ARCHITECTURAL CONCRETE: NON-TRADITIONAL AGGREGATES

Architectural Concrete: Non-Traditional Aggregate Substitution of Amethyst Quartz and

Glitter to Enhance Aesthetics and Maintain Structural Integrity

Daphne R. Milkert

Civil and Architectural Engineering and Construction Management Department

Milwaukee School of Engineering

Author Note

Daphne R. Milkert, Civil and Architectural Engineering and Construction Management

Department, Milwaukee School of Engineering.

A report submitted to the faculty of Milwaukee School of Engineering in partial
fulfillment of the requirements for the degree of Master of Science in Architectural Engineering,

May 2, 2025.

I thank my advisor Dr. Edward Sippel for providing his expertise on structural concrete,
and my committee members Professor Susan Becker and Dr. Xi Song. Additional thanks go to

Professor Gary Shimek for providing me guidance while drafting this paper.

Correspondence concerning this article should be addressed to Daphne R. Milkert, 1025

N. Broadway, Milwaukee, WI 53202. E-mail: daphnemilkert5@gmail.com



ARCHITECTURAL CONCRETE: NON-TRADITIONAL AGGREGATES 2

Abstract

This critical literature review and experimental testing procedure investigate the feasibility of
amethyst quartz and glitter as partial replacements for coarse and fine aggregates in architectural
concrete. The goal of this experiment is to enhance concrete’s aesthetic properties without
sacrificing a substantial amount of structural strength. A critical literature review about shredded
polyethylene terephthalate (PET) plastic waste fine aggregate and quartzite coarse aggregate
substitution in concrete yielded promising results about the structural properties of architectural
concrete made with these alternative aggregates. To address both structural and aesthetic
properties, a laboratory procedure was developed to test the compressive strength and two types
of finishes on each mix batch. The results indicated that glitter containing metals in its coating
are not viable as fine aggregate substitutions, due to issues with bonding and chemical reactions
that cause expansion and discoloration. These samples performed poorly in both aesthetic and
structural tests. However, when the possibility of metal contamination was eliminated, the
samples performed better under compressive stresses. Finally, amethyst quartz has the potential
to be a viable alternative coarse aggregate for both structural and aesthetic enhancement.
However, in this experiment, the polished coating on the amethyst gemstones resulted in poor
bonding. Further research is necessary to completely evaluate the structural and aesthetic
capabilities of metal-free glitter fine aggregate replacement and rough, raw-cut amethyst quartz

as a coarse aggregate alternative.

Keywords: architectural concrete, coarse aggregate substitution, fine aggregate substitution,
plastic impurity, portland cement concrete, aesthetic enhancement, compressive strength,
mechanical properties, exposed aggregate finish, aggregate classification, polished concrete,

concrete mix design, glitter, quartz, amethyst
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Architectural Concrete: Non-Traditional Aggregate Substitution of Quartz and

Glitter to Enhance Aesthetics and Maintain Structural Integrity

Purpose and Importance

“For much of its history, America has been a frontier culture where the arts have had to
take a backseat. Survival was what was required, and there was little time or money for
embellishments” (Powers, 2005, p. 37). This is what Angus Gillespie and Michael Rockland
point out in their recent edition of Looking for America on the New Jersey Turnpike. How, then,
should engineers and architects work together to change the course of American architectural

history and make the public see value in the artistic side of concrete (Powers, 2005)?

Over time, a wide variety of aesthetic concrete solutions have been developed to meet the
needs of the construction industry. There are structural techniques that focus on geometry and
shapes to create visual impact, as well as non-structural techniques that deal with concrete
finishes like stamping or coatings. However, scarce solutions exist that incorporate decorative
aggregates into architectural concrete mix design (Simsek, 2011). The objective of this research
is to determine if quartz and glitter are viable substitutions for coarse and fine aggregate,
respectively, in a concrete mix, assessing whether they enhance its aesthetic appearance while

maintaining structural integrity.

The goal of this research is to contribute to the construction materials industry by
evaluating the viability of quartz and glitter as aggregate substitution options for architectural
concrete. The goal of investigating this topic is to provide more opportunities for aesthetic
improvement in concrete, which has a natural appearance that limits the creative expression of

architects and designers. These solutions will specifically appeal to designers who are seeking
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bold and sparkly exposed-aggregate finishes on architectural concrete elements. To adapt to the
ever-changing needs of society, architects need to have as many tools as possible available at
their fingertips to create new and innovative designs. Current trends in real estate and
commercial development place a heavy emphasis on efficiency and repeatability instead of
personality and character (Overstreet, 2021; Sherman, 2016). In order to break up the uniformity
of modern developments, there is a need for more versatile and enticing alternatives in concrete

design.

Capstone Research Question and Organization

The research question for this topic is whether non-traditional aggregates, specifically
quartz and glitter, can be substituted for coarse and fine aggregates, respectively, in concrete to
enhance its aesthetic properties without sacrificing structural integrity. This question addresses a
knowledge gap in architectural concrete mix design regarding the intersection of structural and
aesthetic material properties through aggregate substitution. Since the relationship between two
variables — aggregate replacement and its impact on these properties — is explored, this would be

classified as a 'relationship question.'

This technical paper is split into a series of individual sections to answer the research
question. First, a background section familiarizes the reader with the context behind concrete as a
building material, as well as the critical literature review that outlines the works of previous
academic researchers and identifies knowledge gaps. Next, the methods section outlines the
experimental procedure used to test samples and gather data. Subsequently, a results and
discussion section presents and analyzes results for both compressive strength and aesthetics.
Finally, the conclusions and recommendations sections highlight the findings of this

experimental research study, as well as discuss limitations and opportunities for future research.
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Background

History and Existing Aesthetic Enhancement Strategies

In recent decades, concrete’s popularity as a building material and the public’s perception
of it have fluctuated greatly. These changing viewpoints can be explained by socioeconomic
changes, as well as shifting trends in architecture. Especially in the 1980s and 1990s, society
began to reject Brutalist concrete architecture that was once popular several decades prior. Words
with negative connotations like ‘depressing,” hideous,” ‘monstrosities,” and ‘eyesores’ were
widely used to describe these historical Brutalist buildings (Balodimou et al., 2024). People
associated concrete structures with mass housing efforts, which are in turn associated with social
problems as well as poor urban planning. Additionally, the media portrayed the idea of the
“concrete jungle” as cold, dystopian, stressful, and oppressive (Simsek, 2011). However, the
public perception of concrete as a building material has shifted in recent years due to the hard
work of creative architects. For example, Pritzker Prize winners Tadao Ando and Zaha Hadid are
both known for making significant contributions to the built environment through their
expressive and unique uses of exposed concrete systems in the late 1990s and early 2000s
(Balodimou et al., 2024). The way that the public perceives concrete has evolved tremendously

over time, driven by social and economic trends, as well as the emergence of modern technology.

At this point in time, technological advances have allowed the construction industry to
progress towards developing new and creative ways of enhancing concrete’s appearance. These
aesthetic developments can generally be sorted into two categories based on Karl Botticher’s
theory of tectonics: core-form “Kernform” and art-form “Kunstform” (Cruz, 2010). Core-form
refers to the essential framework or skeleton of a building; it includes the structural and

mechanical aspects of a building that are necessary for it to be functional and self-supporting
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(Schwarzer, 1993). Art-form, on the other hand, refers to the nonstructural and decorative visual
elements that are placed over the top of the building’s core-form (Schwarzer, 1993). Karl
Botticher’s theory of tectonics emphasizes the importance of a balance and integration between
the core-form and art-form elements of a building in order to create meaningful and culturally

significant architecture (Simsek, 2011).

Structural Core-Form

As far as core-form structural innovation goes, the attempts at boosting aesthetic
appearance rely mainly on the geometry and shape of formwork used to create visual impact
(Feizbahr & Pourzanjani, 2024). For structural bridge applications, engineers focus mainly on
harmony of the structure with its surroundings, as well as proportion of geometric elements in
relation to one another (Concrete Bridge Development Group, 2000). There must be geometric
balance and unity between structural bridge elements such as deck, piers, and abutments.
Furthermore, for structural building applications, formwork techniques can be used to change the
rigid shape of walls and shells to achieve visual expression. For example, Swiss structural
engineer Heinz Isler is famous for utilizing non-conventional form-finding techniques to produce
reinforced concrete shell structures inspired by nature’s beauty (Chilton & Chuang, 2017). The
result is buildings with smooth and curved shells that mimic a hanging cloth. Similarly, there are
techniques that use flexible fabric formwork to create a unique variety of textures, as seen in

Figure 1 (Cruz, 2010).
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Figure 1

Fabric Formwork Wall Panels

Note: Adapted from Structures & Architecture, edited by P. J. S. Cruz, 2010, p. 897
(https://doi.org/10.1201/b10428).

There are also experimental studies that use optimized-section precast slab in building
floor and exposed-ceiling systems, as conceptually demonstrated in Figure 2 (Ju et al., 2018).
The optimized-section precast system is beneficial for both visual and structural purposes
because of its unique multi-ribbed design and efficiency in eliminating unnecessary portions of
the bottom flanges at mid-span where stress is the lowest (Ju et al., 2018). While these structural
innovations have had an impact on the construction industry, their main focus lies within shape
and geometry of concrete pieces. The concrete mix itself remains unchanged, since these
elements are structurally load-bearing and must comply with a specified compressive strength.
Little research has been done regarding the use of substituted aggregates to balance the core-

form and art-form aspects of concrete structures.
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Figure 2

Optimized-Section Precast Slab
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Note: Adapted from "Experimental Study on an Optimized-Section Precast Slab with Structural
Aesthetics," by H. Ju, S. J. Han, I. S. Choi, S. Choi, M. K. Park, and K. S. Kim, 2018, Applied Sciences,

8(8), p. 2 (https://doi.org/10.3390/app8081234).

Nonstructural Art-Form

There are also cases where the building’s structural system is considered architecturally
insignificant. This does not mean that the structural system is superfluous; rather, the building’s
main architectural expression relies on decorative elements that are not load-bearing (Cruz,
2010). Attempts at using art-form to enhance concrete’s aesthetic properties rely mainly on the

use of nonstructural topical applications such as unique finishes and coatings. This type of
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aesthetic improvement is applied only at the surface level, rather than being mixed into the
concrete itself. One way to achieve this is by imprinting decorative patterns into the concrete
during the curing process. Using this pattern-imprinting technique, builders are able to stamp any
print that they desire — often opting for more natural textures like brick patterns, stone, or wood
plank (Christie, 2000). To employ this tactic, concrete-pourers need to use stamps and molds
called form liners. The form liner stamps are made of rigid plastic or rubber material, which gets
placed on the interior of formwork when the slab is freshly poured (Hart, 2001). These stamps

are widely available and commonly used on the facades of buildings and bridges.

Another nonstructural method of aesthetic improvement is the application of topical
coatings like sprays, epoxies, and paints. One option is to use a concrete overlay, which is a thin
topping slab placed over a structural slab. Terrazzo is a type of overlay that is used for flooring
and tiling applications. There are also spray-down overlays, which are applied with a spray
device and can help with slip-resistant textures or decorative finishes. This technique was
implemented in a project for a frozen yogurt shop called High Five Yogurt, where the goal of the
project was to express their brand identity through vibrant colors in their floor slab (CTS
Cement, 2012). The contractor opted to use the polishable overlay due to the fact that the
restaurant’s original floors were damaged and could not achieve vibrant enough colors on their
own. Figure 3 shows the vibrant color achieved by the yogurt shop using a polishable overlay

(CTS Cement, 2012).
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Figure 3

Vibrant-Colored Polishable Overlay at High Five Yogu
y 3 il d

Note: Adapted from “Polished Concrete Overlay Installed at High Five Yogurt” by CTS Cement, 2012,
para. 1 (https://www.forconstructionpros.com/concrete/decorative/article/10689962/polished-concrete-
overlay-installed-at-high-five-yogurt).

There are also ways to implement coatings made with decorative materials mixed into
epoxy in order to enhance the art-form of a structure. In bridge applications, research and
experimentation were done to evaluate the color and gloss retention of bridge systems coated
with epoxy or pure acrylic (Kriha, 2016). The result was that epoxy coatings were more prone to
color changing or fading in comparison to pure acrylic. There are a variety of manufacturers that
offer glitter epoxy floor systems, incorporating decorative glitters such as chunky, flaky,

holographic, or iridescent glitter powders (Xtreme Polishing Systems, n.d.). While these systems
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are appealing due to their bold, eye-catching results, these options are all topical applications,

rather than decorative elements being integrated into the concrete itself.

