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Abstract

The construction sector accounts for a significant share of global energy use and embodied
CO; emissions. It is estimated that a 10-20% embodied carbon reduction in buildings can be
achieved by utilizing cement substitutes and other low-impact materials. One method that could
potentially minimize industrial processing and transportation is the use of locally available earthen
construction materials. Earthen materials generally use locally available soil to produce durable
structural solutions, particularly for family dwellings and other low-rise buildings. This practice
has been a successful construction method for centuries across different climates and cultures.
Although producing earthen blocks provides a low-energy alternative to fired bricks and other
construction materials, the process of making the blocks and installing them is still time-
consuming and labor-intensive. Variations in local soil conditions or manufacturing techniques
may also lead to uncontrolled variations in material quality. Yet, an increased interest in
incorporating automation technologies in the construction industry, such as robotics and 3D

printing, can offer innovative solutions to addressing these challenges.

3D printing follows a layer-by-layer placement of materials that eliminates the need for
manually installing each block. It can also reduce the need for formwork and minimize the waste
generated during construction. 3D printing with earthen materials (hereinafter referred to as 3D-
printed soil-based materials) can not only increase the production speed of masonry units
compared to conventional methods, but it can also provide greater control over geometry, layer
consistency, and material composition. This integration of 3D printing into the construction
process can have the potential to increase productivity and efficiency by reducing manual material

placement.
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Nonetheless, the most current 3D printing applications within the construction industry are
largely focused on cement-based materials. These approaches remain heavily dependent on high
volumes of ordinary Portland cement, processed aggregates, and a growing number of chemical
admixtures, such as viscosity-modifying agents, retarders, plasticizers, and accelerators. These
specialized requirements make the process of 3D printing less appealing in terms of cost
competitiveness, environmental benefits, also material availability. In contrast, the application of
3D printing to soil-based materials represents a distinct pathway that emphasizes reduced labor
and material processing, especially by removing processed sand and often using lower cement
content (e.g., about 10% volumetric). Additionally, since 3D printing of cementitious materials is
a new practice in the construction industry, standards regarding testing 3D-printed products are
lacking. A lack of standardized procedures for testing 3D-printed materials introduces
considerable uncertainty and variability into performance evaluation and the design process,

ultimately challenging the perceived benefits of this technology.

This dissertation is organized into seven chapters that outline the research objectives,
motivation, scope, and technical investigations. The emphasis is placed on the development,
characterization, and environmental assessment of soil-based mixtures for 3D printing
applications. The first two chapters outline the use of innovative technologies, such as 3D printing,
and highlight the benefits of integrating soil-based materials into modern construction
technologies. In addition, the first two chapters emphasize the potential of 3D printing in soil-

based construction to enable the mass production of efficient and functional building components.
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The third chapter presents a comprehensive experimental investigation into the development,
characterization, and performance evaluation of sustainable soil-based construction materials
produced through both conventional and 3D printing methods. It starts with the development of
Compressed and Stabilized Alkali-activated! Earth Blocks (CSAEBs), which incorporate various
precursors (e.g., glass powder, fly ash classes F and C) and activators (e.g., sodium silicate and
sodium hydroxide). The results of extensive mechanical, durability, and microstructural tests
performed for each mixture are then presented. Finally, a cradle-to-gate life cycle assessment
(LCA) is performed to evaluate the environmental impacts of the developed mixtures. Results
indicate that when glass powder is used in CSAEBs, it can at least provide the same level of
compressive strength performance or acid resistance as those produced with class F fly ashes. In
terms of environmental impacts, it is found that CSAEBs’ impacts depend strongly on the choice
of locally available activators and SCMs. For example, on average, mixtures produced with
sodium silicate had a global warming of 118.2 CO2 eq, compared to 103.9 CO2 eq for sodium
hydroxide-based mixtures. Similarly, on average, fly ash class F, class C, and glass powder

produced an average CO> eq of 98.0, 103.7, and 131.49, respectively.

In chapter four, the dissertation shifts toward investigating properties of 3D-printed soil-based
materials through two sustainability strategies: first, to use Portland cement- and geopolymer-
based binders, and second, to evaluate the impacts of replacing the commonly used processed sand
with natural, locally sourced soil. Four mixtures, each combining different binders (e.g., Portland
cement-based or alkali-activated) and filler types (e.g., soil- and sand-based), are tested for their

fresh and hardened properties. A strength-adjusted LCA approach is also developed to quantify

! Throughout this dissertation, alkali-activated systems are regarded as a general class of binders, while geopolymers
are recognized as a narrower subset within that class.
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the environmental impacts of a functional unit produced using the four mixtures, in two different
locations (different supply distances), with and without strength normalization of the results.
Findings show that soil-based mixtures can offer mechanical and environmental performance
comparable to that of traditional mixtures under specific curing and mixture design conditions. For
example, in terms of environmental impacts (e.g., global warming potential, acidification, smog
formation, and total energy use), soil-cement samples recorded lower energy use (242.42 MJ) and
lower acidification (0.09 kg SO»-eq) than crushed sand-cement mixtures (292.58 MJ and 0.11 kg
SO2-eq, respectively). Similarly, geopolymer-soil mixtures exhibited lower smog formation (1.61
kg SO»-eq) than geopolymer-sand mixtures (2.34 kg SO»-eq). However, after applying a strength
normalization factor, the trends shift in favor of mixtures based on their 28-day compressive

strength.

In chapter five, a third study is conducted to evaluate how different specimen-sampling
techniques, including coring, cutting, rodding, and vibrating, affect the mechanical behavior of
3D-printed cementitious components. In this work, more than 670 specimens were made, tested,
and statistically analyzed to isolate any influence of different sampling techniques on the tested
properties. The tests conducted include water absorption, compressive strength, modulus of
elasticity, and splitting tensile strength. The results showed statistically significant differences in
measured properties, originating from different sampling methods. The study also takes the first
steps toward standardizing testing procedures and highlights their importance for providing

reliable data in 3D printing research.



Finally, the sixth chapter discusses a rheology-based design framework to identify the printable
boundaries of soil-based mixtures. In that study, over 100 soil-based mixtures with low cement
and fly ash contents (e.g., 0-30% of the total solid mass as fly ash, and 5-30% of the total solid
mass as Portland cement) were produced without any chemical admixtures. The mixtures were
then evaluated for (a) dynamic viscosity, (b) yield stress, and (c) shear stress to establish a
rheological printability boundary. Printable mixtures meeting the established rheological
boundaries were then further tested for mechanical and environmental performance. Results
confirm the possibility of printing structurally sound components with minimal binder content.
The printability limits identified in this dissertation are defined by upper and lower bounds for
three governing rheological parameters. Printable mixtures exhibited dynamic viscosity values
ranging from a lower bound of 4.70x10% + 1.47x103 Pa's to an upper bound of 1.48x10*+ 1.22x10°
Pa-s. The shear stress ranged from 0.846 = 0.070 N/m? to 4.28 + 1.29 N/m?, while the yield stress
fell between 1.36x10% £ 1.47 N/m? and 7.66x10% £ 23.0 N/m?. Together, these limits define a
practical rheological window for sustainable, soil-based 3D-printing mixtures. Additionally, the
role of mixture optimization in balancing printability, strength properties, and environmental

impacts is then discussed.

Together, these four studies form a unified experimental and environmental framework for
sustainable soil-based and alkali-activated cementitious materials. Chapter seven integrates the
findings by (a) comparing the mechanical and durability performance of CSAEBs with different
precursors and activators; (b) synthesizing the fresh-state, hardened-state, and strength-normalized
LCA behavior of 3D-printed soil- and sand-based mixtures using Portland cement and geopolymer

binders; (c) evaluating how specimen-sampling methods influence measured mechanical
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properties and establishing the need for standardized testing of 3D-printed materials; and (d)
consolidating the rheology-based printability limits for low-binder soil mixtures, defined by the
quantitative viscosity, shear stress, and yield stress boundaries. Together, these results provide a
foundation for performance-based mixture design, specimen preparation, and environmental
assessment tailored to 3D-printed soil-based construction. They also highlight pathways toward
reliable, automated construction practices using locally available materials and minimal binder

content.
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1. Significant Original Features of Developed Work

This dissertation advances the intersection of soil-based construction and 3D printing by
developing, validating, and environmentally benchmarking low-binder, soil-based cementitious
systems suitable for 3D printing. Its originality lies in four integrated contributions of (a) materials
development, (b) sustainability assessment, (c) testing and standardization, and (d) printability

design, brought together within a single, coherent framework.

1.1. Material Development for Low-Impact Masonry and 3D Printing

a) Introduces and systematically evaluates Compressed and Stabilized Alkali-activated
Earth Blocks (CSAEBs) using diverse precursors (e.g., glass powder; class F and C fly
ash) and activators (sodium hydroxide, sodium silicate).

b) Demonstrates that glass-powder—based alkali-activated systems can improve
compressive strength and acid resistance while lowering environmental burdens
relative to Portland cement-stabilized CSEBs, providing an alternative pathway when
conventional SCMs are scarce or variable.

¢) Extends materials development to 3D-printable mixtures pairing two binder families
(Portland cement vs. geopolymer) with two filler types (processed sand vs. locally
sourced natural soil), designed without chemical admixtures, thereby foregrounding

locally available resources and minimizing processing.

1.2, A Performance-linked Sustainability Method for 3D-printed

Materials



1.3

a)

b)

Proposes and links a strength-normalized life-cycle assessment (LCA) to the size of the
functional unit to compare mixtures with different mechanical capacities on an
equalized basis, complementing conventional volume-based LCAs.

Shows that, under appropriate curing and mixture-design conditions, soil-based
mixtures can match the mechanical performance of traditional sand-based 3D-printed
mixtures while improving environmental metrics, while clarifying when and how soil

substitution is advantageous.

First Comprehensive Quantification of Fabrication/Sampling

Effects in 3D-printed Cementitious Testing

a)

b)

1.4.

Produces and analyzes >670 specimens to isolate the influence of coring, cutting,
rodding, and vibration on measured properties (compressive/tensile strength, modulus,
porosity) of 3D-printed materials.

Provides statistical evidence of significant variability introduced by specimen
preparation methods, establishing a foundation for standardized test protocols tailored
to the layer-wise nature of printed components.

Bridges a critical gap between the current practice of relying on different non-printing-
specific standards and the need for reproducible, comparable data to support future

design codes.

Rheology-driven Printability Boundaries for Low-binder, Soil-based

Systems



a) Establishes a rheological printability framework for mixtures produced without
admixtures by mapping yield stress, dynamic viscosity, and shear stress across >100
mixture designs with varying cement/fly-ash contents and water-to-solids ratios.

b) Identifies operational windows that ensure continuous extrusion, layer stability, and
reduced clogging, and links these thresholds to mechanical performance and

environmental outcomes, enabling practical mixture optimization and quality control.

Collectively, these contributions provide a unified pathway for sustainable, locally adaptable,
and robotically enabled construction in which: (a) material chemistries that reduce Portland cement
reliance; (b) an LCA approach that is fair to mixtures with differing strengths; (c) statistically
grounded guidance to standardize testing of 3D-printed cementitious materials; and (d) actionable
rheological limits to design printable, low-binder soil-based mixtures without specialized
admixtures. By integrating material science, rheology, mechanics, and environmental assessment,
the work delivers a scalable evidence base for low-carbon soil-based construction and supports the
evolution of codes, specifications, and automated construction practices that leverage locally

available soils.

2. Introduction

The construction sector accounts for a significant share of global energy use and embodied
CO: emissions [1], [2]. It is estimated that at least 10-20% of embodied carbon in buildings can
be reduced by using cement substitutes and other low-impact materials [3]. One method that could
potentially minimize industrial processing and transportation is the use of locally available, low-

carbon construction materials [4]. As a result, there is growing interest in decarbonizing the
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construction sector by using local, low-impact materials that require minimal industrial processing
or transportation. Among these, soil-based construction has gained renewed attention in academia
[5], [6] and industry [7] as a historically proven, resource-efficient, and low-impact structural

solution [8].

Building on this context, masonry and soil-based structures consist of a group of classical
construction components generally produced with local materials. A good example of such
construction components is the numerous heritage structures that were built at various historical
periods, many of which remain significant to this day. Examples range from adobe buildings in
the American Southwest [9] to rammed earth temples in Asia [10] and cob settlements across
Europe [11]. Due to the cultural importance of such architecture, as well as their relatively high
compatibility with the built environment, soil-based materials are still widely used today [12]. As
a result, masonry construction is highly advocated because of its simplicity [13], low ecological

footprint [12], fire resistance [14], and high compatibility with the living environment [15].

To better understand their technical basis, masonry units are defined as various forms of blocks
and bricks produced with clay (as classified in ASTM C62-13 [16], ASTM C216-16 [17], and
ASTM C652-15 [18]), concrete (as in ASTM C55-16 [19]), stone, and even ceramic tile, among
others [20]. The mentioned parts are commonly assembled by various forms of patterns, such as

interlocking bonds, reinforcing (e.g., prestressed sections) [21], and cementitious bonds [22].

Beyond their practicality, masonry structures commonly utilize local materials, minimizing

resource demands, as well as the environmental impacts associated with transportation and



processing [23]. This characteristic is well-aligned with the recent social movement toward
sustainability, sustainable design, and greener construction life cycles [24]. In addition, masonry
structures offer strong performance attributes. For instance, hollow clay masonry walls are known
for high thermal and acoustic insulation, with studies reporting up to a 45% reduction in thermal
conductivity compared to ordinary walls (e.g., [25] and [26]). Similarly, better fire performance

has been reported for masonry and earthen structures, compared to their concrete counterparts [27].

Despite these advantages, traditional earthen construction methods such as adobe, rammed
earth, cob, and compressed earth blocks (CEBs) face some performance and durability challenges
[28], including low performance under weathering and water impacts [29], [30], as well as
variability of properties (e.g., physical, mechanical, and even durability) [31], [32]. To address
these, compressed and stabilized earth blocks (CSEBs) have evolved to incorporate machinery for
improved performance and dimensional consistency. While effective, these benefits typically rely
on stabilizing agents, such as Portland cement, which reduces sustainability and limits alignment
with emerging climate objectives, and international decarbonization targets. Therefore, there is a
growing need to explore alternative binders, fillers, and production strategies that preserve the
performance benefits of CSEBs while minimizing their carbon footprint and labor requirements.
In response to this need, this dissertation investigates the use of alkali-activated materials as eco-
friendly substitutes, selected along with different precursors and activators, to produce
Compressed and Stabilized Alkali-activated Earth Blocks (CSAEBs). It builds on extensive
experimental work [33], [34], [35] to establish mixture-proportioning methods, assess material

properties, and compare the environmental impacts of CSAEBs with those of conventional CSEBs.



Another major shortcoming of masonry and earthen structures is the high labor needs and
scaffolding costs (which are estimated to be up to 60% of total construction costs [17]). In addition,
setting up scaffolding and repeatedly assembling masonry units can be very time-consuming [36].
Recent advances in 3D printing, robotics, and drone technologies present promising solutions to
the scaffolding needs and repetitive assembly of earthen and masonry construction. These
technologies can manufacture (3D printers [33] and robots [37]), assemble (drones [38] and robots
[39]), and maintain (robots [40]) masonry structures while reducing construction time, human
error, and ecological impact [38]. They also offer significant cost savings, especially in repetitive
labor. For example, drones can transport materials and masonry units to construction sites [38], or
even detect cracks [41] (or defects [42]) on masonry structures. Robots? can place masonry units
[45], [46], [47], and 3D printers can produce masonry materials or units on site, eliminating the
need for formwork and repeated assembly [48]. Among these technologies, the present dissertation
focuses on 3D printing. According to previous studies [49], [50], [51], 3D printing of cementitious
materials can significantly reduce construction duration (by about 95% excluding prefabricated

modular concrete per [50]) compared to conventional methods.

Over the past several decades, various construction systems have been developed to accelerate
the erection of concrete and masonry structures while maintaining structural performance.
Notably, prefabricated and precast concrete panel systems [52], [53], including tilt-up wall
construction [54], large-panel buildings [55], and modular precast elements [56], have been widely
adopted in high-rise and mid-rise construction in the last decades. These systems enabled rapid

assembly, improved quality control, and reduced on-site labor, contributing to the rise of

2 For capital expenditure information and recent studies in that area, please refer to [43], [44].
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industrialized housing and large residential units in Europe, the Soviet Union, and Asia [57], [58].
More recent advances include precast sandwich panels [59], stay-in-place formwork [60], and
hybrid concrete wall systems [61], all designed to combine structural efficiency with construction

speed.

3D printing can be viewed as a continuation of this trajectory toward automation and
prefabrication, but with far greater geometric freedom and reduced need for molds or cranes.
Instead of casting panels in controlled facilities, 3D printing allows the direct, additive fabrication
of structural or infill elements on-site using locally sourced materials, potentially extending the
principles of modular and panelized concrete construction into a fully digital manufacturing

paradigm [62], [63].

In masonry applications, 3D printing can significantly increase the production efficiency of
components with complex forms and geometries, such as cantilevers, vaults, and domes [64], [65].
These components are built with high geometrical freedom and precision. In the 3D printing area,
previous studies (e.g., [66], [67]) have recorded the benefits of using clay materials in the
rheological and thixotropic behavior of cementitious mixtures. Some studies have also used clay
as the main 3D printing material [68], and have highlighted the endless recyclability of 3D-printed

clay-based materials [69].

However, current 3D-printed cementitious mixtures require nearly twice the binder content of
conventional concrete [49]. They also heavily rely on a growing list of chemical admixtures, such

as viscosity-modifying agents, plasticizers, and retarders, to ensure shape retention and quality



printability [49], [70]. Securing chemical additives, used with high Portland cement and finely
sieved sand content, makes 3D-printed cementitious materials (as a whole practice) less
sustainable, because cement production is associated with high environmental impact per previous
studies [71], [72] This can be seen from the results of previous studies (e.g., Han et al. 2021 [73]),
which conducted Life Cycle Analysis (LCA) on a 3D-printed structure and noted that the
environmental impact caused by 3D printing concrete construction is generally larger than
traditional cast-in-situ concrete construction. This is seen in all indicators assessed in the
mentioned study, including global warming potential, acidification, petrochemical pollution, and
eutrophication. In general, it can also be difficult to secure some chemical additives on a global
scale, especially since one of 3D printing’s main advantages is obtaining materials locally and
working in remote locations. In response, this dissertation has explored two sustainable
approaches: the use of alkali-activated binders derived from industrial byproducts (e.g., coal fly
ash), and the substitution of processed fine aggregates with locally available natural soils. Both
approaches are designed and executed without any rheology modifiers or 3D printing-specific
admixtures. Nevertheless, studies evaluating these strategies in combination remain scarce, and
the performance implications of low-binder, soil-based systems in 3D printing applications are not

yet well understood. This point can be seen in recent studies (e.g., [33], [35], [74], [75], [76]).

Additionally, although 3D printing parts have been shown to have acceptable performance
both in industry (e.g., [77]) and academically (e.g., [78], [79]) to date, no set of regulatory or
national codes for fair testing and comparison has been established. Many studies in this area are
currently applying other industry standards or test methods to evaluate the fresh and hardened

properties of 3DPC materials. Some have developed their testing methods based on layer-by-layer



construction (e.g., [80]), while others have followed the same procedure as in ordinary concrete
areas (e.g., [81]). As a result, a major inconsistency in the results of previous works is identified,
which makes any comparison efforts difficult. For example, in cited literature, 3D-printed
components are tested for compressive strength by cutting larger printed parts into smaller sections
(asin [82], [83]), or printing the parts to the size and shape of a cylinder or cubes discussed in [84],
[85]. Some studies have even tried printing components inside molds [86]. The problem with
cutting samples (or extracting from larger samples), is the large size variation that can result from
human error. Similarly, printing the entire sample can cause precision issues since 3D-printed
layers often do not develop high strength upon immediate printing and can deform when more
layers are printed on top. This can cause a significant warping and deforming effect that can lead
to a semi-triangular shape (e.g., bulging effect), as shown in Figure 1. The same can be discussed
regarding printing specimens inside molds, which is similar to mold casting concrete and may not
represent 3D printing. Such inconsistencies contribute to a high degree of uncertainty in
interpreting mechanical behavior and present a significant challenge for the future development of
design codes. A standardized set of tests can help with the following: compare the results of
different studies that have used different materials and mixture proportions, allow the development
of regulatory compliance codes, allow for better quality control of 3D-printed specimens, and

assist in the reproducibility of the results.

In 2023, the International Standardization Organization (ISO) and the American Society for
Testing and Materials (ASTM) introduced ISO/ASTM 52939-23 [87]. The mentioned standard
thus far provided preliminary concepts regarding 3D printing structures, rather than implementing

major qualitative or quantitative measures. This lack of quantitative measures indicates the need



for a gradual development of methodologies and testing procedures that are unique to 3D printing

of cementitious materials.

“-;t

Bilging cffect| af

Figure 1. Showing (a) deformation of the lower 3D-printed layers from the (b) original shape

outlined in yellow color.

