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Abstract: The United Nations has declared a global sand crisis, called for reduced sand consumption,
and proposed solutions to address the crisis, including adopting sustainable substitutes for sand.
The construction industry is a major consumer of sand, yet a recent study found a very low level
of awareness by stakeholders of the crisis. The purpose of this study is to assess the familiarity of
construction industry stakeholders with 27 sand substitute materials, grouped into five components
that emerged from a factor analysis. Data were collected using a survey designed by the authors.
Respondents consisted of 156 construction industry professionals located in 35 US states and 7 Canadian provinces. Stakeholders were classified according to a framework considering the level of power
and interest of each stakeholder in sustainable construction projects. Hypotheses of no differences
in awareness for two types of stakeholder groups were generally supported. First, no differences
were found for decision makers responsible for ordering sand vs. non-decision makers. Second, for
professional roles, academics were more familiar with some substitutes than those in other roles.
The article concludes with implications for research and practice, with recommendations on how to
increase awareness of sand substitutes among stakeholders in the construction industry.
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1. Introduction
The construction industry has made substantial progress in recent years toward addressing the environmental impact of construction materials and developing sustainable
substitute materials. A primary objective has been to reduce greenhouse gas emissions, and
the focus has been on cement and concrete because of the high volume of their use and their
significant contributions to climate change. Globally, concrete production contributes about
5–10% to greenhouse gas emissions (GHGs), with 2.1 billion tons annual anthropogenic
GHCs, mostly from cement clinker production [1,2]. Concrete is produced at the rate of
about 4 billion tons annually (USG, 2014), and cement, the main binder, comprises 10 to
15% of concrete [3]. Recognizing the magnitude of concrete and cement production globally,
researchers have developed numerous alternatives to traditional Portland cement. That
type of cement has been the industry standard due to its performance characteristics. However, it needs heating to extremely high temperatures, thereby contributing to greenhouse
gas emissions [4–7].
While strides have been made to reduce the impact of concrete and cement on greenhouse gas emissions, another environmental issue appears to have been overlooked in
construction, namely the massive consumption of sand by the industry. The demand
for sand has been increasing due to population growth, which has been driving a rapid
increase in construction and urbanization, making this material the second largest natural
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resource extracted and traded by volume after water [8]. One striking indicator of this
acceleration is the fact that the amount of concrete produced in China in the past decade is
equal to that produced in the United States in the past century [9].
Annual global sand consumption is in the range of 32 to 50 billion metric tons [10].
Around 10 billion tons are used in the construction industry, and it is estimated that
consumption will nearly double by mid-21st century [11]. Sand is a major ingredient in a
wide variety of construction materials, and a number of substitutes have been developed
for various applications. Sand contributes 40% of the aggregate used in concrete as well
as 25–30% of concrete by volume [3]. Silica, mainly from sand, comprises up to 25% of
cement [3]. Mortar consists of 75% sand. Sand is an ingredient in dozens of other building
products including glass, ceramics, paints, plastics, rubber, sealants and grouts, adhesives,
and resins [12].
The massive consumption of sand is a serious environmental issue for three reasons.
First, concrete and many other sand-related products require natural alluvial sand, which
is essentially a non-renewable resource. Other types of sand, such as desert sand, lack the
appropriate angularity. Alluvial sand is formed over millennia by entering waterways
downstream from mountains, or is created by years of wave action on rocky coastlines;
thus, it is not easily replenished. Second, sand mining exacerbates the erosion of coasts
and riverbanks, as well as the destruction of habitats for human communities as well as
flora and fauna. Similarly, sand mined from inland deposits can interfere with aquifers and
natural habitats. Third, localized shortages in some parts of the world have given rise to
sand mafias in India, Kenya, Morocco, Cambodia, Vietnam, China, and Indonesia. Criminal
groups illegally remove sand from rivers and coastlines and sell it on the black market,
often to distant construction sites [9,13,14]. Bribery and lax law enforcement perpetuate
this criminal activity, and some communities and individuals have been threatened or even
killed for attempting to interfere [13,15]. This seemingly insatiable need for alluvial sand
has created a global sand crisis. In 2019, the United Nations sounded an urgent call for
change by publishing a detailed report on the origins of the crisis, detailing the toll it is
taking on the environment and human life, and offering potential solutions [9]. A few other
publications, such as in Science [8], have also addressed the subject, typically from a climate
change perspective.
Over the past several decades, numerous efforts have been made to develop sustainable alternatives to traditional sand. Applications include normal concrete, road construction, and structural and non-structural applications [16–20].
In early studies, sand replacement in concrete was tested using a variety of materials
including rubber, glass, slag, iron, ashes, plastic crushed concrete, artificial sand, quarry
waste, brick waste, and biodegradable waste [21]. When compared to control concrete
(without replacing fine aggregate), a variety of industrial byproducts seem to increase
the strength of concrete. Such industrial wastes have also been used for decades as a
partial replacement for cement. For example, copper slag, a byproduct from copper
matte smelting and refining [22], has been widely used in cement clinker production
and blended cement [23]. Construction and demolition (C&D) materials are generated
from renovation or deconstruction activities [24]. Agricultural waste materials include
sugarcane bagasse ash, groundnut shell, oyster shell, sawdust, giant reed ash, rice husk ash,
cork, and tobacco waste [25]. They have been used in concrete as replacement alternatives
for cement and aggregates as well as in landfills. Some materials are in the early stages of
commercialization, such as hempcrete used for building houses [26]. Some materials are in
the research and development stage, including building blocks made of sea salt as well as
engineered living building materials (such as cyanobacterial bricks that use biology for the
built environment) [27]. This technology is still in its infancy, but represents an exciting
frontier in construction material manufacturing [28]. Finally, some sand substitutes have
been developed, not to reduce the use of sand, but to reduce greenhouse gas emissions. For
example, the technology developed by Carbon Cure is able to convert carbon dioxide into a
mineral that makes the concrete stronger [29]. Table 1 provides a summary on a variety of
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sand substitutes, including a description and typical uses, along with key references from
the literature.
Table 1. Sand substitutes: description, use, and references.
Sand Substitute

Description and Use

•
Agro-waste

•

•
Carbon Cure

•
•
Construction and demolition waste (e.g., concrete,
asphalt, brick, and ceramic materials)

Crushed fine aggregate from quarried stone/Sand
from stone

•

•

•
Cyanobacterial bricks

•
•

Reference

Plant and shell material including sugarcane bagasse ash,
groundnut shell, oyster shell, sawdust, giant reed ash,
rice husk ash, cork, and tobacco waste.
Used as a partial replacement of fine aggregate which
provides additional pozzolanic property in concrete.

[25]

Technology that introduces recycled CO2 into fresh
concrete to reduce its carbon footprint without
compromising performance.
Used in concrete.

[29]

Debris generated during the construction, renovation,
and demolition of buildings, roads, and bridges.
Used as a powder or filler in the composition of
construction materials (cement, concrete, asphalt, etc.) or
used as aggregates (e.g., concrete, bricks).

[17]

Aggregate for road construction and maintenance. It is
also used for making cement and lime, as well as for other
chemical applications, including in agriculture.

[19]

The microbes in the bricks are cyanobacteria, which
perform photosynthesis to grow, taking in carbon dioxide.
Uses bacteria or fungi to fill cracks in bricks and mortar.

[27]

[30,31]

Foundry sand

•

Byproduct from ferrous and nonferrous metal casting
industries with ferrous foundries producing the
most sand.
Used as a substitute for fine aggregate in asphalt paving
mixes. It is also used as a fine aggregate substitute in
flowable (or controlled density) fill applications.

Granite dust

•
•

Otherwise known as M-10 or manufactured sand.
Used in concrete.

[32]

•

A concrete-like material created from the woody inner
fibers of the hemp plant.
Used for insulating walls, linings, roofs, screeds, attic
spaces, and renders.

[28]

Hempcrete/Hemp stone

•

•
Iron ore tailings

•

•
Metakaolin

•
•

Quarry dust

Recycled tires/rubber

•
•
•

A form of solid waste produced during the beneficiation
process of iron ore concentrate.
Used for making bricks and road-building materials, and
for preparing cement and concrete.

[33,34]

A fine natural white clay which has high silica content,
also called high-reactivity metakaolin (HRM).
Used in cement and concrete.

[35]

Concentrated byproduct releases from the cutting and
crushing process of stone.
Used as a fine aggregate.

[36]

Produced from scrap tires.
Used in flooring products, including modular and
antifatigue tiles, rolled flooring, and rubber flooring
underlayments.

[37]
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Table 1. Cont.
Sand Substitute

Description and Use

•
Sea salt

•

•
Sheet glass/glass powder

•
•

Silica Fume

•

•
Slag

•

•
Washed bottom Ash

•
•
•

Washed glass sand

Reference

Sea salt is a general term for salt produced by evaporation
of ocean water or water from saltwater lakes.
Used for structural walls, blocks and concrete, and
seawater strcutures.

[38]

Obtained from crushing waste glass, which is disposed as
landfill by glass industries.
Used as a fine aggregate.

[39,40]

Byproduct from the production of elemental silicon or
alloys containing silicon in electric arc furnaces.
Used as cement replacement in high performance
concrete.

[41]

Waste separated from metals obtained during smelting
and refining the ore, including copper, ferrochrome,
nickel, lead, and GGBS.
Used as a partial replacement of fine aggregate
and cement.

[16,42–44]

Waste material from electric power plants and the source
material is called bottom ash.
Used as a fine aggregate and cement replacement

[45]

Obtained by recycling used glass.
Used in roads, walkways, garden paths, and as a raw
material for producing glass sand.