Another common product available in the construction industry is concrete dyes and
pigments. Dyes are translucent and penetrate the concrete’s surface to create vibrant colors,
whereas pigments are created with mineral oxides and get integrally mixed into the concrete
while it is still fresh (Naganna et al., 2021). A variety of vendors offer wide product lines of
concrete dyes, which allow for creative expression and gives designers more options to match
their required color schemes (Metropolitan Materials, 2023). Dyes create a transparent effect
where the surface characteristics of concrete are still clearly visible, whereas pigments color the
cement paste itself and cause concrete to appear opaquer and more consistent (DiamaPro
Systems, 2024). As discussed in the work of Paladi-Kovacs (2023), different types of mineral
oxide pigments create different color hues. Using white cement results in a brighter and more
vibrant appearance, whereas using traditional gray portland cement results in darker tones. Iron
oxide pigment is used to produce red, yellow, brown, and black tones. For shades of green,
chrome oxide and chrome oxide hydrate pigment are mixed into the cement. To achieve blue
tones, crystal-based pigment mixtures are used, such as cobalt-aluminum-chrome oxide. In
general, coloring concrete with pigments does not harm its mechanical properties; the concrete is

still durable and weather-resistant.

Finishing Techniques

Lastly, when it comes to architectural concrete, there are several finishing techniques that
are known to be effective. If an exposed aggregate surface is desired, the most common practices
for accomplishing this are sand-blasting or polishing because they allow for the most flexibility

regarding surface textures (Naganna et al., 2021). However, alternative techniques also exist,
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such as high-pressure water blasting, acid etching, or surface retarders (DUOMIT Flooring Inc,
n.d.; McClure, 2022). If a concrete sample is lightly sand-blasted, it exposes the surface-layer of
sand and creates a unique effect. If the sample is more heavily sand-blasted or polished, then the
coarse aggregate below the surface can be exposed, as demonstrated in Figure 4 (DUOMIT
Flooring Inc, n.d.). Any of these techniques can be used to create a unique end-product,
depending on the final look that the architect desires. Other common finishing practices in the
construction industry include bull floating, hand troweling, power troweling, and broom
finishing (Aceves, 2024). These techniques are typically implemented when surface roughness is

desired, and aesthetics are less of a concern.

Figure 4

Exposed Aggregate Floor Surface Exposure Levels

ORIGINAL SURFACE NIL EXPOSURE

MINIMAL

AGGREGATE (STONE)

Note: Adapted from “Exposed Aggregate Concrete” by DUOMIT Flooring Inc, 2024, para. 1

(https://duomit.com/exposed-aggregate-concrete/).
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Introduction to Concrete and Aggregate Classification

The fundamental components of traditional concrete mix design are cement, water, coarse
aggregate, fine aggregate, and optional admixtures. Portland cement is the most popular type of
cement used worldwide because it is relatively inexpensive and widely available (Ramakrishnan
& Jegan, 2023). It is used as a binding agent, like a glue, which helps attach the other
components in the mixture together. Water is necessary to activate the portland cement and make
the concrete mixture workable and malleable. Aggregates are the building blocks of a concrete
mix; they take up the most space in the mix and carry most of the strength. They are classified by
size as either coarse aggregate, like gravel and stones, or fine aggregate, like sand and powdered
rock. Coarse aggregates fall between 38.1mm and 4.75mm in diameter, and fine aggregates are
less than 4.75mm in diameter (American Concrete Institute, 2022). Combined, the coarse and
fine aggregates make up roughly 60 to 80 percent of a concrete mixture’s composition
(Kultermann & Spence, 2016). Admixtures are an optional addition into the mix, but they can
add certain properties that are desirable, such as accelerated curing, coloring, or corrosion
resistance. The general guidelines for concrete mix design are outlined in the American Concrete

Institute (ACI) PRC-211.1-22 design code (American Concrete Institute, 2022).

When each of these components are combined, the result is a medium-gray sludgy mix
that can be molded into any shape of formwork. Once cured, it has an exceptionally strong
compressive capacity for structural applications. Structural concrete’s strength and durability
make it a popular choice in building material; however, its plain appearance does not offer the
visual appeal nor flexibility that architects seek in order to create bold, eye-catching designs. For
this reason, structural concrete often gets hidden behind architectural facades in building projects

where the goal is not an industrial look. However, if structural concrete becomes integrated into
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the building design and care is taken to finish and expose it properly, then it has the potential to
be considered architectural concrete. The American Concrete Institute defines the term
“architectural concrete” as follows: “concrete that will be permanently exposed to view and
therefore requires special care in selection of the concrete materials, forming, placing, and
finishing to obtain the desired architectural appearance” (American Concrete Institute, 2013, p.
4). Given that architectural concrete has higher standards for visual appearance, there is a higher

cost associated with it (Kozikowski et al., 2023).

Table 1 lists the relevant characteristics that define aggregates, as well as the
corresponding ASTM testing standards that allow engineers to classify them (Kultermann &
Spence, 2016). Abrasion resistance is especially important in certain applications such as
warehouse flooring or pavement where heavy skid resistance is necessary. Selecting an aggregate
without enough abrasion resistance in one of these applications would be detrimental and lead to
damages and a shorter lifespan. Freeze-thaw resistance is another important property of
aggregates, especially when specifying mix designs for concrete in areas that experience a wide
range of temperature variability. An aggregate’s suitability in freeze-thaw applications is
influenced by its porosity and water absorption; if water penetrates the material’s pores and
expands when exposed to freezing conditions, it can weaken the concrete and cause structural
failures. Specific gravity is also an important factor that influences absorption. To calculate
specific gravity, the material’s relative density is compared to that of water. A majority of natural
aggregates have specific gravities that fall between 2.4 and 2.9. Shape and texture of aggregates

also play a part in their suitability in a concrete mix.
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Table 1

Characteristics and ASTM Testing of Aggregates

Resistance to
abrasion

Resistance to
freezing and
thawing

Resistance to
disintegration
by sulfates
Particle shape
and surface
texture

Grading

Bulk unit weight
or density

Specific gravity

Absorption and
surface moisture

Compressive and
flexural strength

Definitions of
constituents

Index of aggregate
quality; wear resistance
of floors, pavements

Surface scaling, roughness,

loss of section, and
unsightliness

Soundness against
weathering action

Workability of fresh
concrete

Workability of fresh

Mix design calculations;
classification

Mix design calculations

Control of concrete quality

Acceptability of fine
aggregate failing other
tests

Clear understanding
and communication

ASTM C131
ASTM (295
ASTM (535

ASTM (295
ASTM (666
ASTM (682

ASTM (88

ASTM (295
ASTM D3398

ASTM C117
ASTM (136

ASTM (29

ASTM C127, fine aggregate
ASTM (128, coarse aggregate
ASTM C29, slag

ASTM C70

ASTM C127
ASTM C128
ASTM C566

ASTM (39
ASTM (78

ASTM (125
ASTM (294

Maximum percentage
of weight loss

Maximum number of
cycles or period of
frost immunity;
durability factor

Weight loss, particles
exhibiting distress

Maximum percentage
of flat and elongated
pieces

Minimum and maximum
percentage passing

standard sieves

Compact weight and
loose weight

Strength to exceed 95% of
strength achieved with
purified sand

Note: Adapted from Construction Materials, Methods, and Techniques by E. Kultermann and W. P.

Spence, 2016, Cengage Learning, p. 113.

There are two main considerations when specifying the shape of an aggregate material, as

illustrated in Figure 5: angularity and flakiness (Mamlouk & Zaniewski, 2017). Generally, it is

advantageous to opt for rounder shapes of aggregate for portland cement concrete applications.

Rounder geometry allows for better workability and compactibility of fresh concrete during

casting. However, it is important that the surface texture of the aggregate is rougher, rather than

smooth or polished, to improve the adhesive bonding strength between the aggregate and the

cement (Yuan et al., 2021). This is because concrete’s strength and stability are dependent on the

cement’s ability to bind to the aggregate. Angular and rough shapes tend to increase aggregate
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interlock, which is preferable for asphalt applications, but not necessarily for portland cement
concrete mixes. Flaky particles tend to perform poorly in concrete because their larger surface
area decreases workability and causes contractors to increase the water to cement ratio (Khan &
Dhobale, 2018). The flat shape of flaky particles also makes it difficult for aggregate interlock to
develop, which further reduces the concrete’s strength (Khan & Dhobale, 2018). The flakiness
and angularity of aggregates has a greater influence on the properties of fresh concrete than

cured concrete.

Figure 5
Visualization of Angularity and Flakiness Aggregate Shape Properties

(@) (b) (©)

(d) G
Particle shapes: (a) angular, (b) rounded, (c) flaky, (d) elongated, and (e) flaky and elongated.
Note: Adapted from Materials for Civil and Construction Engineers by M. S. Mamlouk and J. P. Zaniewski,
2017, Pearson Education, p 182.

It is also crucial to understand the chemical properties of aggregate materials before
incorporating them into a concrete mix. In general, it is best to select aggregates that are
chemically stable and will not be reactive to the chemicals in portland cement (Kultermann &
Spence, 2016). A common and well-known chemical reaction that is detrimental to concrete’s
strength and durability is alkali-silica reaction (ASR) (Hasdemir et al., 2016). Aggregates

containing certain types of silica will react poorly with the alkaline chemicals present in portland
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cement, which causes the formation of a gel-like biproduct that soaks up water and swells. The
gel expansion process creates internal tensile stress within the concrete, which weakens it and
may cause cracking. ASR does not occur immediately when concrete is poured; rather, it
develops over time. Because of its presence throughout the entire depth of concrete and not just
on the surface, ASR damage to concrete is incredibly challenging to repair (Shrimer et al., 2021).
Overall, it is important to ensure that the chemical properties of aggregate are compatible with

portland cement in order to preserve the durability and lifecycle of concrete.

Table 2 catalogs the importance of different physical, chemical, and mechanical
properties of aggregates when used in different applications: portland cement concrete, asphalt
concrete, and base material (Mamlouk & Zaniewski, 2017). The application investigated in this
paper is portland cement concrete. This table suggests that properties such as angularity,
flakiness, surface texture/roughness, and compressive strength are of moderate importance
regarding suitability of materials as an aggregate. Some properties that were identified as “very
important” are the porosity, freeze/thaw stability, chemical stability, and reactivity to chemicals.
However, it is important that all relevant factors are taken into consideration when choosing an

aggregate mix.
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Table 2

Importance of Aggregate Physical, Chemical, and Mechanical Properties

TABLE 5.1

Basic Aggregate Properties (Meininger and Nichols, 1990)

Relative Importance for End Use*

Portland
Cement Asphalt
Property Concrete Concrete Base
PHYSICAL
Particle shape (angularity) M \Y \Y
Particle shape (flakiness, elongation) M M M
Particle size—maximum M M M
Particle size—distribution M M M
Particle surface texture M \Y \Y
Pore structure, porosity vV M U
Specific gravity, absorption \% M M
Soundness—weatherability Vv M M
Unit weight, voids—loose, compacted A M M
Volumetric stability—thermal M u u
Volumetric stability—wet/dry M 8) M
Volumetric stability—freeze/thaw \Y M M
Integrity during heating U M U
Deleterious constituents v M M
CHEMICAL
Solubility M u u
Surface charge U \Y U
Asphalt affinity U \% M
Reactivity to chemicals \4 u u
Volume stability—chemical \4 M M
Coalings M M U
MECHANICAL
Compressive strength M 8] 9}
Toughness (impact resistance) M M U
Abrasion resistance M M M
Character of products of abrasion M M u
Mass stability (stiffness, resilience) U A% A%
Polishability M M u

* V = Very important; M = Moderately important; U = Unimportant or importance unknown
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Note: Adapted from Materials for Civil and Construction Engineers by M. S. Mamlouk and J. P. Zaniewski,

2017, Pearson Education, p. 182.

