for an additional 340,000 cycles (a total of
500,000 cycles). The DFT60 results are shown in Figure 10.10. The DFT60 values for the slab
made with Capital Marble Falls (dolomite) did not change between 160,000 cycles and 500,000
cycles, while the DFT60 values for the slabs made with the Hanson Servtex (limestone) and
Texas Crushed Stone (limestone) slightly dropped. Testing carbonate aggregates beyond 160,000
cycles and not obtaining a significant drop in friction signifies that the polishing capacity of the
TWPD using the black polyurethane wheels was reached close to 160,000 cycles.
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Figure 10.9: DFT60 Results for Manufactured Sands
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Figure 10.10: DFT60 Results for Manufactured Sands Tested for 500,000 Cycles

The texture results for the concrete slabs made with manufactured sands are presented in
Figure 10.11. All manufactured sands had an initial texture ranging from an MPD of 1.7 to 1.9.
The average difference in MPD between two slabs made from the same material was 0.148. In
general, the initial MPD values obtained with the siliceous sands were lower than the initial
MPD values obtained using manufactured sands. This might have occurred because using MFA
resulted in having more poorly shaped aggregates at the surface and harsher mixtures. The

114



highest MPD value obtained after 160,000 cycles was for the slabs made with TXI Bridgeport.
The lowest MPD value obtained was for Hanson Perch Hill.

The texture values after 500,000 cycles for the three slabs made with carbonate
aggregates were also evaluated. The results are shown in Figure 10.12. Although Capital Marble
Falls maintained the same DFT60 value at 160,000 cycles, the MPD value at 160,000 cycles was
not maintained after 340,000 cycles. Both Texas Crushed Stone and Hanson Servtex also did not
maintain their texture values after the additional 340,000 cycles.

Note that only three slabs for each mixture were tested for 500,000 cycles. The reason
that more slabs were not tested for 500,000 cycles was because 160,000 cycles was sufficient to
differentiate between slabs made with different sands and because no significant changes in
friction were observed between 500,000 and 160,000 cycles. Moreover, testing for 500,000

cycles takes 7 days for each slab tested, so testing more slabs for that many cycles is unfeasible if
such testing is not necessary.
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Figure 10.11: Texture Results for Manufactured Sands
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Figure 10.12: Texture Results for Manufactured Sands Tested for 500,000 Cycles
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The DFT60 and the MPD results at 160,000 cycles for all thirty-three tested sands are
presented in Figures 10.13 and 10.14. Except for three limestone aggregates, all limestone sands
(green bars) had DFT60 values lower than any of the siliceous sands (blue bars). Because the
DFT evaluates micro-texture, those values were expected (field performance test have shown
that siliceous sands have better skid performance compared to limestone sands). Some of the
dolomite aggregates (red bars) had values as high as those of siliceous sands, while others had
values comparable to limestones. Unlike the limestones that tested high, the dolomites were
expected have good performance. Laboratory results obtained by Balmer and Colley (1966) also
showed that dolomitic sands had higher wear indices compared to limestone sands (section
3.2.3.2). However, it is not clear whether such performance could be obtained in the field.
TxDOT could not identify any field sections made with 100% dolomite sand because dolomite
sands do not meet the Al limit of 60% and for this reason dolomite sands have not been used at
100% replacement for PCC pavements in Texas.

Lattimore Stringtown (slate—black bar) and MM Sawyer (sandstone—brown bar) both
meet Al requirements but are not used for pavement concrete. One of the reasons Lattimore
Stringtown is not used in PCC pavement is related to its shape. As discussed in Chapter 6,
Lattimore Stringtown has a very poor shape which results in poorly workable and finishable
concrete.

The expected performance of fine aggregates did not relate well with the texture results
obtained in Figure 10.14. The average difference in MPD between two slabs made from the same
material at 160,000 cycles was 0.111. The MPD values for all siliceous sands except for the
Colorado River Sand at 160,000 cycles were equal or lower than the MPD values obtained for
the concrete slabs made with manufactured sands. Poor correlation between macro-texture values
obtained using the CTM and micro-texture values obtained using the DFT was expected after the
preliminary work on CTM and DFT was done (discussed in Chapter 8). The equivalent skid
number using the IFI was computed and can be found in Appendix A. The computed equivalent
skid number using the IFI is a factor of the CTM value; for this reason no correlation can be
established between that number and the expected performance.
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Figure 10.13: DFT60 Results at 160,000 Cycles for the Different Sands Tested
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Figure 10.14: Texture Results at 160,000 Cycles for the Different Sands Tested

10.3 Blended Sands

Fine aggregate that do not meet the Al requirements are blended with sands that have
higher Al values to meet the specifications. The current TxXDOT specifications require sands to
meet an Al value of 60%. Therefore, it was important to evaluate blends of sands that had Al
values lower than 60%. For this purpose two different sand combinations with Al values of 20%,
40%, and 60% were tested. One contained TXI Paradise (siliceous) and TXI Bridgeport
(limestone), and the other contained Trinity Kopperl (siliceous) and Hanson perch Hill
(limestone). The mixture proportions used for making the concrete slabs were the same
proportions presented in Table 10.1, but for those mixtures a 30% fly ash replacement was used.
There were no indications from the literature reviewed that using fly ash might influence skid
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resistance; the reason fly ash was used for this test program was because the sponsor wanted the
blended sand mixtures to represent concrete mixtures commonly used in PCC pavements. All
PCC pavements currently used in Texas contain fly ash.

The sand blends used to obtain an Al of 20%, 40%, and 60% for the TXI Paradise and
TXI Bridgeport combination are shown in Table 10.2. Note the proportions of sands shown in
Table 10.2 are mass and not volume percentages.

Table 10.2: Al Valuesfor TXI Paradise/TXI Bridgeport Combinations

TXI Bridgeport (%) | TXI Paradise (%) | Acid Insoluble Residue (%) | Lithology
0 100 74.4 Siliceous
20 80 60.0 Blended
47 54 40.3 Blended
74 26 204 Blended
100 0 1.3 Limestone

The results for compressive strength at 7 and 28 days are shown in Figures 10.17 and
10.18. The 7-day compressive strengths of the blended sands were lower than that of the
mixtures containing 100% siliceous or limestone aggregate. The lower strength was obtained
because the blended sands contained 30% fly ash. The 28-day compressive strengths for the
blended sands were similar to that of the concrete made with 100% siliceous and the concrete
made with 100% limestone MFA.
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Figure 10.15: Compressive Srength of Concrete Made with TXI Paradise/TXI Bridgeport
Combinations after 7 Days of Curing

119



§ § 8 8 B & 8 B

28 Day Compressice Strength (psl)

g

o I | | I I

T2 Bridgepart (A1 = 1%] THI Paradise/TH T Paradise TN THI PasradineTX1 THl Paradine (A = 74 4%)
Hridgeport (Al = 20W]  Bridgeport (A1 = 40%)  Bridgeport (A = BON)

Figure 10.16: Compressive Srength of Concrete Made with TXI Paradise/TXI Bridgeport
Combinations after 28 Days of Curing

The modulus of elasticity values at 28 days (Figure 10.19) for the blended sands was
similar to that of the mixture containing 100% siliceous sand (TXI Paradise). The shrinkage
values for the blended sand mixtures were not different from what was obtained when 100%
siliceous or limestone aggregate was used (Figure 10.20). Blending sands does not have a large
impact on modulus of elasticity or shrinkage.
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Figure 10.17: Modulus of Elasticity of Concrete Made with TXI Paradise/TXI Bridgeport
Combinations after 28 Days of Curing
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Figure 10.18: Drying Shrinkage of Concrete Made with TXI Paradise/TXI Bridgeport
Combinations

The DFT60 and texture results for the TXI Paradise and TXI Bridgeport blends are
shown in Figures 10.21 and 10.22. The average difference in MPD between two slabs made from
the same material was 0.141 while the difference in DFT60 values was 0.0191. The DFT60
values for the mixtures containing higher siliceous sand content (or higher Al) were higher. The
texture values were higher for the mixture containing no siliceous sand. The decrease in friction
and texture followed trends similar to what was discussed in 10.2.2.
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Figure 10.19: DFT60 Results for TXI Paradise/TXI Bridgeport Combinations
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Figure 10.20: Texture Results for TXI Paradise/TXI Bridgeport Combinations

The DFT60 values at 160,000 cycles (Figure 10.23) increased as the siliceous content
increased. The mixture with an Al of 20% only had 26% siliceous sand but performed almost as
well as the mixture with an Al value of 40% which had a siliceous content of 54%. No
significant difference was found between the mixture containing 100% siliceous sand and the
mixture that had an Al of 60%. All in all, adding a small quantity of siliceous sand had a large
effect on skid performance. Note that the average difference in MPD between two slabs made
from the same material was at 160,000 cycles was 0.111 while the difference in DFT60 values

was 0.0057.
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Figure 10.21: DFT60 Results at 160,000 Cycles for TXI Paradise/TXI Bridgeport Combinations

After 160,000 cycles, the texture value of the mixture containing 100% siliceous sand
was lower than the texture obtained from all the other mixtures shown in Figure 10.24. The
mixture containing 100% TXI Bridgeport had the highest texture after 160,000 polishing cycles.
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Figure 10.22: Texture Results at 160,000 Cycles for TXI Paradise/TXI Bridgeport Combinations

The sand blends used to obtain an Al of 20%, 40%, and 60% for the Trinity Kopperl and
Hanson Perch Hill combination is shown in Table 10.3.

Table 10.3: Al Valuesfor Trinity Kopperl/Hanson Perch Hill Combinations

Hanson Perch Hill (%) | Trinity Kopperl (%) | Acid Insoluble Residue (%) | Lithology
0 100 76.8 Siliceous

24 76 60.0 Blended

53 47 39.7 Blended

81 19 20.1 Blended
100 0 6.7 Limestone

The results for compressive strength at 7 and 28 days are shown in Figures 10.25 and
10.26. The 7-day compressive strength of the blended sands was lower than that of the mixtures
containing 100% siliceous or limestone aggregate. The lower strength was obtained because the
blended sands contained 30% fly ash. The 28-day compressive strength for the blended sands
was similar to that of the concrete made with 100% siliceous and 100% limestone MFA.
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Figure 10.23: Compressive Srength of Concrete Made with Trinity Kopperl/Hanson Perch Hill
Combinations after 7 Days of Curing
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Figure 10.24: Compressive Srength of Concrete Made with Trinity Kopperl/Hanson Perch Hill
Combinations after 28 Days of Curing
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The modulus of elasticity values at 28 days (Figure 10.27) for the blended sands was
similar to that of the mixture containing 100% limestone sand (Hanson Perch Hill). The
shrinkage values for the blended sand mixtures were slightly higher than the shrinkage values
obtained using 100% Trinity Kopperl sand (Figure 10.28). The relation between blended sands,
modulus of elasticity, and shrinkage was not clear for both fine aggregate combinations tested.

124



=
:
E

:
E

oA
S =

28 Day Modulus of Elasticity (psi]

g
=

L S04 06
4 A0E 06

0
BACT o 0

Perch Hill (Al = 6.7%)  Trinity Koppert/Perch Hill Trinity Koppes|/Perch Hill Trinity Kopper/Perch bl Trinity Koppen (M=
[t = 20%) 1A= 40%) [l = B0 76 A%
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Figure 10.26: Drying Shrinkage of Concrete Made with Trinity Kopperl/Hanson Perch Hill
Combinations

The DFT60 and texture results for the Trinity Kopperl and Hanson Perch Hill blends are
shown in Figures 10.29 and 10.30. The average difference in MPD between two slabs made from
the same material was 0.097 while the difference in DFT60 values was 0.0176. The DFT60
values for the mixtures containing any amount of siliceous sand content were significantly higher
than the mixture made with 100% limestone MFA (Hanson Perch Hill). The highest texture
values were obtained for the mixture with an Al of 20%.
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Figure 10.28: Texture Results for Trinity Kopperl/Hanson Perch Hill Combinations

The DFT60 values at 160,000 cycles (Figure 10.31) increased for the blended sands as
the siliceous content increased. By only adding 19% Trinity Kopperl (Al of 20%), the DFT60
value was increased from 0.37 to 0.45. This shows that adding a small quantity of siliceous sand
to concrete mixtures has a significant effect on friction. Such results are similar to the findings
obtained by Balmer and Colley (1966) which indicated that adding 25% siliceous sand would
result in satisfactory skid performance. Note that the average difference in MPD between two
slabs made from the same material was at 160,000 cycles was 0.066 while the difference in
DFT60 value was 0.0056.