[46]

Despite the extensive use of sand in construction, it is unclear how well known these
substitutes are among industry professionals. This issue has received limited attention
in the literature, and much of the work in this area is still limited to the development of
new and more sustainable building materials with little attention paid to the end-user
perspectives and knowledge of the proposed materials. This is where the novelty of our
work lies.
With the importance of building awareness among key stakeholders in the construction
industry and its impact on sustainability initiatives in this sector, the main objectives of this
research are to:

•
•
•

Identify promising materials that can be used as sand replacement in the construction
industry;
Determine the level of awareness of a variety of sand substitutes among key stakeholders in the construction industry in the United States and Canada;
Determine how the role and involvement of key stakeholders in construction projects
can affect their level of knowledge of available sand substitutes.

The rest of this manuscript is structured as follows. First, we present the theoretical
background used for stakeholder analysis and hypothesis generation in this study. Next,
we explain the detailed research methodology, followed by the results and discussion of
the implications of the findings. We conclude by summarizing the important findings and
proposing future research avenues.
2. Theoretical Background
2.1. Stakeholders in Construction Sustainability Projects
We adopt a stakeholder framework to explore the awareness of sand substitutes in
the construction industry to determine whether there are differences among stakeholder
types. A general definition of stakeholders in a business context is “any group or individual who can affect, or be affected by, the achievement of a corporation’s purpose” [47].
A definition of stakeholders specific to project management is included in the PMBOK
Guide: “A stakeholder is an individual, group, or organization who may affect, be affected
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by or perceive itself to be affected by a decision, activity, or outcome of a project” [48].
Stakeholder analysis is useful to identify stakeholders’ interest and how they influence
other stakeholders [49]. It is important to identify key stakeholders who have input in
decision making as well as who benefit from, or are negatively affected by, the outcomes
of such decisions [50]. Various techniques have been developed to identify and analyze
stakeholders in construction, with all parties having a particular stake or interest in project
outcomes [49,51–54]. Regarding sustainability in construction, pressure from stakeholders
might affect the acceptance and adoption of proposed sustainability initiatives and prevent
its inclusion in large-scale projects. Stakeholders can be located inside the organization
and include employees, design teams, and project management teams [55]. Others can be
outside the organization, such as project sponsors and clients, suppliers and subcontractors, academics, community members, advocacy groups, and regulatory and certifying
bodies [55].
Sustainability is challenging to incorporate in construction projects due to the many
different types of stakeholders involved and the impact that incorporating sustainable
materials can have on each stakeholder’s goals and interests [56]. Additionally, utilizing
sustainable materials is often discretionary and subject to constraints due to budget, product
availability, and project completion deadlines. Stakeholder identification is critical during
the initiation phase, and preparing the initial project charter should occur before developing
an engagement plan and beginning consultations [57].
A number of useful methods have been developed for stakeholder analysis including
the power–interest matrix, the influence–interest matrix, the salience model, and the attitude
and knowledge map. Stakeholder prioritization based on power and interest is the most
popular approach. According to that framework, stakeholders can be classified according
to their power and interest in construction sustainability initiatives from the perspective of
how they are affected in a positive or negative way, resulting in their being proponents or
opponents of a project [58]. Stakeholders with high power and high interest in the project
are key stakeholders who can make or break a project [58,59]. We apply the power–interest
matrix, expanding it to identify internal and external stakeholders involved in sustainable
construction projects.
We first identified key stakeholders and then classified them based on their internal
or external involvement in the project. Internal stakeholders have a direct relationship
with the company leading the project, such as employment, ownership, or investment.
As internal stakeholders, we include the client or sponsor, upper-level management, and
the design team and project management team [60]. External stakeholders are those not
working within a company but are affected by or have a role to play in the outcomes of
the project. External stakeholders include constructor (general contractor or subcontractors), suppliers, academics (professors, students, and researchers), and regulatory and
sustainability certifying bodies [55].
Next, we classified stakeholders based on their interest and power. As shown in
Figure 1, the quadrants are labeled according to the type of communication needed with
each type of stakeholder for successful completion of sustainable construction projects.
Those having both high power and high interest need to be managed closely so they can
make informed decisions (Quadrant 1). Those with less power but high interest need
to be kept informed (Quadrant 2). Stakeholders with low interest and low power need
to be monitored to ensure they provide materials and services according to contracted
specifications (Quadrant 3). Lastly, stakeholders with high power but low interest in
sustainability projects need to be kept satisfied that the project is in compliance with
regulations (Quadrant 4).
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Figure 1. Stakeholder analysis (power–interest grid) in construction sustainability projects (I—internal
stakeholder, E—external stakeholderre).