Generally, when deciding on an aggregate gradation mixture, it is best to select a wide
distribution of sizes so that the most voids are filled (Schlumpf et al., 2020). Sands that are

excessively fine are financially costly, and sands that are too coarse make the mixture
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unworkable and stiff (Kultermann & Spence, 2016). It is best practice to maintain a balance of
aggregate sizes and stay within the dark green area in the graph in Figure 6, which defines the
grading limits for fine aggregate (Kultermann & Spence, 2016). Figure 6 also tabularizes the
sieve sizes for both fine and coarse aggregates, and their respective size numbers (Kultermann &
Spence, 2016). There are also special names given to certain aggregate mixtures with unique
properties. For example, an “open” or “clean” mixture contains no fine materials at all, which
pass through a no. 4 sieve size (Mamlouk & Zaniewski, 2017). A “dense” mixture means that it
is well-graded and falls within the recommended guidelines for a balanced mix (Mamlouk &
Zaniewski, 2017). A “dirty” or “rich” mixture contains a lot of fine material, and results in

concrete with lower stability (Mamlouk & Zaniewski, 2017).

Figure 6

Sieve Sizes and Fine Aggregate Grading Limits

100 y, e s in. (9.5 mm)
/ , No. 4 (4.75 mm)
/ S No. 8 (2.36 mm)

£ 80 A No. 16 (1.18 mm)
o A /
& FINE SAND — j No. 30 (600 pim)
2 / No. 50 (300 pm)
% 60 1= No. 100 (150 pm)
¢ 1 K
] y COARSE SAND
%J ' ) Size Nominal Size
& 40 / — Number (sieves with square openings)
E / 1 3% : to 1% in. (90 to 37.5 mm)
E / / 2 2% to 1% in. (63 to 37.5 mm)
o 20— = 357 2 in. to No. 4 (50 to 4.75 mm)
/ L/ 467 1% in. to No. 4 (37.5 to 4.75 mm)
/ 57 1in. to No. 4 (25.0to 4.75 mm) =
0 67 %in. to No. 4 (19.0 to 4.75 mm) -
NO.100 NO.50 NO.30 NO.16 NO.8 NO.4  3/8” :
150 um 300 ym 600 um 118 mm 2.36 mm 4.75mm 9.5mm 7 Yein. to No. 4 (12.5t0 4.75 mm)  §
STANDARD SIZES OF SQUARE MESH SIEVES g e iling i 1o i NI =
3 2 to 1in, (50.0 to 25.0 mm) &
4 1% to % in. (37.5 t0 19.0 mm) 3

Note: Adapted from Construction Materials, Methods, and Techniques by E. Kultermann and W. P.

Spence, 2016, Cengage Learning, p. 114.



ARCHITECTURAL CONCRETE: NON-TRADITIONAL AGGREGATES 26

In the construction industry, there are several known “deleterious” substances that have
historically had adverse effects with respect to the quality of concrete, as shown in Table 3 (Sims
& Brown, 1998). Deleterious materials that are known to be harmful to concrete are as follows:
organic matter, clay/silt, coal/lignite, and soft particles (Thomas & Folliard, 2007). Each of these
types of materials have drawbacks that make them harmful when included in a concrete mixture.
For example, organic materials like plants will decompose and cause chemical reactions that
weaken concrete. Clay and silt retain water too heavily, which leads to issues with shrinkage,
cracking, and cement-aggregate bond strength reduction. Coal and lignite are soft, lightweight,
and unable to withstand high levels of compressive forces, which makes them a poor choice in
aggregate. Finally, fine aggregates passing through the No.200 sieve have the potential to
weaken concrete’s strength and durability because they require more water during the mixing
and pouring process. There is also the possible risk of segregation, where the superfine aggregate
particles settle on the bottom and unbalances the distribution. Having an uneven distribution of
particle sizes can lead to inconsistent strength properties in the cross section of a slab. Limits on
deleterious substances in a fine aggregate mixture are outlined in the ASTM C33 standards
(ASTM International, 2018). It is important to avoid these known deleterious materials when

creating concrete mixes to maintain purity and durability.
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Table 3

Deleterious Constituents in Aggregates

Table 5.14 Some potentially deleterious constituents found in aggregates

Possible adverse effect in concrete!

Potentially deleterious constituent

i i iii v v
Clay coatings on aggregate particles - i - - -
Clay lumps and altered rock particles - v v s
Absorptive and microporous particles - - v v e
Coal and lightweight particles - - - - e
Weak or soft particles and coatings - v g v s
Organic matter v - v - -
Mica - - e - v
Chlorides” = = - < =
Sulfates - - - s v
Pyrite (iron disulfide) - - - v v
Soluble lead, zinc or cadmium £ 4 = = = =
Alkali-reactive constilucnls - v - v -
Releasable alkalis - s
1 (1) Chemical interference with the sctting of concrete

(i) Physical prevention of good bond between the aggregate and the cement paste
(i) Modification of the properties of the fresh concrete 0 the detriment of the durability and strength of
the hardened material
(iv) Inieraction between the cement paste and the aggregate which continues after hardening, sometimes
causing expansion and cracking of the concrete
(v) Weakness and poor durability of the aggregate particles themselves
2 The main problem with chlorides in concrete is associated with the corrosion of embedded sieel.
¥+ = main effect v = addition effect

Note: Adapted from Concrete Aggregates by |. Sims and B. Brown, 1998, Elsevier, p. 963.

The term deleterious substance includes materials used as aggregates, as well as
embedded substances. For example, embedded aluminum is known to corrode when it comes in
contact with fresh cement paste (Herting & Odnevall, 2021; Kinoshita et al., 2013; Linger,

1968). The corrosion reaction of aluminum releases hydrogen gas, resulting in expansion of fresh
concrete and air voids in cured concrete (Kinoshita et al., 2013). The result is a significant
decrease in the strength of concrete, since air voids are the starting point for cracks and weakness
under compressive stress (Linger, 1968). The aluminum corrosion with concrete reaction also
results in the creation of aluminum oxide, which has a rusty brown color. This phenomenon is
well-known in the construction industry, so it is best to avoid any direct contact between

aluminum and concrete in structural applications (American Concrete Institute, n.d.).
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Concrete Testing

In commercial applications, concrete is tested throughout the installation process to
ensure that its quality is compliant with the project’s specifications. Properties that are commonly
tested on fresh concrete include the slump, unit weight, air content, and cement content. Once the
concrete is hardened, engineers are able to perform tests for compressive strength, flexural

strength, abrasion, freeze-thaw, and accelerated curing (Kultermann & Spence, 2016).

Fresh Concrete Tests

Slump is a measure of workability, which defines concrete’s ability to flow freely when
being poured on site (Ching, 2019). It is an important property that influences the concrete’s
strength, as well as ease of constructability for laborers in the field (Kultermann & Spence,
2016). There is increasing pressure in the construction industry for engineers to achieve higher
workability while still meeting necessary mechanical requirements (Hoang & Pham, 2016). The
varying degrees of workability and their corresponding slump values are shown in Table 4
(Backus, n.d.-a). For floor slabs and pavements, a minimum slump of 1-inch and a maximum
slump of 3-inches is recommended (Kultermann & Spence, 2016). Excessively high slumps can
cause structural problems like segregation, bleeding, and strength reduction (Backus, n.d.-a).
Slump is tested according to the ASTM C143 specifications using a slump cone that is 8-inches
in diameter and 12-inches tall (ASTM International, 2020). As discussed in the work of
Kultermann and Spence (2016), the metal slump cone is placed on a flat surface, filled to the top
with wet concrete, and rodded 25 times with a 5/8-inch diameter, twenty-four inch long, and
round-tipped metal rod. Next, another layer is poured and rodded in a similar manner, and any
excess concrete on top is scraped off. The mold gets carefully lifted, and then the amount of

slump is measured from its original starting point, as seen in Figure 7.
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Table 4

Concrete Slump Ranges versus Degree of Workability

m Degree of Workability Application

0-1 (0-25)

1-2 (25-50)

2-4 (50-100)

4-7 (100-175)

Concrete Slump Range

Very dry mixes in paving machines with

Very |
S e high-powered vibration

Low-workability mixes used for
foundations with light reinforcement;
Pavements consolidated by hand-operated
vibration

Low

Medium workability mixes manually
consolidated flat slabs. Normal reinforced
Medium concrete manually placed; heavily
reinforced sections with mechanical
vibration.

High workability concrete for sections with
High congested reinforcement; May not
respond well to vibration.
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Note: Adapted from Concrete Slump Testing: Test Methods, Equipment, and Testing Techniques by B .E.

Backus, n.d-a., para. 7 (https://www.globalgilson.com/blog/concrete-slump-guide).

Figure 7
On-Site Slump Test

Note: Adapted from Construction Materials, Methods, and Techniques by E. Kultermann and W. P.

Spence, 2016, Cengage Learning, p. 125.

Courtesy; Portland Cement Association

Other properties that are typically tested on wet concrete are unit weight, air content, and

cement content. Guidelines for testing unit weight are outlined in the ASTM C138 specifications
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(ASTM International, 2017). The information provided by this test gives engineers an indication
of air content and allows them to calculate the quantity of concrete produced in each batch
(Kultermann & Spence, 2016). Methods for calculating air content include the pressure method
(ASTM C231), the volumetric method (ASTM C173), and the gravimetric method (ASTM
C138) (Kultermann & Spence, 2016). Air content is critical information to have about a concrete
sample because the property directly affects its durability and freeze/thaw resistance (Karr,
2015). Lastly, it is important to understand a sample’s cement content so that the water-to-cement
ratio can be calculated before the concrete is fully cured, which takes 28 days (Kultermann &

Spence, 2016).

Hardened Concrete Tests

Tests conducted on hardened concrete are equally as important as those performed on
freshly-poured concrete samples. Properties that are tested on cured concrete include
compressive strength, flexural strength, abrasion, freeze/thaw, and accelerated curing
(Kultermann & Spence, 2016). The compressive strength test is the most common test that is
done on hardened concrete because it is the main structural design requirement to determine if
the structure can handle the load (Mamlouk & Zaniewski, 2017). Compressive strength testing is
performed in accordance with the ASTM C39 standard (ASTM International, 2021). Concrete is
placed in a cylindrical mold and receives several rounds of rodding, and then is left to cure in
preparation for the test (Schlumpf et al., 2020). Next, the cylindrical sample is placed in a
compressive testing machine, which imposes an axial load on the cylinder until failure occurs
(Schlumpf et al., 2020). Figure 8 shows an example of a test specimen failing in the compressive
strength testing machine (Backus, n.d.-b), and Figure 9 shows six different types of fracture

failures that are common under the ASTM C39 test procedure (Schlumpf et al., 2020).
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Figure 8
Compressive Strength Test Cylinder

Note: Adapted from The Automation Revolution: Concrete Compression Machines by B .E. Backus, n.d.-

b, para. 4 (https://www.globalgilson.com/blog/automation-revolution).
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Figure 9

Fracture Patterns Under ASTM C39 Compression Test

Type 1
Reasonably well-formed
cones on both ends, less

than 1 in. (25 mm) of
cracking through caps

\

Type 4
Digital fracture with no
cracking trough ends; tap
with hammer to distinguish
from Type 1

Type 2
Well-formed cone on one
end, vertical cracks running
through caps, no well-
defined cone on other end

Type 5
Side fractures at top or
bottom (occur commonly
with unbonded caps)

Fig. 7.3.4: Fracture patterns according to ASTM C39

Type 3
Columnar vertical cracking
through both ends, no well-

formed cones

Type 6
Similar to Type 5 but end of
cylinder is pointed

Note: Adapted from Sika Concrete Handbook by J. Schlumpf et al., 2020, Sika Services AG, p. 139.

Another important property of concrete is its flexural strength capacity, especially in

applications such as beams, bridges, or floor slabs, where the structural member experiences

frequent flexural bending stresses (Schlumpf et al., 2020). One way to measure a sample’s

flexural strength capacity is by following the ASTM C78 third-point loading test procedure

(ASTM International, 2022). Figure 10 shows the testing apparatus setup for the ASTM C78 test,
where a rectangular prism-shaped concrete beam sample is placed in the apparatus and subjected
to a steadily increasing point load until rupture (Mamlouk & Zaniewski, 2017). Flexural strength
is influenced by the compressive strength of the cement itself, the water/cement ratio, and the use

of angular/crushed aggregates (Schlumpf et al., 2020).
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Figure 10
Apparatus for ASTM C78 Flexure Test
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FIGURE 7.38 Apparatus for flexure test of concrete by third-point
loading method. (reprinted, with permission, from ASTM C78,

Figure 1, copyright ASTM International, 100 Barr Harbor Drive, West
Conshohocken, PA 19428)

Note: Adapted from Materials for Civil and Construction Engineers by M. S. Mamlouk and J. P. Zaniewski,
2017, Pearson Education, p. 321.