126



DFT&0 After 160,000 Cycles

i 0.47
oar o
as 045
LTt
(K| ]
oAT 0.37
N -
53

Parchiell (A = 6,7%)  Trinity Kopped|Perch Wil Trinity Kopped/Perch Wl Trindy KopperyPeich sl Triny Coppeil (0 =
| = 20%) a1 = a0%) [l = 6] TEA%)

Figure 10.29: DFT60 Results at 160,000 Cycles for Trinity Kopperl/Hanson Perch Hill
Combinations

There was no trend in the change of texture when different blends of Trinity Kopperl and
Hanson Perch Hill were used (Figure 10.32). The highest texture at 160,000 cycles was obtained
with a mixture having an Al of 20%; lower texture values were obtained when less or more
siliceous sand was used.
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Figure 10.30: Texture Results at 160,000 Cycles for Trinity Kopperl/Hanson Perch Hill
Combinations

10.4 Conclusions

The main goal of the concrete testing performed in this research project was to evaluate
the skid resistance of concrete made with manufactured sands. While evaluating skid resistance
of concrete made with MFA, it was important to ensure that other concrete properties such as
compressive strength, shrinkage, and modulus of elasticity were not negatively affected by the
use of MFA. Testing yielded the following results:

e The use of manufactured sand in concrete does not lead to a reduction in compressive
strength.
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e Except for the dolomite sand tested, the modulus of elasticity obtained using
manufactured sands was higher than that of concrete made with siliceous sand.

e The shrinkage values obtained with all carbonate aggregates was comparable to the
shrinkage values obtained using siliceous sands. Concrete made with Lattimore
Stringtown had higher shrinkage values than concrete made from all the other sands.

e The texture values (MPD) measured using the CTM did not correlate well with the
expected performance of fine aggregates. Concrete made with soft manufactured
limestone sands had MPD values that were sometimes higher than the MPD values
obtained with concrete made with hard siliceous sands. The MPD value is thus not a
good tool for evaluating the polish resistance of fine aggregates.

e The DFT60 values correlated well with the expected skid performance of fine
aggregates in concrete. Except for one dolomite, the friction values obtained for the
siliceous sands had values higher than all carbonate sands.

e Dolomite sands performed better than the limestone sands.

e Blending a small quantity of siliceous sand with soft limestone manufactured sands
considerably increased the DFT60 value after 160,000 polishing cycles.
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Chapter 11. Evaluating the Effect of Mixture Proportionson Texture
and Friction of PCC

The mixtures tested for friction were made with different fine aggregates using the same
proportions of materials. Friction testing was performed on mixtures made from the same fine
aggregate but having different proportions. The goal of this testing was to investigate whether or
not friction performance of carbonate fine aggregates could be improved by modifying mixture
proportions. Note that the complete data set for the testing presented in this chapter can be found
in Appendix B.

11.1 Mixture Proportions

In Section 10.2, all mixtures were evaluated using the same mixture proportions. This
section describes how the effect of changing mixtures proportions was investigated using
limestone MFA. The seven different mixture proportions used are shown in Table 11.1.

Table 11.1: Mixture Proportionsused for Evaluating the Effect of Proportioning on Skid

Materials (Volume %)
Cement | Water | Fine Aggregate | Coarse Aggregate

Baseline Mixture | 10.73 | 14.20 27.06 46.01
W/C =0.39 11.19 13.74 27.06 46.01
W/C=0.45 10.31 | 14.62 27.06 46.01
S/A=0.3 10.73 | 14.20 21.92 51.15
S/A=0.44 10.73 14.20 32.15 40.92
5.25-Sack Mixture | 9.30 12.30 28.29 48.11
6.75-Sack Mixture | 12.00 | 15.88 25.97 44.16

11.2 Effects of Varying Mixture Proportions on Limestone Sands

Figures 11.1 and 11.2 show the friction and texture results for the same sand mixed at
three different water-to-cement ratios. The initial DFT60 values were not equal. As the numbers
of cycles increased, the DFT60 value seemed to converge to the same value for the three
different mixtures. Changing the mixture design by varying the water-to-cement ratio between
0.39 and 0.45 does not seem to affect the DFT60 values after 160,000 polishing cycles. The
texture values were different for two out of the three mixtures. The highest texture was obtained
with the mixture that had the highest water-to-cement ratio.
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Figure 11.2: Texture Results for Mixtures Containing Hanson Perch Hill at Three Different
W/C Ratios

Figures 11.3 and 11.4 show the friction and texture results for the same sand mixed at
three different sand-to-aggregate ratios. Changing the sand-to-aggregate ratio from 0.30 to 0.44
had no effect on the DFT60 value at 160,000 cycles. The DFT60 value seemed to have
converged at 100,000 cycles, even though the starting values were not equal. As for texture, the
mixture that had the lowest sand-to-aggregate ratio had the lowest texture; this might be due to

the fact that that mixture had less sand which resulted in a concrete texture containing less poorly
shaped particles.
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Figures 11.5 and 11.6 show the friction and texture results for the same sand mixed at
with different cement content. Increasing or decreasing cement content did not improve the
DFT60 value of mixtures made with TXI Bridgeport. The DFT60 values measured converged
after 160,000 polishing cycles. Results obtained in Figure 11.6 show that the mixtures with the
highest cement content had the lowest initial texture and the lowest texture at 160,000 cycles.
This might have occurred due to a change in fine aggregate content; as the cement content
changed the paste content had to also be changed to maintain a constant water-to-cement ratio.
This caused the total aggregate ratio to either decrease or increase when the cement content was
changed (Table 11.1). As the fine aggregate content decreased, less texture was created because
the mixtures had less poorly shaped fine aggregate and were not as harsh (had higher paste
content).
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11.3 Effects of Varying Mixture Proportionson Friction Resistance on Any
Type of Sand

Varying mixture proportions as well as replacing 30% of the cement with a class F fly
ash for other types of sands was also explored. The mixture proportions shown in Table 11.1
were also used for this purpose. DFT60 results are summarized in Figures 11.7, 11.8, 11.9, and
11.10. The results show that there was a minor decrease in DFT60 values for siliceous sands
when the mixture proportions were varied. However, the decrease is not believed to have been a
direct caused of changing mixture proportions, it was rather due to exposing the limestone coarse
aggregate when harsher mixtures was used (Figure 11.1). Exposing limestone coarse aggregates
at the surface of the concrete will cause a surface made up of mainly siliceous sand to lose
friction resistance.
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Figure 11.11: Concrete Sab with Exposed Limestone Coar se Aggregate

11.4 Effects of Adding Water onto the Concr ete Surface

The 100% MFA sections discussed in Chapter 9 had lower skid numbers than the
sections made with blended sands mainly because they only contained a source of limestone sand
that is prone to polishing. However, the wear on the wheel path that was observed was not due to
presence of limestone sand, but due to the poor finishing of the surface. To be able to finish the
concrete surface the finishers had to spray the surface with water. This probably diluted the
cement paste at the surface, thus causing it to polish in less than a year. Several test slabs were
made with TXI Bridgeport fine aggregate; In addition to the baseline (control) mixture, several
variables were used:

e Use of fly ash;
e Low and high sand content;
e Low and high paste content; and

e Two amounts of water added to the surface.

Table 11.2 shows the results obtained. Slabs that started with a higher DFT60 value did
not necessarily end up with a higher DFT60 value after 160,000 TWPD cycles. Moreover, it has
been found earlier in this research that the type of finishing applied on the mortar, whether it is a
carpet, turf, or broom finish does not have a significant effect on the DFT60 value after 160,000
polishing cycle. These results proved that changing mixture proportions had only a minor effect
on the DFT60 value after 160,000 polishing cycles, but adding water to surface and working it
into the paste during finishing caused the DFT60 value to drop by around 10%. Although it is
unknown how much water was added to the surface of the field sections, the samples made at the
laboratory with the addition of water on the surface better represent the field test sections.
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Table 11.2: DFT60 Resultsfor Concrete Slabs made with TXI Bridgeport Sand

TXI Bridgeport Mixtures

DFT60 initial values (O cycles)

DFT60 after 160,000 Cycles

Baseline 0.676 0.422
Baseline (30% fly ash) 0.753 0.409
Low sand content 0.629 0.414
High sand content 0.718 0.421
Low paste content 0.694 0.433
High paste content 0.750 0.429
Average 0.703 0.421
Baseline + water added to
surface (11 oz/yd?) 0.687 0.39
Baseline + water added to
surface (22 oz/yd?) 0.836 0.373
Average of Samples with 0.761 0.3815

added water to the surface

11.5 Conclusions

Based on the results presented in this chapter, several conclusions can be made
concerning the effect of mixture proportioning on friction resistance, these can be summarized as

follows:

¢ Changing mixture proportions might have an effect on macro-texture (MPD values) but
it did not have any effect on the DFT60 values after 160,000 TWPD cycles when
limestone MFAs were used. Thus, the performance of limestone MFAs cannot be
improved by changing mixture proportions. As much as the macro-texture could
potentially be improved, the micro-texture is controlled by the type of fine aggregate

used.

¢ Changing concrete proportions does not have a direct effect on friction, but it might
have an indirect negative effect. If a mixture is too rocky or too harsh, coarse aggregate
might be exposed at the surface. If the exposed coarse aggregate is soft, it will polish
and cause a drop in friction even if 100% siliceous sand was used in the mixture.

e Adding water onto the surface of the concrete will raise the water-to-cement ratio at the
surface of the concrete. Mortar paste with higher water-to-cement ratios polish faster;
thus, the macro-texture will be lost much quicker than intended.
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Chapter 12. Evaluating Diamond Grinding and Grooving for
Friction

12.1 Introduction

Thirty slabs were diamond ground and grooved and then tested using the CTM, DFT, and
TWPD. The slabs were made using the standard mixture proportion presented in Chapter 10 and
a combination of aggregates listed in Table 12.1. The same test procedure described in Chapter
10 was used to evaluate the polish resistance of the diamond ground slabs. Note that the
correlation between DFT60 and the skid trailer established in Chapter 9 cannot be used for
diamond ground concrete. The results presented in this chapter only include what was needed for
the analysis; for the full results please refer to Appendix C.

=

Table12.1; Material Combinations Used to Produce Slabs

Number of Slabs Tested Coarse Aggregate Fine Aggregate
6 Colorado River Gravel Eagle's Nest (Siliceous)
6 Capital Marble Falls (dolomite) Eagle's Nest (Siliceous)
6 TXI Bridgeport (limestone) TXI Paradise (Siliceous)
6 TXI Bridgeport (limestone) TXI Bridgeport (limestone)
6 Perch Hill (limestone) Perch Hill (limestone)

Since the coarse aggregate in diamond ground concrete is exposed, performance was
expected to be a function of the hardness of the aggregate. For this reason MD values was used
to evaluate the coarse aggregates; results for MD are shown in Table 12.2.
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Table 12.2: Micro-Deval Valuesfor Coar se Aggregatesused in Slabs

Colorado Capital Aggregate Marble Hanson Perch Hill TXI Bridgeport
River Gravel Falls (Coarse Aggregate) (Coarse Aggregate) (Coarse Aggregate)
Lithology Siliceous Dolomite Limestone Limestone
Micro-Deval
(% loss) 9.6 12.5 13.8 15

The slabs evaluated

at the laboratory were diamond ground using four different

configurations. The blade configurations used are presented in Table 12.3, and the resulting
concrete surfaces produced are illustrated in Figure 12.1.

Table 12.3: Blade Configuration Used to Produce slabs

Nugl]:ssr of ConfiZfliiion 4 Type of Diamond-grinding
10 1 .125 blades with .130 spacers
10 2 .125 blades with .110 spacers
Specialized segments that create a surface texture due to the segment
5 3 design. The texture created consists of very close spaced fine land
areas.
Specialized segments that create a surface texture due to the segment
5 4 design + grooved on 3/4 inch centers with .125 blades and 1/8 inch
depth.
Configuration #1 Configuration #2
0.1301n 0.110 in.
— +—

Configuration #3

Less than 0.030 in.

—

+—

Less than 0.030 in.

JUdyuuL

—

0.125in. 0,125 in.
Configuration #4

0.125in Less than 0.030 in

—

1/8in

Less than
0.030 in

'S
-

3/4 in.