In construction sustainability projects, key decision makers play a crucial role at the
initiation phase when a feasibility study is undertaken and decisions are made about
sustainability-related targets [57]. These individuals or groups, who enjoy a high level of
power and a high level of interest in this stage, are the project sponsor (internal or external
stakeholder) and upper-level management (internal). These stakeholders, depicted in
Quadrant 1, are responsible for the overall objectives of the project and are highly focused
on its ultimate success. Communication with them needs to be managed carefully to ensure
that the project stays on target with regard to budget, time, and performance criteria.
Stakeholders included in Quadrant 2 have high interest but less power than those
in Quadrant 1 are both internal and external. Internally, the design team of engineers,
architects, and consultants, in collaboration with the project management (PM) team,
including the area manager, the development manager, the managing director, or the
technical director, perform the design and construction of the project. They have limited
power and authority to incorporate sustainability features into the project unless approved
by the key decision makers in Quadrant 1. Depending on the delivery system used in
the project, the project management and design teams can share sustainability solutions
with key decision makers and indirectly encourage more sustainable options. Therefore,
the project management and design teams need to be kept informed of the project details.
Their awareness of sustainability advancements in construction design and materials can
significantly affect overall sustainability implementation if supported by key decision
makers [52].
Regarding external stakeholders in Quadrant 2, certifying bodies, such as those providing LEED, BREAM, and WELL certifications, aim to promote sustainability. Thus, they are
highly interested in the adoption of sustainable building practices and materials. However,
their power to fulfill this mission is dependent upon the client or upper-level management
deciding to seek such certification for the project. They too need to be kept informed of
the project’s progress, primarily when the sponsors are seeking certification. Another
external stakeholder with high interest but low power is academics. While they may be
highly interested in developing and promoting sustainable alternatives, they are external
to the construction project, and their research findings may take time to be discovered and
accepted by practitioners. Therefore, their power to influence sustainability decisions, at
least in the short term, could be considered relatively low.
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The third set of stakeholders, located in Quadrant 3, is external and includes subcontractors and suppliers. They have low power and relatively little interest in the project
beyond their own self-interest of meeting their profit margins while delivering contracted
services and materials in a timely way. While important to the construction project, they
typically adhere to the specifications set by internal stakeholders. Therefore, their activities
need to be monitored to ensure they are meeting specifications.
Finally, as depicted in Quadrant 4, regulators at various government levels have
high power but relatively low interest in the outcomes of construction projects other than
those that involve regulations. They need to be kept satisfied through regular reporting
and inspections to ensure that the project complies with existing regulations. Regulators
also exercise power by revising regulations, including those related to sustainability, and
passing new ones into law.
2.2. Hypotheses
Having identified stakeholders in the construction industry and classified them according to their status as internal or external to the firm, as well as by their power and interest
in construction projects, we return to the research questions of assessing the extent of
familiarity with various types of sustainable sand substitutes. As mentioned, stakeholders
must first have knowledge of these materials in order to promote their adoption. As in
our previous study (reference withheld), we view stakeholders in two ways. The first is
decision makers vs. non-decision makers with regard to their authority to purchase sand
and sand-related materials. Individuals who have the authority to purchase cement and
sand-related materials may have more familiarity than non-decision makers with available
materials since this is part of their responsibilities [61]. On the other hand, decision makers
might not be motivated to learn about new materials if they have established relationships
with suppliers who provide traditional materials [62]. These two contradictory possibilities
lead to the following hypothesis.
Hypothesis 1 (H1). There are no differences in familiarity with sand substitutes between stakeholders who make decisions about purchasing sand-related materials and non-decision makers.
The second way we classify stakeholders is by their role in the construction industry.
Stakeholders who have high power as well as high interest in the construction project,
namely sponsors/clients and upper-level management, can be the most influential to make
change if they were aware of sustainable sand substitutes since they have the authority to
require their adoption and allocate funds to purchase them. However, those two stakeholders might not make learning about such materials a priority. They focus instead on complex
business issues including profitability, project timelines, and regulatory issues, and thus
sustainability may not be a top priority for them [63]. These stakeholders typically rely on
others to inform them about sustainability, and may not seek out that information from
them. Academics, who have high interest but low power, may have more familiarity since
they are presumably at the cutting edge of knowledge by conducting research and staying
current with the literature for their teaching. Architects, as key members of the design team,
have professional training that tends to include sustainability and new products more than
engineers. Engineers are trained to focus predominantly on performance criteria and tend
to rely on established materials that have proven effective over time. Regulators, who have
high power and impact, enforce existing regulations as their primary responsibility, and
are unlikely to be the initiators of regulations for new sustainable materials. Certifying
bodies involved in sustainability may vary in their knowledge of sand depending on their
area of specialization [64,65]. For instance, proponents of sustainable wood products may
not follow advances in the research of substitute materials for cement and sand. Lastly,
subcontractors and suppliers may not be knowledgeable about sand substitutes since
they receive product specifications by the project management team. While academics
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and architects may have greater familiarity than other stakeholders, there is insufficient
evidence to definitively support this argument. This leads to the following hypothesis.
Hypothesis 2 (H2). There are no differences in familiarity with sand substitutes among stakeholders who hold different roles in the construction industry.
In summary, we hypothesize that there are no differences among stakeholder groups
in the construction industry regarding their familiarity with a variety of sand substitutes.
These two general hypotheses will be expanded with sub-hypotheses in the data analysis
section according to the results of the factor analysis of sand substitutes constituting the
dependent variables. We operationalize stakeholder groups in two ways: first, decision
makers who purchase sand and sand-related materials vs. non-decision makers; and
second, various roles in the construction industry.
3. Methodology
3.1. Overview
To address the research objectives, we first developed a quantitative survey. This
included creating a list of sustainable sand substitutes, as well as independent and control
variables. The 27 substitutes were reduced to five components using principal components
analysis, and the hypotheses were tested using ordinary least squares regression, with and
without main effects. The following sections provide detailed information on the design
and distribution of the survey, and the data analysis approach.
3.2. Survey Instrument
This study is part of our larger research program on sand substitutes in the construction industry. We designed a survey using Qualtrics that included questions relating to the
hypotheses in this study, as well as demographics and topics to be covered in other studies.
Over a period of several months, the research team generated and refined questions and
question formats, with all team members participating in discussions and contributing
questions. We sought advice from colleagues specializing in survey design and incorporated their recommendations into the instrument. We pilot-tested the survey with a dozen
construction industry professionals in our networks in the United States and Canada by
reviewing each proposed question with them in individual video calls. These professionals
included academics, architects, engineers, managers, and sustainability consultants. Taking their feedback into account, we reworded some questions for clarity and added and
deleted questions. We wanted to ensure that the questions were understandable by all the
respondents since they represented different professions. The survey was approved by our
university’s institutional research board.
3.3. Sample and Data Collection
The survey was administered from May 2020 to June 2021. We recruited respondents in
several ways. First, we contacted people in our professional networks, including academic
colleagues and friends involved in the construction industry. We then requested referrals
to others in their networks. The survey was also posted on the Brown University Listserv
(https://listserv.brown.edu (accessed on 22 June 2020)) and in the BuildingGreen newsletter
(www.buildinggreen.com (accessed on 19 October 2020)). To seek broader geographic
and demographic representation, we posted the survey on our LinkedIn pages and also
contacted individually nearly 1000 people whose LinkedIn profiles indicated involvement
in the construction industry, including sustainable construction. We sought to attract
respondents from all 50 US states and 10 Canadian provinces. We chose these two countries
for three reasons. First, they have large construction sectors and thus are heavy users
of sand. Second, as highly developed economies with strong regulatory environments,
these countries have the potential to enact legislation to reduce sand use and increase
the adoption of sustainable substitutes through government incentives and regulations,
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serving as role models for other countries. Third, we wanted to determine whether there
are any differences in the results for the two countries in light of their potentially different
regulatory environments or other factors. Four USD 50 gift card drawings were offered to
encourage participation. Winners were selected using a random number generator after the
data collection period ended. A total of 378 usable responses were retained for the research
project as a whole, after eliminating 37 responses that did not contain meaningful answers
beyond an initial screening question. For the current study, only those who answered “Yes,
I am familiar with sand substitutes” were retained, resulting in 156 respondents.
3.4. Variables
The initial dependent variables consisted of 27 sustainable substitutes for sand that
the research team had gathered from our general knowledge as well as an extensive
literature search and consultation with industry professionals. We began by compiling a
comprehensive review of all possible sand alternatives through Web of Science and Google
Scholar. In light of our academic and practitioner experience and the retrieved literature,
we identified a list of keywords for the search strings. By using several synonyms for sand
alternatives, we sought to retrieve as many relevant research papers as possible. Research
strings included all identified sand alternative synonyms, such as “sand replacement” and
“slag”. In order to include all related research, we did not specify a start date of publications.
We also conducted interviews with a dozen subject matter experts and professionals in
the construction industry, and in some instances, our contacts and their referrals shared
insights into alternative sand substitutes with us.
The sand substitutes, provided in Appendix A (Table A1), were listed in alphabetical
order in the survey to avoid suggesting any groupings of the variables. For each substitute,
respondents were instructed as follows: “Please indicate your level of knowledge about
each of the following sand substitutes”. The questions were created using Likert-type
scales with the following response options: 5 = extremely familiar, 4 = moderately familiar,
3 = somewhat familiar, 2 = slightly familiar, and 1 = not familiar at all.
The two independent variables were created as categorical. For the first variable,
Decision maker, respondents were asked: “Are you the primary decision maker in your
organization regarding purchasing construction sand and sand-related products?”. A “yes”
response was coded as 1 and a “no” response was coded as 0. For the second variable,
Role, the question was: “What is your main role?”. Responses were coded as 1 = academic,
2 = architect, 3 = engineer, 4 = management, and 5 = other.
Six control variables were included to account for their potential relationships with the
dependent variables. First, respondents’ possession of sustainable building certifications
(e.g., LEED, WELL) was coded as 1 if “yes” and 0 if “no”. Sustainable materials may be
discussed in certification courses and thus respondents with certifications might be more
familiar with sustainable materials as a result. Second, the size of the respondents’ current
organization was coded as 1 = micro-sized (fewer than 10 employees), 2 = small-sized
(10–49 employees), 3 = medium-sized (50–250 employees), and 4 = large-sized (more than
250 employees). Large organizations might be more able to fund professional development,
potentially including information about sustainable materials. Third, the respondents’
country was coded as 1 for the United States and 0 for Canada to account for potential
differences in awareness due to different construction regulations and building codes,
as well as government incentives to adopt sustainable materials. Fourth, the number of
years worked in the construction industry was coded as 0 = no experience, 1 = 1–5 years,
2 = 6–10 years, 3 = 11–15 years, 4 = 16–19 years, and 5 = more than 20 years. Individuals
with more experience might prefer materials that have a demonstrated track record and
are purchased from known suppliers. Fifth, the respondent age was coded as 1 = 20–29,
2 = 30–39, 3 = 40–49, 4 = 50–59, 5 = 60 or older, and 6 = prefer not to answer, with the latter
respondents dropped from the analyses. Older respondents, who may have completed their
professional degrees earlier, might have less current knowledge of sustainable materials.
Sixth, gender was coded as 1 = female, 2 = male, 3 = other, and 4 = prefer not to answer. The
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two respondents answering 3 or 4 were combined in the analyses. We had no hypotheses
for gender differences in awareness, but included this variable as a demographic control.
4. Results
The goal of our analysis was to determine the level of familiarity with a variety of
sand substitutes among stakeholders in the construction industry in the United States and
Canada. Further, we sought to determine whether stakeholder type had an effect on the levels of familiarity with the sand substitutes, while controlling for possession of sustainability
certification (CERT), organizational size (SIZE), respondent’s country of residence (COUNTRY), years of experience in the construction industry (YEARSWORKED ), age (AGE), and
gender (GENDER). The statistical software package R (version 4.2.0 (Vigorous Calisthenics) Institute for Statistics and Mathematics Wirtschaftsuniversität Wien Welthandelsplatz:
Vienna, Austria, released on 22 April 2022) was used to conduct the analyses.
The methodology involved various steps due to the complex nature of the research
question. The overall objective was to determine if two stakeholder types, decision maker
or non-decision maker in purchasing sand and sand substitutes, as well as the type of
professional role, had an effect on familiarity with the various types of sand substitutes.
Since the dependent variables consisted of familiarity with 27 different sand substitutes,
with many sharing similarities in form and in familiarity, we decided to conduct a series of
tests to determine if dimensionality reduction methods were appropriate for the data. We
first conducted a Bartlett’s test of sphericity, which determines if the level of correlations
amongst the variables is sufficient for forming linear combinations [66,67]. The test showed
that the data were indeed sufficient to conduct dimensionality reduction (χ2 (351) = 2815.6,
p < 0.05). Next, we tested for the sampling adequacy of conducting a dimensionality
reduction on the sample by undertaking the Kaiser–Meyer–Olkin (KMO) test. Results
indicate a KMO value of 0.9159, which is well above the recommended value of 0.50 for the
sample to be adequate for use in dimensionality reduction [68–70].
After conducting the necessary steps in order to justify the need for a dimensionality
reduction, the research team discussed which reduction method was the most appropriate.
Generally, there are two broad approaches and the choice is greatly a function of how one
interprets the resulting reduced dimensions. If the resulting dimensions are interpreted
to be formative constructs, then they are often referred to as components, and we must
hence undertake a component analysis. On the other hand, if the reduced dimensions are
interpreted to be reflective factors, then they are often referred to as factors, and a factor
analysis is appropriate [71].
After considerable deliberation and preliminary analysis, the team determined that
it was best to undertake principal component analysis (PCA). The resulting components
are indeed formative, based on the nature of the problem at hand. When the substitute
familiarity levels are combined into broader constructs, these constructs are interpreted as
categories rather than a latent factor. It is logical to presume that if one is familiar with the
specific substitutes, and because those substitutes can formulate or define a single category,
the individual can thus be familiar with the category (although perhaps not necessarily by
the name of said category, but based on the groupings of the substitutes).
On the other hand, familiarity with a category of substitutes may not necessarily
explain or predict one’s familiarity with individual substitutes that may or may not be categorized under such categories. Therefore, we hypothesized that the resulting dimensions
after reduction can be formative constructs. To provide further evidence of our reasoning,
we conducted a series of exploratory and confirmatory factor analysis fits to determine
if any one of these measurement models can adequately explain the data. Regardless of
the measurement models considered and estimated, each one’s respective fit metrics fell
well outside of acceptable ranges [72]. Hence, we concluded that a principal component
analysis was indeed necessary for the proper reduction in the dimensions.
Using the psych package in R, we first computed the Eigenvalues for PCA solutions
using component numbers from 1 to 25. It is common to choose the number of dimensions
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based on (1) the first Eigenvalue in an ordered list of Eigenvalues which falls below 1.0
and (2) the total cumulative variance explained which is at least 60% [73]. As shown in
Table 2, Dimensions 1–5 have an Eigenvalue greater than 1, and the cumulative variance
contribution is 67.25%, above the recommended 60%. This suggests that the dimensions
can be reduced to five components.
Table 2. Resulting dimensions of principal component analysis.
Dimension