In addition to the mentioned issue of lack of standardized tests, another major problem with
3D printing is the heavy reliance on fly ash for consistent and high-quality prints. Generally,
printability defines a mixture’s ability to be continuously extruded and retain its shape after
deposition without significant deformation or collapse. However, achieving this balance requires
a careful design of particle size and fresh-state rheology. Previous studies have defined the
optimum and maximum particle size to be between one-fifth (1/5) to one-tenth (1/10) of the actual
nozzle orifice [88] to avoid nozzle clogging. However, defining the rheology of the fresh state for

3D printable cementitious materials is difficult because its properties do not remain constant, as
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described by Newtonian rheology models. As a result, cementitious materials are best described
by Bingham or Herschel-Bulkley models, due to their yield stress and shear-thinning behavior, as
well as time-dependent thixotropic rebuild [89], [90]. Unlike the angular and hard sand-based
mixtures, soil particles are generally more cohesive and have different frictional and moisture
contents, all of which can contribute to printability. To account for such factors, and if the
maximum particle size of one-fifth (1/5) to one-tenth (1/10) rule is followed [91], the printability
can be established by three main parameters: (1) yield strength, (2) dynamic viscosity, and (3)

shear stress.

In general, yield stress governs the start of flow, and plastic or dynamic viscosity influences
both extrusion pressure and layer stability [90], [92], [93]. If the yield stress is too low, layers may
slump or deform under their own weight, while a high yield stress may result in clogging or
difficulty pumping. Similarly, dynamic viscosity and shear stress can have a significant impact on
nozzle clogging, extrusion, and buildability of the printed layers. Both dynamic viscosity and shear
stress can represent flow resistance and shape retention [90], [94], [95]. Another useful piece of
information relating to shear stress is the interlayer bonding at the fresh state, which, if low, can
lead to the drifting or slipping of layers [96], [97]. As a result, and to account for the mentioned,
this dissertation establishes printable boundaries by quantifying the values of all three for
approximately one hundred mixture proportions with varying cement and fly ash contents, as well
as different water-to-solid ratios. These thresholds are then linked to mechanical performance and

environmental impacts.
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In summary, to advance sustainable, printable, and structurally reliable earthen construction
through 3D printing, the present study addresses four interconnected topics: (1) the development
of alkali-activated earthen blocks using different precursors and activators; (2) the comparative
performance and life cycle assessment of 3D-printed cementitious mixtures combining Portland
cement/geopolymer binders with sand/soil fillers; (3) the assessment of the influence of specimen
preparation and sampling techniques on the measured mechanical properties of 3D-printed
materials; and (4) the determination of rheological thresholds and printable limits for low-cement

and low-fly ash, soil-based cementitious systems, designed without chemical admixtures.

2.1. Objectives and Motivation

The primary objective of this dissertation is to establish a comprehensive experimental and
environmental framework for the sustainable application of soil-based and alkali-activated
cementitious materials in both conventional and 3D-printed construction. This is achieved through
four main research chapters: to develop and evaluate compressed and stabilized alkali-activated
earth blocks (CSAEBs) using a range of precursors (glass powder, fly ash class F and C) and
activators (sodium silicate and sodium hydroxide), and to assess their mechanical, durability,
microstructural, and environmental performance (as stated in Chapter 3). The outcomes include:
(a) identification of effective precursor-activator combinations and (b) demonstration of enhanced
performance and sustainability of CSAEBs compared to their Portland cement-based CSEBs

counterparts.

This study comparatively investigates the fresh-state behavior, mechanical properties, and life

cycle impacts of four 3D-printed cementitious mixtures made using two binder systems (Portland
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cement and geopolymer) and two filler types (crushed sand and low-plasticity silt natural soil), as
described in Chapter 4. This includes the development of a strength-normalized LCA methodology
to better interpret the advantages and disadvantages between strength performance and

environmental burden across different binder-filler combinations.

In addition, cementitious components for over 670 samples were made with soil and sand
fillers (as stated in Chapter 5), to quantify the impact of fabrication and sampling methods,
including coring, mold casting with rodding or vibration, as well as cutting, on the measured
mechanical properties of 3D-printed concrete. Advanced statistical evaluation of all samples is
also provided to highlight the necessity of standardized procedures for reliable material

assessment.

To systematically determine the rheological boundaries of printable, low-binder, soil-based
mixtures, over 100 combinations of Portland cement, fly ash, and water-to-solid ratios (as stated
in Chapter 6) are studied. Parameters, such as yield stress, dynamic viscosity, and shear stress, are
characterized to define printability limits. In this context, printability can be defined as the
material’s ability to be successfully extruded and deposited layer by layer without defects, such as clogging,
tearing, or segregation. Additionally, the mechanical and environmental performance of successful
mixtures is also evaluated, which can help provide practical guidance for sustainable mixture

design without chemical admixtures.

These research efforts are motivated by the urgent need to decarbonize construction materials
through the promotive use of local, underused materials. It can also establish robust design and

testing methodologies compatible with the 3D printing of cementitious materials. Together, these
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studies contribute to the broader goal of enabling sustainable, structurally reliable, and digitally

integrated earthen construction.

2.2, Scope

This dissertation examines alternative cementitious systems incorporating both soil- and sand-
based materials, developed in block-based and 3D-printed forms. The study focuses on mixtures
prepared with a locally sourced, low-plasticity silt soil and crushed sand, used as fillers in
combination with Portland cement and alkali-activated binder systems. To isolate the role of raw
materials, no chemical admixtures are included. The research scope intentionally excludes clay-
rich soils, as well as long-term durability considerations such as weathering, seismic response, and

fire resistance.

The experimental program evaluates fresh-state rheology, printability, and hardened properties
under controlled laboratory conditions. Printability trials are limited to extrusion-based 3D printing
with a two-inch nozzle. Rheological behavior is assessed using a rotational viscometer, while
mechanical performance is characterized by standardized specimens, including 50x50x50 mm
cubes and 76.2 mm (diameter) x 152.4 mm (height) cylinders. In this dissertation, the focus is
primarily on printability, defined as the successful extrusion and placement of mixtures. While
some aspects of buildability, such as interlayer stability and shape retention, are inherently
connected to rheological behavior, a comprehensive evaluation of layered structural performance

is beyond the present scope.
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Similarly, although durability is a critical performance factor for construction materials, this
dissertation does not include durability testing of the 3D-printed mixtures produced. The exclusion
is due to the exploratory nature of this study, which is focused on establishing rheological
boundaries, mechanical properties, and environmental impacts. Durability aspects such as
resistance to moisture ingress, freeze—thaw cycles, or long-term degradation remain essential for

practical applications, and are recommended as important directions for future research.

Beyond the laboratory-scale experimental study, the dissertation extends to life cycle
assessment (LCA) of the mixtures. This integration of performance testing with environmental
impact analysis provides a comprehensive evaluation of soil- and sand-based cementitious
systems, offering insights into their feasibility as low-impact alternatives for sustainable

construction.

2.3. Research Novelty and Significance

This dissertation’s novelty lies in combining the two research areas of earthen construction and
3D printing, both of which have been advanced in parallel. While earthen construction has a long
history of using local soils to produce low-impact structural components, 3D printing has shown
its ability to reduce labor, avoid formwork, and waste. As a result, the integration of these two
methods for low-binder, soil-based systems is significant to be explored. The novelty of this work
lies in developing, characterizing, and environmentally assessing the properties of both systems

individually and combined.

15



From a material development perspective, this research is among the first to systematically
evaluate compressed and stabilized alkali-activated earth blocks (CSAEBs) using a diverse range
of precursors (such as glass powder and class F and C fly ash), and activators (such as sodium
hydroxide and sodium silicate). Glass powder is introduced as a waste materials that can substitute
class F and C fly ash in this application, and has the potential to improve strength, durability, and

environmental performance, compared to conventional Portland cement-stabilized CSEBs.

In the domain of additive manufacturing, this dissertation is distinctive in jointly evaluating
binder type (Portland cement vs. alkali-activated) and filler type (processed sand vs. natural soil)
under identical mixture design, printing, and testing conditions. The application of a strength-
adjusted LCA can provide a more realistic measure of environmental performance in sustainability

evaluations of 3D-printed materials.

The work also makes a methodological contribution by being the first comprehensive study to
quantify, through statistical analysis, how specimen fabrication and sampling techniques (coring,
cutting, rodding, vibration), affect the measured hardened properties of soil- and sand-based 3D-
printed cementitious materials. By isolating manufacturing-induced variability, the study lays the

groundwork for standardizing testing protocols in the field of 3D printing cementitious materials.

Finally, this research establishes rheological boundaries for printability in low-cement, low-
fly ash soil-based mixtures produced without chemical admixtures. By following a specific
framework of varying mixture proportions and measuring key rheological parameters, such as

yield stress, dynamic viscosity, and shear stress, this work identifies the operational limits for
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successful extrusion and correlates these thresholds with mechanical and environmental
performance. This integrated rheology, mechanical, and LCA framework provides an essential

reference for future mixture optimization and quality control (buildability).

Taken together, the significance of this dissertation lies in its integration of earthen
construction with additive manufacturing, as well as evaluating earth-based (a) material chemistry
and microstructure, (b) rheology, (c) mechanical performance, and (d) life cycle impacts. The
findings have significant practical implications for future studies to develop more sustainable,
scalable, and locally adaptable construction practices. It also helps the development of both the
standardization of testing protocols for 3D-printed materials and the design of low-carbon building
systems that use locally available resources. By bridging gaps between traditional earthen
construction and modern semi-automated 3D printing, this work supports the transition toward a

low-carbon, resource-efficient, and robotically enabled construction industry.

2.4. Organization of the Dissertation

Chapter 3 introduces the development of compressed and stabilized alkali-activated earth
blocks (CSAEBs). It investigates the effects of various precursors and activators on mechanical
strength, durability, and sustainability. Glass powder is also introduced as a novel precursor for
earthen block applications, and then a cradle-to-gate LCA is used to compare performance across

multiple mixture proportions.
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Chapter 4 presents a comparative evaluation of four 3D-printed mixtures produced with
Portland cement and geopolymer binders with either crushed sand or natural soil as filler. Fresh,
mechanical, microstructural, and environmental impacts are then evaluated under consistent
printing and testing conditions. A strength-correction factor is applied in the LCA to standardize

the results with mechanical performance.

Chapter 5 addresses the variability in test results caused by differences in sample preparation
and collection methods. Over 670 specimens are tested to statistically assess the influence of
coring, cutting, and mold casting (rodded and vibrated) on compressive strength, tensile strength,
modulus of elasticity, and porosity. Results highlight the gap and the need for standardized sample

preparation in 3D printing research to avoid unforeseen variabilities and inconsistencies.

Chapter 6 defines the rheological printability limits of soil-based mixtures produced with
minimal cement and fly ash content for sustainability purposes. Using a printability-rheological
approach, over 100 mixtures are evaluated for printability and then rheological properties, such as
dynamic viscosity, yield stress, and shear stress. Successful printable mixtures are tested for
mechanical performance and evaluated for their environmental impacts. The findings establish a

foundational rheological database for sustainable soil-based mixture design.

Chapter 7 concludes the findings provided in other chapters and identifies other insights and
implications made in different chapters for sustainable construction, in addition to opportunities

for future research. The implications of research for future of sustainable construction, 3D printing
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standardization, and design optimization are discussed. Directions for future work include scaling
up for field applications, incorporation of different soil type databases, and long-term durability

assessments.
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3. Effect of Various Supplementary Cementitious Materials
(SCM) and Activators in the Production of Compressed and
Stabilized Alkali-Activated Earth Blocks (CSAEBs)

In this study, compressed and stabilized alkali-activated earth blocks (CSAEBs) using various
types of precursors (e.g., glass powder, coal fly ash class F and C) and activators (e.g., sodium
silicate and sodium hydroxide) are produced and compared to ordinary Portland cement-based
CSEBs. A series of tests, including unit weight, water absorption, compressive and flexural
strength, wire brush test, acid resistance, and life cycle analysis (LCA) have been conducted in
accordance with standards to evaluate the physical, mechanical, durability, and sustainability of
CSAEBEs. Results show that the activators' overall pH and the precursors' chemical composition
can determine the rate of strength development and the performance of each block specimen. In
this study, a molarity of 3.0 with a pH of 12.37 for sodium hydroxide is found to surpass premixed
40:60 (sodium silicate to water) with a pH of 10.8 by a rate of approximately four times higher
compressive strength values. Life cycle analysis (LCA) revealed that the availability of local
materials, the optimization of mixture proportions, and the developed strength are significant
contributing factors. For instance, sodium silicate mixtures averaged global warming potential
(GWP) of 118.2 kg CO2-eq, compared to 103.9 kg CO»-eq for sodium hydroxide mixtures. After
strength-normalization to 17.23 MPa, sodium silicate systems showed much higher GWP (average

of 374.1 kg CO»-eq), whereas sodium-hydroxide mixtures were lowest (74.83 kg CO»-eq).

3.1. Introduction
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Earthen construction represents one of the oldest methods of construction, which has been used
for centuries based on local materials. Earthen construction is generally considered a resilient and
resource-efficient method that includes adobe, rammed earth, cob, and compressed earth blocks
(CEBs) [14], [98], [99], [100]. Although each method has evolved in response to specific climatic,
geological, and cultural conditions, compressed and stabilized earth blocks (CSEBs) remain in use
in many regions worldwide [101]. Since the building and construction sector is responsible for
roughly 36% of global energy use and approximately 39% of energy- and process-related CO:
emissions [2], the use of earth as a primary building material remains a sustainable alternative
[102]. It is because CSEBs are produced by using natural and local materials, which avoids
significant manufacturing processes and long transportation [103], [104], [105]. CSEBs are made
by compressing soil blended with a stabilizing agent, such as cement or lime, where the stabilizer
hydrates and gradually develops strength. Although CSEBs incorporate sustainable techniques
through the addition of stabilizing agents, this strategy alone remains insufficient to meet
ambitious climate goals outlined by policymakers [106], [107], [108]. This is because the
commonly used stabilizers, such as cement and lime, are highly carbon-intensive, which limits the

potential for reductions in embodied emissions.

Another promising alternative, primarily used as an alternative to common Portland cement-
based materials, is the use of alkali-activated binders. Recent studies that have conducted Life
cycle assessments (LCAs) have extensively shown that for a given volume of concrete, alkali-
activated binders can reduce environmental impacts (i.e., CO2 per m?) by at least 45% [109].
Alkali-activated materials (AAMs) are aluminosilicate-based materials produced by activating a

precursor, such as coal fly ash, with an alkaline solution [110]. Studies have reported that AAMs
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not only lower the environmental impact of cementitious materials but also offer improved
resistance to fire, acids, and other forms of chemical deterioration [111], [112]. Such better
durability performance is especially valuable in earthen construction, where materials are exposed
directly to outdoor conditions. Despite the advantages of using CSEBs as a locally sourced
material, there are clear benefits to combining CSEBs with alkali-activated binders. Past research
has shown that earthen materials have low abrasion and weathering resistance, experience brittle
fracture, have a poor seismic performance, and are vulnerable to acid rain [113], [114], [115]. In
reality, these shortcomings are often addressed by increasing the stabilizer content, in this case

Portland cement, which again undermines the environmental benefits of CSEBs.

To overcome the limitations of earthen components, while also reducing the environmental
impact of stabilizers, this study investigates the combined use of CSEBs with AAMs to produce
compressed and stabilized alkali-activated earth blocks (CSAEBs). CSAEBs were produced using
different precursors, including glass powder, coal fly ash class F and class C, and activated with
sodium silicate and sodium hydroxide. While fly ash class F and class C have been used as
supplementary cementitious materials (SCMs) for decades, glass powder is a more recently
introduced SCM that has been highlighted as a viable alternative filler in cementitious systems
[116]. Glass products have a global annual production of over 150 million metric tons [117]. It is
reported that waste glass has a very low recycling rate, ranging from 21% [118] to 26% [119],
despite its ability to be continually recycled [119]. One major issue in recycling glass is the
significant energy demand required to remelt glass during the recycling process [119]. Reusing
glass in powdered form can avoid the high-energy process of remelting it, and recent studies have

achieved this practice [116], [120], [121].
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The production of CSAEBs can obviously offer several benefits, including improved
sustainability, enhanced mechanical performance, and higher resistance to chemical deterioration.
However, the inclusion of glass powder can further enhance these benefits. For example, CSAEBs
already rely on locally available materials [122], but finding a suitable local precursor similar to
fly ash class F or class C can be challenging. Also, alkali-activated binders are known for their
high acid and deterioration resistance, making CSAEBs particularly attractive for construction in
various regions [123]. Since glass powder is an industrial byproduct with high chemical stability,

its use is believed to enhance both the sustainability and durability of CSAEBs.

However, the properties of CSAEBs, particularly in combination with glass powder, have been
studied in only a few studies to date. Idriss et al (2022) [124], for example, studied blocks made
from calcined clay activated with sodium silicate and sodium hydroxide, but did not evaluate the
influence of different precursors. Diop et al. (2011) [125], also made a similar attempt to substitute
regular soil with calcined clays, activated with sodium silicate. However, while the calcination of
clay requires less energy than the production of Portland cement, it still carries notable
environmental impacts, particularly from fuel consumption and CO: emissions during firing [126].
Other studies (e.g., [127], [128]) have focused primarily on basic compressive strength, without
providing a comprehensive evaluation of durability or microstructural characteristics.
Additionally, in the mentioned studies, a full-scale evaluation of different properties and materials
has not been made. Despite the major potential benefits of producing glass powder-based CSAEBs,
only a handful of studies have been directly conducted in this research focus. For instance, Aluko

et al. [129] examined the inclusion of glass powder as a cement replacement but did not evaluate
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its properties with an alkali-activated binder. Rivera et al. [130] used glass powder as a partial
replacement of coal fly ash, activated with an alkaline solution from the aluminum industry. Their
analyses established the optimum ratio of the activator to precursor using that specific activator.
Similar attempts to optimize the mixture proportions by using local byproducts and waste materials
were presented by Larbi et al. [131]. The mentioned research gaps highlight the need for a more
comprehensive study, including glass powder as a precursor in CSAEBs’ production, to evaluate

the physical, mechanical, and durability properties of the resulting blocks.

Based on the literature review mentioned, there is a need to investigate the impact of various
precursors and activators on the production of CSAEBs. Given this research gap, there is a clear
need to investigate the effect of various precursors and activators on the performance of CSAEBs.
This study provides one of the first comprehensive experimental and environmental evaluations of
CSAEBs (distinct originality) incorporating multiple supplementary cementitious materials
(SCMs) and activators, establishing direct links between mixture design, mechanical performance,

and life-cycle impacts. As a result, the objectives of this study are as follows:

e Developing a clear understanding of CSAEBs’ mixture proportioning and their properties
with those of conventional Portland cement-based CSEBs.

e Evaluating the physical, mechanical, and durability characteristics of CSAEBs produced
with different alkaline activators and precursors, so that the most effective material
combinations can be identified.

e Evaluating the environmental impacts of CSAEBs and providing each mixture’s

comparative impact for future mixture optimization studies in this area.
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3.1.1. Motivation and Significance

Three main motivations drive this research: first, to identify and compare the impacts of
different SCMs and their properties on producing CSAEBs; second, to determine the feasibility of
producing alkali-activated glass powder-based blocks; and third, to evaluate their environmental

benefits.

Both the first and second motivations compare the properties of CSAEBs made with different
SCMs and activators. Since the production of fly ash is being substantially reduced, evaluating
different SCMs for their properties in CSAEBs is a crucial step in identifying a suitable substitute.
The findings provide guidance on selecting optimal material combinations and contribute to
advancing the development of sustainable, high-performance earthen construction materials. In
doing so, this work extends beyond prior studies by integrating mechanical, microstructural, and
life-cycle assessments into a unified framework, offering a replicable methodology for designing

low-carbon, high-performance earthen blocks.

The third motivation stems from the growing interest in reducing the environmental impact of
conventional construction materials, such as ordinary concrete. For instance, it has been reported
that producing 1 m*® of conventional Portland cement-based concrete generates approximately
597.54kg of CO: equivalent, whereas an equal volume of alkali-activated concrete (AAC)
produces only about 148 kg of CO: equivalent [106]. As a result, a combination of environmentally

friendly CSEBs with alkali-activated stabilizers has the potential to reduce the ecological impacts.
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3.2. Materials

In this section, the following types of materials are discussed: natural soil, SCMs, Portland

cement, and alkaline activators.

3.2.1. Soil

The natural soil used in this study was sourced from Ace Hardware in Davis, California. It was
reported by the supplier that, the soil was extracted from subsurface layers several meters below
ground level. The soil was then mechanically sieved using a TS-1 Gilson shaker to achieve a
maximum particle size of 1.18 mm (No. 16 sieve), per ASTM C136-14 [132]. The coarser
materials were discarded. The size of 1.18 had been chosen by the authors based on trials
conducted on the mixtures and the small hydraulic machine used to produce the blocks in this
study. Following sieving, all of the sieved materials were oven-dried at 110°C for 24 hours to
minimize residual moisture within the remaining soil and to also remove any organic content per
ASTM C136-14 [133] and ASTM D2216-19 [134]. The materials were then placed in a sealed dry
bucket until used. The results of additional characterization, including particle size distribution,
Atterberg limits, and compaction behavior (Proctor test), is presented in Table 1. Based on these
results and classification under ASTM D2487-11 [135] and Unified Soil Classification System,
the soil was identified as a low-plasticity silt (ML). In this study, sieve analysis was conducted in
accordance with ASTM C117/C136 to characterize soil and sand, and the soil was washed per
ASTM D6913-17 [136]. The original dry mass of the sample was 1336.30 g, and the wash mass

was 521.90 g, resulting in a wash loss of 60.9%.
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Table 1. Physical properties of soil.