Figure 12.2: Illustrations of Surfaces Produced by Diamond Grinding and Grooving
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12.2 Results

The initial measurements taken on the diamond ground slabs show that higher friction
values were obtained when larger land areas were used to grind (larger spacers produce larger
land areas). Texture values for the surface produced only with specialized blades had the lowest
texture. There does not seem to be any correlation between MPD and DFT60. The MPD texture
value for the grooved slab is high because the grooves are deeper than the ground surfaces. The
textures produced using the specialized blades produced the most consistent surfaces (almost the
same MPD values)
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Figure 12.3: Initial DFT60 Values
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Figure 12.4: Initial MPD Values

After 160,000 TWPD cycles, the slabs made with the harder aggregates, i.e., the river
gravel and the dolomite produced had the highest friction values regardless of the method of
grinding. Overall, the slabs made with Perch hill coarse aggregate had the lowest friction values.
Note that based on the MD values (Table 12.2), Perch Hill was expected to perform better than
TXI Bridgeport. For any aggregate, the highest DFT60 values were obtained with the slabs that
had larger land areas.
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All Tested slabs had a very similar MPD values after 160,000 cycles except the slabs that
were grooved. The goal of grooving is to produce deeper cuts that serve as channels that carry
water away from pavements to prevent hydroplaning.

1.8
16
1.4
1:2

1 4 = W River Gravel/River Sand
08 - M Dolomite CA/River Sand
0.6 4 W TXI Bridgeport/River Sand
04 - W TXI Bridgeport/TXI Bridgeport
02 4 ® Perch Hill/Perch Hill

0 4

.130 spacers .110 spacers Specialized Specialized
blade blade + grooving

MPD Initial

Type of Grinding

Figure 12.6: CTM Values after 160,000 TWPD Cycles

12.3 Conclusions

Following are some of the conclusions reached via the results described in this chapter:

e Slabs produced using the larger spacers resulted in larger land areas.

e Larger land areas produced better friction values initially and after 160,000 TWPD
cycles.

e After 160,000 TWPD cycles, harder aggregates had higher friction values.

e The TWPD was not able to reduce the texture produced by grooving, and thus there
was no significant drop in the MPD values of the ground and grooved surfaces.

e Except for the limestone coarse aggregates tested, MD was able to predict which of the
aggregates performed better.
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Chapter 13. Analysisof Skid Data, Blending Recommendations, and
Development of a Skid Prediction Model for Concrete
Pavements

The concrete testing discussed in Chapter 10 evaluated the polish resistance of 78 slabs
made with 33 different fine aggregate and fine aggregate blends. The results showed that the
polish resistance of concrete is mainly influenced by the type or blend of sands used. The results
from Chapters 8 and 10 showed that friction values measured using the DFT could be used to
better evaluate the polish resistance of fine aggregates. In this chapter, the results obtained from
the concrete skid tests in Chapter 10 are compared to the aggregate test results presented in
Chapter 4. This chapter addresses the goal of finding an aggregate test that can predict skid
performance. A formula that relates DFT60 to Al and the MD percent loss was computed.
Recommendations for an alternative method of evaluating and blending fine aggregates for
pavement concrete is also presented in this chapter. This method aims at better quantifying the
hardness of aggregates using MD by evaluating the resistance of fine aggregates to abrasion and
crushing rather than their resistance to acid.

13.1 Alternative Method for |dentifying Polish Resistant Sands

13.1.1 Analysis of Data

The goal of the laboratory testing was to evaluate the polish resistance of concrete slabs
made with different fine aggregates and to relate those results to aggregate tests. The CTM and
DFT were used along with a three-wheel polishing device (TWPD) to evaluate the polish
resistance of a laboratory concrete specimen.

In Figure 13.1, results of DFT60 after 160,000 polishing cycles on concrete specimens
are compared to the Al values of aggregate used. Figure 13.1 shows that some of the carbonate
aggregates that had low Al performed as well as the aggregates that had a high Al. There does
seem to be a relation between Al and the performance of siliceous and blended aggregates; as the
Al decreases, DFT60 values after 160,000 cycles decrease for siliceous and blended aggregates.
The relation between Al and DFT60 values for carbonate aggregates (limestone or dolomite) is
not clear. A few of the aggregates with Al < 60 % maintained a relatively high DFT60 value
after 160,000 polishing cycles.
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Figure 13.1: DFT60 after 160,000 TWPD Cyclesvs. Al

An alternative way of evaluating aggregates for polish resistance was considered for the
laboratory testing. Fine aggregates were tested using the MD test (ASTM D 7428). Values of Al
and MD presented in Chapter 4 are compared in Figure 13.2.

There is good correlation between the Al test and the MD test for aggregates that have an
MD less than 24%. Al does not differentiate between hard and soft carbonates, because it is a
chemical test and not a mechanical test. Except for dolomites and dolimitic limestones,
carbonates are generally softer than other aggregates used in concrete, and as a result Al is a very
conservative test that disqualifies all carbonates regardless of their hardness. Except for two
dolomites and one sandstone, most fine aggregates that met the Al requirement of 60% also met
MD limit of 12% (intersecting red lines in Figure 13.2).
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Figure 13.2: Al vs. MD

It should be noted that the Al test is only a surrogate test for evaluating the polish
resistance of fine aggregates in PCCP, and the test was originally developed based on an
observation that an increase in non-carbonate content improves skid resistance (Balmer and
Colley). The concrete test results obtained by Balmer and Colley in 1966 also seem to indicate
that dolomites perform better than limestone fine aggregates (note that limestones are referred to
as calcites in this paper; see Figure 13.3).
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Figure 13.4 shows the relationship between DFT60 after 160,000 TWPD cycles and MD.
Regardless of the type of aggregate, the MD test seems to have better correlation with DFT60
than AI. Note that some research has indicated that higher content of shale or chert in an
aggregate sample could lead to higher MD percent loss [Hudec and Boateng 1995]. That might
explain why some aggregates had a high MD loss but still performed well. Moreover, DFT60
values seem increase as the MD percent loss decreases for aggregates that have an MD loss
lower than 24%; aggregates with an MD loss higher than 24% do not seem to follow that trend.
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Figure 13.4: DFT60 after 160,000 TWPD Cyclesvs. MD

13.1.2 Recommendations

The following method is recommended as an alternative preliminary procedure for
accepting and blending aggregates for class P concrete (also presented in a chart—Figure 13.5):

1) Test unblended fine aggregate(s) using Tex-612-J (Al).
a) If AI> 60%, no need for further testing of fine aggregates for polish resistance.
b) If Al <60%, further testing of fine aggregates is needed.

2) Test fine aggregates using the micro-Deval (MD) test (ASTM D 7428).

a) If the micro-Deval percent loss of a fine aggregate is less than 12% (MD < 12%), blend
this fine aggregate with at least 40% of a fine aggregate that has an Al > 60%.

b) If the MD percent loss of a fine aggregate is greater than 12% (MD > 12%), then blend
this fine aggregate such that the equivalent MD percent loss of the combined fine
aggregate is less than 12% (MD < 12%)):

|(%Aggl) X (%loss of Aggl)| X |(%Agg2) X (%loss of Agg2)| < 12%

Note that all aggregates have to be tested prior to blending. Aggregate test values

obtained from testing blended fine aggregates using Tex-612-J and ASTM D 7428 should not be
used to identify polish resistant aggregates in PCCP.
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Test Fine Aggregate(s) for
Acid Insoluble Residue
(Al- Tex-612-J)

No need for further
testing of fine

+—Yes Al > 60%
aggregates for
polish resistance
No
Test fine
MD < 12% | aggregate(s) using |
micro-Deval

(ASTM D 7428)

Blend the fine aggregate that has an MD = 12% with a fine
aggregate that has an Al 2 60% such that:
[(%Agg1)x(%loss of Agg1)] + [(%Agg2)*(%loss of Agg2)] < 12%
Note that this equation will ensure that more than 40% of an
aggregate with an Al > 60% is used in any blend

\ 4
Blend the fine aggregate
that has an MD < 12% with
at least 40% of an aggregate
that has an Al > 60%

Figure 13.5: Testing Polish Resistance of Fine Aggregatesin PCCP

If this method of blending is used instead of the current specifications, then more
manufactured carbonate sand will be allowed in pavements if the manufactured sand itself is
hard, or if it is blended with harder siliceous sands (hardness is evaluated by the MD test).

If blends of the siliceous and limestone aggregate tested during this research project were
to be blended to meet a MD loss of less 12%, then the minimum Al that can be obtained from
such blends will be greater than 40% (Figure 13.6).
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Figure 13.6: Al Valuesfor Blends of Aggregates Meeting the 12% MD Limit

13.2 Developing a Prediction Model

13.2.1 Introduction

A model for predicting skid values for concrete pavements is presented in this section.
The model was derived using data obtained from the monitored field sections as well as the
friction testing conducted at the laboratory. Since all the sections evaluated had a tined and
carpet drag finish, the model derived is only suitable for concrete pavements that have a mortar
surface exposed to traffic (the effect of exposed coarse aggregate is not accounted for in this
model).

Among the twelve sections evaluated, only four sections have been monitored for an
extended period. Five of the twelve sections were recently constructed and have not been
exposed to a significant amount of traffic; for this reason, data obtained from those sections was
not adequate for computing the model. The three sections constructed in 1995 were only used to
verify the model; although friction measurements were taken between wheel paths to estimate
initial conditions of the sections, it is not clear whether those measurements represent the initial
skid resistance of the pavement.

13.2.2 Field Data Analysis

The 100% MFA test sections constructed in 2008 were monitored for three years. CTM
and DFT measurements were taken during four visits to the site and the values were converted
using Equation 9.1. Measurements taken between the wheel paths are generally not exposed to
traffic and were assumed to represent the initial conditions of the pavement. The data obtained
are shown in Figure 13.7.
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Figure 13.7: Computed Skid Numbersfor Trial Field Sections as a Function of Time

Sections 1 and 2 were constructed using 100% manufactured limestone aggregate on the
outside lane. Section 1 had 5% microfine content while section 2 had 10%. Section 3 was
constructed on the inside lane using 100% carbonate aggregate but had 15% microfines (same
fine aggregate source as sections 1 and 2). Section 4, the control section on the inside lane, which
had a blend of 50/50 is estimated to have an Al of 40%, while the Al of the other three sections
can be assumed to be equal to 0%. The manufactured sand used in all the test sections was TXI
Bridgeport.

Figure 13.8 shows that a change in microfine content (gradation change) did not have any
effect on skid resistance. Even though section 2 had slightly higher initial skid values, sections 1
and 2 had very similar skid values after more than 1 year of traffic. Results obtained from Figure
13.8 also show that trucks have a higher wearing and polishing effect on pavements. The inside
lane and the outside lane might have the same average daily traffic (ADT) count but they almost
assuredly have different ESAL counts. If the ESAL count is assumed to be the controlling factor
in wear and if it is assumed that section 3 had a wear factor similar to sections 1 and 2, then the
ESAL distribution between the two lanes can be estimated by matching the wear rate of section 3
with sections 1 and 2. Figure 13.9 shows that a good fit can be obtained if a 77.5/22.5 split is
assumed between the outside lane and the inside lane.
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Figure 13.8: Computed Skid Numbers for Trial Field Sections as a Function of ESALs

13.2.3 Effect of Mixture Variables on Surface Friction

The fine aggregate used in the test sections constructed in 2008 was obtained from the
TXI Bridgeport quarry. Figure 13.9 shows the results of three MD coarse aggregate tests for TXI
Bridgeport coarse aggregate samples obtained at different times in other research studies. The
results show that the three samples obtained from the quarry in 2008, 2009, and 2012 did not
vary significantly in hardness. In summer 2010, a sample of fine aggregate from TXI Bridgeport
was obtained and tested using the TWPD, CTM, and DFT. The sample tested at the laboratory
was obtained from the quarry on a different date than the date the test sections were constructed,
but because the hardness of the aggregate has not significantly changed, the fine aggregate used
in the field sections and the laboratory tests were assumed to be identical.
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Figure 13.9: Relationship between DFT60 after 160,000 TWPD Cycles and Al
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When the test sections containing 100% MFA were constructed, finishing problems were
encountered. The concrete received on site did not meet slump requirements and the finishing
crew had trouble finishing it. To be able to finish the concrete, the finishing crew sprayed the
surface with water and worked the water into the paste to make the surface more finishable. In
Chapter 11 something similar to what was done in the field was tested at the laboratory; those
results will be assumed to better correlate with the trial sections.