Eigenvalue

Variance Contribution

Cumulative Variance
Contribution

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

11.7976
2.1277
1.7172
1.3693
1.1469
0.9961
0.848
0.6764
0.6698
0.6055
0.5302
0.4705
0.449
0.4094
0.3865
0.3655
0.3388
0.3032
0.2787
0.2592
0.2366
0.22
0.1988
0.1801
0.1533

0.4369
0.0788
0.0636
0.0507
0.0425
0.0369
0.0314
0.0251
0.0248
0.0224
0.0196
0.0174
0.0166
0.0152
0.0143
0.0135
0.0125
0.0112
0.0103
0.0096
0.0088
0.0081
0.0074
0.0067
0.0057

0.4369
0.5158
0.5794
0.6301
0.6725
0.7094
0.7408
0.7659
0.7907
0.8131
0.8328
0.8502
0.8668
0.882
0.8963
0.9098
0.9224
0.9336
0.9439
0.9535
0.9623
0.9705
0.9778
0.9845
0.9902

We again used the psych package in R to conduct the PCA with a promax rotation to
better understand and interpret the components. After thorough discussion, and after using
a minimum absolute loading of 0.5 [74], we interpreted each component using loading
scores that were larger than 0.5 in absolute value. Results are shown in Table 3. We labeled
the components as familiarity with natural byproducts, earth materials, construction waste,
industrial byproducts, and carbon-based substitutes. The sand substitutes included in
each respective component are indicated in boldface and shaded in gray in the table.
Five substitutes—foundry sand, hemp, iron ore, recycled concrete, and washed glass
sand—failed to provide meaningful insight into the interpretation of the five components
since they fell below the 0.5 threshold.
We labeled the first component as Familiarity with Natural Byproducts since, with the
exception of familiarity with sheet glass, the factor included agricultural waste (tobacco,
oil palm shell, agro-waste, and nutshells) and salt. Familiarity with Earth Materials was a
logical name for the second component which included familiarity with materials made
from dust, stone, and clay (quarry dust, granite dust, quarry stone, and fire bricks). Third,
the component consisting of recycled materials (rubber tires, plastic, glass, and construction
waste) was labeled as Familiarity with Construction Waste. The fourth component, with the
exception of familiarity with metakaolin, grouped waste materials resulting from industrial
production processes. This component, which included silica fume, washed bottom ash,
and slag, was labeled as Familiarity with Industrial Byproducts. Lastly, the fifth component
was titled Familiarity with Carbon-based Materials as it included familiarity with carbon
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cure, fly ash, and cyanobricks. The component scores were computed based on the principal
components analysis and were used in subsequent analyses.
Table 3. Component-observable loadings of familiarity with 27 sand substitutes.
Variable
FAM_TOB_WASTE
FAM_SALT
FAM_OIL_PALM
FAM_SHEET_GLASS
FAM_AGRO
FAM_NUTSHELL
FAM_QUARRY_DUST
FAM_GRANITE_DUST
FAM_FIRE_BRICKS
FAM_Q_STONE
FAM_SAND_FROM_STONE
FAM_R_TIRES_RUBBER
FAM_R_PLASTIC
FAM_R_GLASS
FAM_CONSTR_WASTE
FAM_METAKAOLIN
FAM_SILICA_FUME
FAM_WASHED_BOTTOM_ASH
FAM_SLAG
FAM_CARBON_CURE
FAM_FLY_ASH
FAM_CYANO_BRICKS
FAM_FOUNDRY_SAND
FAM_HEMP
FAM_IRON_ORE
FAM_R_CONCRETE
FAM_WASHED_GLASS_SAND

NATURAL
BYPRODUCT
0.85
0.71
0.64
0.57
0.56
0.51
0.05
0.25
0.01
−0.28
0.08
0.28
0.43
0.15
−0.14
0.11
0.08
0.46
−0.07
0.11
−0.23
0.34
0.06
0.47
0.48
−0.23
0.49

EARTH
MATERIAL
−0.23
0.08
0.2
0.09
0.06
0.16
0.92
0.83
0.66
0.63
0.57
0.10
−0.14
−0.02
0.32
0.08
−0.05
−0.05
−0.05
−0.22
−0.21
0.22
0.42
−0.21
0.33
0.31
0.10

CONSTRUCTION
WASTE
0.05
0.19
−0.06
0.27
0.07
0.07
0.05
0.02
−0.01
0.30
0.01
0.89
0.84
0.63
0.61
−0.36
0.02
−0.02
0.00
−0.04
0.21
−0.28
−0.06
0.24
−0.03
0.45
0.1

INDUSTRIAL
BYPRODUCT
0.20
0.07
−0.03
0.17
0.09
−0.10
0.01
−0.04
−0.11
0.13
0.40
−0.21
−0.18
0.08
−0.08
0.83
0.73
0.65
0.59
0.27
0.25
−0.13
0.05
−0.18
0.08
0.25
0.48

CARBON BASED

−0.05
−0.18
0.09
−0.04
0.26
0.16
−0.25
−0.16
0.21
0.09
−0.15
−0.17
−0.03
0.19
0.19
0.12
0.18
−0.01
0.49
0.77
0.74
0.64
0.41
0.48
0.11
0.07
−0.10

Note. The main sand substitutes loading on each component are indicated in bold.

After computing the component scores for each newly identified component, we
appended the scores to the original data set to conduct further analyses. The objective was
to determine if the two different representations of stakeholder type, decision maker in
purchasing sand and sand substitutes as well as the professional role, affected the familiarity
levels with the sand substitute categories identified in the previous analysis. We did so
while controlling for the size of the organization (SIZE), the possession of sustainability
certification (CERT), respondents’ country of residence (COUNTRY), the number of years
of experience in the industry (YEARSWORKED ), as well as the respondents’ age (AGE) and
gender (GENDER). The analysis was conducted in R using various packages in order to
undertake statistical tests as well as to perform the model estimations.
Descriptive Statistics
As shown in Table 4, the mean for organization size (3.04) was medium-sized
(50–250 employees), the mean years worked in the construction industry (2.76) was
6–10 years, and the age (2.5) was 30–39. The means of the components representing the five
dependent variables were 0.
Table 4. Descriptive statistics for continuous variables.
Variable
SIZE
YEARS_WORKED
AGE
NATURAL_BYPRODUCTS
EARTH_MATERIAL
CONSTRUCTION_WASTE
INDUSTRIAL_BYPRODUCTS
CARBON_BASED

Mean

St. Dev.

Min

Pctl(25)

Median

Pctl(75)

Max

3.04
2.76
2.50
0.00
0.00
0.00
0.00
0.00

1.08
1.69
1.19
1.00
1.00
1.00
1.00
1.00

1
0
1
−1.419
−1.7933
−2.3169
−1.5710
−2.0059

2
1
2
−0.7300
−0.7368
−0.6554
−0.7999
−0.7100

3
3
2
−0.2265
−0.0717
0.0054
−0.1593
−0.0787

4
4.2
3
0.5044
0.6577
0.8058
0.5948
0.7017

4
5
5
3.2498
2.3355
2.1716
3.1195
2.5209
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The means for the categorical variables are shown in Table 5. The majority of respondents (51.9%) held at least one certificate in sustainability, nearly three-quarters (73.7%)
were located in the United States, and two-thirds (67.3%) were male. Most interviewees
(85.9%) were not decision makers in purchasing sand or sand substitutes. Regarding
roles, one-third (33.3%) were managers, another third (33.3%) were engineers, 17.9% were
architects, 12.1% were academics, and 3.2% were classified as “other”.
Table 5. Descriptive statistics for categorical variables.

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Variable

Level

n

%

CERT
CERT
COUNTRY
COUNTRY
GENDER
GENDER
GENDER
DECISION_MAKER
DECISION_MAKER
ROLE
ROLE
ROLE
ROLE
ROLE

No
Yes
Canada
US
Female
Male
Other/Non-Response
No
Yes
Academic
Architect
Engineer
Management
Other

81
75
41
115
49
105
2
134
22
19
28
52
52
5

51.9%
48.07%
26.28%
73.71%
31.41%
67.30%
1.28%
85.89%
14.10%
12.17%
17.94%
33.33%
33.33%
3.20%

Means and standard deviations for the initial dependent variables of familiarity with
each of the 27 sand substitutes are provided in the Appendix A (Table A1). The means of
the five most familiar substitutes on five-point scales were fly ash (3.90), recycled concrete
(3.79), crushed aggregate from quarried stone (3.72), construction and demolition waste
(3.65), and recycled glass (3.38). The means of the five least familiar substitutes were tobacco
waste (1.48), oil palm shell (1.64), cyanobacterial bricks (1.70), iron ore tailings (1.94), and
nutshell (1.95). Intercorrelations of the 27 materials are provided in Figure 2.

Figure 2. Intercorrelations of familiarity with 27 sand substitutes. Circles depict the degree of
correlation ranging from black (100% positive) to red (100% negative), with clockwise wedges
indicating positive correlations and counterclockwise wedges indicating negative correlations.
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Correlations among the five components representing the dependent variables, as
well as the organizational size, years worked, and age, are provided in Figure 3. The five
components were slightly to moderately intercorrelated, ranging from approximately 0.2
to 0.4.