There are three additional properties that are commonly tested on hardened concrete:
abrasion, freeze/thaw, and accelerated curing (Kultermann & Spence, 2016). Testing for abrasion
is important for high-traffic structural applications that see lots of friction, like pavements and
floors. It is a measure of how much concrete surface material gets worn away when subjected to
abrasive forces (Kultermann & Spence, 2016). Freeze/thaw testing is especially important for
foundations and floor slabs that experience a high variance of weather exposure. Moisture seeps
into the internal voids of concrete, and when exposed to frequent freeze and thaw cycles, that
moisture can expand and weaken bonds (Schlumpf et al., 2020). A concrete sample’s freeze/thaw
capacity is tested in accordance with ASTM C666 standards (ASTM International, 1997). Lastly,
accelerated curing tests are necessary when a contractor needs their concrete to be structurally

acceptable before the 28-day curing process is completed (Kultermann & Spence, 2016).
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Critical Literature Review: Fine Aggregate Substitution

This literature review’s purpose was to identify relevant sources of information and gain
insight into past experimentation regarding the substitution of coarse and fine aggregates in
concrete. To find relevant literature beyond the ASTM testing standards and ACI’s concrete
design guides, keyword searching was implemented in online search engines and academic
databases. The critical literature review is organized in two main categories: fine aggregate

substitution and coarse aggregate substitution.

Considering the fact that typical craft-store glitter is composed of polyethylene
terephthalate (PET) plastic, a volume of relevant literature was gathered regarding fine aggregate
substitution with PET plastic in different replacement ratios (RRs). The following properties
were compared between research studies: compressive strength, flexural strength, modulus of
elasticity, and slump. Graphs were created to demonstrate the positive or negative changes in
each of these properties as the RR increased. Data were graphically compared between studies,
with the following variables kept constant: concrete curing age of twenty-eight days, water-to-
cement ratio near 0.5, and PET plastic sourced from recycled bottles and plastic sheets. All fine
aggregate particles were under 0.5 millimeters in diameter, with their shape being flaky, thin,

angular chips with sharp edges and smooth surfaces.

Compressive Strength

Compressive strength is the most important factor in evaluating a concrete sample’s
feasibility to be used in a structural concrete application (Abduallah, 2021; Babafemi et al.,
2022; Nawy, 2008). Figure 11 shows a graph of the positive or negative changes in compressive

strength as the RR increases. Five studies reported that smaller RRs between 0% and about 20%
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resulted in an increase in compressive strength (Azhdarpour et al., 2016; Babafemi et al., 2022;
Dawood et al., 2021; Marzouk et al., 2007; Rahmani et al., 2013). Conversely, five other
researchers reported a steady decline in compressive strength as the RR increases (Abduallah,
2021; Akcaozoglu et al., 2010; Albano et al., 2009; Hannawi et al., 2010; Tayeh et al., 2021). All
of these studies agree that there is a significant decrease in compressive strength capacity at RRs

higher than 30%, but there is disagreement about the concrete’s behavior at lower RRs.

Figure 11

Change in Compressive Strength versus RR
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It’s possible that the reason for these discrepancies is the tendency for variability in
concrete’s strength. Concrete is influenced by many factors in the mixing process, such as water-

to-cement ratio, mix design and timing, aggregate gradation and quality, and curing conditions.
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These factors were inconsistent amongst experimental data and research studies, so there is cause
for uncertainty in the results. However, the studies that saw a general inverse relationship
between compressive strength and RR identified three common factors that could have caused
this: a decrease in adhesive bond strength between the plastic’s smooth surface and cement paste,
the creation of voids due to increase in porosity, and poor compaction and honeycomb surface
patterns caused by low workability (Akcaozoglu et al., 2010; Albano et al., 2009; Cordoba et al.,
2013; Hannawi et al., 2010; Tayeh et al., 2021). These studies also mentioned the “non-
contributory” nature of PET plastic, meaning that the plastic particles do not participate in the
hydration process of cement and therefore do not add any strength to the concrete. Perhaps one
of the most influential properties on compressive strength is the lack of adhesion at the

interfacial transition zone between the PET flakes and cement paste (Babafemi et al., 2022).

At RRs lower than 20%, four experimental studies reported an increase in compressive
strength (Azhdarpour et al., 2016; Babafemi et al., 2022; Dawood et al., 2021; Rahmani et al.,
2013). Rahmani et al. (2013) offer the explanation that the initial increase in compressive
strength is due to the increased probability of interlocking between PET particles. Their rough,
fractured edges have the tendency to want to lock together because of their small size and
relatively high flexibility. Azhdarpour et al. (2016) explain that the flexible PET flakes are so
flexible that they reduce the concrete’s brittleness, increase deformability before failure, and
redistribute the stresses within the sample. Additionally, it was suggested that the lack of
absorption from plastic particles can prevent weak points within the stress distribution. Perhaps
at lower RRs, the positive flexibility benefits from PET plastics outweigh their negative adhesive

qualities.
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Flexural Strength

For structural applications, it is also important for a concrete sample to have sufficient
flexural strength. One indicator of a sample’s flexural strength is the four-point static flexural
strength test procedure outlined in ASTM C78 (ASTM International, 2022). Six studies utilized
this test method, and the results of their findings are summarized in Figure 12. Four researchers
found that there was an increase in flexural strength at smaller RRs between 0% and 10 to 20%
(Albano et al., 2009; Azhdarpour et al., 2016; Dawood et al., 2021; Hannawi et al., 2010).
Conversely, two other studies concluded that there was a decrease in flexural strength between
0% and 20% RR (Marzouk et al., 2007; Tayeh et al., 2021). However, all of the studies seem to
be in agreement that at larger RRs above 20%, there is a steady decrease in flexural strength

capacity.

Figure 12
Change in Flexural Strength versus RR
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It is likely that the discrepancies between research studies can be explained by similar
reasons as compressive strength results. Studies that witnessed an increase in flexural strength at
lower RRs explained this phenomenon because PET particles introduce more flexibility and
ductility, allowing for higher deformations before the sample finally reaches failure (Azhdarpour
et al., 2016; Dawood et al., 2021). However, after larger RRs, there is an increased probability of
plastic flakes grouping together and accumulating in one area. This introduces a weak zone in the
sample and can be the starting point for structural failures (Dawood et al., 2021). Similar to the
compressive strength results, it is possible that the benefits of PET plastic’s flexibility properties

outweigh its negative effects at small RRs.
Modulus of Elasticity

The modulus of elasticity of a concrete sample is directly related to its compressive
strength capacity through the stress-strain curve relationship; an increase in modulus of elasticity
is accompanied by an increase in compressive strength (Nawy, 2008). It is highly influenced by
the concrete’s mix design and material properties. Experimental values for modulus of elasticity
of concrete samples containing PET waste fine aggregate are presented in Figure 13. It appears
that all of the studies are in agreement that there is a decrease in modulus of elasticity as RR
increases (Abduallah, 2021; Albano et al., 2009; Azhdarpour et al., 2016; Dawood et al., 2021;

Hannawi et al., 2010; Marzouk et al., 2007; Rahmani et al., 2013).
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Figure 13
Change in Modulus of Elasticity versus RR
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The general decreasing trend in modulus of elasticity can be explained by plastic’s
tendency to be flexible and bendable. Generally speaking, a higher deformability and ductility
results in a lower modulus of elasticity. Since the PET flakes are more flexible than traditional
fine aggregates, concrete experiences higher deformations before failure (Azhdarpour et al.,
2016). Another factor that contributed to the concrete’s increased deformability is the tendency
for plastic to want to rotate, as well as the fact that some flakes are oriented perpendicular to the

applied stress (Azhdarpour et al., 2016).

Slump and Workability

Slump is a measure of the concrete’s workability, or the ease at which it flows while

being poured (Kultermann & Spence, 2016). A higher value for slump means wetter and more
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workable concrete. Six studies experimentally tested the slump of fresh concrete samples
containing various RRs of PET plastic, and the results are displayed in Figure 14. There seems to
be disagreement about the effect of an increase in RR on the mix’s workability. Three studies
found a general positive relationship between RR and slump (Abduallah, 2021; Babafemi et al.,
2022; Tayeh et al., 2021). However, three other studies noted an inverse relationship between
slump and RR (Albano et al., 2009; Dawood et al., 2021; Rahmani et al., 2013). In Figure 14, a
positive change in slump means that the sample in question has an increase in workability in
comparison to the corresponding control sample. A negative change in slump means that the

slump decreases, which means that the sample is stiffer and has more difficulty flowing.

Figure 14

Change in Slump versus RR
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The findings of these experimental studies were evenly split, and the justification for this
could be explained by the differences in concrete mixes, water-to-cement ratios, admixtures, and
particle shapes and size distribution. The flowability of concrete is sensitive and easily
influenced by a wide variety of factors. Dawood et al. (2021) found that there was a decrease in
workability and explained that it was caused by the larger surface area of PET particles, which
causes a large amount of water to be retained on its surface. Tayeh et al. (2021) reported the most
extreme increase in workability, which was explained by the addition of a superplasticizer
admixture, which increases its flowability without the need for extra water. Babafemi et al.
(2022) reported an improvement in workability, which is explained by the smooth surface and

homogeneous shape of particles, which allows them to flow smoothly past each other.

Critical Literature Review: Coarse Aggregate Substitution

The main focus of the coarse aggregate substitution portion of the critical literature
review was to identify key mechanical properties of coarse aggregate and compare them with
those of various types of quartz. Quartz is colorless in its pure form but can transform into a
vivid range of colors when chemical impurities are introduced (Smithsonian National Museum of
Natural History, n.d.). Because pure quartz is composed of only silicon and oxygen molecules, it
is classified as a pure silica (Monroe et al., 2006). As discussed in the Smithsonian National
Museum of Natural History (n.d.), amethyst is a variety of quartz that gets its distinct purple
color from the partial replacement of silicon atoms with iron. It is mainly sourced from Brazil
and Uruguay, and is commonly found in crystalline-geode form, lining cavities and voids in
volcanic rock. Rose quartz is another variation in the quartz family, which gets its coloration
from the mineral dumortierite. The colored appearance can range from pale pink to deep red.

Quartzite has the same chemical structure as pure quartz, but the formation process is different;
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quartz sandstone undergoes heat and pressure to turn into quartzite. Because of its refractiveness,
the main use for quartz and quartzite in industrial applications is in the form of bulk sands to be
used in glass and foundry applications (Gotze, 2009). Quartz is also highly valued for its
gemstone varieties and ornamental qualities; colored types like rose quartz and amethyst are
commonly used for crafts, jewelry, and decorations (Jensen, 1942). However, there are limited
studies that directly address the mechanical properties of quartz, amethyst, and/or rose quartz, as

well as their viability as a coarse aggregate substitution in concrete.

Several studies conducted experiments with quartzite as a partial substitution for coarse
aggregate (Adom-Asamoah et al., 2014; Kiran & Hanitha, 2016; Rao & Ramji, 2024; Shareef et
al., 2019). Rao and Ramji (2024) reported that the compressive strength of concrete aged 28 days
increased by 4%, 10%, 9%, 1%, and 0.5% at RRs of 10%, 20%, 30%, 50%, and 100%,
respectively. Shareef et al. (2019) found that the optimal percentage of quartzite replacement to
coarse aggregate is 20%, which aligns with the findings of Rao and Ramji (2024). Adom-
Asamoah et al. (2014) reported that un-weathered quartzite is known to have desirable
mechanical properties for structural applications and is an excellent replacement for coarse
aggregate in concrete. Finally, Kiran and Hanitha (2016) investigated quartzite as a replacement
for coarse aggregate in pavement and found that the compressive and flexural strength properties
were improved. At RRs of 10%, 20%, 30%, and 40%, compressive strength properties increased
by 2%, 11%, 18%, and 30%, respectively, and flexural strength properties increased by 1%, 2%,
3%, and 5%, respectively (Kiran & Hanitha, 2016). While these studies provide useful
information regarding quartzite, they are not a direct indicator of the mechanical properties of
quartz, since quartzite is just one variation of quartz. Being a metamorphic rock, quartzite has a

dense and interlocking crystalline structure that makes it more durable that quartz, after
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undergoing recrystallization under intense pressure and heat (Tarrino et al., 2023). On the other
hand, quartz is a single-mineral crystalline structure composed of silicon dioxide (Tarrino et al.,
2023). While the two materials have the same chemical structure, their mechanical properties

may be different. Therefore, more information is needed regarding the feasibility of quartz, rose

quartz, and amethyst as replacements for traditional coarse aggregates in concrete.