13.2.4 Relationship between DFT and MD

In Figure 13.1, the values of DFT60 after 160,000 polishing cycles were compared to the
MD percent loss of the fine aggregates. Fine aggregate with a MD loss higher than 24% did not
follow the trend of decrease in performance with an increase in loss; these limestone fine
aggregates might have had materials such as chert that caused them to experience higher loss in
MD compared to other limestone fine aggregates. For this reason they were not used to obtain
the relationship shown in Figure 13.10.
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Figure 13.10: Relationship between DFT6E0 after 160,000 TWPD Cycles and MD
DFT60 at a 160,000 cycles can be estimated from MD using the following equation:

DFT60 = 0.4717 + (0.4943 X MD,) — (3.8446 x MDZ, (Eq. 13.1)

MDo, = (% agg1l X MDyy,1) + (% agg2 x MDyyy,,) (Eq. 13.2)

MD,, is the equivalent MD percent loss of two or more fine aggregates. MDeq, MDg 444,
and MDgg,4, are in percent for the equations presented, i.e., if MD,, was equal to 12%, use

MDeq = —— = 0.12 in Equation 13.1.
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13.2.5 Relationship between DFT and Al

DFT60 after 160,000 polishing cycles was compared to the fine aggregates Al values in
Figure 13.4. Al evaluates the carbonate content of a fine aggregate and this was the reason the Al
values obtained for the dolomitic fine aggregates did not correlate with DFT60. To compute a
better relationship between Al and DFT60 at 160,000 cycles, all the dolomites, dolomitic
limestones, and carbonates that had DFT60 values comparable to siliceous and blended sands
were not considered in Figure 13.11.
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Figure 13.11: Relationship between DFT60 after 160,000 TWPD Cyclesand Al

DFT60 at a 160,000 cycles can be estimated from Al using the following equation:

DFT60 = 0.3799 + (0.3786 x Al,,) — (0.4901 x AIZ)) + (0.2226 X Al (Eq. 13.3)
Alyy = (% aggrl x Alygg) + (% agg2 X Algg,;) (Eq. 13.4)

Al,q is the equivalent Al of two or more fine aggregates. Aleq, Alyggregate 1, and Algggregate 2
are in percent for the equations presented, i.e., if Al,, was equal to 60%, use a value of MD,, =

2 — 0.6 in Equation 13 3.
100

13.2.6 Prediction M odel for Computing SN(50)smooth

Figures 13.12, 13.13, and 13.14 represent a wear model for the four different sections
tested. Sections 1 and 2 have very similar values and can be represented in one equation. Section
3 can be represented in a model very similar to 1 and 2. Comparing the laboratory test for the
slabs made with TXI Bridgeport where water was added to surface and the field results in
Figures 13.12 and 13.13 show that 160,000 TWPD cycles are equivalent to around 700,000
ESALs.
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The equations from Figure 13.12 and Figure 13.13 can be combined and generalized for
any sand by multiplying the slope of the log function by the DFT60 value of the laboratory slab
that resembles the field test section and then dividing it by @ X DFT60160,000 cycies

5.062x0.381
axDFT60160,000 cycles

SN(50)smooch = 93.75 —

In(ESAL7opq1) (Eq. 13.5)

where o is a factor that accounts for poor finishing techniques; this includes spraying the
concrete surface with water and working the water in the surface and/or poor application of drag
finishing techniques (burlap, turf, or broom). It was shown in Chapter 11 that poor finishing
techniques resulted in a reduction of friction after 160,000 cycles of about 10%. Unless the
surface was poorly finished a = 1.0; for poorly finished surfaces is assumed to be a = 0.9.
ESALqgytq; 1s total ESAL count that the lane has experienced while in service.

Combining Equations 13.5, 13.3, and 13.1 will lead to the following:

1.93
ax [0.4717+(0.4943XMD.,)—(3.8446xMD%,)]

SN(50),, . =93.75 —{ }  In(ESALpya) (Eq. 13.6)

1.93
ax 0.3799+(0.3786xAl,q)—(0.4901x AlZ,)+(0.2226 XAl

SN(50)qm000, = 93.75 — [ q)J] X In(ESALyoray) (Eq. 13.7)

MD,, is the equivalent MD percent loss of two or more fine aggregates. MD,, is in percent for
the equations presented, i.e., if MD,, was equal to 12%, use a value of MD,, = % = 0.12.
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Al is the equivalent Al of two or more fine aggregates. Al,, is in percent for the equations

presented, i.e., if Al; was equal to 60%, use a value of MD,, = % =0.6

Equations 13.6 and 13.7 can be used to predict the skid number of any mortar finished
pavement by knowing either the Al or MD and the total ESAL count for the lane. Note that
neither equation presented takes into account the presence of exposed coarse aggregates, whether
those were intentionally or unintentionally exposed.

13.2.7 Verification of Prediction Model and Development of Design Charts

Equation 13.7 was used to estimate the skid number of four of the sections evaluated. The
results are shown in Table 13.1. Note that the exact ESAL count per lane is not known and was
assumed to be 20% for sections in location 2. For location 1, 22.5% deduced by matching wear
rate between sections 1, 2, and 3. The values predicted in Table 13.1 were not exact for all the

sections but were still able to give a conservative estimate of what skid numbers to expect for the
different blends.

Table 13.1: Verification of the Prediction Model

Test Section Al (%) Measured Estimated Total | Estimated Using
SN(50)smooth | ESAL s at time of SN(50)smooth
Skid Test Model
L ocation 1 - Section 4 40 38.3 670,000 38.3
(Control 50/50)
Location 2 - Blend 60/40 40 37.0 4,600,000 30.4
L ocation 2 - Blend 50/50 35 29.0 4,600,000 29.6
Location 2 - Blend 40/60 29 33.0 4,600,000 28.5

Equations 13.6 and 13.7 can also be used to calculate the estimated number of years to
reach a target skid number as a function of the number of daily lane ESALs and either the MD or
Al of the fine aggregate. Tables 13.2, 13.3, 13.4, and 13.5 were developed assuming that the
target skid number was SN(50)smo0tn = 25. Note that the ESAL values shown in the table are
ESALs per lane per day, i.e., the ESAL distribution per lane should be computed before using
the tables.
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Table 13.2: Design Chart Assuming SN(50) snmo0th = 25, Well Finished, and Using Al

Al (%) Estimated years to reach SN(50)smooth

1% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% | 100%

ESALs/lane (per day)

500 5 13 32 61 92 | 120 | 139 | 152 | 163 | 180 | 216
1000 2 7 16 | 30 | 46 | 60 | 70 | 76 | 82 | 90 | 108
1500 2 4 11 20 31 40 46 51 54 60 72
2000 1 3 8 15 | 23 | 30 | 35 | 38 | 41 | 45 54
2500 1 3 6 12 | 18 | 24 | 28 | 30 | 33 | 36 43
3000 1 2 5 10 15 20 23 25 27 30 36
3500 1 2 5 9 13 17 20 22 23 26 31
4000 1 2 4 8 12 15 17 19 20 23 27
4500 1 1 4 7 10 13 15 17 18 20 24
5000 0 1 3 6 9 12 14 15 16 18 22
5500 0 1 3 6 8 11 13 14 15 16 20
6000 0 1 3 5 8 10 | 12 | 13 | 14 | 15 18
6500 0 1 2 5 7 9 11 12 13 14 17

Table 13.3: Design Chart Assuming SN(50)00tn = 25, Poorly Finished, and Using Al

Al (%) Estimated years to reach SN(50)smooth

1% | 1

o
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Table 13.4: Design Chart Assuming SN(50)sm00th = 25, Well Finished, and Using MD

MD (%) Estimated years to reach SN(50)smooth
26% | 24% | 22% | 20% | 18% | 16% | 14% | 12% | 10% | 8% | 6%
ESALs/lane (per day)

500 1 3 7 15 31 55 87 | 125 | 161 | 185 | 191
1000 1 1 3 8 15 | 27 | 44 | 63 | 80 | 93 | 95
1500 0 1 2 5 10 18 29 42 54 | 62 | 64
2000 0 1 2 4 8 14 22 31 40 | 46 | 48
2500 0 1 1 3 6 11 17 25 32 37 | 38
3000 0 0 1 3 5 9 15 21 27 31 | 32
3500 0 0 1 2 4 8 12 | 18 | 23 | 26 | 27
4000 0 0 1 2 4 7 11 16 20 | 23 | 24
4500 0 0 1 2 3 6 10 14 18 21 | 21
5000 0 0 1 2 3 5 9 13 16 19 | 19
5500 0 0 1 1 3 5 8 11 15 17 | 17
6000 0 0 1 1 3 5 7 10 | 13 | 15 | 16
6500 0 0 1 1 2 4 7 10 12 14 | 15

Table 13.5: Design Chart Assuming SN (50)¢m00tn = 25, Poorly Finished, and Using M D

MD (%) Estimated years to reach SN(50)smooth
26% | 24% | 22% | 20% | 18% | 16% | 14% | 12% | 10% | 8% | 6%
ESALs/lane (per day)

500 0 1 2 3 6 11 17 23 29 | 33| 34
1000 0 0 1 2 3 5 8 11 14 | 16 | 17
1500 0 0 1 1 2 4 6 8 10 | 11 | 11
2000 0 0 0 1 2 3 4 6 7 8 8
2500 0 0 0 1 1 2 3 5 6 7 7
3000 0 0 0 1 1 2 3 4 5 5 6
3500 0 0 0 0 1 2 2 3 4 5 5
4000 0 0 0 0 1 1 2 3 4 4 4
4500 0 0 0 0 1 1 2 3 3 4 4
5000 0 0 0 0 1 1 2 2 3 3 3
5500 0 0 0 0 1 1 2 2 3 3 3
6000 0 0 0 0 1 1 1 2 2 3 3
6500 0 0 0 0 0 1 1 2 2 3 3
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13.3 Conclusions

The following conclusions and outcomes resulted from the research on achieving
adequate surface friction:

e An equation to calculate the skid number based on the skid trailer using a smooth tire at
50 mph (SN (50) smooth) Was developed using values obtained by the dynamic friction
tester (DFT60) at 60 kmh.

e Based on field test sections using limestone manufactured sands, ranging from 40 to
100% of the total sand, 100% sand gave low skid numbers compared to blended sands.

e There is a reasonable correlation between surface friction based on the DFT and acid
insoluble residue values (AI) for all aggregates and blends except dolomites and
dolomitic limestones. For Al > 60%, friction values were high, but even for some fine
aggregates at Al < 60% relatively high friction values were achieved.

e A good correlation exists between MD loss and Al for aggregates with MD less than
24%. Hard fine aggregates such as some dolomites and dolomitic limestones performed
well when tested for friction using the TWPD.

e An alternative method to the current TxDOT acceptance procedure for use of fine
aggregates in class P concrete is proposed based on MD. This method allows harder
MFA that do not meet Al to be used at a higher replacement rate without causing
reductions in skid on pavements. An MD limit of 12% loss was recommended for the
new procedures,

¢ Using field and laboratory data, a model for predicting skid was established. The model
allows SN(50)smooth to be estimated by knowing the total ESAL count and the Al or MD
value of the pavement.

e The model established for predicting SN(50)smooth Was used to develop design tables
that can aid designers in choosing what Al or MD limits they need to follow, given the
ESAL count and the approximate number of years they need a pavement to maintain a
desired value of SN(50)smooth-
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Chapter 14. Summary and Conclusions

14.1 Summary

The goal of this project was to investigate the use of manufactured sands in pavement
concrete. This topic was investigated because there is an increasing need to use more local
materials such as manufactured fine aggregates (MFAs) that do not meet current specifications.
The main concrete properties affected by the usage of MFAs are skid resistance, workability, and
finishability. Skid resistance in portland cement concrete (PCC) pavements is mainly a problem
associated with the mineralogy of the sand. Many available sources of manufactured sands are
soft carbonate aggregates; those aggregates polish when used in PCC pavement. Workability and
finishability are problems associated with the shape and grading of the fine aggregates used for
making concrete. To obtain more workable and finishable concrete, the shape and grading of the
aggregates has to be improved, or an optimized proportioning method that accounts for the poor
shape and grading of those aggregates needs to be used. The research performed in this project
investigated some of those issues. This section provides a summary of the different topics
discussed in this dissertation.

14.1.1 Finding a Fine Aggregate Test that Predicts Skid Performance

The acid insoluble residue (Al) test currently used by TxDOT and other state agencies is
a surrogate test that measures the carbonate content of fine aggregates. The Al does not directly
measure the hardness of the aggregate. The use of the micro-Deval (MD) abrasion test for fine
aggregates was explored. The time of the test was varied to determine whether better results
could be obtained. Results showed that the 15-minute run time adopted by ASTM seems to give
better results than the longer times attempted—when the MD was run for longer periods, more
crushing of fine aggregates occurred.

Testing hardened mortar specimens in the MD might be a better way of evaluating polish
resistant aggregates because it better simulates abrasion of fine aggregates in concrete. The
problem encountered while testing mortar specimens with the MD was that the abraded
specimens had air voids that influenced the texture readings. Attempts to de-air the concrete
worked, but fewer aggregates were exposed by the MD, so no consistent texture readings could
be made on those specimens. Moreover, AIMS was found to evaluate the color of the exposed
aggregate rather than texture; a better tool for evaluating texture was not available. The ASTM
MD test was the only MD test that was compared to concrete results.