Figure 3. Correlations of continuous variables.

Using the results of the principal components analysis, we expanded our initial two
hypotheses and created hypotheses for each of the five groups of sand substitutes:
1.

Hypothesis 1. There are no differences in familiarity between stakeholders who make
decisions about purchasing sand-related materials and non-decision makers for:

•
•
•
•
•
2.

1a. construction waste sand substitutes;
1b. industrial byproduct sand substitutes;
1c. natural byproduct sand substitutes;
1d. earth material sand substitutes;
1e. carbon-based sand substitutes.

Hypothesis 2. There are no differences in familiarity among stakeholders who hold
different roles in the construction industry for:

•
•
•
•
•

2a. construction waste sand substitutes;
2b. industrial byproduct sand substitutes;
2c. natural byproduct sand substitutes;
2d. earth material sand substitutes;
2e. carbon-based sand substitutes.

The primary analysis involved a two-step estimation process whereby we first estimated the models by including only the control variables. This step was followed by a
second estimation with the main effects (DECISIONMAKER and ROLE) included in the base
models [75,76]. Each pair of fitted models (without and with main effects) was compared
using AIC, BIC, and the log-likelihood ratio test, with the latter being appropriate due to the
nested design of the models [75]. We first estimated the models using ordinary least squares
(OLS), followed by a series of assumption tests to ensure that the models abided by the OLS
assumptions [75,77]. For each failed assumption, we explored alterations to the model to
address any assumption violation concerns. All models were subsequently estimated using
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the Huber–White sandwich estimator to account for small salience of heteroskedasticity
within the data [78]. The models for each of the five types of sand substitute materials are
as follows, with non-decision maker and academic selected as the categories against which
the other categories for the two independent variables were compared.
Model 1—Familiarity with Construction Waste:
CONSTRUCTIONWASTE

= β0 + β1 CERTIFICATION + β2 SIZE + β3 COUNTRYUS
+β4 YEARSWORKED + β5 AGE + β6 GENDERMALE
+β7 GENDEROTHER + e = β0 + Controls + e

(1)

ONSTRUCTIONWASTE

= β0 + β8 ARCHITECT + β9 ENGINEER + β10 MANAGEMENT
+β11 OTHER + β12 DECISIONMAKER + Controls + e

(2)

Model 2—Familiarity with Industrial Byproducts:
INDUSTRIALBYPRODUCT

= β0 + β1 CERTIFICATION + β2 SIZE + β3 COUNTRYUS
+β4 YEARSWORKED + β5 AGE + β6 GENDERMALE
+β7 GENDEROTHER + e = β0 + Controls + e

(3)

INDUSTRIALBYPRODUCT

= β0 + β8 ARCHITECT + β9 ENGINEER + β10 MANAGEMENT
+β11 OTHER + β12 DECISIONMAKER + Controls + e

(4)
Model 3—Familiarity with Natural Byproducts:
NATURALBYPRODUCT

= β0 + β1 CERTIFICATION + β2 SIZE + β3 COUNTRYUS
+β4 YEARSWORKED + β5 AGE + β6 GENDERMALE
+β7 GENDEROTHER + e = β0 + Controls + e

(5)

NATURALBYPRODUCT

= β0 + β8 ARCHITECT + β9 ENGINEER + β10 MANAGEMENT
+β11 OTHER + β12 DECISIONMAKER + Controls + e

(6)

Model 4—Familiarity with Earth Materials:
EARTHMATERIAL

= β0 + β1 CERTIFICATION + β2 SIZE + β3 COUNTRYUS
+β4 YEARSWORKED + β5 AGE + β6 GENDERMALE
+β7 GENDEROTHER + e = β0 + Controls + e

(7)

EARTHMATERIAL

= β0 + β8 ARCHITECT + β9 ENGINEER + β10 MANAGEMENT
+β11 OTHER + β12 DECISIONMAKER + Controls + e

(8)

Model 5—Familiarity with Carbon-based Materials:
CARBONBASED

= β0 + β1 CERTIFICATION + β2 SIZE + β3 COUNTRYUS
+β4 YEARSWORKED + β5 AGE + β6 GENDERMALE
+β7 GENDEROTHER + e = β0 + Controls + e

(9)
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CARBONBASED

= β0 + β8 ARCHITECT + β9 ENGINEER
+β10 MANAGEMENT + β11 OTHER + β12 DECISIONMAKER
+Controls + e

(10)

As shown in Table 6, for Model 1 (Familiarity with Construction Waste), both the
base (χ2 (7) = 1.94, p = 0.067) and the main effect model (χ2 (12) = 1.57, p = 0.11) were
inadequate fits. The base model indicated that the number of years worked (β4 = −0.15,
p < 0.05) played a statistically significant role in explaining the familiarity with construction
waste substitutes. Furthermore, we tested the assumptions of the base model using a
variety of tests. A Ramsey RESET test and the Breusch–Pagen test did not present evidence
of misspecification or heteroskedasticity [75], respectively, while the VIF scores were all
less than 10, indicating a lack of evidence of multicollinearity [79]. In addition, while an
Anderson–Darling test revealed potential signs of non-normality (A = 0.996, p < 0.05), which
was at odds with the results from the Shapiro–Wilk (p < 0.05, W = 0.977) and Kolmogorov–
Smirnov tests (D = 0.0735, p = 0.37). Analogous results from assumption testing were found
for the main effect model when adding DECISION MAKER and ROLE. The only difference
in results was within the main effect model. Specifically, gender (β7 = −0.97, p < 0.05) and
ROLE 5, i.e., other (β11 = −0.99, p < 0.05), were statistically significant. The log-likelihood
ratio test confirmed that the two models were statistically insignificant from each other
χ2 (5) = 5.63, p = 0.34), which indicated that the addition of the main effects did not explain
the model any better than the base model [75,77].
To address the inconsistent results, we computed the AIC and BIC scores, which can
be used as another metric for model comparison [75]. Generally, decreases in the AIC
and BIC from one model to the next indicate an improved fit, while increases indicate a
worse fit. The AIC results for the base and main effects model were 446.02 and 450.39,
respectively, while the BIC results for the base and main effects model were 473.47 and
493.09, respectively. Put simply, the AIC and BIC each increased, respectively, indicating
that the addition of the main effects variables did not lead to an improved explanation of the
Familiarity with Construction Waste dependent variable. In light of these results, the model
estimations for Familiarity with Construction Waste suggest support for Hypothesis 1(a)
for decision maker. Weak support was found for Hypothesis 2 (a) for each role, such that
those having the role of “other” appeared to have less familiarity than academics.
In contrast, we found adequate overall fits for the base (χ2 (7) = 3.21, p < 0.05) and
main effect (χ2 (12) = 2.65, p < 0.05) versions of Model 2, respectively, i.e., Familiarity
with Industrial Byproducts, see Table 6. Assumption testing revealed similar results to
those of Model 1, whereby we found a lack of violation of specification and homoskedasticity, but conflicting results for normality. Testing the base model revealed a few findings. First, the Anderson–Darling test indicated the possible presence of non-normality
(A = 1.04, p < 0.05), while the Shapiro–Wilk (p < 0.05, W = 0.972) and Kolmogorov–Smirnov
(D = 0.0737, p = 0.36) test indicated the opposite. The only control variable to be found as
statistically significant was the certification variable (β1 = −0.53, p < 0.05). In the main
effects version of Model 2, none of the normality tests showed evidence of non-normality.
We further found that the main effects model also had certification (β1 = −0.4, p < 0.05) and
years worked (β1 = 0.14, p < 0.05) as statistically significant predictors, along with the main
effects of role 2—architect (β8 = −0.73, p < 0.05), role 4—manager (β10 = −0.59, p < 0.05),
and role 5—other (β11 = −1.03, p < 0.05) as statistically significant predictors.
However, further analysis revealed that these may not in fact play a significant role in
explaining the Familiarity with Industrial Byproducts hypothesis. The log-likelihood ratio
test revealed that the base and main effects models were statistically insignificant χ2 (5) = 9.25,
p = 0.1). This, of course, left us at a crossroads similar to that of Model 1. The AIC scores
of the base and main effects model were 437.66 and 438.41, respectively, and the BIC scores
for the same respective models were 465.11 and 481.11, respectively. In both instances, the
addition of the main effects of DECISIONMAKER and ROLE worsened the AIC and BIC scores.
In light of this evidence, we can hence suggest that for Familiarity with Industrial Byproducts,

Sustainability 2022, 14, 7674

17 of 26

Hypothesis 1(b) for decision maker has support. Hypothesis 2(b) for role is weakly supported
in that architects, managers, and others appeared to be less familiar than academics.
Interestingly, Model 3 (Familiarity with Natural Byproducts) estimations indicated
conflicting outcomes. The base model (χ2 (7) = 1.38, p = 0.22) was found to be an inadequate
fit, while the main effects model (χ2 (12) = 2.48, p < 0.05) indicated an overall adequate fit.
Assumption testing mostly passed, with the exception of normality, whereby in both the
base (p < 0.05, W = 0.92) and main effect (p < 0.05, W = 0.951) models, the Shapiro–Wilk test
indicated no evidence of non-normality, while the Kolmogorov–Smirnov (base: D = 0.144,
p < 0.05; main effects: D = 0.119, p <0.05) and Anderson–Darling (base: A = 3.84, p < 0.05;
main effects: A = 2.7, p < 0.05) tests indicated a potential violation of normality assumptions.
Furthermore, the homoskedasticity assumption for the main effects version of Model 3
failed χ2 (12) = 22.2, p < 0.05). However, undertaking the Hubert–White robust sandwich estimation approach [78] indicated that the nature of the heteroskedasticity did not
impact interpretation of the significance levels. The main effects model indicated that
Role 3—engineers (β9 = −1.024, p < 0.05) and Role 4—managers (β10 = −0.93, p < 0.05)
were statistically significant. The log-likelihood ratio test indicated a statistically significant
difference between the models χ2 (5) = 19.6, p < 0.05). In light of this evidence, we can
conclude that for Familiarity with Natural byproducts, Hypothesis 1(c) for decision maker
has support. Hypothesis 2(c) for role lacks support given that engineers and managers had
significantly less familiarity than academics.
Table 6. Results of OLS regressions for five dependent variables.
CONSTRUCTION WASTE
Without
Main
Effects