Regarding pure quartz and the rose quartz variation, there is limited information available
in literature. However, knowing which physical properties contribute to a material’s feasibility as
a concrete aggregate can provide a preliminary indication of whether or not quartz is suitable.
Some of the most important aggregate qualities according to Mamlouk and Zaniewski (2017) are
chemical stability, reactivity to chemicals, and mechanical durability. The work of Jovanovski et
al. (2022) indicates that certain polymorphic variations of silica have different chemical and
mechanical properties. Quartz, for example, is considered less chemically reactive than other
forms of silica like chert or opal. Reactivity to chemicals is an important quality for concrete
aggregates due to ASR concerns (Hasdemir et al., 2016). Lower chemical reactivity indicates
better feasibility in an aggregate in general. Additionally, quartz is considered a durable material
with a rank of seven on the Mohs hardness scale. Durability and hardness are valuable qualities
that influence a material’s feasibility as an aggregate. While these factors do not directly address
the suitability of quartz as a coarse aggregate in concrete, they provide an indication that further
investigation may be worthwhile. However, there is concern about the silica content of quartz,

considering the fact the concrete is sensitive to ASR effects.

While there is limited literature available that pertains to amethyst as an aggregate
substitution in concrete, a doctoral dissertation by Kekulawala (1978) provides a comprehensive

analysis of the factors that influence the strength of different types of quartz, including amethyst.
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It was reported that quartz with higher hydroxyl content at a molecular level will have lower
mechanical strength properties. Gem-quality amethyst has a high content of hydroxyl, so it will
likely perform worse than other types of quartz if used in structural applications. Kekulawala
(1978) also suggests that all types of quartz are susceptible to hydrolytic weakening, which is the
reduction in mechanical strength in the presence of water. In structural concrete applications,
reduced compressive strength and sensitivity to wet environments are undesirable qualities, but

the severity of these effects pertaining to amethyst specifically is unknown.

Methods

Capstone Research Plan

The objective of this Capstone research plan was to address the previously-addressed
knowledge gap of quartz and glitter as integrated aggregate substitutions in architectural concrete
with the intent of aesthetic enhancement and structural strength preservation. The scope of the
research plan includes a state-of-the-art literature review, experimental testing, a survey of
students to collect qualitative data, and finally data analysis to determine the optimal RRs for

both materials.

Research Method

This research plan features a mixed methods research approach, incorporating both
quantitative and qualitative results. For quantitative results, experimental testing was performed
following the ASTM C39 procedure to produce numerical data for compressive strength (ASTM
International, 2021). There were three groups of test samples: fine aggregate partial-replacement
with classic silver glitter, fine aggregate partial-replacement with white metal-free plastic-only

glitter, and coarse aggregate partial-replacement with amethyst quartz. The classic silver glitter
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fine aggregate samples were divided into batches with RRs of 5%, 10%, 15%, 20%, 30%, 50%,
and 100%. The white metal-free glitter fine aggregate samples were divided into batches with
RRs of 5%, 10%, 15%, 20%, and 30%. The coarse aggregate samples contained amethyst quartz
in a RR of 100% in place of traditional coarse aggregate. Testing was also performed on a
control sample and practice sample with 0% RR for both fine and coarse aggregate to establish a
baseline. A methodical naming convention system was developed in accordance with the RR and
aggregate size of each batch. In this system, “PRA” is the practice sample, “CON” is the control
sample, “C-100” is a 100% coarse aggregate replacement with amethyst, “F-5" is a 5% fine
aggregate replacement with classic silver glitter, “F-10" is a 10% fine aggregate replacement
with classic silver glitter, etc. Fine aggregate samples with a “W” in front of the “F-X”
designation represent the white plastic-only glitter instead of classic silver glitter; for example,
“WEF-5,” “WF-10,” etc. Finally, 8-inch by 8-inch by 3.5-inch-thick slabs were created from the
following sample batches: CON, F-10, F-20, F-30, F-50, F-100, and C-100. These samples were
tested with hand-troweled and polished finishes; one finish on each side. After the quantitative
compressive strength data were collected, qualitive research was performed on the aesthetics of
polished floor samples. In order to make the qualitative aspect of aesthetics more measurable, a
survey of MSOE CAECM undergraduate students was planned in order to gather their opinions
on which samples were the most aesthetically pleasing. However, this survey was not
administered. Additionally, the practical aspects of these concrete samples were analyzed, such

as workability and difficulty of installation/finishing.

Experimental Research Design

This research plan was adapted to be feasible for a graduate-level student at MSOE to

complete in one 16-week semester. Figure 15 outlines each key project milestone, as well as their
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respective durations and approximate start-dates. Each step is defined in greater detail on the

following pages.

Figure 15

Research Timeline

WEEK NUMBER

PROJECT MILESTONE
0 1 2 3 4 5 6 % 8 9 10 [ 11 | 12 | 13 | 14 | 15 | 16

Prior to the start of the semester, order
and procure materials.

Complete lab safety training for power
tools and sawing equipment.

Build formwork for exposed aggregate
specimens.

Prepare first mix batch: PRA, COM, F-
10, F-20, F-30, F-50, F-100, C-100.

23-day concrete curing time for first
mix batch specimens.

Prepare second mix batch: COM, F-10,
F-20, F-30. Cylinders only.

28-day concrete curing time for
second mix batch specimens.

Prepare third mix batch: F-5, F-15.
Cylinders only.

28-day concrete curing time for third
mix batch specimens.

Exposed aggregate finishes: sanding
and polishing.

Prepare extra mix batch: WF-5, WF-10,
WF-15, WF-20, WF-30.

28-day concrete curing time for extra
mix batch specimens.

ASTM C35 compressive strength tests.
Data collection and analysis.

Conduct survey for qualitative data.

Analysis of trends, finalize graphical
data, continue editing paper.

Rough draft of paper ready for review.

Final paper submittal to committee.

Final presentation to committee
members.
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Prior to the start of the spring semester, coordination was done between the researcher
and MSOE CAECM faculty to approve a budget and procure the materials needed to perform
experimental testing, based on quantity estimates summarized in Table 5. The following mix
design percentages by volume were selected according to ACI PRC-211.1-22 recommendations:
12.5% cement, 18.5% water, 45% coarse aggregate, 22% fine aggregate, and 2% air (American
Concrete Institute, 2022). The total amount of concrete needed to test compressive strength and
exposed aggregate finishes was approximately 2.16 cubic feet. The total quantity of glitter
required to meet each of the volumetric RRs was approximately 0.11 cubic feet, which amounts
to roughly 10 pounds. For coarse aggregate substitution, the amount of amethyst quartz required
was about 0.10 cubic feet, which is approximately 15 pounds. MSOE had the following tools and
testing equipment available in the SG-100 laboratory: Satec Mark III Smart Plus 500QC Prism
Compression Testing machine (Satec machine), 3-inch diameter by 6-inch height cylinder molds,
steel rod, trowels, a circular saw, a cordless power drill, an angle grinder, and lumber materials to
construct formwork. A small amount of concrete sealing polish was donated by an MSOE faculty
member. Tools for concrete surface finishing, such as a diamond cup blade and polishing
attachments for the angle grinder, were not available in the lab and needed to be purchased by the

department.
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Table 5
Estimated Material Quantities
Test {abel Qty RR : lSpecime.n Dir!wensions Concrete Glitter Quartz
Diameter[in]| Height [in] Volume [cf] | Volume [cf] | Volume [cf]
PRA 1 0% 3 6 0.02 0.000 0.000
CON 3 0% 3 6 0.07 0.000 0.000
F-5 3 5% 3 6 0.07 0.001 0.000
F-10 4 10% 3 6 0.10 0.002 0.000
F-15 3 15% 3 6 0.07 0.002 0.000
F-20 4 20% 3 6 0.10 0.004 0.000
F-30 4 30% 3 6 0.10 0.006 0.000
Compressive Strength F-50 1 50% 3 6 0.02 0.003 0.000
F-100 1 100% 3 6 0.02 0.005 0.000
C-100 2 100% 3 6 0.05 0.000 0.022
WF-5 1 5% 3 6 0.02 0.000 0.000
WEF-10 1 10% 3 6 0.02 0.001 0.000
WF-15 1 15% 3 6 0.02 0.001 0.000
WEF-20 1 20% 3 6 0.02 0.001 0.000
WF-30 1 30% 3 6 0.02 0.002 0.000
Length [in] Width[in] | Thickness [in]
PRA 1 0% 8 8 3.5 0.13 0.000 0.000
CON 1 0% 8 8 3.5 0.13 0.000 0.000
F-10 i 10% 8 8 3.5 0.13 0.003 0.000
Exposed Aggregate Polishing F-20 1 20% 8 8 85 0.13 0.006 0.000
F-30 1 30% 8 8 3.5 0.13 0.009 0.000
F-50 1 50% 8 8 3.5 0.13 0.014 0.000
F-100 1 100% 8 8 3.5 0.13 0.029 0.000
C-100 1 100% 8 8 3.5 0.13 0.000 0.058
TOTAL 1.80 0.09 0.08
TOTAL with 20% buffer 2.16 0.11 0.10

The traditional coarse and fine aggregates used in this experiment were crushed rock,

gravel, and sand, all sourced locally in southeastern Wisconsin. The size distribution of these

coarse and fine aggregates is considered “dense,” meaning that it is well-graded and falls within

the recommended limits for each sieve size. The cement powder used was Mastercraft Portland-

Limestone Cement, Type IL, commercial grade (Midwest Manufacturing, 2015). Euclid

Chemical Diamond Clear acrylic copolymer curing and sealing compound polish was used as

part of the exposed aggregate finishing process (Euclid Chemical, 2022). Amethyst, as shown in

Figure 16, ranged in shape and color, but was roughly uniform in size. The gemstones were

tumbled and polished, giving them a smooth exterior finish. Colors ranged from deep midnight

purple to light lavender, and some where translucent while others were solid in color. Each piece

of amethyst was under 1-inch in diameter.
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Figure 16
Polished Amethyst Gemstone Sample

Per the manufacturer’s specifications, the “Classic Silver” Medium Grain Metallic Glitter
was “made of an acrylic polyester plastic vacuum plated with high temperature metallic colored
dyes” (Paper Mart, n.d.). The exact type of metal used in the dyeing process was unknown
because of protected information in the glitter manufacturing business. Modern craft glitter is
manufactured in a multi-layer process, with the base layer being clear PET plastic. The PET
plastic is then coated in a layer of metal to give it shine, followed by a layer of colored dye. This
process is done using vacuum metallization, which is a technique that uses evaporation to attach
metallic coatings to non-metallic materials (Goel, 2023). Craft glitter typically has between three
and five layers. The most common metals that give glitter its characteristic shine are aluminum,
titanium dioxide, or iron oxides (Seymour, 2022). As shown in Figure 17, the classic silver glitter

grains are a uniformly-sized 0.04-inches in diameter and hexagonal in shape.
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Figure 17
Classic Silver Metallic Glitter Sample

According to the vendor’s product description, the Colorations Extra-Safe Plastic Glitter
is "certified to ASTM D-4236 for non-toxicity. Free from latex, metal and glass, this glitter is
safer for children to use" (Discount School Supply, n.d.). The vendor does not disclose which
exact substance is responsible for making the glitter grains shiny and reflective; however, since
the glitter is advertised as being metal-free, aluminum or other metals should be excluded. The
reflective material in metal-free glitter is either mica or a type of copolymer plastic (Seymour,
2022). Since there was no metal present, this product was selected for a small batch of test
cylinders to compare with the metallically-dyed classic silver glitter samples. There was
difficulty finding a glitter product that was metal-free but still plastic-based and non-
biodegradable; this can likely be explained by the push for more eco-friendly glitter products that

cannot be classified as microplastics (Seymour, 2022). As shown in Figure 18, the white metal-
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free plastic-only glitter grains are a uniformly-sized 0.125-inches in diameter and hexagonal in

shape.