14.1.2 Evaluating the Shape of MFA Produced Using Different Crushing Operations

To determine whether improvement in shape could be obtained by optimizing the
crushing operation, two materials were sent to the Metso Mineral Research and Test Center
(MRTC) in Milwaukee: rocks obtained from the Lattimore Stringtown and Hanson Perch Hill
aggregate pits. MRTC crushed each of those rocks using a Barmac B3000 VSI crusher at three
different speeds. The Barmac B3000 was able to improve the shape of one of the aggregates
(Lattimore Stringtown). The improvement in shape of the aggregate could be visually verified.
The improvement in shape could not be quantified using AIMS; AIMS was not effective in
evaluating the Lattimore Stringtown aggregates, mainly because AIMS is capable of evaluating
only the 2D form and the angularity index of fine aggregates. AIMS failed to measure the
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flatness of the Lattimore Stringtown aggregate produced by Lattimore. Using the flow of mortar
test described in ASTM C 1437 on re-graded sands was the best method used to indirectly
evaluate the shape and texture of fine aggregate.

14.1.3 Proportioning Method for Pavement Concrete Containing MFA

The ICAR proportioning method for pavement concrete developed by McLeroy (2009)
was first modified by replacing the visual shape and angularity rating scale by an AIMS function.
The ICAR method was then used to proportion four sands; poor results were obtained for the
sands with low microfine content because the method overestimated the amount of paste needed.
To avoid overestimating the cement content, we recommend computing only the minimum paste
content and not adding any additional paste before trial batches are evaluated. The recommended
procedure for proportioning pavement concrete could be summarized in the following steps:

1. Evaluating aggregate properties.
2. Plotting the conventional 0.45 power curve to determine the optimum gradation.

3. Performing a combined dry-rodded unit weight (DRUW) test on the selected proportions of
aggregates to determine the paste content.

4. Creating trial batches to determine if additional paste is needed, or if increasing the
admixture content is sufficient to obtain a concrete that meets slip-form concrete
requirements.

It should also be noted that using the modified 0.45 power curve seemed to result in denser
aggregate gradations, but it also resulted in aggregate proportions that caused shear slumps.

14.1.4 Developing a Laboratory Skid Test

The test developed for testing skid resistance of laboratory concrete specimens consisted
of using a modified version of the National Center for Asphalt Technology (NCAT) polisher, a
circular texture meter (CTM), and a dynamic friction tester (DFT). The modifications made to
the NCAT polisher consisted of replacing the pneumatic wheels with polyurethane wheels that
have a durometer hardness equal to 85 and adding a vibration dampener between the gearbox
and the turntable assembly.

The change in texture and friction was monitored over 160,000 polishing cycles using a
CTM and a DFT. Measurements were taken initially and after 5,000, 40,000, 100,000, and
160,000 polishing cycles. Compared to the results obtained using a CTM, the results obtained
using the DFT better correlated with the expected performance of fine aggregate.

14.1.5 Evaluating the Skid Resistance of Pavements M ade with Sandsthat Do Not
Meet Specifications

Seven field sections in two different locations were evaluated for skid resistance using a
CTM and DFT. Those sections were chosen because they were the only known sections that
were made with materials that did not meet the Al requirements. The three sections containing
100% carbonate MFA were constructed in 2008 as part of a TxDOT implementation project on
the usage of MFA containing high microfine content in PCC pavements. Two of those sections
(located on the truck lane) experienced a large drop in skid resistance a year after they were
constructed; the skid value for those sections was even lower a year later.
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Also investigated were three sections constructed in the 1995 that contained blends of
sands not meeting the TXDOT 60% Al limit. Those sections still maintained good skid
resistance. The section with highest skid resistance was the section that contained the highest
siliceous content.

14.1.6 Laboratory Concrete Tests

The CTM was found to be a good tool for differentiating between the different finishing
techniques used. The DFT was found to be better than the CTM in evaluating the polish
resistance of fine aggregates in pavement since it evaluates the micro-texture and not macro-
texture.

The effect of changing fine aggregates on compressive strength, modulus of elasticity,
drying shrinkage, and skid resistance were tested for concrete made with different fine
aggregates was evaluated. The use of limestone manufactured sand at any replacement level in
concrete did not significantly affect concrete compressive strength, modulus of elasticity, and
drying shrinkage. Skid testing results showed that siliceous sands had higher friction values
compared to limestone sands. Some dolomite sands performed better than the other carbonate
limestone sands. Results obtained also showed that blending a small quantity of siliceous sand
with limestone sands considerably increased the skid resistance of concrete specimens.

The effect of changing mixtures proportions on skid resistance for mixtures was
investigated. Results showed that changing mixture proportions might have an effect on macro-
texture, but it did not have any effect on the micro-texture. Thus, the performance of limestone
MFAs was not improved by changing mixture proportions. The performance can be negatively
affected if soft coarse aggregate is exposed or if the water-cement-ratio of the paste at the surface
is increased.

14.1.7 Correlating Aggregate Teststo Laboratory Concrete Tests

A correlation between DFT60 and a skid trailer at 50 mph using a smooth tire was
established after testing twelve sections with a CTM, DFT, and skid trailer. The values obtained
from the CTM did not correlate with DFT60 values or with measured skid numbers. The IFI
model was also not able to accurately convert CTM and DFT values to equivalent skid numbers.

14.1.8 Recommendations and Prediction For mula

Recommendations on how to design blends with higher MFAs without affecting skid
performance were made. Those recommendations involve using MD as the main test for
evaluating the hardness of an aggregate. Using such recommendations would allow higher
percentages of MFAs to be used. A prediction model was established from the field and
laboratory tests results. The model is capable of estimating the skid number given the Al or MD
value and the total ESAL count. The model was then used to make recommendations on how to
choose the required sand blend requirements based on design ESALs.

14.2 Conclusions

Good quality concrete can be produced using MFA if the aggregates are properly
evaluated and the right proportions are used. Using 100% limestone sand is not recommended
because it might cause workability and finishability related issues and will definitely cause loss
of skid resistance. To obtain good skid performance using limestone MFA, the MFA has to be
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blended with siliceous sands. For a given sand combination, the higher the siliceous sand
content, the better the long-term skid performance. More MFA could be used in pavement
concrete if that MFA is harder; for instance, a higher percentage of dolomite or dolomitic
limestone sand can be used in a blend compared to limestone sand blended with the same natural
sand.

The workability and finishability of concrete made with manufactured sand could be
improved if aggregates with better shape and grading are produced. If aggregates with good
shape and grading are not available, then better proportioning methods (optimized) need to be
used to minimize the paste content of concrete to produce a less costly and more durable
concrete.

14.3 Significance of Findings

This study demonstrated that pavement concrete mixtures containing MFA could be
optimized by using relatively easy and simple methods. Using optimized concrete mixtures will
result in a cost reduction, a lower carbon footprint, and more durable concrete.

The results obtained in this study will provide highway engineers with guidance on how
to maximize the usage of their local sources of fine aggregate in PCC pavements. Under current
specifications, up to 40% manufactured carbonate fine aggregates could be used in PCC
pavements. If the recommendations presented are adopted, a lot more manufactured sands could
be used in PCC pavement without significantly reducing skid resistance.
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Appendix A: Skid Testing Results

Name Mineralogy Mixture Type
Colorado River Sand Siliceous Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.9825 0.498 0.625 192.0|0.376 32.07 32.89 49.56
5000 1.285 0.447 0.499 |129.5|0.321 25.43 34.68 38.43
40000 1.265 0.483 0.506 |127.7]0.339 27.03 37.84 39.10
100000 1.25 0.508 0.493 126.3|0.351 28.12 40.04 37.93
160000 1.125 0.482 0.487 |115.1(0.330 25.78 38.50 37.38
Name Mineralogy Mixture Type
Siliceous Baseline
Eagle's Nest
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.7375 0.767 0.821 |170.1]|0.525 45.98 60.61 66.68
5000 0.7775 0.658 0.605 83.9 [0.379 28.31 50.99 47.76
40000 0.7375 0.636 0.580 80.4 [0.362 26.58 48.84 45.58
100000 0.71 0.598 0.528 77.9 [0.340 24.47 45.67 40.97
160000 0.6925 0.596 0.520 | 76.3 [0.336 23.97 45.22 40.28
Name Mineralogy Mixture Type
) Siliceous Baseline
TXI Paradise
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.6475 0.804 0.830 |162.0|0.540 47.16 64.42 67.50
5000 0.8275 0.612 0.613 88.4 [0.364 27.28 47.90 48.46
40000 0.765 0.589 0.556 82.8 [0.345 25.27 45.76 43.48
100000 0.7475 0.575 0.511 81.3 [0.336 24.44 44.65 39.54
160000 0.7325 0.555 0.497 | 79.9 [0.326 23.47 43.19 38.33
Name Mineralogy Mixture Type
Siliceous Baseline
TXI Beckett
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40) ibped (IF1)| SN(50)smooth USing DFT60
0 1.7075 0.723 0.806 |167.4]|0.497 43.20 56.57 65.36
5000 1.085 0.574 0.610 |111.5]|0.373 29.52 45.94 48.17
40000 0.885 0.559 0.545 93.6 (0.347 26.26 44.60 42.55
100000 0.83 0.530 0.504 88.7 [0.328 24.23 42.21 38.89
160000 0.815 0.509 0.479 | 87.3 (0.316 23.18 40.64 36.68
Name Mineralogy Mixture Type
Granbery Siliceous Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.8125 0.710 0.800 |176.8|0.495 43.37 54.78 64.89
5000 0.84 0.558 0.582 89.5 (0.342 25.49 44.27 45.77
40000 0.815 0.571 0.576 87.3 (0.344 25.51 44.94 45.20
100000 0.7375 0.529 0.502 80.4 [0.316 22.70 41.61 38.73
160000 0.6875 0.537 0.494 | 75.9 (0.312 21.99 41.58 38.05
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Name Mineralogy Mixture Type
. Siliceous Baseline
Ingram Rainbow
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.8525 0.759 0.843 180.4|0.525 46.33 58.97 68.63
5000 0.82 0.596 0.598 87.8 [0.357 26.67 46.93 47.18
40000 0.785 0.593 0.558 | 84.6|0.351 25.97 46.49 43.61
100000 0.715 0.549 0.495 78.3 [0.320 22.80 42.44 38.15
160000 0.71 0.539 0.482 77.9 (0.315 22.41 41.80 37.02
Name Mineralogy Mixture Type
X Siliceous Baseline
Lattimore Cleburne
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.3625 0.551 0.638 136.4|0.382 31.32 43.26 50.67
5000 0.955 0.536 0.554 99.9 (0.343 26.26 42.99 43.34
40000 0.7625 0.547 0.516 | 82.6|0.328 23.85 43.12 39.93
100000 0.705 0.522 0.480 77.4 [0.309 21.87 40.87 36.78
160000 0.6975 0.509 0.471 76.8 [0.302 21.26 39.92 36.05
Name Mineralogy Mixture Type
. Siliceous Baseline
Lattimore Rosser
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.8525 0.728 0.810 180.4|0.508 44.68 56.18 65.76
5000 0.87 0.576 0.577 92.2 [0.352 26.46 45.40 45.32
40000 0.7125 0.547 0.497 78.1 (0.318 22.60 42.15 38.29
100000 0.665 0.516 0.479 73.9 [0.297 20.58 39.53 36.68
160000 0.6425 0.506 0.471 71.8 [0.290 19.82 38.65 35.97
Name Mineralogy Mixture Type
. Siliceous Baseline
Trinity Kopperl
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.58 0.682 0.731 155.9|0.464 39.59 53.16 58.79
5000 0.7 0.569 0.564 77.0 [0.329 23.50 44.05 44.17
40000 0.6575 0.537 0.508 | 73.20.308 21.52 41.43 39.27
100000 0.6175 0.513 0.486 69.6 |10.292 19.89 39.37 37.35
160000 0.6075 0.496 0.474 68.7 |10.284 19.15 38.21 36.29
Name Mineralogy Mixture Type
Martin Marietta Apple | Sandstone Baseline
(Sawyer, OK) Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.375 0.671 0.747 137.5|0.447 37.38 53.46 60.24
5000 0.85 0.578 0.545 90.4 [0.353 26.55 45.93 42.49
40000 0.68 0.617 0.521 75.2 [0.346 24.80 47.03 40.41
100000 0.64 0.616 0.499 71.6 [0.339 23.86 46.35 38.43
160000 0.5775 0.576 0.467 66.0 |0.311 21.07 42.74 35.64
Name Mineralogy Mixture Type
. X Slate Baseline
Lattimore Stringtown
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.7675 0.462 0.524 172.7)10.348 29.09 31.81 40.65
5000 1.1825 0.486 0.504 120.3]|0.336 26.53 38.61 38.95
40000 0.985 0.506 0.500 |102.6(0.332 25.39 40.76 38.52
100000 0.91 0.532 0.493 95.8 [0.338 25.56 42.74 37.97
160000 0.895 0.516 0.480 94.5 (0.328 24.65 41.45 36.77