−0.13
(0.38)
0.22
(0.17)
0.05
(0.08)
−0.22
(0.20)
−0.15 **
(0.06)
0.13
(0.09)
0.20
(0.19)
−1.43 *
(0.75)

Constant
CERT1
SIZE
COUNTRY1
YEARS
WORKED

0.06
(0.42)
0.28
(0.19)
0.04
(0.08)
−0.27
(0.21)
−0.12 *

0.11
(0.37)
−0.53 ***
(0.16)
−0.01
(0.08)
−0.15
(0.19)
0.11 *
(0.06)
−0.07
(0.08)
0.26
(0.18)
−0.67
(0.48)

1.94 *
(df = 7; 148)

1.57
(df = 12; 143)

DECISION_MAKER1
ROLE2
ROLE3
ROLE4
ROLE5

F Statistic

Without
Main Effects

156
0.08
0.04
0.98
(df = 148)

GENDER2
GENDER4

Observations
R2
Adjusted R2
Residual Std.
Error

With
Main Effects

(0.07)
0.14
(0.09)
0.24
(0.20)
−0.97 **
(0.49)
−0.35
(0.25)
−0.30
(0.30)
−0.22
(0.26)
−0.22
(0.28)
−0.99 ***
(0.30)
156
0.12
0.04
0.98
(df = 143)

AGE

INDUSTRIAL
BYPRODUCT

156
0.13
0.09
0.95
(df = 148)
3.21 ***
(df = 7; 148)

NATURAL
BYPRODUCT

With
Main
Effects

Without
Main
Effects

0.35
(0.41)
−0.40 **
(0.17)
0.002
(0.08)
−0.16
(0.19)
0.14 **
(0.06)
−0.07
(0.08)
0.27
(0.20)
−0.18
(0.33)
0.15
(0.23)
−0.73 **
(0.31)
−0.33
(0.28)
−0.59 **
(0.27)
−1.03 ***
(0.31)
156
0.18
0.11
0.94
(df = 143)
2.65 ***
(df = 12; 143)

0.54
(0.45)
−0.12
(0.17)
−0.14 *
(0.08)
−0.31
(0.21)
−0.06
(0.05)
0.11
(0.09)
0.09
(0.18)
0.16
(0.22)

With Main
Effects
1.23 **
(0.52)
−0.10
(0.18)
−0.15 *
(0.08)
−0.30
(0.20)
−0.04

156
0.06
0.02
0.99
(df = 148)

(0.06)
0.11
(0.09)
0.12
(0.17)
0.04
(0.40)
0.28
(0.28)
−0.71 *
(0.39)
−1.02 ***
(0.32)
−0.93 ***
(0.33)
−0.46
(0.65)
156
0.17
0.10
0.95
(df = 143)

1.38
(df = 7; 148)

2.48 ***
(df = 12; 143)

EARTH
MATERIAL
Without
Main
Effects

With
Main
Effects

−0.88 **
(0.34)
0.03
(0.17)
0.03
(0.07)
−0.06
(0.18)
0.01
(0.06)
0.18 **
(0.08)
0.50 ***
(0.18)
−0.92 ***
(0.24)

−0.65
(0.41)
0.12
(0.18)
0.03
(0.07)
−0.04
(0.19)
0.03
(0.06)
0.18 **
(0.08)
0.47 **
(0.19)
−0.80 ***
(0.29)
0.12
(0.23)
−0.54
(0.34)
−0.36
(0.28)
−0.35
(0.29)
−0.34
(0.35)
156
0.16
0.09
0.96
(df = 143)
2.22 **
(df = 12;
143)

156
0.14
0.10
0.95
(df = 148)
3.39 ***
(df = 7; 148)

CARBON
BASED
Without
Main Effects

With
Main Effects

−0.63 *
(0.35)
0.32 **
(0.16)
−0.02
(0.07)
−0.01
(0.19)
0.004
(0.06)
0.18 **
(0.09)
0.14
(0.18)
−0.86 **
(0.38)

−0.52
(0.39)
0.28
(0.18)
−0.02
(0.07)
−0.03
(0.19)
−0.0004
(0.06)
0.18*
(0.09)
0.16
(0.19)
−0.77 **
(0.39)
0.18
(0.24)
0.02
(0.35)
−0.15
(0.28)
−0.18
(0.29)
−0.34
(0.57)
156
0.11
0.04
0.98
(df = 143)
1.48
(df = 12; 143)

156
0.10
0.06
0.97
(df = 148)
2.35 **
(df = 7; 148)

Note: * p < 0.10, ** p < 0.05, *** p < 0.01.

Model 4 (Familiarity with Earth Materials) underwent the same estimations as the
other models with some additional robustness checks. First, both the base (χ2 (7) = 3.39,
p < 0.05) and main effects (χ2 (12) = 2.22, p < 0.05) models were found to be adequate fits. In
the base model, age (β5 = 0.18, p < 0.05) and gender (β6 = 0.5, p < 0.05; β7 = −0.92, p < 0.05)
were found to be statistically significant, which was also consistent with the main effects
model (β5 = 0.18, p < 0.05; β6 = 0.47, p < 0.05; β7 = −0.8, p < 0.05). Most of the assumption
tests had passed, with the exception of the Ramsey RESET specification test. In both the
base model (F(2146) = 10.6, p < 0.05) and the main effects model (F(2141) = 4.87, p < 0.05), we
found support for misspecification. A comparison of the base and main effects model using
the log-likelihood ratio test led us to conclude that the addition of the main variables did not
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indicate a statistically significant difference between the two models χ2 (5) = 3.45, p = 0.63).
In light of the violation of specification, we undertook additional robustness checks to
confirm or challenge the findings. Upon further investigation, it was revealed that a more
adequate specification involved appending our base and main effects model with a squared
term for age, years worked, and organization size, as well as a cubed term on the size.
Doing so and re-estimating the models led us to a model that did not violate the Ramsey
RESET test. Upon investigation of the newly fitted model, we found consistent results with
those of the basic OLS model. More specifically, no main effect variable was statistically
significant, and the log-likelihood ratio test found no statistically significant difference
between the adjusted base and adjusted main effects models χ2 (5) = 1.53, p = 0.91). This
leads us to conclude that there is adequate support for Familiarity with Earth Material for
Hypothesis 1(d) for decision maker and Hypothesis 2(d) for role.
Last, Model 5 (Familiarity with Carbon-based Materials) also indicated conflicting
fits, with the base model (χ2 (7) = 2.35, p < 0.05) indicating an overall adequate fit but the
main effects model (χ2 (12) = 1.48, p = 0.14) indicating an overall poor fit. All assumptions,
including normality, passed our testing. The certification (β1 = 0.32, p < 0.05) and gender
(β7 = −0.86, p < 0.05) variables were found to be statistically significant in the base model,
while only gender (β7 = −0.77, p < 0.05) was found to be statistically significant in the main
effects model. The log-likelihood ratio test confirmed that the addition of the main effects
did not show a statistically significant difference between the respective base and the main
effects model χ2 (5) = 1.83, p 0.87), providing support for Familiarity with Carbon-based
Materials in relation to Hypothesis 1(e) for decision maker and Hypothesis 2(e) for role.
5. Discussion
The purpose of this study was to determine the familiarity of stakeholders in the US
and Canadian construction industry with sand substitutes in construction and building
materials. Our research was inspired by evidence documented by the United Nations and
other scientific sources of a global sand crisis and the urgent need to reduce consumption
of alluvial sand. We focused on the construction industry since it is a major consumer
of sand. We adopted a stakeholder approach, classifying stakeholders according to their
power and interest in construction projects and whether they were internal or external to
the project. We hypothesized low awareness of sand substitutes and no differences among
stakeholder groups. Overall, there was very low awareness of sand substitutes. The top
five most familiar substitutes—fly ash, recycled concrete, crushed aggregate from quarried
stone, construction and demolition waste, and recycled glass—represented carbon-based
materials, earth materials, and construction waste, as grouped by our respondents. These
materials were rated as less than “moderately familiar” and closer to “somewhat familiar”
(between 3.38 and 3.90 on a 5-point scale). The least familiar substitutes—tobacco waste,
oil palm shell, cyanobacterial bricks, iron ore tailings, and nutshell—were predominantly
grouped as natural byproducts and ranged from “not at all familiar” to “slightly familiar”
(between 1.48 and 1.95). These results point to the need to raise awareness of substitute
materials among stakeholders in the construction industry and to highlight, as noted
earlier in Table 1, the wide range of applications, such as replacement materials in concrete,
roads, and building materials. This confirms the results of [62,80] who identified a lack of
awareness as the most important obstacle to the implementation of green building practices.
It should be noted that the sand crisis is also a relatively new issue, and it is not addressed
in sustainability guidelines or rating systems. Thus, people with sustainability credentials
had no more awareness of it, contrary to expectations in the literature of such credentials
providing greater awareness [64]. We will discuss potential ways of raising awareness in a
later section.
We operationalized stakeholders in two ways: decision makers who purchase sand
and sand-related materials vs. non-decision makers, as well as five different roles in the
construction industry. As summarized in Table 7, 7 of the 10 hypotheses predicting no
differences among stakeholders were supported. Regarding decision makers, no differences
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in awareness were found between decision makers versus non-decision makers, confirming Hypotheses 1a through 1e regarding Familiarity with Construction Waste, industrial
byproducts, natural byproducts, earth materials, and carbon-based substitutes, respectively.
The finding of no differences between decision makers and non-decision makers arguably
indicates that the former may not be motivated to learn about new materials if they have
established relationships with suppliers who provide traditional materials with proven
performance properties.
Table 7. Summary of results and hypotheses for familiarity with five types of sand substitutes.
Hypothesis
1a