Figure 18
White Metal-Free Plastic-Only Glitter Sample

Once all of the materials were procured, the next step was to prepare formwork to hold
each concrete sample. Thirty-one plastic cylinder molds and eight square-shaped formwork
molds were required in total. Cylinder molds with lids were already available in the laboratory,
whereas the square formwork had to be created from scratch. The following materials were
necessary to build formwork: 1/2-inch-thick plywood, 2x4 lumber, 1-1/4-inch sinker nails, and 2-
inch threaded drywall screws. The tools required to perform this task were a circular saw, two
sawhorses, several C-clamps, a cordless power drill, a measuring tape, and a hammer. First, 12-
inch by 12-inch squares were measured and cut out of plywood. These sections would serve as

the base of the formwork. Next, 9-1/2-inch-long sections of 2x4 lumber were measured and cut
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using the circular saw and clamps. The cut pieces of 2x4s were then assembled at right angles so
that the interior square portion measured 8-inches. The threaded drywall screws were then used
to secure the lumber pieces in place. Finally, the 12-inch by 12-inch plywood squares were
secured on top of the assembly using sinker nails, one in each corner. The resulting formwork is
shown in Figure 19. Each of the square and cylindrical molds were labeled using a permanent

marker, recording the sample number, mix designation, and mix date.

Figure 19

Square Formwork
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Once the formwork was prepared, the next step was to do preliminary calculations to
determine the necessary quantities of each material — cement, water, coarse aggregate, fine
aggregate, classic silver glitter, white metal-free glitter, and amethyst. Since the experimental
setup involves partial volumetric replacements, it was necessary to determine the density of each
substance in order to convert volume to mass. For larger solids like amethyst and coarse

aggregate, the easiest method of determining the density was by using the water displacement
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method. First, a container was filled with the material, and the mass was recorded. Next, a
known quantity of water was poured over the solid sample, and the final volume of water plus
material was recorded. Finally, the density was found by dividing the mass by the change in
volume after displacement. The experimentally-calculated densities of amethyst and coarse
aggregate were 166.82 pcfand 163.22 pcf, respectively. For cement, the specific gravity was
3.15, per the manufacturer’s safety data sheet (Midwest Manufacturing, 2015). To find the
density based on the specific gravity of a material, the specific gravity gets multiplied by the
density of water, which is 62.4 pcf. The resulting density of cement was 196.6 pcf. The specific
gravity of fine aggregate was taken as 2.67 based on the results of a previous laboratory
experiment where the oven-dry weight of sand was compared to the difference of the saturated-
surface-dry sand specimen in air and the weight of the saturated specimen in water. The resulting
density of fine aggregate after multiplying the specific gravity with the density of water was

166.6 pcf. Refer to Appendix A for the full set of calculations.

Finally, it was necessary to experimentally determine the density of glitter using the water
displacement method. This process was challenging for two reasons: the hydrophobic and clingy
nature of glitter, and the honeycombing effect, both depicted in Figure 20. On the left is an image
of the container used to measure the final volume of glitter plus water. The glitter had the
tendency to statically cling to the sides of the container rather than sink to the bottom, so the
measurement of the final volume was slightly inaccurate since some glitter was not fully
submerged in water. Glitter is hydrophobic in nature, so even after ten minutes of strenuous
stirring, a portion of it remained stuck to the sides of the container and on the surface of water.
The picture on the right in Figure 20 represents a phenomenon called the honeycomb effect,

which is the default position that glitter pieces will assume when placed on the surface of water.
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Glitter flakes are manufactured in uniform hexagonal shapes, which tend to cling to the edges of
their neighboring flakes, forming a solid and tightly-compacted layer of glitter on the water’s
surface. This surface layer is difficult to break by stirring, so the glitter remained floating on the
surface rather than sinking to the bottom of the container. These difficulties when determining
the density of glitter introduced a source of error into the experiment. The challenges were the

same for both classic silver glitter and white metal-free glitter.

Figure 20
Challenges Finding Glitter’s Density

e

“» aE

Note: By Author. Glitter has the tendency to cling to side of measuring container (left). When water and

glitter are combined, glitter tends to form a honeycomb-like structure on the water’s surface (right).

To determine the necessary masses of each substance in the various mix batches, the
required volume was multiplied by the density. The required volume of each substance was back-
calculated based on the selected mix design criteria once the full volume of concrete was known.
For example, the volume of total concrete in a mix batch for one square slab plus three cylinders
is 0.234 cubic feet, including an extra factor of 15% to account for any spillage. Then, to

determine the necessary volumes of water, cement, coarse aggregate, and fine aggregate, the total
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volume was multiplied by the respective mix design ratios: 12.5% for water, 18.5% for water,
22% for fine aggregate, and 45% for coarse aggregate. Finally, these volume values were
multiplied by the respective material densities to determine the necessary mass of each

substance. Refer to Appendix A for the lab procedure and full set of calculations.

The next step was to prepare samples for testing. Concrete mixing was performed on
three different days. The first mix batch was for the groups CON, F-10, F-20, F-30, F-50, F-100,
and C-100. One cylinder and one square sample were created for each batch on this mix day.
Based on observations about practicality and workability, it was decided to do more mixes for
only the lower fine aggregate RRs. It was observed that samples with higher RRs were
significantly less workable, which is not practical from a construction standpoint. Therefore, the
second mix batch included three additional cylinder samples for only the CON, F-10, F-20, and
F-30 groups. With more than three total cylinder samples for those test groups, statistical analysis
could be performed on final test results. The third mix day included three cylinders for the mix
groups F-5 and F-15, which were added based on the availability of extra materials and the
desire to gather more data for lower fine aggregate RRs. Once each of the cylindrical and square
samples were poured and finished according to their respective ASTM standard procedures, the

samples were left undisturbed in the laboratory for a minimum of 28 days.

Initial observations made about the classic silver metallic glitter batches (F-10, F-20, F-
30, etc.) included expansion in fresh samples and a change in color in the cured samples. As
discussed further in the results section, it was therefore suspected that the classic silver glitter
was coated with aluminum, which is reactive with wet portland cement. As a result, it was
decided to expand the study to include an aluminum-free glitter to better assess the final results.

Isolating this variable could provide an indication of the suitability of metal-free glitter as a
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partial fine aggregate replacement in concrete. Therefore, a small batch of five testing cylinders
were poured using the white plastic-only metal-free glitter in fine aggregate RRs of 5%, 10%,
15%, 20%, and labeled WF-5, WF-10, WF-15, WF-20, and WF-30, respectively. This new batch

of cylindrical samples was left to cure for a minimum of 28 days.

Testing was performed for two different types of finishes on the slab samples: hand-
troweled and polished finishes, one on each square face of the slab. The hand-troweled finishes
were completed while the concrete samples were still fresh. After curing for a minimum of 28
days, the slabs were flipped over, and the formwork was adjusted to snugly hold each slab in
place while leaving sufficient space for grinding. It is crucial for the concrete specimens to cure
for at least 28 days prior to starting the polishing process (Blair Duron Restoration, 2023). If
polishing is performed before the full curing time is complete, the amount of pressure applied to
the surface can make it vulnerable to cracking and weakening, which can let in moisture and

cause problems with long-term durability (Blair Duron Restoration, 2023).

To prepare for grinding, the slabs in their respective formwork were clamped down to a
sawhorse setup to hold the specimen tightly in place. One of the biggest concerns for concrete
grinding is dust control; therefore, extra care was taken to provide proper ventilation and
respiratory protection. The overhead ventilation system was turned on in the laboratory, and a
mobile fume extraction and filtration system was set up to catch some of the dust produced
during grinding. An N-95 mask and ear plugs were worn throughout the entire grinding process
to protect the researcher. The angle grinder available in the laboratory was a corded Dewalt angle
grinder with a 4.5-inch wheel diameter and adjustable guard attachment. The grinding
attachment used was a Norton clipper classic single-row diamond cup wheel with a 4-inch

diameter, as pictured in Figure 21 (Norton Abrasives, n.d.). Figure 22 shows the 4-inch diameter
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diamond polishing pads that were used — 50-grit, 100-grit, 200-grit, 400-grit, 800-grit, and 1500-
grit — by the brand POLISHSURF (POLISHSUREF, n.d.). The polishing pad attachments were
used in order of coarsest to finest grit, starting with 50-grit and ending with 1500-grit. Finally,
each sample was sealed using two layers of Euclid Diamond Clear, allowing for at least two

hours of drying between the application of each layer (Euclid Chemical, 2022).

Figure 21
Norton Cllpper Classic Single-Row Diamond Cup Wheel
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Figure 22
POLISHSURF Diamond Polishing Pads 4-Inch Wet and Dry Set

Designed to Offer All You Need for a
Mirror Finish Polishing Result

[Recommended|Recommended
Scope Set Structure RPM Water Use
Grit 50 Grit 100 Grit 200

Dry Polishing

1500-2500 or with small
RPM amount of

water

Remove
Heavy
Scratches

Grit 400 Grit 800 Grit 1500

3000-3500

RPMto avoid | Add more
burning the water

stone surface

The Most Compact Diamond Polishing Pads Set
at the Best Quality-Price Rate

Note: Adapted from Diamond Polishing Pads 4 Inch Wet Dry Set 7 Pieces for Concrete Marble Quartz

Achieve
Shiny Finish

Stone Countertop Granite Polishing by POLISHSURF, n.d. (https://a.co/d/04ZG6CI).

Once the exposed aggregate samples were polished and sealed, the compressive strength
tests were performed. Each cylinder sample was continuously loaded in the Satec machine’s
hydraulic compressor until they reached failure, and then the maximum compressive strength
value was recorded in a spreadsheet. Pictures of each crushed sample were taken, and laboratory
observations about cracking patterns were recorded. The peak load at failure was converted to a
maximum stress by dividing the load by the cross-sectional area of the cylinder samples. Average
maximum compressive stresses of each sample were compared with that of the control sample as
a percent change, and data were graphed. Statistical analysis was performed on datasets of three
or more to find the average stress, standard deviation, and coefficient of variation. The Microsoft
Excel function “STDEV.P()” was used to find the standard deviation, and the function
“AVERAGE()” was used to find the average of each dataset. To calculate the coefficient of

variation (CoV), the standard deviation was divided by the average and converted to a
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percentage. The CoV is an indicator of how variable a dataset is in relation to the mean; a higher
CoV means that each datapoint is scattered farther away from the mean, whereas a lower CoV
means that the datapoints are closer together. In general, a low CoV ranges from 0% to 20%; a
moderate CoV ranges from 20% to 50%; and a high CoV includes any value over 50% (Okonji
et al., n.d.). However, the interpretation of results will always be dependent on the context of a
dataset. Statistical analysis was performed on each mix batch with more than three samples, and

numerical results were compared.

Finally, in order to make qualitative data like aesthetic preference more measurable, a
survey was created with the intention of being disseminated to CAECM department
undergraduate students. Given the subjective nature of beauty and aesthetics, this was a strategy
to determine which samples are the most aesthetically pleasing to the greatest number of people.
The plan was for the completed polished floor samples to be displayed, and students would be
asked to report how visible the glitter and quartz aggregates were, as well as how appealing each
sample was to them. A five-point Likert scale is an effective way to measure people’s feelings
towards a topic and can quantify how strongly they possess those feelings (Qualtrics, n.d.). The
plan was to assign letter names to each sample — F-10, F-20, F-30, F-50, F-100, and C-100 —in a
randomized order to reduce pattern recognition. Each of these samples, labeled Sample A
through F, would be compared against the control sample. Figure 23 shows an example of the
series of questions that students would be asked regarding Sample A. In the first series of
questions, students would be asked if they could perceive a difference between a sample versus
the control in a multiple choice yes-or-no question. Display logic was used to program the next
series of questions so that they would only appear under the condition that the student selected

“Yes” in the previous corresponding question. This strategy would reduce the redundancy of
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questions and make the survey more pleasant for the respondents. The five-point Likert scale

asked students to rank an individual sample against the control, with the response options being

99 ¢¢ 29 ¢ 99 ¢

“much worse,” “somewhat worse,” “the same as,” “somewhat better,” and “much better.” This

type of scale would be considered a bipolar scale, since it forces the respondents to answer with

an extremely positive or negative opinion (Qualtrics, n.d.).