Laboratory tests Standards Property Value
Cumulative % Retained #4 0.0
(4.75mm)
Cumulative % Retained #8 0.0
(2.36mm)
Cumulative % Retained #10 (2mm) 0.0
Cumulative % Retained #16 0.0
(1.18mm)
ASTM C117-17 Cumulative % Retained #30 8.2
Particle-size [137], C136-14 (0.6mm)
analysis [132], D6913-17 Cumulative % Retained #40 14.0
[136] (0.425mm)
Cumulative % Retained #50 19.0
(0.3mm)
Cumulative % Retained #100 294
(0.15mm)
Cumulative % Retained #200 38.1
(75um)
Pan 100.0
Aterberg it ASTM D4318-10 Liquid limit LL (%) 20.8
[138] Plastic limit PL (%) 13.9
Plasticity index PI (%) 6.8
Soil compaction ~ ASTM D698-21 Optimum moisture content (%) 13.0
tests [139] Maximum dry density (kg/m?) 1,873.3

3.2.2. SCMs and Portland Cement

In this study, glass powder was supplied by Vitro-minerals, located in Tennessee, USA, under
the commercial name ACAS and with a specific gravity of 2.50. Based on the information provided
by the supplier, the glass powder was recycled from glass plates (e.g., windows or auto

windshields) and then ground to finer sizes. It is produced with a minimum fineness of 95%
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passing a 325 mesh, corresponding to a Blaine fineness of 4000-4500 cm?/g. Furthermore, the
glass powder was rated at a reactivity index of 85% and 95% at 7 and 28 days of curing,
respectively, when used as a 20% replacement of Portland cement in general-purpose mortar. The
reactivity index reflects the relative strength contribution of the replacement material compared to

plain Portland cement-based mortar [140].

In addition, fly ash class F and class C were supplied by Salt River Materials Group (SRMG)
in Stockton, California. Additionally, the Portland cement type I/Il was supplied by Nevada
Cement, sourced from their main plant located in Reno, Nevada. The supplier’s mill certificate
indicated a phase composition of 58% tricalcium silicate (C3S), 8% dicalcium silicate (C2S), 7%
tricalcium aluminate (C3A), and 9% tetracalcium aluminoferrite (C4AF). Table 2 provides the X-
ray fluorescence (XRF) results of the three SCMs used in this study. The XRF was conducted
using the Rigaku Super Mini-200 model and then analyzed using the manufacturer's provided
software, called ZSX. The method for calculating the oxides was recommended by the
manufacturer [141], which involves a semi-quantitative XRF (also referred to as SQX). Figure
2Error! Reference source not found. presents SEM images of raw glass powder, fly ash class F,
class C, and Portland cement taken by Thermo Fisher Quattro S ESEM at magnifications ranging

from 50 pm to 5 pm.

Table 2. The XRF result of cementitious materials used in this study.

Chemical compounds

and propertics Glass powder (%) fly ash class F (%) fly ash class C (%)
Si0, 71.2 59.33 33.68
ALOs3 0.36 23.78 16.81
Fe; 03 0.44 6.22 8.61
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CaO 9.33 3.86 27.27

MgO 3.86 1.39 3.29

SOs 0.00 0.18 2.12

NaO 13.2 0.35 1.87

K0 0.04 0.00 0.92

Loss on ignition (LOI) 0.50 0.36 0.36

pressure

HV
00.00 ns 15.00 kV 2.97E-3 Pa

| Hv pressure

500.00 ns 15.00 kV 1.97E-3 Pa 2 89.9nm 4.0 |CBS 1500x [20.00kV 10.0 mm

Figure 2. SEM images of (a) glass powder with angular particles, (b) fly ash class F with
spherical particles, (c) fly ash class C with spherical particles similar to class F, and (d) Portland

cement with distinct morphologies and particle sizes.
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3.2.3. Alkaline Activators

In this study, reagent-grade sodium silicate and sodium hydroxide were supplied by Thermo

Fisher Scientific and Duda Energy, respectively. The sodium silicate was supplied with a premixed
ratio of 40% sodium silicate and 60% water, and a boiling temperature of 100.6°C). The sodium
hydroxide supplied had a molecular weight of 39.99 g/mol, a pH of 11-14, and a relative density
of 2.13, supplied in solid flakes. After mixing the flakes with water in a fume hood, the sodium
hydroxide-water mixture was left at lab temperature (25+2 °C) for at least 24 hours to cool. Based
on the initial trials conducted and a sustainability perspective, a low molarity of 3.0 was

extrapolated.

Table 3 presents the measured physical and chemical properties of the activators. The pH of
the sodium silicate solution was determined to be 10.8, while the pH of the sodium hydroxide
solution, with a very low molarity of 3.0, was 12.37. In AAMs, it is generally believed that the
higher alkalinity of the solution or the overall mixture can substantially impact the strength
development of materials [142]. In addition to the pH values, the conductivity, TDS, and resistivity
values of the two activators are found to be largely different. This difference can be attributed to
their chemical compositions. For instance, sodium silicate is known to be a compound containing
sodium oxide and silica (NaxO & Si0O»), while sodium hydroxide is composed of sodium and
hydroxide ions (Na* & OH"). As a result, the TDS and salinity values are found to be higher in

sodium hydroxide because of its higher concentration of dissociated (sodium) ions.

Table 3. Properties of the activators used in this study.

Conductivity
Activators pH TDS (g/L) Salinity (ppt) Resistivity (£2)
(mS/cm)
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Sodium silicate 10.8 32.2 22.7 16.1 31.1

Sodium hydroxide 12.3 203.0 100.0 98.1 5.1

3.3. Methods

This section describes the equipment used in this study and the methodology followed in

sampling and testing standards.

3.3.1. Earth Block Fabrication

Earth blocks with a dimension of 88.9 mm % 63.5 mm % 30.48 mm, were manually made by a
small hydraulic press, supplied by Advanced Earthen Construction Technologies Inc., located in
San Antonio, TX. The blocks were fabricated using a hydraulic pressure of 26.20 MPa (fluid
pressure), resulting in an average pressure of approximately 8.00 MPa applied to the blocks during
fabrication. The mixing time to production was less than 5 minutes, ensuring that hydration starts
almost simultaneously from mixing to block production. After the blocks were produced, they
were placed in an oven at a temperature of 110°C for a duration of four hours. These temperatures
and curing durations were chosen based on trials conducted by the authors and applied to all
samples, including the reference and Portland cement-based blocks. After four hours in the oven,
the samples were removed from the oven and placed in a lab environment at 25+5°C and a relative
humidity of 50+10% until testing. Figure 3 (a) shows the sequence of earth block production and

Figure 3 (b) shows a few of the earthen blocks that were made and put in the oven.
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Materials preparation and mixing procedure

1.Materials
Preparation

2.Dry and Wet
Mixing

3.Weighing 350g of
Mixed Materials

4 Earth Block
Production

In this step, soil has been
sieved to a maximum size of
1.18 mm and then oven dried
for a duration of 24 hours at a
temperature of 110°C.
Subsequently, it has been left
o cool down inside of sealed
huckets for at least 48 hours
before used.

After the materials have been
weighed for mixing, they have
been dry mixed for over 1
minutes  to  ensure their
dispersion results in
consistent  properties  and
lower variability for all earth
blocks.

Based on the trials, it has been
determined that the optimum
weight of wet mixed materials
to be placed in earthen molds
is 350 gram. As a result, all
earth blocks were produced
with an initial wel mixed
material of 350 grams.

Following the earth block
machine's manufacturer
recommendation, a  fluid
pressure of 3800 PSI and an
actual pressure of 8 MPa has
been adopted to be imposed on
each block. This pressure was
kept consistent throughout the
research.

Figure 3. Showing the preparation of earth blocks with (a) a sequence of block production,

and (b) a few of the earthen blocks were made and put in the oven for curing.




3.3.2. Mixture Proportions

A total of seven mixtures were manufactured, comprising one based on Portland Cement, three
based on sodium silicate, and the other three based on sodium hydroxide. The alkali-activated
mixtures were produced using fly ash class F and class C, as well as glass powder (one mixture
per SCM, three mixtures per activator). It is important to note that this study does not evaluate the
effect of combined sodium silicate and sodium hydroxide, as commonly used in ordinary alkali-
activated concrete applications. The decision to evaluate each activator independently was
deliberate. The aim was to isolate and better understand the distinct roles of each activator with

the given SCM, where the literature is limited.

Table 4 presents the mixture proportions adopted in this study. The labeling of each mixture
represents an acronym chosen based on the materials used in that mixture. For instance, PC refers
to the use of Portland cement in the mixture, SS refers to sodium silicate, and SH refers to sodium
hydroxide. Similarly, GP, FF, and FC represent glass powder, fly ash classF, and class C,

respectively.

Table 4. Mixture proportions were used in this study (normalized for 1000 g).

Sodiu
Sodium Portland fly ash  fly ash Glass
Mixture Soil Water m Molality
hydroxide cement classC classF  powder
silicate
)* (€9) (2 (€9) (€9) (mol/L) (€9) (€9) (2 (2
PC 804.54 115.01 0.00 0.00 - 80.45 0.00 0.00 0.00
SS-GP  656.17 118.11  28.87 0.00 - 0.00 0.00 0.00 196.85
SS-FF 656.17 118.11  28.87 0.00 - 0.00 0.00 196.85 0.00
SS-FC 656.17 118.11  28.87 0.00 - 0.00 196.85 0.00 0.00
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SH-GP  598.80 19497  0.00 26.59 3.00 0.00 0.00 0.00 179.64

SH-FF  598.80 194.97  0.00 26.59 3.00 0.00 0.00 179.64 0.00

SH-FC  598.80 19497  0.00 26.59 3.00 0.00 179.64 0.00 0.00

3.3.3. Testing Matrix

Table 5 presents the tests conducted in this study and the standards followed. Based on the
table, for each testing procedure, at least 5 samples have been produced using the same
construction method and crew members to minimize potential variability in the results. The five
samples were then tested according to the standard, and their mean value and standard deviation
were reported. Error bars in bar graphs also show the standard deviation of results across the five

tested samples.

Most of the tests conducted are standard, and their roles are self-explanatory. For
completeness, however, it is worth noting that electrical resistivity and salinity tests were
performed on the activators (sodium silicate and sodium hydroxide). These tests helped
characterize the ionic concentration and electrical conductivity (hereinafter conductivity) of the
activating solutions, which are directly related to their effectiveness in initiating binder reactions.
Also, in the acid test, 28-day cured samples were placed in reagent grade nitric acid with 70%
purity and a density of 1.413 g/mL at 20 °C, for two hours. This duration was selected based on

the authors trials and to ensure that the blocks would not disintegrate after exposure to acid.

Table 5. Tests conducted and the standards that were followed.

Test* Standard Curing age (day)
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ASTM C117-17 [137],
Sieve analysis C136-14 [132], D6913-17 -
[136], D7928-21 [143]

pH ASTM D4262-18 [144] -

Electrical resistivity - _

Salinity - -
Hardened unit weight ASTM C20-22 [145] 0,28
Water absorption ASTM C20/C642-22 [146] 28
Flexure test ASTM C293-16 [147] 28
Compressive strength (dry and wet) ASTM C109-21 [148] 7,28
Wire brush test (wet & dry) ASTM C944-12 [149] 28
Acid test - 28
SEM - 28
XRF (Rigaku model Super mini-200) - 28
LCA ISO 14040-08 [150] -

*In this study, sieve analysis was conducted on the soil, while pH, electrical resistivity, and salinity were conducted
on sodium hydroxide. All other tests, including hardened unit weight, water absorption, compressive and flexural

strength, wire brush, acid resistance, SEM, and XRF were conducted on the blocks.

3.3.4. Physical Properties of the Activators

To measure the properties of the activators, a dedicated device with the commercial name
PC400S portable meter kit supplied by APERA instruments was used. The device features two
separate probes for measuring pH, conductivity, total dissolved solids (TDS), salinity, and
resistivity of liquids. The probes have been calibrated before and after each test to ensure data

accuracy, and each test has been repeated 5 times to ensure consistent results.
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3.3.5. LCA

To evaluate the environmental impacts of the produced earthen blocks, a cradle-to-gate life
cycle analysis based on ISO 14040 [150] has been conducted. The LCA 1is conducted to assess
how changes in the proportions of binders and fillers affect the environmental performance of each
mixture, with emphasis on GWP, energy consumption, and resource depletion. This would then

allow a better understanding and identification of the main contributions to environmental impacts.

3.3.5.1. Goal and Scope Definition of the LCA

To evaluate the environmental impacts of different mixtures, a declared unit of 1 m? of finished
blocks is adopted, consistent with ISO 14040-08 [150] provisions for cradle-to-gate assessments,
and has also been adopted previously [151], [152], [153], [154]. This choice ensures that (i) the
geometric volume remains constant, while the mass and density differences among mixtures are
properly reflected in the material and transport burdens, and (ii) the results are directly comparable
to Environmental Product Declarations (EPDs), where impacts are typically reported per unit
volume or mass of product. Adopting 1 m*® as the reference quantity also facilitates future
comparisons and scaling to wall assemblies or other building components without dependence on
specific block dimensions or configurations. To ensure that the results also reflect the mechanical
performance of each mixture, the environmental impacts are further expressed as a strength-
normalized impact, with all results normalized to a reference compressive strength of 2500 psi
(17.23 MPa). The reasons for selecting this value are provided in section 4.11, along with further
explanations. This approach follows the methodology proposed in [155], [156], in which

compressive strength is treated as an indicator of functional performance to facilitate performance-
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based comparisons among mixtures. However, recognizing that several authors (e.g., [157]) have
cautioned against defining the functional unit solely on material properties (and since this may not
fully represent the material’s intended function in a specific end-use or structural context), both
the declared-unit results (per 1 m® of blocks) and the strength-normalized results are presented and

discussed in parallel to provide a comprehensive assessment.

The construction site is assumed to be at coordinates 38°41'31.5" N, 121°30'54.8"W, in

Natomas Central (northern Sacramento, CA). Table 6 shows the distances of material distributors

in kilometers to the specified location.

Table 6. Distances considered from the supplier to the construction site (kilometers).

Portland  Sodium  Sodium Fly ash Fly ash Glass

Location Water Seil
cement hydroxide silicate class F class C powder
Sacramento
0 263 146 146 1368 1368 14.8 0
(CA)

Figure 4 shows the system boundary adopted for this study (i.e., cradle-to-gate) that includes

(a) raw materials supply, (b) transportation, and (c) manufacturing of the blocks.
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Figure 4. The scope of the LCA study, cradle to gate, as indicated in A1-A3.

3.3.5.2. Life Cycle Inventory (LCI)

In this study, the LCI was developed using TRACI v2.1 (Tool for the Reduction and

Assessment of Chemical and other Impacts) [158], which provides midpoint-level impact

categories relevant to U.S.-based assessments. Table 7 provides the GWP of all materials used in

this study. Notably, the GWP of the glass powder produced in this work (after the grinding process

described in Section 3.3.2.5) is comparable to that reported in the environmental product

declaration (EPD) of a similar commercial material (VCAS 200), which lists a GWP of 0.15 kg

CO:2-eq per kilogram of glass. This framework was selected to ensure consistency with established

methods and comparability with previous research. The following subsections present the

operations, assumptions, and system boundaries adopted in the LCA modeling.
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Table 7. GWP in CO; eq. of all materials used in LCA calculations.

Combination Grinding

Diesel Electricity;
diesel per kg of
combusted at user; Portland
Sodium Sodium powered glass (kg)
in industrial consumption cement
hydroxide silicate (per truck
equipment mix - 2022 (Type I/TI),
(per 1 kg) 1 kg) transport
(per kg US (per 1 (per 1 kg)
(per 1 kg-
diesel used) MJ)
km)
3.88E+00 1.04E+00 1.29E+00 1.39E-01 9.19E-01 9.40E-05 2.25E-01

3.3.5.3. Soil Excavations

To supply soil for the masonry production, local soil is excavated using a diesel-powered 20-
ton excavator (model Deere 210G LC) with a fuel consumption of approximately five gallons of
diesel per hour (MPG 5), equivalent to 16.2 kg h! assuming a diesel density of 0.85 kg L. Based
on consultations with industry professionals, the excavator’s production rate is estimated at 25 m?
h'!. With an assumed bulk density of 1500 kg m™, this corresponds to 37500 kg of soil excavated
per hour. The soil is assumed to be taken from about 1 m below the surface to minimize organic
matter content; however, since this depth is typical for foundation preparation, no additional

energy is assigned for digging below ground level.

To account for the environmental impacts of soil excavation, a diesel-to-soil productivity ratio
was calculated to relate the mass of soil excavated to the amount of diesel combusted. The
excavator’s productivity corresponds to 2314.8 kg of soil per kg of diesel, derived from the ratio
of 37500 kg soil h'! to 16.2 kg diesel h'l. Accordingly, for every kilogram of soil used in the

mixtures, the diesel requirement was determined as:
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Soil mass (kg)
2314.8

Diesel required (kg) = Eq. 1

This calculated diesel mass was then multiplied by the corresponding unit impacts of diesel
combustion in each environmental category to obtain the total contribution of soil excavation to

the life-cycle results.

3.3.5.4. Transportation

For transportation, a heavy-duty truck with a gross vehicle weight rating of approximately 32
metric tons was assumed for transporting secondary materials, covering the distance from the
supplier to the construction site. Fuel consumption of five miles per gallon (MPG) is considered
for transporting materials. The energy required for transportation was subsequently calculated
based on the weight of the materials. Since transporting the equipment and the machinery for

CSAEB production is similar across different mixtures, they are not calculated in this LCA.

3.3.5.5. Grinding of Glass Powder

Glass powder is supplied as a waste material at a size of 4 mm. This size is chosen based on
discussions the authors had with local waste managers, where it was mentioned that they conduct
initial processing and provide such a size of glass. Similar to fly ash, which carries no upstream
burden because its formation is allocated to electricity generation, recovered waste glass is treated
as a burden-free secondary material at the point where it is supplied at 4 mm. Washing, sorting,

and initial crushing to 4 mm was assumed in this study to be part of the municipal waste-
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management regular activities and therefore were assumed to fall outside the system boundary of
this study. Only the additional processing required specifically for this product, namely, grinding
from 4 mm to 100 um, is included. The energy required for grinding glass to a smaller size of 100
micrometers is then calculated based on Rittinger’s formula (eq. 2) with an assumed Rittinger’s
constant of 50 kWh-mm?/ton [159], [160], [161]. The final energy required for grinding glass is

found to be 1.62 MJ per kg of glass.

r=con(()-(0)

With E referring to the energy required per unit mass (kWh/metric ton or MJ/metric ton), F
representing initial particle size (4 mm), and P representing the final size (100 pm). The size of
100 um was chosen from previous studies (e.g., [162], [163], [164], [165]) where the authors
mentioned that glass powder with a particle size of around or lower than 100 pm can have enough

reactivity to be used as a supplementary cementitious materials.

3.3.5.6. LCA Calculations

For the LCA calculations, the following four impact categories were selected for the LCA due
to their relevance to construction materials: First, GWP (kg CO:-eq) has been chosen since it
captures greenhouse gas emissions related to climate change. TEC (MJ) reflects the total energy
required across the life cycle, which is an important parameter given the high energy intensity of
activators used in geopolymer binders. Smog formation (kg SO:-eq) has also been selected to
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account for pollutants that contribute to urban air quality degradation. Finally, acidification (kg

SO.-eq) measures emissions that lead to acid rain and ecosystem damage have been chosen.

After establishing the wall size with and without a strength correction factor, based on the
hardened density (28-day) of each mixture, the amount of materials needed for each mixture is
normalized. Based on that and the unit impact of each material, the amount of each material's
impact in each mixture is then calculated. In doing so, the amount of materials needed is multiplied
by their corresponding impacts for each mixture proportion. After calculating all the materials for
all the mixtures with and without the strength factor, transportation is calculated based on the
distances noted in Table 6. Finally, all the corresponding impacts of materials production and

shipment are summed up and analyzed.

3.3.6. Statistical Analysis, Quality Assurance, and Quality Control

All experimental results were statistically analyzed to assess consistency, variability, and
significance across different mixtures. For each group, the mean, standard deviation (SD), and
coefficient of variation (COV) were computed using Microsoft Excel 2024. To perform a detailed
pairwise comparison, MATLAB R2024a, developed by MathWorks Inc., was used. In the analysis,
the Shapiro-Wilk test was first used to assess normality within each group. If both groups were
found to follow a normal distribution, Levene’s test was applied to determine variance
homogeneity. Based on the outcomes, either a standard two-sample t-test (for equal variances) or
a Welch’s t-test (for unequal variances) was used. When normality was not met in either group, a

nonparametric Mann-Whitney U test was conducted. All tests were performed at the o = 0.05
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significance level. Results are consistently reported throughout the manuscript as mean + standard
deviation, alongside their corresponding p-values, regardless of statistical significance. More
details on the statistical analyses are provided in section 4.10. All results, whether statistically
significant or not, are reported explicitly throughout the manuscript whenever comparisons are
made. Similarly, for a fair comparison between different mixtures, the standard deviations and
coefficient of variation (COV) are reported throughout the manuscript whenever comparisons are

made.

For quality assurance, this study strictly followed the standardized tests and procedures
established by the American Society for Testing and Materials (ASTM). All equipment used for
preparing, curing, and testing was recalibrated according to the manufacturer's specifications
before use. In cases of non-standardized procedures, reference materials and previous research
studies were reviewed and cited, and credible justifications were provided in the methodology

sections.