172




Name Mineralogy Mixture Type
Capital Aggregates Dolomite Baseline
Marble Falls Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.89 0.780 0.846 |183.7|0.540 47.93 60.85 68.88
5000 1.1075 0.662 0.641 |113.5]|0.422 33.98 53.26 50.93
40000 0.9675 0.592 0.541 ]101.0|0.373 28.92 47.46 42.12
100000 0.93 0.572 0.521 97.6 [0.359 27.50 45.78 40.38
160000 0.9225 0.539 0.502 96.9 (0.342 26.02 43.29 38.72
Name Mineralogy Mixture Type
Dolomite Baseline
Cemex South Quarry
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.95 0.546 0.644 |189.1|0.404 34.84 38.02 51.21
5000 1.34 0.528 0.520 |134.4]0.367 29.82 41.20 40.28
40000 1.2575 0.527 0.498 |127.0|0.362 29.19 41.71 38.35
100000 1.1625 0.475 0.449 |118.5|0.329 25.81 37.77 34.08
160000 1.0625 0.447 0.416 |109.5|0.308 23.55 35.86 31.15
Name Mineralogy Mixture Type
Dolomite Baseline
Cemex West Quarry
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) [ SN(40),ibed (IF1)| SN(50)smooth USing DFT60
0 1.665 0.683 0.756 ]163.6(0.472 40.74 53.26 61.04
5000 1.325 0.523 0.561 ]133.1(0.364 29.60 41.05 43.95
40000 1.1825 0.512 0.505 ]120.3{0.350 27.77 40.77 38.97
100000 1.125 0.453 0.456 ]115.1(0.315 24.44 36.13 34.66
160000 1.0625 0.438 0.430 |109.5/0.304 23.20 35.23 32.45
Name Mineralogy Mixture Type
. Dolomite Baseline
Cemex McKelligon
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 2.07 0.665 0.814 |199.9|0.479 42.38 48.27 66.07
5000 1.1925 0.581 0.598 |121.2]0.386 31.16 46.49 47.18
40000 1.025 0.528 0.535 |106.1]|0.346 26.85 42.48 41.62
100000 0.9275 0.487 0.479 97.4 (0.317 23.79 39.18 36.72
160000 0.8375 0.459 0.439 89.3 (0.294 21.39 36.87 33.18
Name Mineralogy Mixture Type
. Dolomite Baseline
Ingram Del Rio
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.665 0.665 0.753 163.6|0.462 39.78 51.63 60.72
5000 1.045 0.562 0.554 |107.9|0.365 28.62 45.19 43.32
40000 0.915 0.548 0.533 96.3 |10.346 26.28 43.93 41.43
100000 0.82 0.525 0.497 87.8 [0.325 23.94 41.90 38.27
160000 0.75 0.511 0.475 81.5 (0.310 22.28 40.51 36.40
Name Mineralogy Mixture Type
Limestone Baseline
Hanson Servtex
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.795 0.697 0.795 175.2|0.486 42.37 53.50 64.40
5000 1.1375 0.583 0.626 |116.2]0.382 30.46 46.50 49.64
40000 1.0125 0.557 0.570 |105.0|/0.358 27.84 44.55 44.69
100000 0.9925 0.518 0.504 ]103.2(0.337 25.81 41.41 38.88
160000 0.9325 0.507 0.476 97.8 [0.327 24.68 40.69 36.44
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Name Mineralogy Mixture Type
Limestone Baseline
Texas Crushed Stone
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.76 0.726 0.736 172.110.503 43.99 56.78 59.27
5000 0.905 0.585 0.573 95.4 [0.363 27.70 46.72 44.96
40000 0.775 0.470 0.418 83.7 [0.293 20.94 37.51 31.38
100000 0.7825 0.449 0.378 84.4 (0.285 20.28 36.08 27.82
160000 0.785 0.423 0.372 84.6 (0.273 19.27 34.18 27.29
Name Mineralogy Mixture Type
X Limestone Baseline
TXI Bridgeport
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.9375 0.597 0.676 188.0|0.432 37.38 42.57 54.02
5000 1.3075 0.534 0.524 131.5|0.369 29.92 41.98 40.68
40000 1.1775 0.497 0.460 |119.8|0.341 26.90 39.40 35.04
100000 1.065 0.459 0.437 109.7|0.314 24.08 36.77 33.01
160000 1.0325 0.434 0.422 106.8|0.299 22.67 34.93 31.69
Name Mineralogy Mixture Type
. Limestone Baseline
Hanson Perch Hill
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.3725 0.565 0.585 137.310.390 32.13 44.43 46.01
5000 0.785 0.483 0.431 84.6 [0.299 21.51 38.34 32.51
40000 0.58 0.459 0.423 66.2 |0.265 17.43 35.60 31.80
100000 0.5625 0.436 0.387 64.7 10.253 16.37 33.98 28.68
160000 0.555 0.419 0.367 64.0 |0.245 15.70 32.87 26.89
Name Mineralogy Mixture Type
Limestone Baseline
Cemex Balcones
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40)ipped (IF)| SN(50)smooth USing DFT60
0 1.56 0.701 0.783 154.110.477 40.85 55.52 63.42
5000 1.085 0.558 0.584 |111.5]|0.366 28.91 44.82 45.93
40000 0.91 0.561 0.526 95.8 [0.350 26.63 44.70 40.86
100000 0.71 0.493 0.451 77.9 [0.297 20.93 38.98 34.26
160000 0.675 0.431 0.399 74.7 [0.266 18.15 34.60 29.68
Name Mineralogy Mixture Type
Martin Marietta Limestone Baseline
Beckman Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40)ipped (IF)| SN(50)smooth USing DFT60
0 1.47 0.694 0.766 146.1)10.467 39.62 55.26 61.86
5000 0.8325 0.510 0.510 88.9 [0.319 23.54 40.85 39.41
40000 0.795 0.518 0.481 85.5 (0.319 23.29 41.29 36.93
100000 0.76 0.456 0.416 82.4 [0.286 20.34 36.68 31.23
160000 0.67 0.434 0.398 74.3 [0.266 18.17 34.76 29.64
Name Mineralogy Mixture Type
Alamo Evans Road Limestone Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40)ipped (IF)| SN(50)smooth USing DFT60
0 1.615 0.686 0.776 159.110.471 40.46 53.79 62.76
5000 0.9875 0.541 0.557 ]102.8|0.349 26.90 43.42 43.53
40000 0.885 0.511 0.504 93.6 [0.325 24.32 41.07 38.89
100000 0.82 0.479 0.446 87.8 [0.303 22.10 38.53 33.85
160000 0.75 0.448 0.401 81.5 (0.281 19.88 36.05 29.88
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Name Mineralogy Mixture Type
Limestone Baseline
Colorado Hunter
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.07 0.684 0.722 110.2|0.429 34.52 55.03 58.04
5000 0.775 0.649 0.575 83.7 [0.376 28.00 50.46 45.16
40000 0.595 0.578 0.542 67.6 [0.315 21.61 43.26 42.27
100000 0.53 0.468 0.446 61.7 |0.260 16.66 35.42 33.85
160000 0.5025 0.439 0.399 59.3 (0.245 15.28 33.42 29.66
Name Mineralogy Mixture Type
Limestone Baseline
Ingram Hondo
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.325 0.764 0.793 133.1]0.495 41.73 61.90 64.25
5000 0.8375 0.567 0.550 89.3 [0.346 25.86 44.99 42.95
40000 0.72 0.539 0.516 78.8 [0.318 22.70 42.07 40.00
100000 0.7125 0.463 0.447 78.1 (0.284 19.87 36.93 33.89
160000 0.69 0.432 0.421 76.1 [0.268 18.41 34.72 31.66
Name Mineralogy Mixture Type
Martin Marietta Limestone Baseline
Centerpoint Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.955 0.637 0.754 189.6|0.458 40.01 46.53 60.84
5000 1.2575 0.523 0.557 127.0|0.359 28.87 41.20 43.52
40000 1.1825 0.508 0.515 ]120.3]|0.346 27.44 40.26 39.86
100000 1.0775 0.451 0.452 110.9]/0.310 23.82 36.05 34.37
160000 1.0075 0.433 0.422 104.6|0.297 22.37 34.92 31.74
Name Mineralogy Mixture Type
Martin Marietta New Limestone Baseline
Braunfels Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.2775 0.790 0.828 128.8|0.504 42.34 64.03 67.33
5000 0.845 0.585 0.547 90.0 [0.355 26.69 46.32 42.65
40000 0.75 0.550 0.532 81.5 (0.327 23.64 43.08 41.35
100000 0.7175 0.478 0.445 78.6 [0.290 20.41 37.85 33.71
160000 0.71 0.424 0.388 77.9 [0.265 18.29 34.07 28.74
Mummie Mummie Limestone Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40)sibped (IF1)| SN(50)smo0th USing DFT60
0 1.6125 0.774 0.828 158.8]/0.521 45.21 61.83 67.33
5000 1.16 0.595 0.620 118.310.391 31.48 47.72 49.07
40000 1.0325 0.563 0.553 106.8|0.364 28.47 45.21 43.25
100000 0.9 0.536 0.521 94.9 [0.338 25.57 42.99 40.38
160000 0.8875 0.465 0.448 93.8 (0.303 22.39 37.54 34.04
Name Mineralogy Mixture Type
South West Aggregate | Limestone Baseline
(SWA) Knippa Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USiNng DFT60
0 1.6775 0.699 0.779 164.7)0.482 41.73 54.67 63.00
5000 0.9 0.560 0.569 94.9 [0.350 26.55 44.77 44.62
40000 0.7825 0.579 0.561 84.4 (0.345 25.42 45.53 43.94
100000 0.745 0.518 0.474 81.0 (0.312 22.38 40.85 36.32
160000 0.72 0.493 0.461 78.8 [0.298 21.04 38.95 35.17
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Name Mineralogy Mixture Type
Limestone Baseline
Vulcan Hebner
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.1275 0.700 0.700 115.3]0.443 35.97 56.31 56.08
5000 0.9875 0.569 0.570 102.8]|0.364 28.24 45.76 44.66
40000 0.9025 0.517 0.494 | 95.210.330 24.81 41.55 38.04
100000 0.89 0.453 0.425 94.0 [0.298 21.97 36.71 31.94
160000 0.93 0.422 0.409 55.9 (0.183 11.01 23.44 12.66
Name Mineralogy Mixture Type
Limestone Baseline
Vulcan 1604
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.28 0.734 0.757 129.0|0.474 39.55 59.19 61.08
5000 0.9975 0.556 0.545 103.7]0.358 27.76 44.71 42.53
40000 0.86 0.527 0.507 | 91.3]0.330 24.60 42.16 39.16
100000 0.7875 0.454 0.440 84.8 [0.288 20.68 36.66 33.26
160000 0.75 0.409 0.393 81.5 (0.264 18.42 33.34 29.13
Name Mineralogy Mixture Type
Limestone Baseline
Vulcan Helotes
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 0.895 0.633 0.640 94.5 (0.385 29.56 50.32 50.82
5000 0.695 0.499 0.468 76.5 [0.298 20.91 39.30 35.77
40000 0.6525 0.464 0.429 | 72.7 10.277 18.93 36.62 32.30
100000 0.63 0.436 0.394 70.7 [0.262 17.57 34.59 29.26
160000 0.59 0.413 0.366 67.110.248 16.15 32.85 26.82
Name Mineralogy Mixture Type
X Limestone Baseline
Yarrington Road
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipbed (IF1)| SN(50)smooth USing DFT60
0 1.3825 0.764 0.834 138.2|0.500 42.38 61.78 67.85
5000 0.825 0.571 0.558 88.2 [0.346 25.80 45.18 43.67
40000 0.745 0.537 0.524 | 81.0]0.321 23.15 42.25 40.66
100000 0.715 0.468 0.447 78.3 [0.286 20.10 37.30 33.88
160000 0.695 0.428 0.416 76.5 [0.267 18.35 34.50 31.18
Name Mineralogy Mixture Type
Trinity Kopperl/Perch Hill| Blended Baseline +30% F Ash
Al =20 Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 2.3525 0.691 0.771 225.2(0.504 45.35 47.96 62.29
5000 1.29 0.609 0.628 129.9]0.408 33.55 48.58 49.77
40000 1.04 0.570 0.556 |107.5]|0.369 28.91 45.81 43.51
100000 1.01 0.486 0.460 104.8]|0.324 24.79 39.16 35.05
160000 0.9775 0.470 0.445 101.9]0.313 23.70 37.92 33.76
Name Mineralogy Mixture Type
Trinity Kopperl/Perch Hill| Blended Baseline +30% F Ash
Al =40 Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibned (IF1)| SN(50)smooth USing DFT60
0 1.9525 0.540 0.607 189.3]|0.401 34.59 37.52 47.91
5000 0.9475 0.562 0.529 99.2 (0.354 27.17 44.82 41.11
40000 0.81 0.549 0.515 86.9 [0.334 24.70 43.53 39.89
100000 0.745 0.534 0.465 81.0 [0.319 22.98 41.95 35.47
160000 0.745 0.495 0.459 81.0 (0.301 21.53 39.25 35.00
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Name Mineralogy Mixture Type
Trinity Kopperl/Perch Hill| Blended Baseline +30% F Ash
Al =60 Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 2.025 0.713 0.792 195.8|0.507 44.94 53.34 64.21
5000 0.93 0.590 0.586 97.6 [0.368 28.27 47.16 46.11
40000 0.6925 0.582 0.553 76.3 [0.332 23.72 44.67 43.25
100000 0.6725 0.553 0.502 74.5 (0.317 22.31 42.54 38.73
160000 0.66 0.528 0.479 73.4 (0.304 21.13 40.66 36.75
Name Mineralogy Mixture Type
TXI Paradise/TXI Blended Baseline +30% F Ash
Bridgeport Al = 20 Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.925 0.770 0.724 186.9/0.535 47.43 59.41 58.17
5000 1.07 0.582 0.570 110.2|0.377 29.85 46.80 44.74
40000 0.95 0.547 0.506 99.4 (0.349 26.70 43.89 39.06
100000 0.875 0.500 0.464 92.7 [0.319 23.75 40.26 35.39
160000 0.8575 0.490 0.457 91.1 (0.312 23.09 39.48 34.77
Name Mineralogy Mixture Type
TXI Paradise/TXI Blended Baseline +30% F Ash
Bridgeport Al = 40 Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 2.04 0.763 0.755 197.2]10.537 47.89 57.96 60.96
5000 1.1625 0.588 0.587 118.5|0.388 31.21 47.18 46.20
40000 0.97 0.556 0.507 ]101.2|0.355 27.33 44.58 39.17
100000 0.95 0.521 0.487 99.4 [0.336 25.57 41.88 37.46
160000 0.945 0.502 0.469 99.0 (0.326 24.69 40.42 35.83
Name Mineralogy Mixture Type
TXI Paradise/TXI Blended Baseline +30% F Ash
Bridgeport Al = 60 Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 2.14 0.768 0.860 |206.2|0.544 48.85 57.63 70.14
5000 1.1075 0.621 0.613 113.5]|0.401 32.10 49.95 48.50
40000 0.895 0.587 0.530 94.5 [0.360 27.38 46.47 41.22
100000 0.8875 0.549 0.498 93.8 [0.342 25.73 43.63 38.43
160000 0.8825 0.535 0.490 93.4 (0.335 25.08 42.58 37.68
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Appendix B: Textureand Friction Test Results