Dependent Variable
CONSTRUCTION_WASTE

2a
1b

INDUSTRIAL_BYPRODUCT

NATURAL_BYPRODUCT

2c

Result

DECISION_MAKER

Supported

ROLE

Weakly Supported (“other” less familiar
than academics)

DECISION_MAKER
ROLE

2b
1c

Independent

DECISION_MAKER

Supported
Weakly Supported (architects, managers, “other” less
familiar than academics)

ROLE

Supported
Not Supported (engineers, managers less familiar
than academics)

1d
2d

EARTH_MATERIAL

DECISION_MAKER
ROLE

Supported
Supported

1e
2e

CARBON_BASED

DECISION_MAKER
ROLE

Supported
Supported

As for stakeholders categorized into five professional roles, there were no differences
in Familiarity with Earth Materials (quarry dust, granite dust, quarried stone, and fire
bricks) or Familiarity with Carbon-based Materials (carbon cure, fly ash, and cyanobricks),
supporting Hypotheses 2d and 2e. This is interesting in that these materials include both
the most familiar (with fly ash at 3.90 being the most familiar of all 27 substitutes) and the
least familiar (with cyanobricks at 1.70 being the third least familiar).
However, academics were more familiar with construction waste (rubber tires, plastic,
glass, and construction waste) than those in the “other” role. Given that the “other” role
includes a variety of people in the construction industry that did not fall into the four major
roles, an interpretation is not readily evident. Academics were also more familiar with
industrial byproducts (silica fume, washed bottom ash, and slag) than architects, managers,
and others. Yet, they did not have more familiarity than engineers. This makes sense in
that engineers typically deal directly with such industrial byproducts unlike architects
and managers. Academics were also more familiar with natural byproducts (tobacco, oil
palm shell, agro-waste, and nutshells) than engineers and managers, but they did not have
more familiarity than architects. These products appear to be relatively new in the US
and Canadian markets and perhaps not widely available or having limited applications.
Thus, academics (with their attention on the latest research) and architects (with their focus
on the design phase) might be familiar with them ahead of their general adoption by the
construction industry.
In our matrix, we classified stakeholders according to their power and interest in
the sustainable construction projects. Managers and owners, with high power and high
interest, were particularly less familiar with sand substitutes than others for industrial and
natural byproducts. Other stakeholders on the project and design teams have high interest
but less power in the overall decision-making process. They could be more proactive in
sharing their more specific knowledge during the project initiation phase when materials
are being evaluated.
Our findings based on a broad representation of stakeholders in the United States and
Canada underscore the need for the construction industry as a whole to become much more
informed about the availability of sand substitute materials. These two developed countries
could well take the lead globally in creating educational campaigns to raise awareness of
the need for greater adoption of sustainable substitutes for sand. It was interesting that
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despite different regulatory environments, there were no differences in awareness between
the two countries. This suggests that regulatory bodies can play a more significant role
in raising awareness in both countries. This is consistent with the findings of [81] which
emphasized the importance of local regulations for persuading people and organizations
to build sustainable green buildings. Educational campaigns could be designed by government bodies regulating the construction industry. Such campaigns could also be directed
toward end-users in the supply chain and consumers to encourage them to request such
materials during the product specification phase. Professional associations in the industry as well as sustainability consultants could raise awareness through presentations at
conferences and industry publications. Academics could increase awareness by including
sand substitute materials in textbooks and by disseminating their research more widely to
industry audiences.
6. Conclusions
This study has shed light on the low level of awareness of substitutes for sand in the
construction industry in the United States and Canada. It has also offered recommendations
for increasing awareness among academics and industry practitioners with the goal of
reducing the use of alluvial sand in construction and building materials. Our research was
motivated by a detailed United Nations’ 2019 report documenting that the world is facing a
sand crisis. Recognizing that the construction industry is a major consumer of sand, we set
out to determine how familiar various stakeholders in the US and Canadian construction
industry were of available sand substitutes. We applied a power–interest framework to
classify stakeholders according to their interest in sustainable construction projects and
varying levels of power. There was a very low level of familiarity with sand substitutes
among two types of stakeholders—decision makers who ordered sand and those who did
not and roles in construction projects (academics, architects, engineers, engineers, other).
As hypothesized, none of the stakeholders had much familiarity with sand substitutes.
The three exceptions to our 10 hypotheses of no differences among stakeholders were that
academics were more familiar than some other stakeholders with construction waste and
industrial and natural byproducts, but not earth or carbon-based materials.
An implication of our findings is that efforts are needed to communicate with stakeholders involved in decisions about using sand and sustainable substitutes. Information
about the global sand crisis, e.g., documented in the 2019 United Nations report, could sensitize stakeholders to the need for reducing sand consumption. At the time we completed
our article, the United Nations published a follow-up report outlining 10 key strategies for
alleviating the sand crisis. Our research aligns with Key Action 8.2 calling for mainstreaming technically proven alternative materials [82]. Assessing awareness, as we determined
in this study, is a first step toward acceptance and adoption of such materials.
This study has made significant contributions to the academic literature in a number of
areas. First, this study emphasizes that stakeholder identifications and engagements are essential to initiating sustainability measures and ensuring the effectiveness of sustainability
communication in construction projects. Sustainability communication addresses the social
understanding of causes and potential solutions to responsible human interaction with
the environment [83]. A lack of awareness can be an overlooked cause of failure to adopt
sustainable sand substitutes, and appropriate communication techniques can be applied to
educate stakeholders. It has been reflected in recent trends in construction delivery systems
and an increased interest in integrated project delivery (IPD), which emphasizes full integration of project teams and knowledge sharing in order to maximize success [84]. Therefore,
it is imperative to identify key decision makers in construction projects, including those
deciding to pursue sustainability initiatives. Awareness of alternative or environmentally
friendly materials plays a crucial role here [61,85,86].
Second, our study also demonstrated that in spite of the extensive research and effort
in developing sustainable alternatives, there is a lack of awareness among construction
stakeholders, which might hinder the widespread use of these materials in construction
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projects. Our study underscores that the starting point is to assess the level of awareness
of available substitutes on the part of all stakeholders before proceeding. Prior research
has shown that a key decision in addressing sustainability challenges in organizations
is to decide how many and which stakeholders to involve in new product development,
and at what stages of the process, as well as applying the appropriate strategy for doing
so [63]. This includes determining engagement strategies for reporting sustainability
initiatives [87]. While our study found few differences in awareness among decision makers
and professional roles, different engagement strategies might be needed to effectively
increase awareness of sand substitutes for different types of stakeholders. The concept of
stewardship can be applied to promote responsible actions by stakeholders to advance
sustainability [88].
More information about the availability, costs, properties, and applications of sand
substitutes can also be a starting point for stakeholders to evaluate the viability of such
substitutes. Such information could be disseminated by industry associations (such as the
US Green Building Council), certifying bodies (such as LEED), and professional bodies
(such as the American Institute of Architects and the American Society of Civil Engineers).
Educational outlets include newsletters, seminars, and conferences. Equipped with such
knowledge, construction industry professionals could collaborate with policymakers, certifying bodies, and regulators to develop guidelines or regulations, as well as offer incentives
to promote greater use of sustainable substitutes. The construction industry is a highly
visible economic sector. By taking a leading role in promoting awareness and adoption of
sustainable substitutes for sand, the industry could enhance its reputation as contributing
significantly to the sustainability of the planet.
We believe our findings can be generalized across the US and Canadian construction industry since respondents came from 35 of the 50 US states and 7 of the 10 Canadian provinces, i.e., 70% of the jurisdictions in both countries. The 15 US states that
were not included—Alaska, Delaware, Idaho, Iowa, Kansas, Louisiana, Mississippi, Montana, Nebraska, Nevada, New Mexico, North Dakota, South Dakota, West Virginia, and
Wyoming—were located primarily in the central region of the country (with the exception
of the first two). Since they bordered on states that were included, we believe the findings
can apply to those states not surveyed. Three Canadian provinces that had no respondents
were Manitoba, Newfoundland/Labrador, and Prince Edward Island, i.e., all lightly populated provinces. Moreover, no differences were found between the two countries when the
respondents’ country was included as a control variable. We caution, however, against generalizing the findings beyond the US and Canada for two reasons. First, the availability of
sand substitutes might differ around the globe. For instance, regions that are not involved
in mining might not have easy access to slag. A second factor affecting generalizability
is the existence of different certifying bodies, laws, and regulations across countries. For
instance, some sustainable substitutes may not be approved for use in some countries.
We recognize several limitations of our study. First, while we sought respondents
from all states and provinces, we utilized a snowball referral sample at the outset and
supplemented it with postings of the survey on industry listservs. We also contacted nearly
1000 industry professionals individually on LinkedIn to increase coverage throughout
the US and Canada. A random sampling method can increase generalizability, such as
selecting names randomly from membership lists of architects, engineers, professional
associations, and trade associations. A second limitation relates to stakeholders. Most of
the respondents were stakeholders with high interest in the success of construction projects,
and varying levels of power, as found in the two right quadrants in Figure 1. Stakeholders
with low interest, including those with high power (regulators) and low power (suppliers
and subcontractors), were much fewer and were grouped in the other category.
We offer several research topics on sustainable substitutes for sand in the construction
industry. First, it could be informative to learn the perspective of stakeholders who were
not well represented in the current study, particularly those in the two left-hand quadrants
denoting relatively low or less interest in construction projects. These include regulators, i.e.,
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high-power stakeholders who have the authority to pass regulations and provide incentives
for adopting sustainable sand substitutes. Likewise, suppliers and subcontractors, i.e., lowpower stakeholders, need to become aware of sustainable materials and offer incentives to
provide them. The first step in studying these two types of stakeholders is to assess their
level of awareness of available sand substitutes.
Second, the five categories of sand substitutes were derived from respondents’ familiarity with the 27 substitutes listed in alphabetical order in our survey. Further research
could determine how the specific sand substitutes cluster according to other criteria, such
as chemical and physical properties, as well as by uses or applications. Such findings may
be useful in reaching various stakeholders to inform them of criteria they use in decision
making, including the current or potential adoption of substitutes that can replace sand. For
example, engineers may be reluctant to adopt new materials unless data assures them that
properties of sand substitutes meet accepted standards for traditional materials. Similarly,
regulators need hard data in order to approve and even require adoption of sand substitutes.
Moreover, managers need to be persuaded if sand substitute materials are more expensive
than traditional ones, as other benefits could outweigh the financial costs. These could
include enhanced company reputation for incorporating sustainability into construction
projects. Architects, in their position as early in the design phase of construction projects,
could be vocal proponents of viable sand substitutes.
Third, research could explore obstacles and incentives for adopting sustainable substitutes for sand, similar to other sustainable materials and practices [89–91].
Author Contributions: Conceptualization, A.A.Z., S.M.P. and Y.P.; methodology, M.D.G.; software,
M.D.G.; formal analysis, M.D.G.; data curation, A.A.Z., Y.P. and S.M.P.; writing—original draft
preparation, A.A.Z., Y.P., S.M.P. and M.D.G.; writing—review and editing, A.A.Z., Y.P., S.M.P. and
M.D.G.; visualization, A.A.Z., Y.P. and M.D.G. All authors have read and agreed to the published
version of the manuscript.
Funding: This research received no external funding.
Data Availability Statement: Please refer to suggested Data Availability Statements in section “MDPI
Research Data Policies” at https://www.mdpi.com/ethics, accessed on 12 June 2022.
Acknowledgments: The authors gratefully acknowledge the assistance of Paul Wallace, Lucas Troup,
Felicia Lassk, and Jamie Ladge in the development of our survey instrument.
Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
Table A1. Descriptive statistics of familiarity with 27 sand substitutes.
Overall