In terms of quality control, all the tests were conducted with the same crew members and
instruments to minimize other sources of variability in the data collection stage. Generally, for
each test, more than five specimens were prepared to ensure that no outlier in the reporting data
would exist to impact the results. Specimens that exhibited signs of physical damage or had been
subject to handling errors were identified as outliers and excluded from the analysis. Such outliers
were then also removed from the final statistical analysis to prevent them from impacting the

results. This approach ensured that the reported findings would reflect the actual behavior of the
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CSAEB specimens under investigation. Also, in each figure, the reported mean is followed by +

calculated STD. A similar reporting method is used to explain the results.

3.4. Experimental Results and Discussions

In this section, the testing results, including fresh, mechanical, and durability properties, are

discussed.

3.4.1. Hardened Density

The result of the hardened density tests after 28 days of curing is presented in Figure 5. The
lowest hardened density was recorded for SS-FF, at 1662.20 + 21.33 kg/m?, and the highest value
was documented for SH-FC, at 1896.50 + 3.91 kg/m?. The higher bulk density of SH-FC results
from both the greater specific gravity of fly ash class C and its higher reactivity, which promotes
more extensive reaction products and reduces porosity. As noted in [166], fly ash class C improves
particle packing and promotes denser microstructural development. Furthermore, when mixtures
are averaged by the activator type, sodium hydroxide-based blocks showed a higher average
hardened density of 1828.70 + 59.4 kg/m?, compared to 1704.20 + 70.0 kg/m? for their counterparts
produced with sodium silicate. This trend was statistically supported by pairwise comparisons,
where eight out of the nine sodium hydroxide-to-sodium silicate mixture combinations showed
significant differences in hardened density with p<0.008 in all cases. Only the comparison
between SH-FF and SS-GP was not statistically significant (p =0.173), which can be attributed to
the homogeneity of the mixture introduced by glass powder. The higher density of sodium

hydroxide-based mixtures is also consistent with observations made in sections 2.1.3 and 3.1.1,
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where sodium hydroxide was noted to produce higher pH environments and lead to quicker
reaction kinetics compared to sodium silicate. As a result, the blocks activated with sodium silicate

tend to have lower final density values.

In terms of precursors used, fly ash class C-based blocks showed the highest average hardened
density value of 1838.77 + 86.0 kg/m?, which compares to SS-FC with 1733.70 £ 17.21 kg/m? and
1896.50+3.91 kg/m* for SH-FC. These values are higher than those of glass powder-based
mixtures that averaged 1742.90 + 94.4 kg/m?, with SS-GP at 1690.70 + 16.33 kg/m* and SH-GP at
1784.10+25.96 kg/m?. The lower hardened density of glass powder-based mixtures is consistent
with previous sections and is likely due to the angularity of glass powder, resulting in a higher
void content and less efficient particle packing within the matrix. Other combinations of SH-FC
vs. SS-GP (p=0), SH-FC vs. SH-GP (p=0.008), and SH-FC vs. SS-FC (p=0.001) were also
statistically significant. These results confirm that the use of glass powder has reduced the overall
density compared to fly ash class C. When compared to fly ash class F-based mixtures, including
SS-FF (with 1662.20 +21.33 kg/m?®) and SH-FF (with 1765.40 +10.29 kg/m?), the differences
were again statistically significant. For example, SH-FC (with 1896.50+3.91 kg/m?®) was
significantly denser than SS-FF (with 1662.20+21.33kg/m?®) and SH-FF (with
1765.40 + 10.29 kg/m?), with p-values of 0.000 and 0.003, respectively. Similarly, SS-FC’s density
also exceeded SS-FF (with 1662.20+21.33 kg/m?, and p=0.000) and even SH-FF (with
1765.40 +10.29 kg/m? with p = 0.008). These findings confirm that fly ash class C-based mixtures
consistently outperform glass powder and then fly ash class F-based counterparts in terms of
hardened density. The denser microstructure of fly ash class C-containing mixtures is likely due

to their higher calcium content and quicker initial reactivity, as reported in previous studies [167].
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It is worth noting that glass powder-based blocks also exhibited higher densities than fly ash
class F-based ones. For instance, SH-GP had a density of 1784.10 £ 25.96 kg/m?, while SS-FF had
a density of 1662.2 £ 21.33 (p=0.000). It also compares to SH-FF with 1765.4 +10.29 kg/m?,
and p=0.173. These differences are consistent with the higher specific gravity of ground glass
powder (as discussed in section 2.1.2), and the results are statistically significant, except for SH-

GP vs. SH-FF.

In terms of variability, hardened density values showed relatively low COV, ranging from
0.21% in SH-FC to 1.46% in SH-GP. One main reason for low variability is that they were all
molded at a given mass before production, which reduced variability in results. For instance, SH-
FC, which recorded the highest average density of 1896.5 + 3.91 kg/m?, had the lowest variability
with a COV =0.21%. In contrast, SH-GP had a higher COV of 1.46%, which confirms the
assumption that glass powder can cause difficulty in mixing because of its angularity [168]. These
findings are consistent with the density trends discussed earlier and underscore the impact of the

early reaction on the results.
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Figure 5. Hardened density of various mixtures.

3.4.2. Water Absorption

Figure 6 presents the result of the water absorption test. Among all mixtures, SS-GP recorded
the highest absorption with 17.46+0.16% (and a COV =0.94%). SS-FF followed it at
16.80+0.24% (and COV =1.43%). The difference between SS-GP and SS-FF was statistically
significant with a p=0.001. PC also showed high absorption at 15.27+0.24% (with
COV =1.54%), which is significantly higher than all sodium hydroxide-based mixtures (with
p=0.000 for all combinations of PC vs. SH-FC, SH-FF, and SH-GP). sodium hydroxide-activated
systems exhibited a lower average absorption value of 13.78 + 1.02%, compared to their sodium
silicate-based counterparts, which had an average absorption value of 15.90 +2.16%. For example,
SH-FC recorded the lowest overall value of 13.07 £ 0.52% (with COV =3.95%), followed by SH-

FF at 13.33 £ 0.13% (with COV =0.94%) and SH-GP at 14.95 £+ 0.48% (with COV =3.20%). All
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pairwise statistical analyses were significant with p=0.000, except for SH-FC and SH-FF with

p=0.306.

Also, statistical analyses confirmed that the differences between sodium silicate- and sodium
hydroxide-activated mixtures were generally significant (e.g., SH-FC vs. SS-GP (p=0.000) and
SH-FC vs. SS-FF (p=0.000), except for SH-FC vs. SS-FC with a p=0.169. Other pairwise
comparisons, such as SH-GP vs. SS-GP (p =0.000) and SH-GP vs. SS-FF (p=0), and SH-GP vs.
SS-FC were also significant (p =0.000). These results are consistent with observations in Section
4.2, where sodium hydroxide-activated blocks also exhibited higher density values. The lower
absorption values in sodium hydroxide mixtures can be attributed to the higher pH of the activating
solution. A higher pH promotes faster dissolution of reactive alumina and silica in the precursor.
This leads to denser gel formation and reduced capillary porosity, as also reported in earlier studies
(e.g., [169]). As for the higher absorption of the sodium silicate-based system, it is possible that a
substantial portion of the activator water does not contribute to the hydration and instead

evaporates during the thermal curing done in this study [170], [171].

The type of SCM also influenced water absorption, with glass powder-containing blocks
showing the highest average absorption, 16.21 + 1.77%, followed by fly ash class F-based blocks
with an average of 15.07 +2.45%. Finally, fly ash class C-based blocks had an average value of
13.25+0.26%. All pairwise analyses also yielded statistically significant results with p < 0.05.
The elevated absorption in glass powder mixtures is probably related to the angular shape of glass
particles, which can promote interparticle bridging and clustering. It can also result in difficulty

mixing and an increased trapped air and pore volume [165].
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In terms of variability, all COV values remained under 4.00%. Low COV values indicate low
variability within each group and consistency in results. SH-FF and SS-GP had the lowest variation
with COVs, with 0.94%. In turn, SH-FC had the highest COV value of 3.95%, which can be

attributed to minor deviations in specimen preparation and possible microstructural differences.
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Figure 6. Water absorption (%) in different mixtures.

3.4.3. Dry and Wet Compressive Strength

The results of the compressive strength test evaluated at 7, 28, and 56 days are shown in Figure
7. Wet compressive strength tests were performed only on 28-day samples, whereas dry
compressive strength tests were conducted at multiple ages. At 7 days, SH-FC developed the
highest strength at 24.07 + 1.40 MPa (COV = 5.8%), followed by SH-FF at 21.84 + 0.79 MPa
(COV =3.6%) and SH-GP at 17.29 = 1.78 MPa (COV = 10.3%). These values were statistically
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significant for all comparisons involving sodium hydroxide mixtures vs. sodium silicate and
Portland cement, with p = 0.000. Among the sodium silicate-based mixtures, SS-GP developed
the highest strength at 9.56 + 0.24 MPa (COV = 2.5%), which was higher than SS-FF with 3.70 +
0.20 MPa (COV = 5.4%), and SS-FC with 3.89 + 0.24 MPa (COV = 6.2%). The p-value was also
equal to zero for both comparisons. However, the difference between SS-FF and SS-FC was not
statistically significant (p = 0.221) at 7-day results. Portland cement-based blocks also achieved a
7-day strength of 8.36 = 0.79 MPa (COV =9.4%), which was lower than that of SS-GP (p =0.025)

but higher than that of SS-FF and SS-FC (p = 0.000 for both comparisons).

At 28 days, SH-FC again developed the highest strength at 30.95 + 1.16 MPa (COV = 3.8%)),
followed by SH-FF at 22.23 + 1.16 MPa (COV = 5.2%) and SH-GP at 21.35 + 0.84 MPa (COV =
3.9%). The difference between SH-FC and SH-FF was statistically significant (p = 0.000), while
the difference between SH-FF and SH-GP was not (p = 0.208). SS-GP and PC showed comparable
values 0f 9.64 + 0.82 MPa (COV = 8.5%) and 8.69 = 0.31 MPa (COV = 3.6%), respectively, with
a statistically significant difference (p = 0.041). These results show that the inclusion of glass
powder has at least developed similar strength to Portland cement-based blocks, while SS-FF and
SS-FC remained much lower at 4.18 £ 0.23 MPa (COV = 5.5%) and 4.31 = 0.16 MPa (COV =

3.7%), with no significant difference between them (p = 0.332).

On average, sodium hydroxide mixtures developed a 28-day compressive strength of 24.84 +
4.59 MPa, which is significantly higher than the average value of 6.04 + 2.67 MPa. All results
were also significant, with a p-value of 0.000. Similarly, the average 28-day strength with glass

powder, fly ash class F, and class C was 15.50 + 6.22 MPa, 13.21 = 9.54 MPa, and 17.63 + 14.06
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MPa, respectively. The high standard deviations result from the significant difference between the
sodium silicate-based and sodium hydroxide-based results that are grouped. Overall, fly ash class
C has performed best since its calcium content is relatively higher than that of the other two
materials and contributes to its hydration [166]. However, despite the common mixing or
dispersion issues associated with glass powder particles [172], they have developed comparable
strength to the two types of fly ash. Additionally, all sodium hydroxide mixture results were found
to be statistically significant compared to sodium silicate and Portland cement-based mixtures
(p<0.001). The lower strengths developed for sodium silicate-mixtures can result almost entirely
from a lack of alkali activation, which essentially results from the lower pH value of the mixture.
Previous study [142] showed that a pH of 14.00 can develop up to 50 times higher strength than a
mixture with a pH of 12.00. Partly, the pH can result from the activator used in their production,
which is outlined in Table 3. For instance, from the average results discussed for sodium silicate
vs. sodium hydroxide, it can be concluded that sodium hydroxide’s pH of 12.37 has developed
over four times higher compressive strength than samples produced with sodium silicate and a pH
of 10.8. Similar results, where higher pH leads to higher strength development, are also reported
in [173]. However, other studies also suggest that the chemical composition of particles,
particularly calcium [174], plays a crucial role in the development of these properties. As
mentioned by Rossi et al. (2022) [175], varying amounts of CaO, reactive fractions, and
amorphous phases in the precursors can also be responsible for the different performance results,

which could be a topic for future investigations.

At 56 days, SH-FC again achieved the highest compressive strength at 38.12 +4.08 MPa (COV

= 10.7%), followed by SH-FF at 24.43 + 0.81 MPa (COV = 3.3%) and SH-GP at 24.19 = 1.02
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MPa (COV =4.2%). These mixtures significantly outperformed all sodium silicate-based and PC
mixtures with p < 0.001 for all mixtures containing sodium hydroxide versus sodium silicate or
Portland cement comparisons. PC reached a strength value of 10.75 £ 0.47 MPa (COV = 4.4%),
which was slightly higher than SS-GP at 10.31 = 0.20 MPa (COV = 1.9%), but the difference was
not statistically significant with p = 0.089. SS-FF and SS-FC again recorded the lowest values at
4.89 = 0.37 MPa (COV = 7.6%) and 5.00 £ 0.55 MPa (COV = 11.0%), respectively, with a
statistically significant difference between them (p = 0.000). Similarly, both mixtures were

significantly weaker than PC and SS-GP (p = 0.000 for all comparisons).

Wet compressive strength measured at 28 days followed similar trends. SH-FC achieved the
highest value at 25.06 + 1.45 MPa (COV = 5.8%), significantly outperforming SH-FF with 19.26
+0.34 MPa (COV =1.8%) (p =0.001), and SH-GP at 11.38 + 0.83 MPa (COV =7.3%) (withp =
0.000). SS-GP and PC showed lower strengths at 9.05 + 0.99 MPa (COV = 10.9%) and 7.70 £
0.41 MPa (COV = 5.3%), respectively, with their difference being statistically significant (p =
0.034). SS-FF had a strength of 3.27 + 0.25 MPa (COV = 7.6%), and SS-FC developed a higher
strength of 3.72 = 0.39 MPa (COV = 10.5%) (with p = 0.06). All sodium hydroxide mixtures
outperformed PC, and all sodium silicate-based systems with all pairwise comparisons were
significant (all p <0.001). SS-GP remained stronger than both SS-FF and SS-FC (p < 0.01). This
is aligned with the dry compressive strength values, which show better performance of sodium
hydroxide. The slightly lower wet compressive strength compared to dry strength values confirms
that soil particles become saturated and tend to expand when exposed to water [176]. This swelling
introduces internal stresses within the binder matrix and at the soil-binder interphases, where crack

initiation and growth are more likely to occur. Consequently, the observed strength loss is
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attributed primarily to cracking within the binder and interphases, rather than failure of the soil
particles themselves. Lowered wet compressive strength values (compared to dry compressive
strengths) are also reported in [177]. Another point that the results show is also the fact that glass
powder has performed comparable and often even better strength values, especially in sodium
silicate-based blocks. One explanation is that glass powder particles may have retained moisture
on their surfaces or within fine pores during curing, thereby prolonging the availability of water

for reaction compared to other fly ash particles.

In terms of variability, SH-FF consistently showed the lowest COV across all curing ages, with
3.6% at 7 days and 5.2% at 28 days. SS-FC showed the highest variability at 56 days (COV =
11.0%), possibly due to slight differences in microstructure formation. SH-FC and SS-FF at 56-
day compressive strength also demonstrated higher variability (COV > 7.0%). Overall, sodium
hydroxide mixtures developed higher and more consistent strengths than sodium silicate- and

Portland cement-based counterparts.
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3.4.4. Flexural Strength

Flexural strength results at 28 days, with average values and standard deviations, are presented
in  Figure 8. SH-GP developed the highest flexural strength of 0.47+0.006 MPa (with
COV =1.37%). SS-FF recorded the lowest value at 0.07 = 0.004 MPa (COV =5.22%). SH-FC and
SH-FF followed with strengths of 0.42+0.014 MPa (COV =3.24%) and 0.33+0.011 MPa
(COV =3.33%), respectively. Among the sodium silicate-based mixtures, SS-GP had the highest
strength among other samples with 0.20 = 0.005 MPa (and COV =2.51%), while SS-FC yielded
0.10+0.002 MPa (and COV =2.45%). The control Portland cement-based samples showed a
flexural strength of 0.12 = 0.006 MPa with a COV =4.61%. All pairwise comparisons also showed

that the results were statistically significant with p =0.000.

Compared by activator type, sodium hydroxide mixtures produced a substantially higher
average flexural strength (at 0.41 £0.02 MPa, COV =5.05%) compared to sodium silicate
mixtures (at 0.12 +0.05 MPa, COV =42.77%), similar to the results of compressive strengths and

the impact of higher pH in section 5.6.1 [110].

In terms of precursor type, the average flexural strength of glass powder-based mixtures was
highest at 0.34 = 0.18 MPa, followed by fly ash class C-based at 0.26 = 0.23 MPa, and fly ash class
F-based blocks at 0.20 + 0.18 MPa. The superior performance of glass powder can be due to its
angular shape and filler effect, which contribute to crack-bridging and microstructural
reinforcement. Similar to the compressive strength results, fly ash class C mixtures also performed
well due to their higher calcium content, which promotes strength development [166]. fly ash class

F-based blocks generally produced lower values, consistent with their compressive strength
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results. In terms of COV values, all the values remained below 5.30%. The lowest variability was

observed for SH-GP with 1.37%, while the highest was found for SS-FF at 5.22%.
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Figure 8. Flexural strength of various mixtures.

3.4.5. Wire Brush Test

The results of the wire brush abrasion test, conducted per ASTM D559-15 [178], are
summarized in Figure 9. Among all mixtures, SS-FF and SS-FC failed to complete the full twelve
brushing cycles and were excluded from the results. Among the remaining samples, the highest
dry weight loss was recorded for PC blocks, with an average mass loss of 6.84+1.44 g and a
COV =21.1%. In contrast, SS-GP had the lowest dry weight loss at 3.90+0.73 g and a
COV =18.6%. sodium hydroxide-based blocks showed comparable performance, with SH-GP,
SH-FF, and SH-FC recording dry losses of 4.60+0.78g (COV=16.8%), 4.69+0.23 ¢
(COV =4.95%), and 4.40+0.72 g (COV =16.4%), respectively. SS-GP appears to have had the
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lowest dry weight loss, while mixtures SH-GP, SH-FF, and SH-FC have had rather comparable
results. One major takeaway from the figure can be the better performance of almost all alkali-
activated mixtures as compared to Portland cement-based blocks in dry weight loss. This is evident
in the statistical analyses as well, with PC having a significantly higher loss than that of SS-GP
(p=0.004), SH-GP (p=0.016), SH-FF (p=0.011), and SH-FC (p=0.010). The reason for this can
be the higher strength of alkali-activated binders. However, in the case of glass powder-containing
mixtures, the better performance can originate from the higher hardness of glass powder. Similar
findings are also documented in [165], [179], whereby glass powder has outperformed other SCMs
when under abrasion. However, under saturated conditions, Portland cement-based blocks showed
better resistance. The saturated weight loss of PC was 20.56 +2.59 g (with a COV = 12.6%), which
was lower than that of alkali-activated blocks. For example, SH-FF and SH-FC showed higher
saturated losses of 23.91 £4.69 g (with COV =19.6%) and 23.69+4.13 g (with COV =17.4%),
respectively. SS-GP and SH-GP followed with losses of 20.93 +7.47 g (and COV =35.7%) and
20.56 £3.67 g (and COV =17.9%), respectively. However, statistical comparisons under saturated
conditions indicated that the differences between PC and the alkali-activated blocks were not
significant (p >0.15 for all comparisons). Furthermore, no significant differences were detected
among the SH-based or between SH and SS-GP mixtures in saturated weight loss. These results
align with previous literature [180], which suggests that alkali-activated binders may be more
susceptible to damage under cyclic wetting or freeze-thaw conditions, leading to increased mass

loss when saturated.
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Figure 9. Result of the wire brush test on mixtures.

3.4.6. Acid Resistance

To evaluate the properties of the produced earth blocks, each mixture’s samples were exposed
to nitric acid for two hours. Figure 10 presents the visual deterioration of blocks after exposure to
nitric acid. Figure 10 (a) shows the deterioration of the Portland cement-based block, which can be
noted as severe. However, all alkali-activated mixtures appear to have been damaged less than the
Portland cement-based block. This is aligned with previous studies (e.g., [181], [182]) that noted
a significantly better performance of AAMs, as compared to their Portland cement counterparts,
especially in acidic environments. According to literature, the unique chemical composition of
aluminum-dominated microstructural products (specifically the Si-O-Al bonds) appears to have
higher resistance to acid-induced degradation, as compared to calcium silicate hydrate (C-S-H)

[183], [184], [185].
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Figure 10. Physical shape of earthen blocks after exposure to 2 hours of nitric acid: (a) PC, (b)
SS-GP, (¢) SS-FF, (d) SS-FC, (e) SH-GP, (f) SH-FF, (g) SH-FC.