Name Mineralogy Mixture Type
Colorado River Sand Siliceous | Baseline +30% F Ash
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.855 0.715 0.757 |180.6|0.498 43.60 54.40 61.10
5000 1.115 0.571 0.536 |114.2]0.373 29.60 45.50 41.70
40000 1.0575 0.521 0.503 109.1]|0.344 26.80 41.70 38.90
100000 0.985 0.510 0.490 |102.6|0.334 25.60 41.10 37.70
160000 0.9125 0.507 0.481 | 96.1 (0.325 24.40 40.70 36.90
Name Mineralogy Mixture Type
Colorado River Sand Siliceous w/c=0.39
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USiNg DFT60
0 1.76 0.629 0.753 172.1)10.444 38.21 47.27 60.80
5000 1.0875 0.552 0.589 |111.7]0.361 28.30 43.83 46.30
40000 1.02 0.488 0.475 105.7|0.325 24.87 39.13 36.40
100000 0.91 0.459 0.454 95.8 [0.302 22.44 37.11 34.50
160000 0.89 0.452 0.441 | 94.0 (0.297 21.89 36.57 33.40
Name Mineralogy Mixture Type
Colorado River Sand Siliceous w/c=0.45
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.825 0.736 0.825 177.9]10.511 44.90 57.08 67.10
5000 0.8475 0.653 0.635 90.2 [0.387 29.43 51.27 50.40
40000 0.805 0.592 0.544 86.4 [0.352 26.13 46.34 42.40
100000 0.7825 0.545 0.493 84.4 (0.327 23.83 42.67 38.00
160000 0.7625 0.531 0.486 | 82.6 (0.317 22.86 41.42 37.30
Name Mineralogy Mixture Type
Colorado River Sand Siliceous Low S/A
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USiNng DFT60
0 1.855 0.827 0.780 |180.6|0.566 50.30 65.50 63.10
5000 1.295 0.598 0.611 |130.4]0.403 33.03 47.59 48.30
40000 1.035 0.514 0.492 107.0|0.340 26.33 41.35 37.90
100000 0.995 0.521 0.476 |103.5|0.340 26.15 41.91 36.50
160000 0.88 0.511 0.459 | 93.1(0.324 24.24 41.04 34.90
Name Mineralogy Mixture Type
Colorado River Sand Siliceous High S/A
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.6 0.742 0.819 |157.7|0.502 43.41 59.03 66.50
5000 0.82 0.627 0.606 87.8 [0.371 27.90 49.18 47.80
40000 0.75 0.521 0.479 81.5 (0.314 22.64 41.18 36.80
100000 0.6575 0.534 0.463 73.2 [0.307 21.41 41.22 35.40
160000 0.535 0.530 0.461 62.2 (0.284 18.51 38.99 35.20
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Name Mineralogy Mixture Type
. Siliceous Low Paste
Colorado River Sand
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.095 0.675 0.669 112.4)10.427 34.45 54.34 53.40
5000 0.77 0.560 0.535 83.3 (0.334 24.47 44.08 41.60
40000 0.7625 0.560 0.486 | 82.6|0.333 24.33 44.01 37.30
100000 0.74 0.534 0.461 80.6 [0.319 22.98 42.06 35.20
160000 0.6725 0.546 0.474 74.5 (0.314 22.11 42.16 36.30
Name Mineralogy Mixture Type
Colorado River Sand Siliceous High Paste
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.955 0.642 0.725 189.6|0.462 40.47 47.23 58.30
5000 1.1275 0.578 0.592 115.3|0.379 30.18 46.19 46.60
40000 0.9875 0.590 0.556 |102.8|0.372 28.89 47.02 43.40
100000 0.915 0.542 0.499 96.3 (0.342 25.92 43.32 38.50
160000 0.85 0.542 0.499 90.4 (0.334 24.80 42.86 38.50
Name Mineralogy Mixture Type
. Limestone w/c=0.39
Hanson Perch Hill
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.23 0.667 0.766 124.5|0.430 35.20 52.90 61.90
5000 0.81 0.635 0.583 86.9 [0.370 27.60 49.10 45.90
40000 0.6025 0.507 0.449 68.2 |0.287 19.40 38.80 34.10
100000 0.57 0.448 0.400 65.3 10.258 16.90 34.70 29.80
160000 0.5575 0.422 0.379 64.2 10.247 15.80 33.10 28.00
Name Mineralogy Mixture Type
. Limestone w/c =0.45
Hanson Perch Hill
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipbed (IF1)| SN(50)smooth USing DFT60
0 1.575 0.758 0.800 155.5|0.510 44.10 60.70 64.90
5000 1.045 0.611 0.615 107.9]/0.390 30.80 49.10 48.60
40000 0.96 0.515 0.479 ]100.3]|0.334 25.50 41.50 36.70
100000 0.93 0.431 0.411 97.6 [0.290 21.50 35.00 30.70
160000 0.835 0.429 0.406 89.1 (0.282 20.30 34.90 30.30
Name Mineralogy Mixture Type
X Limestone | Baseline +30% F Ash
TXI Bridgeport
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.4475 0.731 0.753 144.010.486 41.39 58.73 60.70
5000 0.985 0.573 0.510 102.6]|0.364 28.26 45.89 39.40
40000 0.925 0.488 0.458 | 97.2|0.318 23.89 39.40 34.90
100000 0.92 0.460 0.431 96.7 [0.304 22.62 37.22 32.50
160000 0.8575 0.439 0.409 91.1 (0.288 20.97 35.63 30.60
Name Mineralogy Mixture Type
X Limestone Low S/A
TXI Bridgeport
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 0.985 0.654 0.629 102.6|0.405 31.90 52.30 49.90
5000 0.7175 0.610 0.521 78.6 [0.349 25.30 47.00 40.40
40000 0.6825 0.541 0.453 75.4 [0.313 22.10 41.80 34.40
100000 0.6425 0.516 0.434 71.8 [0.297 20.40 39.70 32.80
160000 0.585 0.496 0.414 66.7 |0.279 18.60 37.80 31.00
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Name Mineralogy Mixture Type
TXI Bridgeport Limestone High S/A
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.595 0.672 0.718 |157.3]0.461 39.50 52.50 57.70
5000 1.04 0.621 0.604 |107.5]|0.393 31.00 49.60 47.70
40000 1.01 0.610 0.562 |104.8|0.384 30.10 48.60 44.00
100000 0.91 0.480 0.437 95.8 [0.312 23.30 38.60 33.10
160000 0.81 0.462 0.421 86.9 (0.294 21.30 37.30 31.70
Name Mineralogy Mixture Type
. Limestone Low Paste
TXI Bridgeport
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 2.785 0.545 0.694 |264.0|0.424 37.90 28.18 55.60
5000 1.6275 0.575 0.651 |160.2]0.409 34.59 43.63 51.80
40000 1.3725 0.560 0.554 |137.3]|0.387 31.88 44.01 43.30
100000 1.3025 0.456 0.468 |131.0|0.327 26.09 35.45 35.80
160000 1.27 0.430 0.433 128.110.311 24.53 33.40 32.70
Name Mineralogy Mixture Type
X Limestone High Paste
TXI Bridgeport
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ibped (IF1)| SN(50)smooth USing DFT60
0 1.5325 0.683 0.750 |151.7]0.463 39.45 53.79 60.50
5000 0.805 0.623 0.598 86.4 [0.368 27.52 48.83 47.20
40000 0.7275 0.556 0.521 79.5 [0.327 23.54 43.40 40.40
100000 0.6525 0.487 0.443 72.7 [0.287 19.72 38.14 33.60
160000 0.625 0.460 0.429 70.3 [0.271 18.29 36.10 32.30
Name Mineralogy Mixture Type
Capital Aggregates Dolomite | Baseline +30% F Ash
Marble Falls Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipbed (IF1)| SN(50)smooth USing DFT60
0 1.5275 0.796 0.789 |151.2]0.527 45.50 64.10 63.90
5000 0.7925 0.658 0.614 85.3 [0.382 28.70 51.30 48.60
40000 0.7725 0.626 0.563 83.5 [0.365 27.10 48.80 44.10
100000 0.7125 0.545 0.486 78.1 [0.320 22.90 42.50 37.30
160000 0.6675 0.530 0.469 74.1 (0.307 21.48 41.07 35.80
Name Mineralogy Mixture Type
Capital Aggregates Dolomite w/c=0.39
Marble Falls Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.5525 0.663 0.729 |153.5|0.455 38.77 52.14 58.70
5000 1.11 0.611 0.624 |113.8|0.396 31.70 49.10 49.50
40000 1.0625 0.502 0.477 ]109.5|0.336 26.10 40.40 36.50
100000 0.9725 0.535 0.518 |101.4|0.345 26.50 43.00 40.10
160000 0.9125 0.497 0.473 96.1 (0.321 24.10 40.10 36.20
Name Mineralogy Mixture Type
Capital Aggregates Dolomite w/c =0.45
Marble Falls Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.5025 0.705 0.779 |149.0|0.474 40.30 55.84 63.00
5000 0.9525 0.647 0.660 99.6 [0.398 31.07 51.66 52.60
40000 0.825 0.560 0.534 | 88.20.341 25.37 44.40 41.60
100000 0.795 0.531 0.501 85.5 [0.325 23.79 42.20 38.60
160000 0.7425 0.569 0.515 80.8 [0.334 24.28 44.42 39.90
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Name Mineralogy Mixture Type
X X Slate Baseline +30% F Ash
Lattimore Stringtown
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IF1) | SN(40);ipped (IF1)| SN(50)smooth USing DFT60
0 1.43 0.580 0.632 142.510.400 33.14 45.10 50.12
5000 0.915 0.614 0.559 96.3 [0.376 28.89 48.68 43.75
40000 0.91 0.535 0.471 95.8 |0.337 25.45 42.59 36.00
100000 0.835 0.530 0.486 89.1 (0.327 24.21 42.07 37.36
160000 0.775 0.492 0.455 83.7 [0.301 21.52 38.64 34.60
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Appendix C: Diamond Grinding and Grooving Test Results