Figure 23

Example Survey Questions for Sample A

- Is there a difference?

Q1

Is there a difference between Sample A and the Control?

- Aesthetic preference

Q7 Q
- .’ play this questior

s there a difference between Sample A and the Control?  Ye

Please rate how Sample A compares to the Control using the following scale:

Based on laboratory observations about the visibility of glitter in the F-10, F-20, F-30,
and F-50 exposed aggregate samples, it was decided that following through with the survey
would not be worthwhile. The resulting polished and sealed samples were not visibly different
enough from the control sample to justify conducting the survey. Therefore, instead of doing the
survey as originally intended, qualitative laboratory observations were recorded and discussed.

Although it was not implemented, the full survey design is included in Appendix D.
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Results and Discussion

The objective of this experimental test procedure was to address the previously-addressed
knowledge gap of quartz and glitter as integrated aggregate substitutions in architectural concrete
with the intent of aesthetic enhancement and structural strength. The scope of this experiment
was to test compressive strength on cylindrical samples, perform exposed aggregate polished
finishes on square slab samples, and make recommendations on optimal RRs for both glitter and

amethyst to be reasonable aggregate substitutions in architectural concrete.
Compressive Strength

A total of 31 cylindrical samples were tested in the Satec machine, and the numerical
results are summarized in Table 6. Each sample was allowed to cure for at least 28 days before
being crushed; however, some cured for longer than 28 days, which was noted in the table. The
peak compressive force was recorded from the Satec machine and used to calculate the stress of
each sample, the average stress for each mix designation, and the percent change compared to
the average of the control sample. Statistical analysis was used to calculate the standard

deviation and coefficient of variation (CoV) of each mix designation.
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Table 6
Compressive Strength Testing Results
Mix s Curing | Peak Comp. : AVG Comp. Standard | Coefficient
Sinpie Designation RR PateHced)| DareBaken Time [day]| Force [lb] Stress{pat)| [ o Change Stress [psi] WCkenge Deviation | of Variation
CON-PRA CON 0% 1/26/2025 | 2/25/2025 30 49300 6975 0.0%
CON-1 CON 0% 1/26/2025 | 3/1/2025 34 47500 6720 0.0%
CON-2 CON 0% 2/15/2025 | 3/15/2025 28 47000 6649 0.0% Heeh o 2 S
CON-3 CON 0% 2/15/2025 | 3/15/2025 28 44400 6281 0.0%
F-5-1 F-5 5% 2/15/2025 | 3/15/2025 28 28700 4060 -39.0%
F-5-2 F-5 5% 2/15/2025 | 3/15/2025 28 32300 4570 -31.3% 4230 -36.5% 240 5.7%
F-5-3 F-5 5% 2/15/2025 | 3/15/2025 28 28700 4060 -39.0%
F-10-1 F-10 10% | 1/26/2025 | 3/1/2025 34 21200 2999 -54.9%
F-10-2 F-10 10% 2/7/2025 3/7/2025 28 23100 3268 -50.9%
F-10-3 F-10 10% 2/712025 3/7/2025 28 20000 2829 -57.5% S s 1 2eh
F-10-4 F-10 10% 2/7/2025 3/7/2025 28 22000 3112 -53.2%
F-15-1 F-15 15% | 2/15/2025 | 3/15/2025 28 19300 2730 -59.0%
F-15-2 F-15 15% 2/15/2025 | 3/15/2025 28 17900 2532 -62.0% 2721 -99.1% 150 5.5%
F-15-3 F-15 15% | 2/15/2025 | 3/15/2025 28 20500 2900 -56.4%
F-20-1 F-20 20% | 1/26/2025 | 3/7/2025 40 16500 2334 -64.9%
F-20-2 F-20 20% 2/7/2025 3/7/2025 28 15100 2136 -67.9%
F-20-3 F-20 20% 2/7/2025 3/7/2025 28 15800 2235 -66.4% 2050 % oa2 i
F-20-4 F-20 20% 2/712025 3/7/12025 28 10000 1415 -78.7%
F-30-1 F-30 30% | 1/26/2025 | 3/7/2025 40 6600 934 -86.0%
F-30-2 F-30 30% 2/7/2025 3/7/2025 28 6300 891 -86.6%
1096 -83.5% 248 22.6%
F-30-3 F-30 30% 2/712025 3/7/2025 28 7400 1047 -84.3%
F-30-4 F-30 30% 2/712025 3/7/2025 28 10700 1514 -77.3%
F-50-1 F-50 50% | 1/26/2025 | 3/7/2025 40 6000 849 -87.2% 849 -87.2%
F-100-1 F-100 100% | 1/26/2025 3/7/2025 40 2500 354 -94.7% 354 -94.7%
C-100-1 C-100 100% | 1/26/2025 | 3/1/2025 34 34000 4810 -27.7% 2110 _38.30%
C-100-2 C-100 100% | 2/7/2025 3/7/2025 28 24100 3409 -48.8% )
WF-5-1 WEF-5 5% 3/13/2025 | 4/10/2025 28 41700 5899 -11.4% 5899 -11.4%
WF-10-1 WEF-10 10% | 3/13/2025 | 4/10/2025 28 40100 5673 -14.8% 5673 -14.8%
WF-15-1 WEF-15 15% | 3/13/2025 | 4/10/2025 28 34000 4810 -27.7% 4810 -27.7%
WEF-20-1 WEF-20 20% | 3/13/2025 | 4/10/2025 28 30500 4315 -35.2% 4315 -35.2%
WE-30-1 WEF-30 30% 3/13/2025 | 4/10/2025 28 23600 3339 -49.8% 3339 -49.8%

In addition to the compressive strength numerical results, laboratory observations were

collected about the fracture pattern of each sample within a mix batch, as shown in Table 7.

According to the Concrete International journal article titled “Concrete Q&A: What Does Type

of Fracture Tell Us about the Cylinder Test Result?,” ASTM does not give any guidance about

what causes certain types of fractures to occur, nor do they specify whether certain fracture types

are better or worse than others. However, it is known that cone fractures in Type I and II failures

are the most common fracture type to occur in typical concrete samples. The cone-shaped failure

plane is formed when friction at the platens restricts lateral expansion and causes confinement

near the top and bottom of the cylinders. Investigating patterns in fracture types may help
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determine the root cause for any unusual results regarding compressive strength, whether that’s a

problem with the testing setup or an abnormality with the concrete itself. Images of each crushed

sample are included in Appendix B.

Table 7

Fracture Pattern Comparison

Sample

Typel

Typell

Type lll

Type IV

TypeV

Type Vi

CON-PRA

CON-1

x

CON-2

>

CON-3

F-5-1

F-5-2

F-5-3

F-10-1

F-10-2

XX X |x|x

F-10-3

F-10-4

F-15-1

F-15-2

F-15-3

F-20-1

F-20-2

F-20-3

F-20-4

F-30-1

F-30-2

F-30-3

F-30-4

F-50-1

F-100-1

C-100-1

C-100-2

WEF-5-1

WE-10-1

WEF-15-1

WF-20-1

WEF-30-1

Classic Silver Glitter Fine Aggregate Replacement

As shown in Table 6, the control “CON” sample had an average compressive stress of

6656 psi for the four samples. The standard deviation was 248 psi, and the CoV was 3.7%, which
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means that there was low variability within the dataset. This result was expected from the control
sample, which was used as the baseline for comparison with the other mix designations. The F-5,
F-10, and F-15 sample groups had average compressive stresses of 4230 psi, 3052 psi, and 2721
psi, respectively. This result indicates that a 5%, 10%, and 15% RR of classic silver glitter for
traditional fine aggregate results in strength decreases of 36%, 54%, 59%, respectively. The
standard deviations and CoVs for these sample batches were similar to each other. The F-5 batch
had a standard deviation of 240 psi and CoV of 5.7%; the F-10 batch had a standard deviation of
160 psi and CoV of 5.2%; and finally, the F-15 batch had a standard deviation of 150 psi and
CoV of 5.5%. The low CoV values for these samples means that there is low variability and

consistent results within the dataset.

The F-20 and F-30 batches, on the other hand, experienced higher variability, although
the CoV values still fell within a reasonably moderate range. For 20% and 30% RRs of classic
silver glitter for traditional fine aggregate, the average compressive stresses are 2030 psi and
1096 psi, respectively, according to Table 6. This means that strength is reduced by 70% and
84%, respectively, in comparison with the average of the control sample. For the F-20 batch, the
standard deviation was 362 psi and the CoV was 18%. For the F-30 batch, the standard deviation
was 248 psi and the CoV was 23%. In general, a CoV value of 20% is with the low-to-moderate
range (Okonji et al., n.d.). However, within the context of this particular dataset, the CoVs for the
F-20 and F-30 sets are higher than those of the CON, F-5, F-10, F-15 batches. This means that
the results are still reasonable, but there is a higher degree of variability. The F-50 and F-100
sample groups experienced the most dramatic strength reduction in relation to the control
sample. The F-50 sample had a compressive stress of 849 psi, resulting in a strength decrease of

87%. Similarly, the F-100 sample had a compressive stress of 354 psi, resulting in a strength
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reduction of 95%. Since only one cylinder test was performed for each mix designation, there

was no opportunity to perform statistical analysis.

Figure 24 graphically shows the decreasing trend in the change in compressive strength
versus the RR of classic silver glitter for traditional fine aggregate. This graph clearly shows an
inverse relationship between the change in compressive strength and RR; as more glitter replaces
fine aggregate in concrete, the compressive strength decreases significantly. There are several
factors that could explain the dramatic reduction in compressive strength when classic silver
glitter was introduced as a fine aggregate replacement: lack of size distribution, issues caused by

having plastic pieces in concrete, and the possibility of aluminum present in the glitter’s coating.

Figure 24
Classic Silver Glitter: Change in Compressive Strength versus RR
Classic Silver Glitter - Fine Aggregate Replacement
Change in Compressive Strength [%] vs RR [%]
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Size distribution of particles in a fine aggregate mix has an impact on the resulting
compressive strength and workability of concrete (Schlumpf et al., 2020). The particles of classic
silver glitter are a uniform 0.40 inches, or 1.02 millimeters, in diameter (Paper Mart, n.d.). Ifa
sample of this glitter were run through a sieve analysis test, all of the particles would pass
through the No. 16 sieve and stop at the No. 30 sieve, which are 1.18 millimeters and 0.60
millimeters in diameter, respectively (Kultermann & Spence, 2016). Ideally, the concrete mix
design would include a well-graded and wide size distribution so that air voids get filled
(Schlumpf et al., 2020). It is likely that the uniformity in size of the glitter particles influenced
the change in compressive strength compared to the control sample, which used a well-graded

traditional fine aggregate.

It is also possible that some factors identified in the PET plastic waste fine aggregate
substitution literature review played a role in the overall decrease in compressive strength when
glitter is used as an aggregate substitution. The studies that saw an overall strength decrease all
pointed to the decrease in adhesive bond strength between the smooth plastic and cement paste
as a culprit for poor performance (Akcaozoglu et al., 2010; Albano et al., 2009; Cordoba et al.,
2013; Hannawi et al., 2010; Tayeh et al., 2021). It was also noted that workability decreases,
making the concrete more difficult to compact and resulting in overall weakening. The low
porosity of plastic could also lead to more air voids, which makes the concrete more vulnerable
to cracking. Since the base layer of glitter is PET plastic, these phenomena could be an indicator
of what caused the strength decreases in samples that used glitter as a fine aggregate

replacement.

Based on laboratory observations during the sample preparation process, it was suspected

that the classic silver glitter may have been dyed or coated with aluminum. If aluminum and wet
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concrete are combined, the aluminum gets corroded and hydrogen gas is released, which
subsequently results in the expansion of concrete and creation of air voids (New York State
Department of Transportation Region 9 Construction Group, 2016). Figure 25 shows cylindrical
samples for the F-10, F-20, and F-30 groups right after being freshly poured. The F-30 samples
expanded so violently that the tightly-secured cylinder cap popped off due to the increased
pressure. The F-20 samples also expanded and released some watery cement paste drips down

the side of the container.