Figure 11 (a) and (b) show the mass loss and compressive strength after exposure to acid. The
Portland cement-based blocks show the highest mass loss at 8.39+0.45 g, significantly greater
than all alkali-activated mixtures except for SS-FC with 8.21 +0.22 (with p =0.440). Among the
alkali-activated mixtures, SS-FF and SS-FC showed losses of 7.36+0.40 g and 8.21+0.22 g,
respectively. Although SS-FC’s mass loss was statistically comparable to PC (both insignificant
with p=0.440), SS-FF showed significantly lower mass loss than PC with p=0.005. It is
interesting to note that despite the lower compressive strength of blocks made of SS-FF and SS-

FC, their performance upon exposure to acid is considerably better than PC. Similarly, sodium
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hydroxide-based mixtures showed better performance over PC ones. For example, SH-GP
recorded a mass loss of 7.46 +0.62 g, SH-FF had 6.73 +£0.52 g, and SH-FC had the lowest value
0f 6.03 £0.52 g. All sodium hydroxide-based blocks were statistically significant, compared to PC
(with all p<0.026). The better performance of alkali-activated blocks confirms that their binding
system does not easily break down under acidic conditions. A previous study in [110] associated
this performance with the reduced amount of calcium present in the alkali-activated microstructure
and the better resistance of SCMs to acids, as opposed to PC. In addition, the highest mass loss
belonged to SH-FF, falling behind the glass powder-containing mixtures. The reason for the lower
strength value of SH-FF can be that the greater number of unreacted fly ash particles are
susceptible to acidic environments and tend to destabilize and form Si-OH and Al-OH group of

bonds, resulting in a significant loss of performance [110].

Furthermore, the highest loss in strength values after exposure to acid is for samples made with
sodium hydroxide, with a mean value of 67.95%, as compared to sodium silicate and Portland
cement-based samples with 36.72% and 39.89%, respectively. These differences were statistically
significant, with p <0.002 for all sodium hydroxide vs. Portland cement and sodium hydroxide vs.
sodium silicate comparisons. The reason behind this higher loss can be the higher Na* & OH™ in

the sodium hydroxide, which results in higher strength loss [110].
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3.4.7. Oxide Composition of Hardened Materials Using XRF

Table 8 presents the results of XRF conducted on all samples. As seen in the table, the average
aluminum content is the lowest when glass powder is used in the blocks, while it is the highest
when fly ash class F is used. In contrast, samples produced with glass powder are found to have a
slightly higher SiO; content, with a mean value of 63.23%, as compared to fly ash class F and class
C, with values of 61.08% and 52.63%, respectively. These results are aligned with the information
shared in section 3.1.2. The glass powder used in this study had the highest SiO> and the lowest
Al>,03 among the SCMs. The same goes for the fly ash particles (both fly ash class F and class C),
their hardened blocks show similar XRF results to the raw materials. However, it is interesting to
note that the soil used in the production of blocks does not seem to alter the overall ratios of the
chemical composition in the blocks. This is because the hardened composition is mainly controlled
by the SCMs added to the mixture. Upon a closer look at the table, similar conclusions can be
made for the activators. For instance, blocks made with sodium silicate are found to have average
aluminum, silicon, and calcium oxides of 10.79%, 60.50%, and 9.54% respectively. This compares
t0 9.71%, 57.46%, and 11.51%, respectively, for samples made with sodium silicate, which is not

significantly different from sodium hydroxide-based samples.

Table 8. Presenting the XRF result on all mixtures.

Component PC SS-GP SS-FF SS-FC SH-GP SH-FF SH-FC
Na,O 0.95 0.00 3.78 4.73 4.67 2.80 3.06
MgO 1.71 0.94 2.25 2.70 1.79 1.43 1.95
AlLO; 10.81 4.95 13.72 10.47 7.48 13.17 11.73
Si0, 58.96 60.91 61.94 49.52 65.56 60.21 55.74
P,0s 0.22 0.00 0.47 0.47 0.18 0.53 0.60
SOs 0.66 0.20 0.43 1.23 0.23 0.43 1.00
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Cl 0.04 0.12 0.04 0.07 0.04 0.04 0.04

K>O 2.47 3.27 1.92 2.40 1.93 2.20 2.04
CaO 11.95 13.78 6.46 14.30 8.73 7.62 12.28
TiO2 0.85 1.08 0.79 1.42 0.67 0.90 1.08
MnO 0.18 0.25 0.12 0.19 0.14 0.17 0.14
Fe O3 11.07 14.50 7.95 12.31 8.49 10.26 10.13
ZnO 0.04 0.00 0.03 0.00 0.00 0.04 0.06
SrO 0.08 0.00 0.10 0.19 0.03 0.14 0.14
710, 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3.4.8. SEM Imaging of Hardened Materials

Figure 12 presents the SEM images of hydrated blocks after 28 days of curing. Based on Figure
12 (a), A relatively dense and interconnected C-S-H gel is visible, which is attached to a soil
particle. Furthermore, smaller hexagonal-style crystals are also seen on top of a granular particle
that has partially reacted and formed a calcite crystal. Commonly, rhombohedral or hexagonal
shapes represent calcite and portlandite crystals in cementitious materials [186], [187]. Figure 12
(b), (¢) and (d) present rather loosely connected particles, including fly ashes and angular glass
powder particles, that seem to be unreacted. This is consistent with the results outlined in Section
3.2, which indicate that sodium silicate-containing mixtures did not achieve very high strength
values, primarily due to the lack of alkali-activation. In contrast, Figure 12 (e), (f), (g), (h), and (1)
show earthen blocks produced with sodium hydroxide, which contain numerous interconnected
clusters, resembling a complex arrangement of fibrous hydrated products, platelets, or globular
features that represent the calcium and sodium silicate hydrate (C-A-S-H or N-A-S-H) gels.
Notably, Figure 12 (h) and (i) show a partially hydrated fly ash, which on its surface has features
of surface dissolution, as a result of exposure to the high pH of the sodium hydroxide.
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Figure 12. SEM images with (a) PC, (b) SS-GP, (c) SS-FF, (d) SS-FC, (e) SH-GP, (f) and (g)
SH-FF, (h) and (i) SH-FC.

3.4.9. Statistical Analysis Done on Test Results

To ensure that the observed differences between test results were statistically significant, a
comprehensive pairwise comparison framework was implemented in this study. For each test
category and pair of mixtures, the analysis began with the Shapiro-Wilk test to assess whether the
data were normally distributed. If both groups met the normality criterion, Levene’s test [ 188] was
then used to evaluate variance homogeneity. For data with equal variances of p > 0.05, a standard

two-sample t-test [189] was conducted. For groups with unequal variances, Welch’s t-test [190]
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was applied. If either group failed the normality test, the Mann—Whitney U test [191] was used
instead. A threshold of a = 0.05 was adopted for all comparisons to determine statistical

significance.

This approach eliminated the need for traditional Analysis of Variance (ANOVA) or post hoc
tests by directly comparing each pair of mixtures using the most appropriate test for the underlying
data characteristics. All p-values are explicitly reported in Table 9. Each row corresponds to a
specific mixture comparison (e.g., PC vs. SS-GP), while each column represents a different test

category.

The results show statistically significant differences (p < 0.05) for most comparisons involving
mechanical testing results, including 7-day, 28-day, 28-day wet, and 56-day compressive
strengths, as well as acid-exposed compressive and flexural strengths. These findings indicate that
the mixture design had a pronounced and statistically reliable influence on strength development

under both standard and acidic curing conditions.

For durability-related parameters, such as dry and saturated weight loss after wire brush testing,
and mass loss under acid exposure, more variability was observed across mixture comparisons. In
several cases, especially those involving glass powder, the p-values exceeded 0.05. It indicates
that group differences were not statistically significant. This was most evident in the saturated
weight loss test, where six comparisons yielded p>0.05, and in the acid-induced mass loss
category, where non-significant results were again more frequent among glass powder-based

formulations. These results suggest that glass powder inclusion may contribute to greater
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heterogeneity in acid resistance or surface degradation behavior. It is possible that, due to the
angularity of the glass particles and the difficulty in dispersing glass powder during the mixing

process, variable reaction kinetics or increased microporosity are produced in the samples.

In general, most pairwise statistical analyses confirm that binder type and filler selection have
a statistically significant influence on most test results. The few exceptions, mainly concentrated
in durability and absorption-related tests, appear to be associated with the complex behavior of

glass powder-based mixtures.
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Table 9. Result of statistical analysis (p-values).

Group Group Hardened Water 7D 28D 56D 28D Dry weight Saturated Loss in mass 28D acid
’ ) Density Absorpti Comp Comp Comp wet  Flex loss (wire weight loss acid comp.
on comp brush) (wire brush)
PC SS-GP 0 0 0.025 0.041 0.089  0.034 0 0.004 0.151 0 0
PC SS-FF 0 0 0 0 0 0 0 - - 0.005 0
PC SS-FC 0 0 0 0 0 0 0 - - 0.44 0
PC SH-GP 0.241 0.22 0 0 0 0 0 0.016 0.188 0.026 0
PC SH-FF 0.003 0 0 0 0 0 0 0.011 0.998 0.001 0
PC SH-FC 0 0 0 0 0 0 0 0.01 0.918 0 0
SS-FF  SS-GP 0.045 0.001 0 0 0 0 0 - - 0.067 0
SS-FC  SS-GP 0.004 0 0 0 0 0 0 - - 0 0
SH-GP  SS-GP 0 0 0.001 0 0 0.004 0 0.176 0.69 0.087 0
SH-FF  SS-GP 0 0 0 0 0 0 0 0.069 0.222 0.843 0
SH-FC  SS-GP 0 0 0 0 0 0 0 0.306 0.548 0.038 0
SS-FC  SS-FF 0 0 0.221 0332 0.726 0.06 0 - - 0.003 0.01
SH-GP  SS-FF 0 0 0 0 0 0 0 - - 0.766 0
SH-FF  SS-FF 0 0 0 0 0 0 0 - - 0.062 0
SH-FC  SS-FF 0 0 0 0 0 0 0 - - 0.002 0
SH-GP  SS-FC 0.007 0 0 0 0 0 0 - - 0.051 0
SH-FF  SS-FC 0.008 0.27 0 0 0 0 0 - - 0 0
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SH-FC SS-FC 0 0.169 0 0 0 0 0 - - 0 0
SH-FF SH-GP 0.173 0 0.003 0.208 0.699 0 0 0.811 0.241 0.077 0
SH-FC SH-GP 0.001 0 0 0 0.001 0 0 0.678 0.49 0.004 0.002
SH-FC SH-FF 0 0.306 0.015 0 0.001  0.001 0 0.428 0.923 0.064 0
*with D: curing days, comp: compressive strength, acid comp: compressive strength after exposure to acid, Flex: flexural strength.



3.4.10. LCA Results

Life cycle assessment (LCA) is a tool for quantifying the environmental impacts of products,
systems, or activities. Outlined in ISO 14040-14044-08 [150], LCA is a compiled evaluation of
the inputs and outputs of environmental impacts of using different materials and binders. It can
identify and evaluate the significance of mixtures in the production process of CSAEBs, where
environmental impacts are to be detected or reduced. As discussed in section 2.2.3.2, the impact
of 1 m* of block manufacturing on site was evaluated, and the results were shown in Figure 13. In
terms of GWP, the lowest and highest values were SH-FF and SS-GP, respectively. On average,
mixtures produced with sodium silicate had a GWP of 118.2 CO; eq, compared to 103.9 CO2 eq
for sodium hydroxide-based mixtures. Similarly, on average, mixtures produced with fly ash class
F, class C, and glass powder produced an average CO> eq of 98.0, 103.7, and 131.49 CO: eq.,
respectively. It appears that the grinding process of glass powder has been the primary factor
contributing to this impact. In terms of acidification and smog formation, however, sodium
silicate-containing mixtures had an average of 0.27 and 7.27 CO: eq, respectively. This compares
to 0.62 and 8.91 CO; eq. for sodium hydroxide-containing mixtures. Similarly, glass powder had
an acidification and smog formation value of 0.41 and 6.30 CO: eq., respectively. The values
mentioned were lower than the average values for fly ash class F (with 0.45 and 8.72) and class C
(with 0.48 and 9.25). This shows that, on average, despite the grinding requirements of glass
powder, it has lower acidification and smog-formation impacts than fly ash class F and class C. In
terms of fossil fuel depletion, however, glass powder has performed worse than fly ash class F and

class C due to the electricity required for grinding.
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depletion (in megajoules (MJ)).
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To account for mechanical performance across mixtures and ensure a fair comparison among
formulations with different compressive strengths, the life-cycle impacts were normalized by the
28-day compressive strength. In this approach, the environmental indicators for 1 m* of blocks
were divided by the compressive strength achieved by each mixture on a value of 17.23 MPa,
representing the impact required to deliver a unit of functional performance. This adjustment
allows mixtures that achieve higher strength with lower material or energy inputs to appear more
efficient, while penalizing mixtures that require greater impact to reach equivalent performance.
The value of 17.23 MPa is chosen because this value is commonly adopted in the construction
industry as the minimum strength required for certain concrete blocks [192], which is slightly
higher than ASTM C90-24 [193], at 13.8 MPa to account for any potential deficiency since
masonry units can have high variability in their properties [194]. Based on this information, the

strength-normalized results are presented in Figure 14.

In terms of GWP, the highest strength-adjusted values were observed for the sodium silicate-
based mixtures, particularly SS-FF (433.81 kg CO: eq) and SS-FC (438.96 kg CO: eq), followed
closely by SS-GP (249.72 kg CO: eq). Among sodium hydroxide-based systems, SH-GP, SH-FF,
and SH-FC exhibited substantially lower impacts of 99.57, 70.50, and 54.43 kg CO: eq,
respectively. When averaged by binder type, the sodium hydroxide-based mixtures demonstrated
roughly one-third of the strength-normalized GWP of the sodium silicate-based counterparts,
indicating that the improved mechanical efficiency of sodium hydroxide mixtures outweighs the
higher chemical impact of the activator itself. Across filler types, Class C and class F fly ash
produced the highest normalized GWP, largely reflecting the elevated embodied energy associated

with their finer particle size and processing requirements.
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For acidification, SS-FF and SS-FC again exhibited the greatest strength-adjusted impacts
(1.15 and 1.16 kg SO:2 eq), whereas sodium hydroxide-based mixtures ranged between 0.37 and
0.48 kg SO: eq. The SH-FC mixture yielded the lowest acidification potential of all studied
systems, suggesting that, once strength is considered, the reduced binder content and high
reactivity of the sodium hydroxide-based matrix compensate for the environmental burden of the
alkaline activator. Similarly, the smog formation potential followed the same pattern: SS-FF and
SS-FC mixtures recorded the highest values (32.86 and 33.25 kg Os eq), while SH-GP, SH-FF,
and SH-FC remained below 7.5 kg Os eq. The overall trend confirms that the strength
normalization magnifies differences between binders, emphasizing the superior performance
efficiency of sodium hydroxide-based systems in terms of emissions related to photochemical

oxidant formation.

The fossil fuel depletion indicator displayed the same overall ranking. sodium silicate-based
mixtures, particularly those containing fly ash class F and class C, showed the highest strength-
adjusted energy demand, reaching 2833.84 and 2867.60 MJ eq, respectively. In contrast, sodium
hydroxide-based mixtures required substantially lower fossil fuel energy, from 927.81 MJ eq (SH-
GP) to only 364.81 MJ eq (SH-FC). The large difference reflects both the lower embodied energy
of the sodium hydroxide binder and the higher compressive strength achieved at comparable

material mass, which together lead to a more favorable energy-to-performance ratio.

In general, strength normalization alters the interpretation of environmental performance

relative to unadjusted LCA results. While the ordinary (mass-based) assessment suggested that
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sodium silicate-based mixtures, particularly those with glass powder, performed well in several
categories, the strength-factored analysis reveals that sodium hydroxide-based mixtures provide
substantially lower impacts per unit of mechanical function. This indicates that, despite their
chemical intensity, sodium hydroxide-activated systems are more environmentally efficient when
strength development is considered, offering a stronger balance between mechanical performance

and environmental sustainability for the production of soil-based alkali-activated blocks.
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Figure 14. Impact categories of strength-normalized CSAEBs per functional unit of 1 m? of
earth blocks, with (a) GWP (in kilograms of carbon dioxide equivalent per 17.23 MPa
compressive strength), (b) acidification (in kilograms of sulfur dioxide equivalent per 17.23
MPa compressive strength), (¢) smog formation (in kilograms of ozone equivalent per 17.23
MPa compressive strength), and (d) fossil fuel depletion (in megajoules per 17.23 MPa

compressive strength).

Figure 15 presents the contributions made by each mixture component in each value reported.
Per Figure 15 (a), the largest contributor in the first mixture (CSEB produced using Portland
cement) is the cement itself. In other alkali-activated mixtures, although sodium silicate and
sodium hydroxide play a key role, their impact is not as dominant. Among the SCMs, such as the
mixtures, SS-GP, SS-FF, and SS-SC, glass powder has the highest impact, followed by fly ash of
class F, and then class C. This highlights the importance of transportation distance and any
potential processing of SCMs, which can dominate the impacts of the mixtures. In the case of glass

powder, its processing (or pulverization) has significantly increased its impact. Regarding the
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activators, it appears that sodium hydroxide's share of impact is larger than sodium silicate's in
mixtures. Given that the transportation of the two materials is similar, this difference must be

caused by the production processes employed at the processing plants.
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Figure 15. Contribution analysis of individual mixture constituents to different
environmental impact categories with (a) PC, (b) SS-GP, (c) SS-FF, (d) SS-FC, (e) SH-GP,
(f) SH-FF, (g) SH-FC

3.5. Conclusion

This study presents a comparative evaluation of the impacts of using various precursors (fly
ash class F and class C, as well as glass powder) and activators (sodium silicate and sodium
hydroxide) on the production of CSAEBs. To ensure that the properties are effectively evaluated,
a series of physical, mechanical, durability, microstructural, and sustainability analyses has been

conducted. The results of this study are summarized as follows:
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The results of physical and chemical tests on activators show that the level of electrical
conductivity, TDS, salinity, and resistivity of the activators used in this study are
substantially different. Sodium Silicate, with a pH of 10.80, had an electrical conductivity
of 32.2 (mS/cm), a TDS of 22.7 (g/L), salinity measured at 16.1 (ppt), and a resistivity of
31.1 (©). Sodium Hydroxide, however, had a pH of 12.37, and an electrical conductivity
of 203 (mS/cm), a TDS of 100 (g/L), salinity measured at 98.1 (ppt), and a 5.1 (Q)
resistivity. This significant difference arises from the higher ionic concentration of sodium
hydroxide, which directly increases conductivity and TDS values. The stronger alkalinity
also contributes to higher salinity and lower resistivity compared to sodium silicate.
Together, these characteristics make sodium hydroxide a more reactive activator, capable
of promoting faster dissolution of aluminosilicate precursors and more rapid reaction

kinetics in mixture formulations.

The results of hardened density and absorption tests show that the speed of reaction, known
as alkali-activation, can result in slightly higher hardened density values and lowered
absorption. For instance, when using sodium hydroxide, an average density of
1828.70 + 59.40 kg/m? and an average absorption of 13.78 +£0.95 % are achieved. In turn,
samples made from sodium silicate are found to have a density of 1704.20 + 70.00 kg/m?
and an absorption of 15.90 + 1.84%, respectively. These differences are statistically
significant, with p-values below 0.05 in all SH-SS comparisons, except for PC vs. SH-GP
with p=0.241. In addition to reaction time, the specific gravity and morphology of SCMs

are also found to be determining factors in density and absorption values. The highest
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hardened density and lowest absorption of blocks were found in the fly ash class C-based
samples, with 1838.77 + 86.00 kg/m? and 13.25 + 0.41 %, respectively, and these samples
also had the highest specific gravity. These values for glass powder samples are
174290+ 94.40 kg/m* and 16.21+1.37%, and finally for fly ash class F samples
1713.80+71.40 kg/m* and 15.07+1.84 %. The mentioned values are believed to be
directly related to the specific gravities of raw SCMs, except for glass powder, which has
an angular shape and results in higher porosity and absorption. This trend is also supported
by statistical analysis; for example, SH-FC was denser than SS-GP (p =0.000) and SH-GP
(p=0.008), while SH-GP showed significantly lower absorption than SS-GP (p =0.000)

and SS-FF (p=0.001).

Similarly, the results of mechanical properties (e.g., compressive and flexural strength)
show that samples with lower absorption values tend to develop higher strengths. However,
another major factor influencing strength is the pH of the activating solution. For instance,
samples containing sodium silicate with a pH = 10.8 developed a mean 28-day compressive
strength of 6.04 +2.40 MPa, while those containing sodium hydroxide with a pH=12.37
reached a significantly higher average of 24.85+5.65 MPa (p <0.001). Similarly, the
average flexural strength of sodium hydroxide-based blocks was 0.41 +0.02 MPa, which

1s much higher than sodium silicate-based blocks (0.12 +0.05 MPa, p =0.000).

The results of wet compressive strength also support the other mechanical performance
observations, but are further indicative of the higher sensitivity of alkali-activated materials

to water exposure compared to Portland cement-based blocks. sodium hydroxide-based
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samples showed an average wet compressive strength of 18.57 £ 6.03 MPa, compared to
7.70 £0.41 MPa for PC and 5.01 +2.94 MPa for sodium silicate-based mixtures. Despite
their higher initial strengths, sodium hydroxide mixtures also had the highest relative
strength loss after exposure to water, with a reduction of 67.95%, compared to 39.89% for
PC and 36.72% for sodium silicate. It should be noted that the lower performance of the
sodium silicate-based mixtures is not unexpected, as sodium silicate was used without
sodium hydroxide in this study; combining sodium silicate with sodium hydroxide is a
widely established practice in both research and industry, and is known to enhance
geopolymerization. Therefore, the behavior of the sodium silicate-only mixtures reflects
the limitations of this activator when used in isolation, rather than representing a novel

finding.