Name Mineralogy (CA) Mixture Type
. . Siliceous Baseline
Siliceous/Siliceous 0.110
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbeq (IF1)| SN(50)smooth USing DFT60
0 1.8525 0.773 0.867 180.4(0.534 47.19 60.38 70.73
5000 1.1 0.692 0.724 112.9(0.436 35.29 55.72 58.22
40000 1.095 0.650 0.669 112.4|0.414 33.28 52.30 53.39
100000 1.05 0.631 0.627 |108.4|0.400 31.74 50.61 49.68
160000 0.9775 0.598 0.587 101.9(0.377 29.34 47.98 46.15
Name Mineralogy (CA) Mixture Type
. . Siliceous Baseline
Siliceous/Siliceous 0.130
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbea (IF1)| SN(50)smootn USiNg DFT60
0 1.8075 0.698 0.781 176.3[0.488 42.67 53.70 63.25
5000 1.34 0.634 0.691 [134.4|0.425 35.29 50.54 55.35
40000 1.335 0.633 0.668 133.9(0.425 35.22 50.51 53.26
100000 1.2 0.621 0.653 121.8(0.408 33.19 49.84 51.99
160000 1.0625 0.578 0.599 109.5(0.374 29.55 46.44 47.27
Name Mineralogy (CA) Mixture Type
Siliceous/Siliceous Siliceous Baseline
Specialized Blade 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbed (IF1)| SN(50)smooth USing DFT60
0 0.755 0.684 0.708 81.9 |10.388 28.90 52.70 56.76
5000 0.66 0.623 0.633 73.4 10.345 24.60 47.10 50.26
40000 0.67 0.564 0.564 74.3 10.322 22.70 43.40 44.20
100000 0.6 0.512 0.500 68.0 |0.289 19.50 39.10 38.52
160000 0.64 0.482 0.499 71.6 |0.283 19.30 37.70 38.49
Name Mineralogy (CA) Mixture Type
Siliceous/Siliceous Siliceous Baseline
Specialized Blade +Groove 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbeq (IF1)| SN(50)smooth USing DFT60
0 1.34 0.632 0.663 |134.4|0.424 35.20 50.40 52.84
5000 1.32 0.603 0.615 132.6(0.408 33.60 48.00 48.61
40000 1.305 0.539 0.585 131.3(0.372 30.20 42.50 46.01
100000 1.2 0.551 0.558 121.8(0.371 29.80 44.00 43.68
160000 1.18 0.524 0.503 120.0(0.356 28.30 41.80 38.82
Name Mineralogy (CA) Mixture Type
. . Dolomite Baseline
Dolomite/Siliceous 0.130
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbeq (IF1)| SN(50)smootn USing DFT60
0 1.8175 0.756 0.870 177.2]0.522 45,95 59.01 70.98
5000 1.3325 0.660 0.745 133.7(0.439 36.56 52.86 60.04
40000 1.1075 0.602 0.648 113.5(0.391 31.20 48.38 51.57
100000 1.055 0.538 0.583 |108.8|0.353 27.57 43.14 45.86
160000 0.9325 0.534 0.577 97.8 10.340 25.91 42.86 45.29
Name Mineralogy (CA) Mixture Type
. - Dolomite Baseline
Dolomite/Siliceous 0.110
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)sinbed (IF1)| SN(50)smootnh USiNg DFT60
0 1.1525 0.705 0.782 117.6(0.448 36.61 56.85 63.32
5000 0.8075 0.641 0.662 | 86.6 |0.376 28.28 50.16 52.78
40000 0.795 0.593 0.603 85.5/0.353 26.18 46.61 47.61
100000 0.74 0.522 0.555 80.6 |0.314 22.53 41.22 43.39
160000 0.71 0.500 0.508 77.9 10.300 21.14 39.39 39.30
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Name Mineralogy (CA) Mixture Type
Dolomite/Siliceous Dolomite Baseline
Specialized Blade 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbea (IF1)| SN(50)smooth USiNg DFT60
0 0.715 0.656 0.705 78.3 10.369 27.00 50.20 56.52
5000 0.705 0.594 0.614 77.4 10.340 24.50 45.80 48.53
40000 0.655 0.572 0.590 73.0 10.323 22.70 43.70 46.45
100000 0.6 0.503 0.519 68.0 |0.285 19.20 38.60 40.26
160000 0.58 0.466 0.486 66.2 |0.267 17.60 36.00 37.34
Name Mineralogy (CA) Mixture Type
Dolomite/Siliceous Dolomite Baseline
Specialized Blade +Groove 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbeq (IF1)| SN(50)smooth USiNg DFT60
0 1.645 0.636 0.648 |161.8)|0.444 38.00 49.10 51.54
5000 1.595 0.566 0.594 |157.3/0.402 33.90 43.10 46.82
40000 1.66 0.516 0.533 ]163.1]0.377 31.60 38.00 41.41
100000 1.59 0.502 0.507 |156.8/0.366 30.40 37.30 39.14
160000 1.57 0.478 0.505 155.0(0.352 29.00 35.30 38.96
Name Mineralogy (CA) Mixture Type
TXI B/Siliceous 0.130 Limestone Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbeq (IF1)| SN(50)smootn USing DFT60
0 1.76 0.693 0.800 |172.1/0.483 42.02 53.53 64.83
5000 1.0875 0.556 0.629 |111.7|0.366 28.87 44.69 49.85
40000 1.0125 0.464 0.504 |105.0(0.313 23.85 37.43 38.87
100000 0.9525 0.429 0.475 99.6 [0.291 21.66 34.80 36.32
160000 0.9025 0.438 0.475 95.2 10.292 21.50 35.59 36.32
Name Mineralogy (CA) Mixture Type
" Limestone Baseline
TXI B/Siliceous 0.110
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbea (IF1)| SN(50)smootn USing DFT60
0 1.79 0.744 0.861 |174.8(0.514 45.10 58.10 70.22
5000 1.105 0.608 0.637 |113.3]|0.393 31.44 48.85 50.55
40000 0.8125 0.527 0.566 87.10.324 23.85 41.93 44.31
100000 0.7825 0.494 0.519 84.4 10.306 22.13 39.46 40.26
160000 0.7225 0.470 0.477 79.0 |0.288 20.29 37.46 36.57
Name Mineralogy (CA) Mixture Type
TXI B/Siliceous Specialized Limestone Baseline
Blade 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbed (IF1)| SN(50)smooth USiNg DFT60
0 0.725 0.551 0.557 79.2 10.324 23.30 43.10 43.56
5000 0.665 0.506 0.540 73.9 10.296 20.60 39.50 42.11
40000 0.62 0.463 0.489 69.8 |0.272 18.30 36.30 37.56
100000 0.605 0.409 0.442 68.5 |0.248 16.30 32.70 33.48
160000 0.59 0.432 0.428 67.1|0.255 16.70 34.00 32.25
Name Mineralogy (CA) Mixture Type
TXI B/Siliceous Specialized Limestone Baseline
Blade +Groove 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbed (IF1)| SN(50)smooth USiNg DFT60
0 1.68 0.542 0.552 |164.9]|0.393 33.20 40.20 43.16
5000 1.61 0.542 0.539 |158.6/0.389 32.70 40.80 42.01
40000 1.5 0.495 0.504 |148.8]|0.358 29.50 37.40 38.92
100000 1.49 0.405 0.419 |147.9/0.307 24.70 29.40 31.49
160000 1.47 0.402 0.415 146.1(0.305 24.40 29.30 31.14
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Name Mineralogy (CA) Mixture Type
Limestone Baseline
TXI B/TXI B 0.130
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) [ SN(40) inbea (IF1)| SN(50)smooth USiNg DFT60
0 1.475 0.660 0.761 146.5(0.448 37.88 52.21 61.47
5000 1.1225 0.603 0.646 114.9(0.392 31.43 48.44 51.38
40000 0.97 0.523 0.552 101.2{0.339 25.95 42.08 43.13
100000 0.9475 0.483 0.508 99.2 |10.317 23.95 39.01 39.27
160000 0.9025 0.428 0.457 | 95.2 |0.287 21.08 34.82 34.81
Name Mineralogy (CA) Mixture Type
TXI B/TXI B 0.110 Limestone Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbeq (IF1)| SN(50)smooth USiNg DFT60
0 1.455 0.672 0.760 |144.7|0.454 38.43 53.52 61.36
5000 0.96 0.580 0.612 100.3[0.365 28.13 46.26 48.35
40000 1.005 0.488 0.507 |104.3|0.325 24.85 39.36 39.21
100000 0.8325 0.395 0.435 88.9 |0.265 18.82 32.27 32.83
160000 0.77 0.417 0.433 83.3 10.269 18.94 33.87 32.64
Name Mineralogy (CA) Mixture Type
TXI B/TXI B Specialized Limestone Baseline
Blade 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbeq (IF1)| SN(50)smootn USing DFT60
0 0.75 0.600 0.684 81.510.350 25.60 46.70 54.70
5000 0.79 0.572 0.533 85.1/0.343 25.30 45.10 41.44
40000 0.69 0.465 0.478 76.110.282 19.60 36.90 36.60
100000 0.685 0.460 0.482 75.6 10.279 19.30 36.60 36.96
160000 0.65 0.419 0.433 72.510.258 17.30 33.60 32.72
Name Mineralogy (CA) Mixture Type
TXI B/TXI B Specialized Limestone Baseline
Blade +Groove 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbea (IF1)| SN(50)smootn USing DFT60
0 1.675 0.620 0.673 164.4(0.437 37.40 47.40 53.74
5000 1.55 0.570 0.570 |153.2]0.403 33.80 43.80 44.68
40000 1.46 0.476 0.486 145.2(0.345 28.20 36.00 37.30
100000 1.42 0.424 0.477 141.6(0.315 25.20 31.70 36.52
160000 1.4 0.412 0.424 139.8(0.308 24.50 30.90 31.90
Name Mineralogy (CA) Mixture Type
Perch Hill/Perch Hill 0.130 |—omestone Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbed (IF1)| SN(50)smooth USiNg DFT60
0 1.74 0.731 0.825 170.3[0.504 43.97 57.21 67.07
5000 1.1875 0.657 0.704 120.7(0.425 34.63 52.68 56.44
40000 1.0775 0.524 0.546 110.9(0.348 27.18 41.97 42.58
100000 0.945 0.459 0.482 99.0 |0.305 22.84 37.09 36.99
160000 0.8275 0.395 0.402 | 88.4|0.265 18.87 32.45 29.97
Name Mineralogy (CA) Mixture Type
Perch Hill/Perch Hill 0.110 |—omestone Baseline
Average of 2 slabs
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40)yinbed (IF1)| SN(50)smooth USiNg DFT60
0 1.3775 0.633 0.691 |137.8|0.425 35.23 49.82 55.34
5000 0.9175 0.561 0.595 96.5 |0.352 26.88 44.96 46.86
40000 0.785 0.487 0.518 | 84.6 |0.303 21.86 38.92 40.14
100000 0.795 0.431 0.466 85.50.278 19.80 34.90 35.59
160000 0.7825 0.426 0.433 84.410.274 19.42 34.49 32.68
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Name Mineralogy (CA) Mixture Type
Perch Hill/Perch Hill Limestone Baseline
Specialized Blade 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) [ SN(40) inbea (IF1)| SN(50)smooth USiNg DFT60
0 0.815 0.506 0.532 87.3 /10.315 23.10 40.50 41.34
5000 0.71 0.494 0.515 77.9 10.297 21.00 39.10 39.88
40000 0.65 0.438 0.461 72.5 10.266 18.00 34.90 35.17
100000 0.64 0.423 0.427 71.6 |0.258 17.30 33.80 32.16
160000 0.62 0.398 0.420 69.8 |0.245 16.20 32.10 31.55
Name Mineralogy (CA) Mixture Type
Perch Hill/Perch Hill Limestone Baseline
Specialized Blade +Groove 1slab
TWPD Cycles MPD DFT20 DFT60 SP | F60 | SN(50)smooth (IFI) | SN(40) inbeq (IF1)| SN(50)smooth USiNg DFT60
0 1.83 0.503 0.543 |178.4|0.375 31.80 35.20 42.34
5000 1.53 0.540 0.550 |151.4/0.384 32.00 41.20 42.96
40000 1.46 0.460 0.505 |145.2|0.336 27.40 34.60 39.04
100000 1.685 0.395 0.444 ]165.3/0.308 25.10 26.60 33.68
160000 1.435 0.377 0.396 |142.9(0.290 22.90 27.50 29.46
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