Figure 25

Mix Batch 2 “F-20” and “F-30” Sample Curing Problems and Expansion
- e _
s

Additionally, once the samples were cured and formwork was removed, the samples with
higher RRs of glitter had a pinkish coppery brown color and less shine. The left image in Figure
26 shows the collection of fine aggregate substitution exposed aggregate slab samples
immediately after the formwork was removed. The right image in Figure 26 is a zoomed-in

picture of the loose glitter that fell off of the F-50 sample. The glitter changed colors from its
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original shiny metallic silver to a transparent pinkish copper color. In craft glitter, the layer of
metal provides most of the reflectiveness of the final product (Goel, 2023). Since the leftover
glitter that came loose from the F-50 slab is transparent and less shiny, it is likely that the metal
layer was somehow stripped off of the glitter grains. Additionally, one of the warning signs of the
aluminum corrosion chemical reaction is the production of aluminum oxide, which has a rusty
copper color (Portland Cement Association, 1970). Because of these factors, it was suspected
that the classic silver glitter contained aluminum. When aluminum reacts with wet concrete and
forms air voids, the resulting concrete’s compressive strength is reduced (Herting & Odnevall,
2021). At this point, it was decided to order a small batch of plastic-only metal-free glitter in an
effort to test the compressive strength of glitter when the possibility of aluminum contamination

was eliminated.

Figure 26

Exposed Aggregate Samples with Formwork Removed

Note: By Author. Exposed aggregate samples turned a reddish-brown color as RR increased (left). A
zoomed-in image of loose glitter that fell off of the F-50 sample shows how the glitter changed in

appearance (right).
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Because of how severely some of the cylindrical samples expanded, it was necessary to
flatten the uneven top surface before placing them in the Satec machine. This is because the
testing apparatus is only set up to handle 3-inch diameter by 6-inch height cylinders with flat,
uniform caps. The cylinders are placed into steel platens on the top and bottom, so a cylinder
with a rounded surface would not fit properly into the platens. These expansion problems only
occurred with mix batches F-10, F-15, F-20, and F-30. Figure 27 shows an example of the F-15
batch expanded cylinders that were modified by grinding down the top surface. It is possible that
removing a portion of the original concrete material was a partial cause of the dramatic reduction
in compressive strength for these samples. However, it is also likely that air voids produced
during the expansion process caused the samples to have weak zones that were more likely to fail

when compressive forces were applied.

Figure 27
F-15 Expanded Cylinders Before and After Grinding

AFTER GRINDING

Note: By Author. Expansion caused the F-15 cylinders to have rounded surfaces in the shape of the

formwork caps (left). An angle grinder was used to flatten the surfaces by removing material (right).

As shown in Table 7, there were a wide range of fracture patterns present across the

various sample batches. The CON, F-5, and F-10 batches experienced similar fracture patterns,
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which fell mostly into the Type I and II categories. Conical fracture shapes like these are the
most common for typical concrete mixes (“Concrete Q&A: What Does Type of Fracture Tell Us
about the Cylinder Test Result?,” 2004). This cone-shaped fracture pattern is an indicator that
friction between the cylinder’s top and bottom surfaces and the steel platens was able to fully
develop and restrict lateral expansion. This result is reasonable, since these samples contained

the smallest amount of glitter as a replacement for sand, in RRs of 0%, 5%, and 10%.

For the F-15, F-20, and F-30 cylinder samples, the fracture pattern results were more
atypical. These fracture patterns fell mostly within the Type IV, Type V, and Type VI categories,
see Table 7. These unusual results could be explained by the presence of air voids during
expansion as well as the fact that sanding with an angle grinder was required for the samples to
fit into the testing apparatus. When the samples are sanded down using an angle grinder, the
resulting surface texture is not as smooth or even as a hand-troweled surface. Type I and Type II
fracture patterns are dependent on friction between the cylinder and the steel platens; therefore, it
is possible that these typical fracture types did not occur because friction was not able to fully
develop for this group of samples. Figure 28 shows the F-30 samples after grinding (left) and
after crushing (right). This sample batch experienced fragmentation at the edges when the angle
grinder was used, which caused the cross-sections to be uneven. This occurrence could explain
the unusual fracture patterns experienced by this batch of samples. Additionally, when concrete
experiences expansion, air voids are created, which changes the way that stress is distributed
when compressive forces are applied. When air voids are unintentionally introduced into a
concrete sample, it is considered air entrapment, which is known to cause problems with strength

and durability (Goguen, 2012). The air bubbles tend to rise towards the top surface, which
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introduces a weak zone in that area. This might explain why a large number of samples

experienced a failure plane near the top surface of the cylinders.

Figure 28
F-30 Cylinders After Grinding and Crushing

AFTER GRINDING AFTER CRUSHING

Note: By Author. During the sanding process with an angle grinder, the F-30 samples had fragmentation
at the edges, causing an uneven cross-section (left). F-30 cylinders fractured in unusual patterns (right).

Considering how high the concentration of glitter was for the F-50 and F-100 sample
batches, it makes sense for these samples to experience unusual fracture patterns. When these
cylinders broke, they had the tendency to crumble apart, which is an indicator of low adhesive
bond strength between the cement and the glitter’s smooth surface. It was difficult to classify
them as one of the six fracture pattern types because of how crumbly the samples were.
However, the fracture types that most closely fit the F-50 and F-100 samples were Type II and
Type VI, respectively. Figure 29 shows a visual of what the F-50 (left) and F-100 (right)

cylinders looked like after being crushed under compression.
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Figure 29
F-50 and F-100 Crushed Cylinders

Note: By Author. F-50 (left) and F-100 (right) cylinders crumbled under compression.

Overall, the classic silver glitter fine aggregate replacement groups performed incredibly
poorly under compression in comparison to the control sample. As the concentration of glitter
increased, the compressive strength continuously decreased. There were also laboratory
observations that indicated increased difficulty with workability and compaction as RR
increased. From a structural perspective, the classic silver glitter does not seem like a reasonable

replacement for traditional fine aggregate, even in smaller concentrations.
White Metal-Free Glitter Fine Aggregate Replacement

The white metal-free plastic-only glitter mix batches were implemented in an effort to
isolate the variable of metallic coatings chemically reacting with cement. These samples
experienced an overall decrease in compressive strength relative to the control sample; however,
the strength reduction is less severe than that of the classic silver glitter samples. Per Table 6, the
compressive stresses for the WF-5, WF-10, WF-15, WF-20, and WF-30 cylinders were 5900 psi,

5673 psi, 4810 psi, 4315 psi, and 3340 psi, respectively. A graphical representation of this trend
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is shown in Figure 30, which compares the resulting compressive strength of the metal-free
versus classic silver glitter samples. These results are shown in comparison with the compressive
strength of the control sample, as well as the ACI minimum for structural concrete. Section
19.2.1.1 of the ACI 318 Standard specifies that the minimum compressive strength for structural

concrete 1s 2500 psi (American Concrete Institute, 2019; Neville, 2015, p. 24).

Figure 30

Fine Aggregate Summary: Compressive Strength versus RR

Fine Aggregate Replacement
Compressive Strength [psi] vs RR [%]
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The resulting percent decrease in strength for each of these samples were 11%, 15%,
28%, 35%, and 50%, respectively. Figure 31 shows the graphical relationship between the
change in compressive strength versus RR for both the classic silver glitter and the white metal-

free glitter. Since only one cylinder for each mix batch was tested, no statistical analysis was
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performed on the sample population. Images of each cylinder before and after crushing are

included in Appendix B.

Figure 31

Fine Aggregate Summary: Change in Compressive Strength versus RR

Fine Aggregate Replacement Summary
Change in Compressive Strength [%] vs RR [%]
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Compared to the classic silver glitter, the white metal-free glitter performed much better
when placed under compressive forces. The metal-free glitter retained at least an additional 25%
of the control’s compressive strength compared to the classic silver glitter, while still exhibiting a
continuous decrease in strength. It was also observed in the laboratory that this mix batch of
cylinders did not undergo any expansion. This result could be an indication that the presence of
aluminum and/or other metallic coatings was responsible for a substantial decrease in
compressive strength. However, there are still other factors that could explain the overall

decrease in compressive strength for the white metal-free glitter sample batch. Since the metal-
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free glitter is composed of only PET plastic, the samples using it as a fine aggregate replacement
may experience similar effects that were identified in the literature review: low adhesive bond
strength between cement and plastic particles, uniform size distribution of glitter particles,
decreased workability and compaction, the honeycombing effect, and low porosity of plastic
leading to the creation of air voids. Figure 32 shows a close-up of the failure plane of the WF-10
cylinder sample. The cement paste likely had trouble adhering to the surface of the glitter flakes,
which would introduce a weak zone when compressive stress was applied. The failure planes
tended to occur where the most glitter particles were grouped together; this is problematic for

samples with higher RRs of glitter because more weak zones could be introduced.

Figure 32
WF-10 Failure Plane

Polished Amethyst Coarse Aggregate Replacement

The C-100 mix batch experienced an overall decrease in compressive strength, but only

by 38%. Figure 33 graphically represents the trend in the change in compressive strength versus
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the RR of amethyst for traditional coarse aggregate. No statistical analysis was performed on this

dataset because of the small population sample size.

Figure 33
Polished Amethyst: Change in Compressive Strength versus RR

Polished Amethyst - Coarse Aggregate Replacement
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Per Table 6, the average compressive stress of the two test cylinders was 4110 psi,
compared to the average compressive stress of 6656 psi for the control sample. Figure 34
represents the compressive strength of the control sample compared to the C-100 amethyst
coarse aggregate replacement sample. It also shows a line at the 2500 psi mark to represent the

ACI code minimum compressive strength for structural concrete (American Concrete Institute,

2019; Neville, 2015, p. 24).
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Figure 34

Coarse Aggregate Summary: Compressive Strength versus RR
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It is likely that decrease in compressive strength is caused by problems with adhesive
bonding strength between the cement and the polished surface of the amethyst gemstone
aggregates. When the cylinders reached failure in the Satec machine, the remaining fractured
pieces indicated that the amethyst aggregates themselves did not yield; rather, it was the cement
bond that failed first. Figure 35 shows an image of a crushed C-100 cylinder, revealing how the
amethyst gemstones are still intact and that they left behind a shiny, smooth indent in the
remaining concrete. This aligns with previous knowledge of aggregate selection; it is generally
best to use coarse aggregates that are round but still have a rough, unpolished surface texture
(Yuan et al., 2021). Since these amethyst gemstones had a polished exterior finish, it is logical
that the cement would experience issues with bonding and have lower compressive strength

overall.
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Figure 35
C-100 Crushed Cylinder

Structurally, these results indicate that polished amethyst quartz may still be viable as an
alternative coarse aggregate. While the compressive strength was reduced by 38% compared to
the control sample, the compressive strength was still 4110 psi, which is strong enough for some
structural applications. Since the cement bond failed before the amethyst coarse aggregate stones
crushed, the strength capacity might be able to increase if amethyst with a different surface

texture was used instead.

Exposed Aggregate Aesthetics

Hand-troweled and polished exposed aggregate concrete finishes were tested on a total of

eight square prism slabs: one finish on each 8-inch by 8-inch square face. Samples were prepared
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for each of the following mix designations: CON-PRA, CON, F-10, F-20, F-30, F-50, F-100, and
C-100. After completing the hand-troweled finish on fresh concrete, each sample was allowed to
cure for well over 28 days to ensure that strength was fully developed before being sanded with
the angle grinder. Images of all of the finished samples are included in Appendix C. It should be
noted that all samples had some deep scratches left behind from the coarse grit of the diamond
cup grinder blade that could not be sanded out with the finer-grit polishing pads. This occurrence
was consistent across all sample groups and is an indication that a medium-grit sanding

attachment should have been used between grinding and polishing to remove the scratches.

The resulting hand-troweled finishes on the glitter mix batches turned out to be plain in
appearance, as shown in Figure 36. It was difficult to see the glitter on the surface of batches
with low RRs of glitter, like F-10 and F-20. The granules of glitter were hidden under a layer of
gray cement paste, so the reflective shine of the particles was not visible. The batches with
higher RRs, like F-30, F-50, and F-100 had problems with crumbly texture and discoloration.
These mix types would not be practical in real-life applications because of the difficulties with
workability and compatibility; construction personnel generally will not tolerate pouring and
finishing unworkable concrete, and owners typically do not want their concrete projects to turn
out crumbly in texture. From an aesthetics perspective, these results are less than ideal and would

not be practical to implement in real life.