The results of the wire brush and acid resistance durability tests showed that there is a direct
relationship between the strength and absorption values and the durability performance of
the samples. Nonetheless, it was found that alkali-activated samples performed worse than
Portland cement-based blocks when saturated, with a saturated weight loss of 20.56%
compared to 22.27%. In contrast, under acid exposure, all alkali-activated samples,
regardless of their original strength values or compositions, have performed better than
Portland cement-based blocks. For example, on average, samples produced with sodium
silicate and sodium hydroxide experienced a mass loss of 7.4, and 6.7%, respectively.
These values are lower than what Portland cement-based samples experienced (e.g., 8.4%).
Similarly, samples produced with glass powder, fly ash class C and class F experienced a

relatively similar mass loss of ~7%, which shows that the choice of SCM did not
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significantly impact the results.

The result of microstructural analyses (XRF & SEM) showed that the studied SCMs are a
significant factor for microstructural development, though the presence of soil and the type
of activator can result in slight differences in composition. The SEM images show rather
loosely connected particles, including fly ash particles and angular glass powder particles
that seem unreacted when sodium silicate was used as the activator. These features are
consistent with the mechanical properties reported earlier. Unlike the sodium silicate-based
samples, when samples were made by sodium hydroxide, they were found to have
numerous interconnected clusters along with a complex arrangement of fibrous hydrated
products, platelets, or globular features, which represented the calcium and sodium silicate

hydrate (C-A-S-H and N-A-S-H) gels.

Statistical analysis of all test categories confirmed that the observed differences between
mixtures were largely significant. In strength-related properties from 7-day, 28-day, and
56-day compressive and flexural strength tests, most comparisons yielded p-values below
0.05, indicating that mixture compositions had a statistically significant influence on
performance. However, a larger variability was seen in durability-related tests, such as dry
and saturated weight loss, as well as acid-induced mass loss, especially for glass powder-
containing mixtures. Several comparisons in these categories resulted in non-significant
results (with p>0.05). These findings point to potential inconsistencies in the behavior of
glass powder under chemical or mechanical degradation. This may be attributed to the

angular morphology of glass particles and the difficulty in mixing glass powder particles,
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which can lead to variable microstructure and reaction kinetics. Altogether, the statistical
results support the conclusion that both activator type and precursor material had a

meaningful impact on the mechanical and durability performance of the blocks.

The results of LCA show that the production of CSAEBs can reduce the overall impacts in
different categories. To do so, the use of a locally available activator and SCM is an
important consideration. For instance, sodium hydroxide reduces the overall GWP of
CSAEBEs, as compared to sodium silicate-based blocks, but results in higher acidification,
smog formation, and fossil fuel depletion rate. Similarly, the choice of SCM should be
based on local availability, post-processing requirements, and performance in the masonry
units. Other considerations may also be important, but in terms of ecological impacts, the
ones mentioned are shown to play a key role. For example, in this study, glass powder was
expected to be ground from 4 mm to 0.1 mm, which has a higher GWP than fly ash class
F or class C. However, since waste glass or crushed glass is generally available locally, the
impact of transportation is lowered when using glass in the mixtures. As a result, it is found
that glass powder can have lower impacts on acidification and smog formation than fly ash
class F and class C. In terms of fossil fuel depletion, however, glass powder has performed
worse than fly ash class F and class C due to the electricity required for grinding. In this
work, results were also normalized for strength of 17.23 MPa, where a significant shift in
impacts is seen. For instance, sodium silicate mixtures averaged GWP of 118.2 kg CO»-
eq, compared to 103.9 kg COz-eq for sodium hydroxide mixtures. After strength-
normalization, sodium silicate systems showed much higher GWP (average of 374.1 kg

CO»-eq), whereas sodium-hydroxide mixtures were lowest (74.83 kg CO2-eq).
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4. Comparative Properties of Soil-Based 3D-Printed Cementitious
Materials Produced with Ordinary Portland Cement and

Geopolymer Binders

3D printing of cementitious materials is a layer-by-layer construction method that eliminates
the need for formwork. However, most mixtures used in 3D printing rely on high contents of
Ordinary Portland Cement (e.g., 1.5-2 times of ordinary mixtures), finely sieved aggregates, and
multiple chemical admixtures. To make this technique more sustainable, the following research
has pursued two directions: (i) developing low-impact alkali-activated binders, and (ii)
incorporating locally available natural soils inspired by traditional masonry materials. The present
study comparatively evaluates the performance of 3D-printed mixtures in terms of fresh and
hardened properties, as well as life cycle analysis (LCA), showing how binder and filler choices
affect behavior. Four mixtures were developed using two binder types (Portland cement and
geopolymer-based) and two filler types (sand and soil). Statistical analyses have also been
conducted across most comparisons to assess the validity of the results. Results show 3D-printed
soil-based components achieved compressive strengths ranging from 6.7-15.8 MPa at 28 days,
which is comparable to the performance of printed sand-based mixtures (13.86—-15.1 MPa at 28
days). Strengths in this range are consistent with those used for masonry units and low-rise
construction, making the materials suitable for non-load-bearing or lightly loaded applications,
such as infill walls, partitions, printed panels, and small structural modules, particularly in contexts
where locally sourced materials are preferred. LCA results showed notable GWP variations, with
sodium-hydroxide mixtures averaging 103.9 kg CO:-eq (mass-based) and 74.8 kg CO:-eq
(strength-normalized), whereas sodium-silicate systems increased from 118.2 to 374.1 kg CO2-eq

after strength adjustment.
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4.1. Introduction

The use of 3D printing in construction has grown rapidly in recent years. This technology
allows for building cementitious elements layer by layer, without the need for formwork or
extensive manual labor [195]. The leading interest in implementing and using 3D printing comes
from the potential to reduce labor requirements and often expected material [196] and cost savings
[197]. Despite the interests and potential benefits, recent studies have shown that to make 3D
printable mixtures stiff enough to hold their shape, they generally need to contain about 1.5-2 times
more binder than ordinary concrete mixtures [49], [70]. In addition, 3D printing mixtures are
heavily reliant on chemical admixtures such as viscosity-modifying agents, retarders, and
plasticizers [49], leading to concerns over its higher environmental impacts than ordinary concrete

[198].

As a result, there has been growing interest in making 3D-printed construction more
sustainable [73]. Over time, two main approaches have emerged in the literature. The first focuses
on replacing cement with industrial byproducts such as coal fly ash or other waste materials,
combined with alkaline solutions like sodium hydroxide or sodium silicate to produce alkali-
activated binders [199], [200]. This class of materials has historically shown good mechanical
performance with comparatively lowered CO: emissions to Portland cement-based binders [201],
[202]. The second approach moves in a different direction and looks at using locally available
materials, especially masonry-inspired, soil-based components [203], as a main ingredient [204],

[205], [206], [207]. This strategy reduces the demand for processed materials such as chemical
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admixture, and high content of stabilizers (e.g., Portland cement with an estimated embodied
carbon of approximately 0.8 kg CO» eq per kg used [208]) and cuts down on transportation-related
impacts because natural soil can often be sourced locally [209], [210]. It also makes the process of

securing materials more practical in areas with limited access to industrial resources.

Although both of these ideas have been explored separately [211], [212], there has been very
limited work combining the two routes adopted to produce sustainable 3D-printed cementitious
materials. As a result, the main research gap that this study intends to address is the lack of a
systematic evaluation of how binder type (Portland cement-based vs. alkali-activated) and filler
type (sand vs. soil-based) mixtures interact to influence the fresh, hardened, and environmental
impacts of 3D-printed mixtures. Most previous efforts have focused on one sustainability strategy
or the other [213], [199] without considering how these approaches compare against each other.
This gap limits the ability of stakeholders to make informed decisions when selecting materials,
especially in places where industrial byproducts, chemical admixtures, and local soils are

available.

For instance, Faleschini et al. [35] produced earth-based 3D-printed mixtures using a large
group of materials, such as locally available soil, hydraulic lime binder, unaltered rice husk,
shredded rice husk, marble waste dust, municipal solid waste incinerator bottom ash, silica sand,
and natural fibers, including jute, coconut, sisal, and goat hair. It was also shown that a soil-based
mixture, a mixture containing lime as binder and sisal as long fibers, could achieve a compressive
strength of 1.26 MPa, and embodied carbon of about 0.05239 kgCO; eq/kg. The study calls for

further optimization of mixtures to achieve better performance (e.g., compressive strength and
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lowered embodied carbon). The shortcoming of the study compared to the present work is that the
specimens were poured into molds and not cored out of printed specimens. Similarly, the mixtures
were made of combined sand-soil composites and not individual earth or (crushed) sand-based 3D
printing. Ji et al. [33], in turn, sampled four different soils with different granularity (e.g., particle
size distribution), clay content (e.g., ranging from 4% to 31% clay), and linear shrinkage, as
suitable materials for printing, and developed analytical models of plastic collapse based on each
soil type. In the study mentioned, extrudability of materials from the printer’s nozzle, yield stress
values, and analytical models for buildability (e.g., referring to the successful placement of layer
on layer) are provided. As a result, only printability parameters were evaluated and discussed, but

not actual mechanical properties of the 3D printed components.

Perrot et al. [74], provided an outline of soil printing by using a biopolymer binder (alginate)
with a rapid hardening tendency. The compressive strength of 3D-printed materials was then
compared to ordinary earthen materials, such as conventional cob and found to be comparable
(e.g., 1.21 £0.03 for printed material with alginate and 1.22 +0.04 without alginate). Similar to
other studies, no major mechanical or microstructural properties of soil-based materials were
provided. Many other studies (e.g.,[74], [75], [76]) attempted to use earth (or natural soil) in
producing 3D-printed components, but to date, no study has separated the two sustainable methods

of producing 3D-printed cementitious materials and evaluated them in one study.

As a result, this study has three main motivations: 1. Evaluating the impacts of using locally
extracted soil in 3D printing of cementitious materials in terms of fresh, mechanical, and

environmental impacts. 2. Evaluating the properties of geopolymer 3D-printed binder in two filler
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systems (soil vs. crushed sand), and 3. Conducting a life cycle analysis (LCA) that can provide
comparative environmental impacts of 3D-printed soil-based materials and geopolymer binding

systems, compared to ordinary materials (i.e., Portland cement and sand).

As a result of the mentioned research gap, four mixtures were developed in this study to
compare the impacts of binders (two mixtures for each binder) as well as that of a low-plasticity
silt soil (one mixture per binder), compared to ordinary crushed sand (one mixture per binder).
These mixtures were printed using the same 3D printing process, and their performance was
evaluated across three main areas: fresh properties, mechanical behavior, and life cycle assessment

(LCA).

4.1.1. Novelty and Relevance

This study provides a comparative evaluation of two different strategies for improving the
sustainability of 3D-printed cementitious materials: (1) using low-impact alkali-activated binders,
and (2) incorporating local natural soils in place of processed sand. While both directions have
been explored independently in past research [74], [75], [76], [200], [214], the original
contribution of this work lies in combining and directly comparing these two sustainability
pathways under identical experimental conditions, including the same mixture design logic, 3D
printing setup, and testing protocols. This unified approach allows for an unbiased evaluation of
how binder chemistry and filler type together influence printability, strength, and environmental

performance.
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To do this, four mixtures were developed by the authors: (1) by combining two binding systems
(Portland cement-based and geopolymer-based), and (2) with two different fillers (natural soil and
crushed sand). This experimental framework represents the first comprehensive comparison of
soil- and sand-based 3D-printed mortars with different binder chemistries, isolating the effects of
both factors while maintaining consistent printing parameters. Unlike prior work that often relied
on molded samples or hybrid soil-sand composites, this study uses fully 3D-printed components
and isolates each variable for analysis. The samples were tested for their fresh and mechanical

performance, as well as environmental impacts through cradle-to-gate LCA.

Finally, to ensure that the results also reflect the mechanical performance of each mixture, the
environmental impacts are further expressed as a strength-normalized impact, with all results
normalized to a reference 28-day compressive strength achieved by the C-So and C-Sa mixtures.
This approach follows the methodology proposed in [155], [156], in which compressive strength
is treated as an indicator of functional performance to facilitate performance-based comparisons
among mixtures. The strength-corrected comparisons conducted in this study provide a more
realistic perspective on sustainability than simple mass- or volume-based evaluations. As a result,
this work contributes to the field by offering a side-by-side analysis of sustainable 3D printing
strategies and clarifying the trade-offs between printability, strength, and environmental impact.
The findings have direct implications for the selection of binder and filler systems in both urban

and remote areas, where material availability and sustainability are critical factors.

4.2. Materials
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The materials used in this study include: (1) natural soil and crushed sand, (2) coal fly ash and

Portland cement, and (3) alkaline activators for geopolymer binders.

4.2.1. Soil and Crushed Sand

The natural soil and crushed sand used in this study were sourced from Ace Hardware in Davis,
California. It was reported by the supplier that, to reduce organic content, the soil was extracted
from subsurface layers several meters below ground level. Both the soil and sand were
mechanically sieved using a TS-1 Gilson shaker to achieve a maximum particle size of 1.18 mm
(No. 16 sieve), per ASTM C136-14 [133]. The coarser materials were discarded. The size of 1.18
had been chosen by the authors based on trials conducted on the mixtures and the printer used to
produce components in this study. Following sieving, the materials were oven-dried at 110°C for
24 hours to minimize residual moisture and remove any organic content. The materials were then
placed in a sealed dry bucket until used. The temperature was adopted per ASTM C136-14 [133]
and ASTM D2216-19 [134]. Additional characterization, including particle size distribution,
Atterberg limits, and compaction behavior (Proctor test), is presented in Table 10. Based on these
results and classification under ASTM D2487-11 [135] and Unified Soil Classification System,
the soil was identified as a low-plasticity silt (ML). In this study, sieve analysis was conducted in
accordance with ASTM C117/C136 to characterize soil and sand, and the soil was washed per
ASTM D6913-17 [136]. The original dry mass of the sample was 1336.30 g, and the wash mass

was 521.90 g, resulting in a wash loss of 60.9%.

Table 10. Property characterization of natural soil and crushed sand.

Laboratory tests Standards Property Value
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Soil Sand

Cumulative % Retained #4 0.0 0.0
(4.75mm)
Cumulative % Retained #8 0.0 0.0
(2.36mm)
Cumulative % Retained #10 (2mm) 0.0 0.0
Cumulative % Retained #16 0.0 0.7
(1.18mm)
ASTM C117-17 Cumulative % Retained #30 8.2 43.5
Particle-size [137],C136-14 (0.6mm)
analysis [132], D6913-17 Cumulative % Retained #40 14.0 65.5
[136] (0.425mm)
Cumulative % Retained #50 19.0 80.8
(0.3mm)
Cumulative % Retained #100 294 96.2
(0.15mm)
Cumulative % Retained #200 38.1 99.1
(75pm)
Pan 100.0 100.0
Aerber limits ASTM D4318-10 Liquid limit LL (%) 20.8 -
[138] Plastic limit PL (%) 13.9 -
Plasticity index PI (%) 6.8 -
Soil compaction ~ ASTM D698-21 Optimum moisture content (%) 13.0 -
tests [139] Maximum dry density (kg/m?) 1873.3 2610.8

4.2.2. Fly Ash and Portland Cement

This study used coal fly ash class F supplied by the Salt River Materials Group from Stockton,
CA, and ordinary Portland cement type I/II supplied by Nevada Cement Inc. from Reno, NV. X-
ray fluorescence (XRF) spectroscopy of the cementitious materials was conducted using the

Rigaku model Super mini-200 and then analyzed by the software provided by the manufacturer,
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named ZSX. The method of calculating the oxides was recommended by the manufacturer [141],

which is a semi-quantitative XRF (also called SQX). The XRF results are outlined in Table 11.

Table 12 shows the result of the mill certification provided by Nevada Cement Inc. for the

Portland cement. It shows that about 58% of the content consists of C3S, 18% C.S, while C3A and

C4AF have about 7% and 9%, respectively.

Table 11. XRF results for fly ash and natural soil.

Chemical compound Fly ash (F) Soil (low plasticity silt)
Si0; (%) 59.33 73.79
ALOs (%) 23.78 7.06
Fex0s (%) 6.22 15.10
CaO (%) 3.86 0.00
MgO (%) 1.39 1.79
SOs (%) 0.18 0.00
NaO (%) 0.35 0.56
K20 (%) 0.00 0.00

Table 12. Result of mill certificate supplied by Nevada Cement Inc.

Phase composition Content (%)
Tricalcium silicate (CsS) 58
Dicalcium silicate (C>S) 18

Tricalcium aluminate (C3A) 7
Tetracalcium aluminoferrite (C4AF) 9
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4.2.3. Alkaline Activators

This study used sodium hydroxide supplied by Duda Energy Inc., located in Decatur, AL, with
a molecular weight of 39.99, a pH of 12.44, and a relative density of 2.13. The sodium hydroxide
was supplied in solid flakes. After mixing the flakes with water in the fume hood, the sodium
hydroxide-water mixture was left at lab temperature (2545 °C) for at least 24 hours to cool down.
In order to improve the sustainability of the mixtures, a very low molarity of 6 was chosen to be
used. To ensure that the liquids used in this study were fully characterized, a portable PC400S
meter kit supplied by APERA instruments (shown in Figure 16) was used with two separate
probes. Each probe was recalibrated before the testing. Results on the physical and chemical

properties of the tap water and sodium hydroxide used in this study are reported in Table 13.

Figure 16. The device used to measure the pH, electrical conductivity, total dissolved solids,

salinity, and resistivity of the fresh mixtures.

Table 13. Tested properties of tap water and sodium hydroxide solution used in this study.

Electrical
Total dissolved Salinity Resistivity
Material pH conductivity
solids (g/L) (ppt) (ohm)
(mS/cm)
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8.66 0.19

Tap water ' 380.00 (£0.15) 270.00 (£0.07) 2.60 (+£0.06)
(+0.03) (£0.01)
12.44 100.00

Sodium hydroxide (M6) 216.00 (£0.13) 100.00 (£0.10) 4.70 (£0.07)
(+0.04) (£1.09)

4.3. 3D Printer and Methods

This section describes the printer used in this study and the methodology followed in sampling

and testing standards.

4.3.1. 3D Printer

The 3D printer used for this study was a SCARA Elite (Figure 17) purchased from 3D Potter’s
Inc., located in Palm City, FL. The 3D printer extrudes the construction material through a 50.8
mm diameter nozzle using an auger system. A consistent printing speed of 15 mm/s has been

adopted based on the researchers’ experience with the printer.
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Figure 17. SCARA Elite printer.

4.3.2. Mixture Selection

A total of four mixtures, two based on Portland cement and two based on geopolymer binding
systems, were produced. Similarly, two of the four mixtures used crushed sand while the other two
used natural soil as their main ingredients or filler. The reason for choosing these four mixtures
was to evaluate the two common schools of thought practiced in literature as the sustainable routes
for 3D printing of cementitious materials: first, using soil as the main ingredient, which is sourced
locally and is expected to require the least amount of processing (therefore sustainable [215]), and
second, using an alkali-activated (geopolymer in this case) binding system to produce sustainable
3D-printed materials. This assumption that alkali-activated materials are sustainable, is made
because in general past studies (e.g., [216], [217]) have confirmed that alkali-activated materials
are more sustainable than conventional Portland cement-based materials. For instance, Bajpai et
al., 2020 [218] conducted a cradle to grave LCA with a functional unit of 1 m* and showed that
the global warming potential (GWP) of conventional cement concrete is approximately 597.54 kg
COz-eq. In comparison, geopolymer mixtures show substantially lower impacts: 148 kg CO--eq
for geopolymer without silica fume, 135 kg CO:-eq for geopolymer with silica fume. As a result,
the two approaches to comparing properties and sustainability (in this case cradle to gate LCA)

3D printing mixture of cementitious materials are considered in this study.

Table 14 presents the mixture proportions adopted in this study. The mixture identifiers consist
of two parts separated by a hyphen: the first part identifies the binder as cement (C) or geopolymer

(G), whereas the second part identifies the major ingredient as natural soil (So) or crushed sand
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(Sa). These proportions were established based on preliminary trial mixtures designed to identify
combinations that were both printable and comparable in performance. A total of four mixtures
were selected, C-Sa, C-So, G-Sa, and G-So, representing two binder types (cementitious and

geopolymeric) and two filler types (sand and soil).

Table 14. Mixture proportions used for 3D printing, expressed per thousand grams.

Mixture name Water SH PC Fly ash F Sand Soil
C-Sa 167.4 0.0 163.3 424.5 2449 0.0
C-So 208.3 0.0 208.3 138.9 0.0 444 .4
G-Sa 0.0 216.2 0.0 270.3 0.0 513.5
G-So 167.4 0.0 163.3 424.5 2449 0.0

SH: sodium hydroxide solution with a molarity of 6; PC: Portland cement type I/II.