Academic

Architect

Engineer

Management

Other

Decision
Maker

Non Decision
Maker

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

2.06 (1.23)
2.7 (1.49)

2.45 (1.31)
2.86 (1.61)

2.03 (1.15)
2.94 (1.48)

1.91 (1.15)
2.69 (1.45)

2.01 (1.26)
2.54 (1.48)

2.36 (1.07)
2.57 (1.05)

2.29 (1.3)
2.75 (1.43)

2 (1.21)
2.68 (1.51)

3.65 (1.19)

3.74 (1.18)

3.5 (1.12)

3.67 (1.16)

3.68 (1.25)

3.27 (0.96)

3.52 (1.3)

3.68 (1.16)

3.72 (1.22)
2.54 (1.25)
1.7 (1.04)
3.9 (1.21)
2.52 (1.39)
2.57 (1.26)
2.18 (1.34)
1.94 (1.17)
1.99 (1.34)
1.95 (1.14)
1.64 (0.99)

3.71 (1.23)
2.9 (1.27)
2.04 (1.22)
3.72 (1.42)
2.28 (1.35)
2.77 (1.32)
2.35 (1.31)
2.48 (1.33)
2.41 (1.5)
2.21 (1.28)
1.9 (1.2)

3.41 (1.03)
2.62 (1.16)
1.79 (1.05)
4.15 (0.84)
2.33 (1.2)
2.44 (1.19)
2.56 (1.35)
1.91 (1.07)
1.39 (0.6)
2.29 (1.04)
1.68 (0.79)

3.83 (1.21)
2.55 (1.25)
1.6 (0.94)
3.97 (1.18)
2.33 (1.31)
2.46 (1.22)
2.04 (1.3)
1.72 (0.98)
2.13 (1.43)
1.72 (0.97)
1.55 (0.91)

3.77 (1.25)
2.42 (1.25)
1.62 (1)
3.91 (1.19)
2.8 (1.45)
2.62 (1.3)
2.12 (1.39)
1.99 (1.26)
2.01 (1.37)
1.94 (1.19)
1.6 (0.98)

3.73 (1.14)
1.91 (1)
1.55 (0.99)
3.5 (1.32)
2.91 (1.38)
2.36 (0.98)
2.27 (1.48)
2.14 (1.12)
1.88 (1.17)
1.55 (0.89)
1.55 (0.78)

3.73 (1.34)
2.75 (1.29)
1.91 (1.21)
4.04 (1.07)
2.95 (1.42)
2.77 (1.3)
2.63 (1.49)
2.1 (1.36)
2.22 (1.38)
2.21 (1.21)
1.88 (1.05)

3.72 (1.18)
2.49 (1.24)
1.65 (0.99)
3.86 (1.24)
2.42 (1.36)
2.52 (1.25)
2.06 (1.28)
1.9 (1.11)
1.93 (1.33)
1.89 (1.12)
1.58 (0.96)

Sand Substitute
Agro-waste
Carbon cure
Construction and demolition waste (e.g.,
concrete, wood, metals, and brick)
Crushed fine aggregate from quarried stone
Crushed spent fire bricks
Cyanobacterial bricks
Fly ash
Foundry sand
Granite dust
Hempcrete/Hemp stone
Iron ore tailing (with or without steel fiber)
Metakaolin
Nutshell (e.g., walnut shell, pecan shell)
Oil palm shell
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Table A1. Cont.
Overall

Academic

Architect

Engineer

Management

Other

Decision
Maker

Non Decision
Maker

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD)

2.51 (1.34)
3.79 (1.26)
3.38 (1.37)
2.84 (1.38)
2.91 (1.39)
2.18 (1.33)
1.96 (1.24)
3.12 (1.41)
2.83 (1.51)
3.29 (1.39)
1.48 (0.91)
2.01 (1.29)
2.09 (1.29)
2.42 (1.76)
1.84 (1.48)

2.67 (1.44)
3.38 (1.36)
3.23 (1.42)
3.26 (1.54)
3.13 (1.47)
2.62 (1.43)
3 (1.48)
3.37 (1.29)
2.76 (1.54)
3.34 (1.44)
1.83 (1.28)
2.29 (1.55)
2.37 (1.52)
1.94 (1.48)
1.64 (1.29)

2.38 (1.16)
3.74 (1.15)
3.56 (1.17)
2.5 (1.19)
2.79 (1.47)
2.09 (1.2)
1.91 (1.16)
2.59 (1.24)
2.5 (1.19)
3.32 (1.23)
1.44 (0.65)
1.76 (1.02)
1.94 (1.03)
1.33 (0.47)
1 (0)

2.37 (1.29)
3.7 (1.31)
3.45 (1.33)
2.93 (1.29)
3.01 (1.29)
2.16 (1.25)
1.69 (1.12)
3.05 (1.47)
2.97 (1.41)
3.39 (1.31)
1.41 (0.85)
2.05 (1.28)
2.12 (1.34)
2.77 (1.93)
1.43 (1.05)

2.58 (1.36)
4.07 (1.15)
3.44 (1.43)
2.75 (1.37)
2.8 (1.41)
2.08 (1.34)
1.9 (1.18)
3.23 (1.44)
2.88 (1.64)
3.22 (1.49)
1.41 (0.79)
1.94 (1.23)
2.05 (1.23)
2.81 (1.86)
2.29 (1.77)

2.36 (1.3)
3.91 (1.08)
2.6 (1.2)
2.18 (1.11)
2.75 (0.92)
1.82 (1.03)
1.86 (0.83)
3 (1.33)
2.45 (1.44)
3.08 (1.26)
1.27 (0.62)
1.73 (1.05)
1.55 (0.78)
1.5 (0.87)
1.5 (0.87)

2.57 (1.37)
3.88 (1.13)
3.42 (1.33)
2.68 (1.42)
2.67 (1.41)
2.27 (1.29)
2.13 (1.23)
3.31 (1.44)
2.91 (1.56)
3.18 (1.45)
1.59 (0.9)
2.25 (1.44)
2.38 (1.42)
3.67 (1.56)
3.67 (1.37)

2.5 (1.33)
3.76 (1.29)
3.37 (1.39)
2.87 (1.37)
2.96 (1.38)
2.16 (1.34)
1.91 (1.24)
3.07 (1.4)
2.8 (1.49)
3.32 (1.38)
1.45 (0.92)
1.95 (1.25)
2.02 (1.25)
2.21 (1.71)
1.54 (1.26)

Sand Substitute
Quarry dust
Recycled concrete
Recycled glass
Recycled plastic
Recycled tires/rubber
Sheet glass powder
Salt
Sand from stone
Silica fume
Slag
Tobacco waste
Washed bottom ash
Washed glass sand
Other (please specify)
Other (please specify)
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