4.3.3. Testing Matrix

Table 15 presents the tests conducted in this study and the corresponding standards followed.
A minimum of five samples were produced and tested for each mixture and standard with the same
equipment and crew members. For compressive strength tests, 50x50x50 mm cubic samples were
fabricated by coring them from freshly printed materials. To evaluate the effect of the printing
process on mechanical anisotropy, compressive strength was measured in two orientations: (1)
parallel to the printing direction, where the load was applied along the direction of layer deposition,
and (i1) perpendicular to the printing direction, where the load was applied across the interfaces
between layers. All other mechanical tests were conducted based on samples cored from freshly
printed parts. The printed filaments had an average layer length of 470 mm, a width of 120 mm,

and a layer thickness of 19 mm. The values were determined from the caliper measurements during
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printing. These parameters were kept constant across all mixtures to ensure consistent layer
formation and interfacial behavior. During fabrication, three layers were printed, and the cubes
cored included two interlayers each. After samples were cored, they were left at a lab temperature
of 25+5°C and a relative humidity of 50+10 % to minimize variability. Unlike the conventional
24-hour demolding period used in conventional concrete studies, samples were demolded after 48
hours to ensure adequate early strength and prevent damage during removal. All specimens were

subsequently stored under the same laboratory temperature and ambient conditions until testing.

Table 15. Tests and corresponding standards used in this study.

Test* Standard Curing age (day)

SEM/EDS (ThermoFisher Quattro S
ESEM)

XRF (Rigaku model Super mini-200) - -

ASTM C117-17 [137] , C136-14

[132], D6913-17 [136], D7928-21 -
[143]

Sieve analysis

Fresh density and air content ASTM C138-13 [219] -

Mini-Slump
pH

Electrical resistivity

ASTM C143-14 [220]

ASTM D4262-18 [144]

Salinity - -
Penetrometer** ASTM C403-08 [221] -

Water absorption ASTM C20-22 [222] 28
Compressive strength ASTM C109-21 [223] 7, 14,28, 56, 91
Anisotropic behavior ASTM C109-21 [223] 28

Splitting tensile ASTM C496-17 [224] 28
Interlayer shear strength ASTM C1425-13 [225] 28

LCA

ISO 14040-14044-08 [150]
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*In this study, sieve analysis is conducted on soil and sand. Fresh density, air content, pH, resistivity, salinity,
and penetrometer tests are conducted on freshly mixed materials or activators used. Finally, water absorption,
compressive strength, anisotropic behavior, splitting tensile strength and interlayer shear strength are conducted on
hardened samples.

**]t is important to note that, according to ASTM C403-08 [221], at least six penetration resistance measurements
are typically recommended to determine the setting behavior of cementitious mixtures. In this study, three data points
were collected at each interval (instead of six), which provided a representative trend while balancing the practical
constraints of limited fly ash availability and testing resources. Although fewer than prescribed in the standard, the
results were sufficient to capture the comparative differences among mixtures, which was the primary objective of

this test. Future work should include additional data points to construct a more detailed setting profile.

4.4. Statistical Analysis, Quality Assurance, and Quality Control

The results collected from the 3D-printed samples were statistically evaluated for consistency,
variability, and significance in terms of differences between groups. For each group, the mean,
standard deviation (SD), and coefficient of variation (COV) were calculated using Microsoft Excel
version 2024. In addition to basic statistical analyses, in-depth statistical analyses were performed
using MATLAB R2024a, including Levene’s test, Shapiro-Wilk test, standard two-sample t-test,
and Welch’s t-test. To ensure the validity of the tests, three main assumptions were considered,
including (1) independence of observations, (2) normal distributions, and (3) homogeneity of
variances among groups [189], [190]. The first assumption was ensured by the experimental
design, which ensured that all samples were cast, printed, and tested independently. To assess the
normality of each group, and since the number of samples tested was relatively low (i.e., 5 samples
per test), the Shapiro—Wilk test was applied. In cases where both groups would satisfy the

normality assumption (p > 0.05), Levene’s test was used to evaluate the equality of variances.
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Depending on the outcome of Levene’s test, either a standard two-sample t-test (assuming equal
variances) or Welch’s t-test (for unequal variances) was used. If the normality assumption was
violated in either group, the comparison was performed using the non-parametric Mann—Whitney
U test. A significance level of a = 0.05 was used consistently as the threshold for rejecting the null
hypothesis. All results found to be statistically significant are reported explicitly throughout the
manuscript. Also, to ensure a fair comparison, the standard deviations and coefficient of variation

(COV) are reported whenever comparisons are made throughout the manuscript.

In terms of quality assurance, standardized tests, such as the ones put forth by the American
Society for Testing and Materials (ASTM), were carefully followed throughout this research. Also,
all equipment used in the preparation, curing, and testing of 3D-printed materials was recalibrated
per the manufacturer’s guidelines before testing. In cases where non-standardized procedures were
needed or used, reference materials and previous research studies were reviewed, and credible
justifications were provided in the methodology sections. Also, temperature and humidity during
specimen curing and testing phases were kept similar to lab conditions (i.e., 25+5 °C and a relative

humidity of 5010 % to minimize variability).

In terms of quality control, testing procedures were equally conducted with the same crew and
instruments to minimize other sources of variability in the collected data. Generally, for each test,
more than five specimens were prepared to ensure that no outlier in the reporting data would exist
to impact the results. Specimens that exhibited obvious signs of physical damage or handling errors
were the outliers that were excluded from the analysis. Such outliers were then also removed from

the final statistical analysis to avoid impacting the results. This approach ensured that the reported

100



findings accurately reflected the behavior of the 3D-printed mortar specimens under investigation.
Also, in each figure, the reported mean is followed by + the calculated STD. A similar reporting

method is used to explain the results.

4.5. Experimental Results

This section reports the results of material characterization through SEM and XRF, as well as
the experimental tests corresponding to the characterization of fresh and physical properties, and

hardened mechanical properties for all four mixtures considered in this study.

4.5.1. SEM Imaging of Hardened Materials

Figure 18 (a)-(h) show the SEM images of 3D-printed samples at 80x and 3500x
magnifications for all mixtures. These two magnifications were selected because they can show
both macro and micro features, based on trials conducted by the authors. Figure 18 (a)-(b), shows
C-Sa samples with a relatively compact texture and several spherical voids. At the high
magnification (Figure 18 (b)) the reactant materials appear consumed, and a dense cluster with
fewer disconnected particles can be seen. The denser microstructure and reduced unreacted particle

content indicate a more complete reaction and improved binder formation.

Figure 18 (c)-(d) shows the C-So mixture, which appears more heterogeneous but still very
compact with few internal cracks, compared to C-Sa. For example, at low magnification (Figure
18 (c)) there are almost no internal cracks, and the microstructure appears very compact. At the

high magnification (Figure 18 (d)), a variety of hydrated products can be seen, including reacted
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fly ash particles incorporated into the binding matrix. Comparing C-So images to those of C-Sa,
the surface shows more irregularity, likely due to the broader particle size distribution of the natural
soil. However, the microstructure still shows a high degree of connectivity, which is aligned with

the strength results discussed earlier.

Figure 18 (e)-(f) show the G-Sa mixture while Figure 18 (g)-(h) shows G-So mixture. These
images are relatively similar and show a loose and unreacted matrix with a greater number of micro
air voids (Figure 18 (e)) and unreacted particles (Figure 18 (f)). In addition to the mentioned, in
the case of G-So (in Figure 18 (h)), deep cracks and microstructural voids can be seen across
clusters of partially reacted materials (Figure 18 (g)-(h)). These pores can result from higher water
content in the microstructure or even different gel structures, as reported by previous studies [226],

[227].

These microstructural observations are consistent with the mechanical results discussed in
previous sections, confirming that the geopolymer samples did not develop strengths comparable
to the Portland cement-based mixtures. Also, based on previous studies [228], [229], [230],
sodium hydroxide helps in dissolving alumina (Al:Os) and silica (SiO2) content, but it lacks
additional silicate species necessary for effective polymerization. It can result in slower setting
and weaker strength values due to incomplete geopolymer network formation. Ref. [231] reported
that the lack of connectivity in geopolymer particles originates from unreacted fly ash particles

that allow empty spaces to form interconnected porosity.
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Taken together, the SEM results support the mechanical data and help explain the observed
differences, whereby the soil-based mixtures (C-So and G-So) generally display a more
heterogeneous surface with diverse reacted phases. In turn, sand-based mixtures appear more
homogeneous, particularly in the Portland cement-based mixes, which display better hydration

products and matrix connectivity.
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Figure 18. SEM results: (a) C-Sa at 80% magnification, (b) C-Sa at 3500% magnification, (c)
C-So at 80x magnification, (d) C-So at 3500% magnification, (e) G-Sa at 80% magnification,
(f) G-Sa at 3500 magnification, (g) G-So at 80x magnification, (h) G-So at 3500x

magnification.

4.5.2. Oxide Composition of Hardened Materials Using XRF

The results of the XRF analysis conducted on 28-day and ground samples are presented in
Table 16. C-So and G-So are found to have the highest concentrations of Fe-Os and S10. compared
to C-Sa and G-Sa, which is consistent with the oxide content shared in Table 11. Likewise,

geopolymer-based samples exhibited notably higher amounts of Na.O and SiO:. For instance, G-
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Sa and G-So recorded Na:O contents of 4.26% and 7.49%, respectively. In turn, C-Sa and C-So
have recorded values of 0.70% and 0.60%, respectively. These differences reflect the contribution

of sodium hydroxide as an activator in geopolymer formulations.

It’s important to note that a higher Na:O content in the geopolymer microstructure might
indicate long-term durability issues, as suggested in the literature [232]. Moreover, the
microstructural differences mentioned, especially the high alkali content in soil-based geopolymer
samples, should be further investigated to understand their impact on the long-term durability of

3D-printed components.

Table 16. XRF results from 3D-printed samples after 28-day curing.

Oxides C-Sa C-So G-Sa G-So
NaxO (%) 0.70 0.60 4.26 7.49
MgO (%) 1.44 1.13 1.67 1.79
ALO; (%) 13.45 9.41 18.64 15.55
Si0; (%) 35.95 37.57 4931 52.12
P205 (%) 0.82 0.44 1.25 0.85

SOs (%) 1.59 1.45 0.64 0.48
K20 (%) 1.11 1.40 0.94 1.85
CaO (%) 34.48 37.06 11.88 8.60
TiOz (%) 1.58 0.91 1.63 1.17
Fex03 (%) 7.92 9.54 8.80 9.34
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4.5.3. Fresh Mixture Properties

The fresh properties of the mixtures are shown in Table 17. C-Sa showed the highest slump of
all groups with 129.0 £ 1.6 mm, followed by G-Sa with 115.0 + 1.4 mm. The lowest values were
recorded for C-So with 110.0 £ 1.9 mm and G-So with 100.0+2.2 mm. These differences were
statistically significant both within the cement group (such as C-Sa vs. C-So, p=0.0079) and
within the geopolymer group (such as G-Sa vs. G-So, p=0.0079). When grouped by binder type,
cement-based mixtures showed higher flowability with 119.5 mm compared to geopolymer-based
mixtures with 107.5 mm and p = 0.0094, which shows a statistically significant difference. When
evaluated based on the filler, sand-based mixtures (C-Sa and G-Sa) developed a higher slump than
soil-based ones (C-So and G-So), with p =0.0002, suggesting that particle gradation and angularity

differences between sand and natural soil had a measurable impact on fresh workability.

In terms of air content, G-Sa developed the highest value of 6.04 +0.11%, followed by G-So
with 5.46 +0.18%. Cement-based mixtures, such as C-Sa and C-So, recorded lower values of
550£0.16% and 4.50+0.23%, respectively. All pairwise comparisons were statistically
significant, including C-Sa vs. C-So (p=0.0079), C-Sa vs. G-Sa (p=0.0079), C-So vs. G-Sa
(p=0.0079), C-So vs. G-So (p=0.0079), and G-Sa vs. G-So (p =0.0079). The only exception was
C-Sa vs. G-So, which showed no statistically significant difference (p=0.7857). In general,
geopolymer-based mixtures showed higher air content values than cement-based ones
(p=0.0079), which is in line with previous reports of greater porosity in geopolymer systems
[165]. The lower air content in C-So may also be explained by the finer particle size of the soil

and its higher surface area, which can result in a higher packing density and reduce the air content.
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In general, a lower porosity corresponds to a more compact microstructure [233], [234], which

supports the lower air content and higher density observed in cement-based mixtures.

Fresh density results are also aligned with the trends in air content. For instance, C-So
presented the highest average density (1914.9+0.9kg/m?), followed by C-Sa
(1882.7 £ 1.0 kg/m?), then G-So (1869.4 + 0.6 kg/m?), and G-Sa (1849.0 + 1.0 kg/m?). Statistically
speaking, all pairwise comparisons were significant, including C-Sa vs. C-So (p=0.0079), C-Sa
vs. G-Sa (p=0.0079), C-Sa vs. G-So (p=0.0079), C-So vs. G-Sa (p=0.0079), C-So vs. G-So
(p=0.0079), and G-Sa vs. G-So (p=0.0079). Cement-based mixtures showed higher fresh
densities than geopolymer-based ones (p =0.0000), while the effect of filler type (sand vs. soil)
was also statistically significant (p=0.0130). These results align with the observed air content
trends, suggesting that the use of finer soil particles promoted denser packing, especially in the

absence of vibration during the 3D printing process.

The measured pH values also varied across binders and fillers. G-Sa samples had the lowest
pH of 11.40+0.07, while the other three mixtures (i.e., C-Sa, C-So, and G-So) recorded higher
values between 12.36 and 12.68. Statistically significant differences were found across most group
comparisons, including C-Sa vs. C-So (p=0.0079), C-Sa vs. G-Sa (p=0.0079), and C-Sa vs. G-
So (p=0.0079). The difference between C-So and G-So, however, was not statistically significant
(p=0.9524), indicating similar alkalinity between these two soil-based mixtures. Cement-based
mixtures had significantly higher pH than geopolymer-based ones (p =0.0032), while the effect of

filler was not statistically significant (p = 1.0000). This observation is important because previous
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studies have shown that a higher pH can generally increase the hydration rate in cementitious

materials [235], [236].

In addition, the salinity values clearly reflected the type of binder used. Both cement-based
mixtures were found to have low salinity levels, with C-Sa measuring 1.95 £+ 0.04 ppt and C-So at
1.86+0.05 ppt. In contrast, geopolymer samples recorded substantially higher values of
21.16 £ 1.73 ppt for G-Sa and 32.87 £ 2.58 ppt for G-So. These differences were all statistically
significant. Specifically, C-Sa vs. C-So (p=0.0238), C-Sa vs. G-Sa (p=0.0079), C-Sa vs. G-So
(p=0.0079), C-So vs. G-Sa (p=0.0079), and C-So vs. G-So (p=0.0079) each showed clear
differences. Additionally, the difference between G-Sa and G-So (p=0.0079) may reflect the
greater sodium retention in the soil-based geopolymer mixture compared to its sand-based
counterpart. These results highlight the combined influence of binder chemistry and filler type on
salinity levels, particularly in systems activated with sodium hydroxide. On average and based on
the mentioned, geopolymer-based mixtures had smaller slump and fresh density values, as well as
higher air content than their cement-based counterparts, which is consistent with results reported

in the literature [106].

Table 17. Measured properties of fresh mixtures.

Slump Air content Fresh density Salinity (parts
Mixture ID pH
(mm) (%) (kg/m?) per thousand)
C-Sa 129.0 (£1.58) 5.50 (£0.16) 1882.7 (£0.97) 12.68 (£0.03) 1.95 (£0.04)
C-So 110.0 (£1.87) 4.50 (£0.23) 1914.8 (x0.88) 12.36 (£0.05) 1.86 (£0.05)
G-Sa 115.0 (£1.41) 6.04 (£0.11) 1849.0 (x1.00) 11.40 (£0.07) 21.16 (£1.73)
G-So 100.0 (£2.24) 5.46 (£0.18) 1869.4 (£0.55) 12.36 (£0.09) 32.87 (£2.58)
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4.5.4. Penetration Resistance and Initial Set Time

The results of the penetrometer test in terms of penetration strength versus time are shown in
Figure 19. All mixtures have similar penetration strength values (ranging between 0.14 and 0.28
MPa) at 25 minutes (i.e., at the first measuring time). This initial strength is closely linked to the
material’s buildability and is influenced by factors such as particle size distribution and surface
texture. A low resistance value also shows that the mixtures had a low stiffness build-up, which is
required for printing. Over time, however, the rate of strength gain varied significantly among the
different binder and filler combinations. C-So, for instance, showed the most rapid increase in
penetration resistance, reaching 21.65 MPa at 600 minutes, followed by C-Sa at 13.21 MPa. These
results suggest that cement-based mixtures, particularly when combined with soil, develop
stiffness more quickly during the early-age setting process. This accelerated stiffening can be
attributed to the finer particle size distribution and higher water absorption capacity of the soil
compared with sand. The finer particles increase the overall surface area available for cement
hydration, promoting faster formation of hydration products and a denser early microstructure.
Additionally, the soil’s higher water absorption reduces the amount of free water in the paste,
leading to a higher effective solid fraction and increased interparticle friction. Together, these
effects accelerate the transition from a plastic to a rigid state, enhancing early buildability but

potentially reducing workable time.

In contrast, geopolymer-based mixtures, especially G-Sa, showed much lower penetration
resistance values throughout the test duration. G-Sa reached only 1.27 MPa after 10 hours, while
G-So peaked at 3.51 MPa. This difference indicates that geopolymer mixtures build internal

structure more slowly than their cement-based counterparts. Previous studies have highlighted the
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rheological differences of Portland cement-based vs. geopolymer binders in more detail [237].
This difference is believed to be highly dependent on the activator and aluminosilicate material
types used in the geopolymer and Portland cement mixtures [238]. Although the same
supplementary cementitious materials are used in this study, their behavior has a heavy impact on
the mixture proportioning and potential mixture optimization. Among geopolymer mixtures, the
presence of soil in G-So appeared to help slightly increase penetration resistance compared to G-
Sa. Nonetheless, the differences remained relatively small throughout the test. In general, these
trends confirm that the concentration of binder strongly affects the rate and magnitude of stiffening
[106], with Portland cement-based mixtures consistently outperforming geopolymer-based ones
in terms of early-age structural build-up. It can also be noted that the printing region, defined here
as the starting point of the penetrometer test, corresponding to the material’s initial workable state,
appears to be far below the ASTM-recommended initial setting strength of 3.44 MPa. According
to ASTM C403/C403M, the initial and final setting times are defined as the points at which the
penetration resistance reaches 3.44 MPa and 27.6 MPa, respectively. Among the mixtures studied,
C-So was the first to achieve the initial setting strength of 3.44 MPa, after approximately 350
minutes from mixing, followed by C-Sa at around 500 minutes. G-So reached that threshold at

about 600 minutes, whereas G-Sa did not attain it even after 600 minutes.
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Figure 19. Results of the penetrometer test.

4.5.5. Water Absorption

Based on Figure 20 C-Sa samples showed an average absorption of 10.20 + 1.04%, which was
significantly higher than that of C-So samples (7.90+0.22%), with p=0.0079. In turn, G-Sa
samples showed an average absorption of 10.28 +0.11%, which was significantly lower than that
of G-So samples (16.04 +0.36%), also with p=10.0079. In terms of binder type, cement-based
samples (C-Sa and C-So) had an average absorption of 9.1 + 1.40%, which was significantly lower
than that of geopolymer-based samples (G-Sa and G-So) at 13.2 +3.05%, with p=0.0027. The
higher absorption value of geopolymer samples is consistent with results reported in the literature

[239], [226], [227].

In terms of COV, C-Sa samples developed a value of 0.102, which compares to 0.027 for C-
So samples. In the same way, G-Sa and G-So developed values of 0.009 and 0.024, respectively.
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Based on COVs, C-So and G-So both developed higher COVs. It shows that the results in these

groups showed higher variability, probably caused by the increased heterogeneity when soil is

used.

)
W
T

()
)
T

16.02 £0.38

10.19+ 1.04
10.28 £0.10

7.88 £0.21

[a—
o

Water Absorption (%)
o 7

o

C-Sa C-So G-Sa G-So

Figure 20. Water absorption test results.

4.5.6. Mechanical Properties of Hardened Mixtures

To evaluate the hardened properties, a set of mechanical properties tests has been conducted.
It includes compressive strength over different curing ages to understand the strength development
rate of each mixture. Due to the specific manufacturing method (i.e., laminated printing),
anisotropic, splitting tensile, and interlayer shear strengths tests are also performed. The tests and

the resulting properties are outlined in the following sections.
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4.5.6.1. Compressive Strengths

Figure 21 shows the compressive strength test results. During the 7 and 14 days of curing, C-
So had the highest strength with 13.57 +1.81 MPa at 7 days and 15.15 + 1.69 MPa at 14 days. C-
Sa developed similar strength, with 13.52 +1.67 MPa (7 days) and 14.33 +1.05 MPa (14 days).
On the 7th day mark, both cement-based mixtures (i.e., C-Sa with 13.52 + 1.67 and C-So with
13.57 + 1.81) outperformed geopolymer mixtures (i.e., G-Sa with 3.17 £ 0.56 and G-So with 2.60
+ 0.46) with p=0.0079 for all pairwise comparisons, and were statistically significant. However,
the difference between C-Sa and C-So showed no statistically significant difference (p =0.8413).
During the 14 days, C-Sa and C-So (i.e., C-Sa with 14.33 + 1.35 and C-So with 15.15 + 1.69)
continued outperforming G-So with p=0.0079, while the difference between C-So and G-Sa (with
12.80 £ 1.93) was not statistically significant (p =0.2222). As for the geopolymer mixtures, G-Sa
(with 12.80 £ 1.93) showed higher strength than G-So (with 6.34 £ 0.85), and the difference
became statistically significant at 14 days (p =0.0079), even though it was not significant at 7 days

(p=0.2222).

At 28 days, C-So remained the top-performing mixture with 15.80 + 1.27 MPa, followed by C-
Sa with 15.12 £+ 1.14 MPa. G-Sa continued to improve, reaching 13.86 + 3.05 MPa, while G-So
reached 6.70+0.66 MPa. The difference between G-Sa and G-So was statistically significant
(p=0.0079), highlighting the important effect of filler type on strength development in

geopolymer mixtures.

At extended curing times of 56 and 91 days, cement-based samples continued to develop higher

strength values. For instance, C-So reached 20.32 +2.26 MPa at 91 days, while C-Sa followed
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closely with 18.06 = 1.32 MPa. This shows that both cement-based mixtures developed relatively
high strengths, and their pairwise statistical analysis showed that their differences are not
significant (p =0.1508). Similarly, G-Sa developed a strength of 16.23 +1.66 MPa at 91 days,
while G-So remained the lowest with 11.50 +2.40 MPa. The differences between G-Sa and G-So
were again statistically significant on both 56 days (p=0.0079) and 91 days (p=0.0159).
Additionally, C-So with 20.32 +2.26 MPa outperformed G-Sa with 16.23 + 1.66 MPa at 91 days
with p=0.0317. The higher strength of C-So shows the long-term strength advantage of the soil-

cement mixtures, as compared to the geopolymer-sand mixture in this case.

In terms of COV, cement-based mixtures showed the lowest values, especially C-Sa at 14, 28,
and 91 days with 0.073, 0.076, and 0.073, respectively. With C-So in the middle, G-Sa and G-So
displayed higher variability, especially at 28 and 91 days, with COVs reaching 0.220 and 0.208.
These results suggest that geopolymer mixtures, particularly those combined with soil, are more

sensitive to localized inhomogeneities and exhibit greater performance variability over time.
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Figure 21. Compressive strength of samples with (a) 7, 14, and 28 day cured samples, and (b)



4.5.6.2. Anisotropic Behavior Effects on Compressive Strength

Figure 22 shows the 28-day compressive strength of cubic samples tested in two different
directions: (a) along the printing direction (referred to as printing direction hereinafter) and (b)
perpendicular to the printing direction (referred to as perpendicular direction hereinafter). In the
printing direction, C-Sa reached an average compressive strength of 15.12 + 1.14 MPa, which was
statistically similar to C-So (15.80+1.27 MPa, p=0.4206). No significant difference was found
between C-Sa (15.12+1.14 MPa) and G-Sa (14.30 £2.72 MPa, p=0.8413), or between C-So
(15.80+£1.27MPa) and G-Sa (14.30+£2.72 MPa, and p=0.3333), suggesting that strength
remained relatively consistent across these three mixtures regardless of binder or filler type. In
turn, G-So recorded a substantially lower average strength of 6.48 £ 0.94 MPa. It is also found that
the differences were statistically significant when G-So is compared to C-Sa (p =0.0079), C-So
(p=0.0079), and G-Sa (p=0.0079), which indicates that while mixtures with sand provided
comparable performance across binders, the use of soil in combination with a geopolymer binder

led to a considerably lower strength.

The COVs in the printing direction also show the highest variability for G-So with 0.145 and
G-Sa with 0.190. The COVs for cement-based mixtures are found as C-Sa with 0.076 and C-So
with 0.081. This suggests that geopolymer samples, especially with soil, showed less consistency

in strength values, which can be explained by potential heterogeneity in microstructure.

In the perpendicular direction, C-Sa samples had an average strength of 12.50 £ 1.46 MPa,
which was not significantly different from C-So samples with 11.52 + 1.60 MPa, and p =0.2540.

Similarly, no statistical difference was observed between C-Sa (with 12.50 + 1.46 MPa) and G-Sa
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(with 11.46+1.24 MPa, and p=0.3095). This finding suggests that similar performance is
recorded between cement-sand and geopolymer-sand mixtures. However, C-Sa (with
12.50 + 1.46 MPa) significantly outperformed G-So (with 5.94 + 0.94 MPa, and p=0.0079). C-So
samples (with 11.52+1.60 MPa) also showed significantly higher strength than G-So with
p=0.0079, presenting the higher strength of soil-cement mixtures. Among the geopolymer
mixtures, G-Sa with 11.46+1.24 MPa outperformed G-So with 5.94+0.94 MPa with a
p=0.0079, confirming that sand-based mixtures have performed better than their soil-based
counterparts in anisotropic performance. In general, it is hypothesized that this anisotropic
behavior for the compressive strength derives from the 3D printing process, which lays randomly
distributed pores and voids in a directional manner. Previous studies in this area also reported
similar strength variations, with printing direction having a stronger compressive strength than

perpendicular to printing direction [240], [241], [242].

In terms of COV in the perpendicular direction, the highest variability was seen in G-So with
0.158, followed by C-So with 0.139, while C-Sa and G-Sa had a COV of 0.117 and 0.108,
respectively. The COV values show a potentially higher variability of samples produced with soil,
which can result from microstructural differences and higher heterogeneity that result in higher

variability.
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Figure 22. Compressive strength of cubes in two different directions (a) along printing

direction, (b) perpendicular to printing direction

4.5.6.3. Splitting Tensile Strength

The results of 28-day cured cylinder samples tested for splitting tensile strength are shown in
Figure 23. Based on the results, C-Sa samples averaged 3.08 +0.24 MPa, which was not
significantly different from C-So samples with 2.74 +0.25 MPa, and p = 0.0556, indicating the two
types of materials have almost similar strength and the difference was not statistically significant.
This is similar to the compressive strength values reported earlier. Nonetheless, C-Sa samples
developed significantly higher tensile strength than both G-Sa (1.98 +0.37 MPa, p=0.0079) and
G-S0 (0.81 £0.17 MPa, p=0.0079). In turn, C-So samples also showed significantly higher tensile
strength than G-Sa (p=0.0159) and G-So (p=0.0079). Among the geopolymer-based mixtures,

G-Sa outperformed G-So with statistical significance (p =0.0079).

118



In terms of COV, they followed a similar pattern as the strengths, with lower variability
recorded for C-Sa and C-So with 0.079 and 0.090, respectively, while a higher variability has been
recorded in G-So (0.205) and G-Sa (0.186). The difference in variability in the case of cement-
based mixtures show better consistency, while the increased variability in geopolymers results may
be due to the sensitivity of tensile properties to the higher micro-pores of the geopolymer samples.
Previous studies (e.g., [243]) have reported that in general, geopolymer samples develop a more

porous microstructure.
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Figure 23. Splitting tensile strength.
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4.5.6.4. Interlayer Shear Strength

The shear strength test corresponding to ASTM C1425-19 [225] was conducted to evaluate the
interlayer bonding of 3D-printed samples. Figure 24 (a) shows the testing outline per standard,
and Figure 24 (b) shows the results. Based on the results, C-Sa samples had an average value of
4.33+0.60 MPa. In turn, C-So samples achieved a higher average of 5.90 + 0.38 MPa, with the
difference between the two cement-based mixtures being statistically significant (p=0.0079).
Compared to the cement-based mixtures, G-Sa showed a considerably lower value, averaging
0.78 +£0.04 MPa (p=0.0079). G-So samples followed a similar trend, with an average shear
strength of 0.71 +£0.09 MPa. Although G-Sa and G-So developed similarly low strengths relative
to cement-based mixtures, the difference between them was not statistically significant
(p=0.1984). The reason for the very low shear strength values of geopolymer samples can be
related to the high porosity and absorption of geopolymer binders, as well as the higher brittleness

that is reported by previous studies [180].

The interlayer shear results also show considerably higher COV in C-Sa (0.138) and G-So
(0.131), in contrast to C-So (0.065) and G-Sa (0.053). This indicates that shear performance in
these two groups might have been more influenced or dominated by the differences in interfacial

quality, sample printing orientation, or local inhomogeneities across specimens.
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4.5.7. Life Cycle Analysis (LCA)

The life cycle assessment (LCA) methodology is used here to quantify the environmental
impacts of the four mixtures considered in this study, following ISO 14040-14044 [150]. The aim
of this LCA 1is not only to compare the four mixtures, but also to identify the phases in the
production process with the highest environmental impacts, thus providing suggestions for

optimization of the fabrication process.

4.5.7.1. System Definition and Boundaries

A scale-up of lab conditions to an industrial scale has been conducted to evaluate the life cycle
environmental impacts of producing 3D-printed soil-based and sand-based structural walls. The
functional unit used in this study is the materials needed to build a 1 m (height) x 1 m (length) wall
with a width of 0.1 m. This functional unit was selected because it represents a realistic and directly
comparable structural element that can be printed under identical boundary conditions, reflecting
the primary function of the product to act as a load-bearing wall segment. By fixing the wall
geometry, the functional unit ensures that all mixtures are evaluated on an equivalent physical
basis, while preserving practical relevance to construction-scale applications. The selected
dimensions are consistent with typical experimental or pilot-scale 3D printing setups and can be
readily scaled to larger structural systems. Furthermore, this choice aligns with recent
developments in additive manufacturing of prefabricated structural components, as several studies
have focused on 3D printing discrete wall segments intended for assembly in modular construction
[244], [245]. Therefore, adopting a wall section as the functional unit provides both a structurally

meaningful and practically applicable basis for comparison among the investigated mixtures.
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In addition, since each mixture proportion has a specific 28-day strength, the same wall is
analyzed separately for a condition where its thickness is calculated based on its strength. Previous
studies have conducted similar calculations to capture a more realistic environmental impact [155],
[156] and have referred to it as a strength-normalized functional unit [244] (hereinafter referred to
as strength factor). In this case, it is assumed that for the two compositions C-Sa and C-So, the
required thickness of the wall is 0.1 m (due to similar compressive strength values of 15.8+1.14
and 15.1+1.27 MPa). For G-Sa and G-So the wall thickness with the strength factor is then
calculated by multiplying 0.1 m by the ratio between the (28-day) compressive strength of the
composition and the average strength of the compositions C-Sa and C-So, giving a thickness equal

t0 0.12 m for G-Sa and 0.21 m for G-So.

The wall is assumed to be made onsite, and two sites are considered: (1) the first site has
coordinates 38°41'31.5"N 121°30'54.8"W (near Sacramento, CA), and (2) the second site has
coordinates 40°01'16.2"N 75°14'11.1"W (near Philadelphia, PA). These two locations were

selected to also assess the effects of the transportation of construction materials.

To conduct the LCA, the system boundary for the study was chosen to represent a cradle-to-
gate condition, which includes: (a) raw materials supply, and (b) transportation to the site. It is
important to note that the separation between product (cradle-to-gate) and construction (cradle to
practical completion) stages is not as distinct as in other types of construction technologies.
However, since the construction stage remains consistent for all four mixtures considered in this

study, and the focus is on the environmental effects of using different materials, the cradle-to-gate
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comparison selected for this study is adequate for properly comparing the various investigated
materials. Table 18 provides information about the amounts of materials used per mixture to
produce a wall with the factor of strength mentioned for a wall with the size of 1 m (height) x 1 m
(length) and the mentioned widths. It also provides the distances from the suppliers to the

construction site, which is calculated in the LCA.
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Table 18. The quantity needed for the functional unit between two locations.

Sodium Portland
Water Fly ash F Sand Seil
hydroxide cement
[)
= C-So (kg) 71.5 15.8 0.0 109.2 0.0 207.4
= 2
E & C-Sa (kg) 284 6.3 0.0 110.2 81.1 0.0
.S =g
-‘§ %" G-Sa (kg) 40.3 0.0 40.3 26.9 0.0 86.0
& =
§ G-So (kg) 317 0.0 30.9 80.4 46.4 0.0
§ 5 C-So (kg) 34.3 7.6 0.0 52.4 0.0 99.5
e 2
Z C-Sa (kg) 24.4 54 0.0 94.8 69.7 0.0
2 &
z B G-Sa (kg) 40.3 0.0 40.3 26.9 0.0 86.0
Q v
§ £ G-So (kg) 31.7 0.0 30.9 80.4 46.4 0.0
Sacramento,

0.0 146.0 262.0 1368.0 37.0 0.0
g CA (km)
S Philadelphia,

0.0 33.0 5.5 145.0 27.0 0.0

PA (km)

4.5.7.2. Life Cycle Inventory (LCI)

The LCI used in this study is based on the database Tool for the Reduction and Assessment of
Chemical and other Impacts (TRACI v2.1) [158]. Table 19 provides the global warming potential
(GWP) of all materials used in this study. The following subsections provide more details on the
assumptions made in this study and the methods used to calculate soil excavation and

transportation of the materials to the construction site.

Table 19. GWP of all materials used in LCA calculations.

Diesel Sodium Sand Electricity; at Portland
Combination
combusted in hydroxide (per production user; cement (Type
diesel-powered
industrial 1 kg) (per 1 kg) consumption /1), (per 1 kg)
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equipment (per mix - 2022 US truck transport
kg diesel used) (per 1 MJ) (per 1 kg-km)

3.88E+00 1.04E+00 4.89E-03 1.39E-01 9.19E-01 9.40E-05

4.5.7.3. Soil Excavation

To supply soil for the masonry production, local soil is excavated using a diesel-powered 20-
metric ton excavator (model Deere 210G LC) with a fuel consumption of approximately five
gallons of diesel per hour (MPG 5), equivalent to 16.2 kg h™! assuming a diesel density of 0.85 kg
L. Based on consultations with industry professionals, the excavator’s production rate is
estimated at 25 m> h™!. With an assumed bulk density of 1500 kg m™, this corresponds to 37500
kg of soil excavated per hour. The soil is assumed to be taken from about 1 m below the surface
to minimize organic matter content; however, since this depth is typical for foundation preparation,

no additional energy is assigned for digging below ground level.

To account for the environmental impacts of soil excavation, a diesel-to-soil productivity ratio
was calculated to relate the mass of soil excavated to the amount of diesel combusted. The
excavator’s productivity corresponds to 2314.8 kg of soil per kg of diesel, derived from the ratio
of 37500 kg soil h'! to 16.2 kg diesel h'. Accordingly, for every kilogram of soil used in the

mixtures, the diesel requirement was determined as:

Soil mass (kg)

Eq.3
2314.8 1

Diesel required (kg) =
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This calculated diesel mass was then multiplied by the corresponding unit impacts of diesel
combustion in each environmental category to obtain the total contribution of soil excavation to

the life-cycle results.

4.5.7.4. Transportation

For transportation, a heavy-duty truck with a gross vehicle weight rating of approximately 32
metric tons was assumed for transporting secondary materials, covering the distance from the

supplier to the construction site. A fuel consumption of five miles per gallon (MPG) was assumed.

The energy required for transportation was subsequently calculated based on the weight of the
materials. Since transporting machinery for 3D printing was considered to be similar across
different mixtures, the corresponding energy consumption was excluded from the LCA
calculations. Similarly, the impact of shipping materials based on the two separate locations
mentioned was also calculated. The calculation included the distance multiplied by the LCI value

for transporting the amount of material per specified MPG.

4.5.7.5. LCA Calculations

For the LCA calculations, the following four impact categories were selected for the LCA due
to their relevance to construction materials: First, GWP (kg CO:-eq) has been chosen since it
captures greenhouse gas emissions related to climate change. TEC (MJ) reflects the total energy

required across the life cycle, which is an important parameter given the high energy intensity of
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activators used in geopolymer binders. Smog formation (kg SO2-eq) has also been selected to
account for pollutants that contribute to urban air quality degradation. Finally, acidification (kg

SO.-eq) measures emissions that lead to acid rain and ecosystem damage have been chosen.

After establishing the wall size with and without a strength correction factor, based on the
hardened density (28-day) of each mixture, the amount of materials needed for each mixture is
normalized. Based on that and the unit impact of each material, the amount of each material's
impact in each mixture is then calculated. In doing so, the amount of materials needed is multiplied
by their corresponding impacts for each mixture proportion. After calculating all the materials for
all the mixtures with and without the strength factor, transportation is calculated based on the
distances noted in Table 18. Finally, all the corresponding impacts of materials production and

shipment are summed up and analyzed.

4.5.7.6. LCA Results

The results of the LCA (cradle-to-gate) are presented in Table 20 and Table 21 for two
different locations of Sacramento, CA, and Philadelphia, PA, with and without the inclusion of a
strength correction factor. As explained earlier, a correction factor was applied to account for the
differences in mechanical performance by adjusting the wall width according to the 28-day
compressive strength of each mixture. In doing so, a more realistic environmental comparison was

made between mixtures that would otherwise not meet similar structural requirements.
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In terms of GWP, the geopolymer mixtures continued to show the lowest emissions overall,
although the relative differences between soil- and sand-based systems changed compared with
the previous analysis. When the strength-correction factor was applied (as in Table 20), G-Sa
recorded the lowest GWP in Sacramento (21.46 kg CO:-eq), followed by G-So (31.04 kg COz-eq).
The same trend was observed in Philadelphia, where G-Sa and G-So produced 8.64 kg CO2-eq and
18.32 kg COs-eq, respectively. This finding is generally aligned with previous studies in the
literature that mentioned the lower impacts of the geopolymer binding system [246], [247]. In
contrast, the cement-based mixtures exhibited higher impacts, ranging from 39.94 kg CO:-eq for
C-Sa to 41.62 kg CO:-eq for C-So in Sacramento, and from 29.90 kg CO:-eq to 37.56 kg CO:-eq
in Philadelphia. When the strength factor was not applied (as in Table 21), GWP values decreased
for all geopolymer mixtures, particularly G-So (14.90 kg CO2-eq in Sacramento and 8.79 kg CO.-
eq in Philadelphia). This reduction highlights how accounting for mechanical performance can
substantially alter perceived environmental benefits. For example, the geopolymer mixtures appear

more sustainable on a mass basis but lose some of this advantage when normalized for strength.

For TEC, the geopolymer mixtures again exhibited higher values, particularly when the
strength factor was applied. In Sacramento, G-So consumed the highest energy content (828.14
MJ), followed by G-Sa (450.88 MJ). A similar pattern appeared in Philadelphia, where G-So
required 659.26 MJ and G-Sa 280.68 MJ. These elevated energy values reflect the energy-
intensive production of sodium hydroxide, which dominates the embodied energy of alkali-
activated systems [106], [248]. By contrast, cement-based mixtures required substantially less
energy, ranging from 159.28 MJ to 292.58 MJ across both locations. When the strength factor was

omitted, the same overall pattern persisted, but with lower absolute values. For example, G-So
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decreased to 397.51 MJ and G-Sa to 387.76 MJ in Sacramento, while C-Sa and C-So remained

nearly unchanged (292.58 MJ and 242.42 MJ, respectively).

Regarding smog formation and acidification, geopolymer mixtures again showed higher
sensitivity to the strength correction. In Sacramento, the acidification impact of G-So increased
from 0.10 kg SO:-eq (for non-normalized) to 0.21 kg SO:-eq (when normalized per strength),
while smog emissions rose from 1.61 kg SO2-eq to 3.35 kg SO:-eq. Similar trends occurred in
Philadelphia, where G-So increased from 0.07 kg SO2-eq to 0.15 kg SO2-eq in acidification and
from 0.60 kg SO2-eq to 1.26 kg SO2-eq in smog formation after strength adjustment. The cement-
based mixtures showed smaller differences between the two conditions, remaining within 0.09—
0.11 kg SO2-eq for acidification and 2.11-2.86 kg SO:-eq for smog in Sacramento. Regional
differences also remained evident. For example, Philadelphia consistently produced lower impact
values due to shorter transportation distances and smaller transportation-related energy burdens.
It’s interesting to note that the differences in values between regions highlight the role of location
in LCA analyses and their subsequent interpretation. Similar conclusions are also made by [249].
However, when comparing mixtures primarily by the filler type (without strength correction), soil-
based mixtures generally performed slightly better environmentally than their sand-based
counterparts in most categories. For instance, C-So recorded lower energy use (242.42 MJ) and
lower acidification (0.09 kg SO:-eq) than C-Sa (292.58 MJ and 0.11 kg SO:-eq, respectively).
Similarly, G-So exhibited lower smog formation (1.61 kg SO:-eq) than G-Sa (2.34 kg SO:-eq),
although it had marginally higher energy use. However, once the strength factor was applied, this
pattern changed, with the lower compressive strength of soil-based mixtures requiring greater

material quantities to meet equivalent structural performance, thereby increasing their overall
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environmental impact. This reversal underscores the importance of incorporating mechanical
performance into sustainability evaluations. Simply selecting a material with lower embodied
impacts per kilogram does not necessarily yield a more sustainable printing process. Instead, the
true environmental performance depends on the combination of material formulation, mechanical

efficiency, and printing yield.

In general, the results demonstrate that geopolymer binders can substantially reduce GWP
compared with cement-based systems; however, these reductions are accompanied by trade-offs
in total energy consumption and smog-related impacts due to the energy-intensive production of
alkali activators. Similarly, soil-based fillers help lower impacts in certain categories, such as
energy use and acidification, but tend to lose this advantage once results are normalized for
strength. These shifts, driven by binder type, transportation distances, and filler selection,
emphasize that sustainability in 3D-printed materials cannot be evaluated solely on the basis of
low-impact ingredients. Instead, the actual quantity of material required to achieve a given
performance level must also be considered, as mixtures with lower embodied emissions may still
yield higher overall impacts when strength or buildability limitations are accounted for.
Consequently, sustainability assessments should be grounded in performance-based LCA, where
mixture optimization considers not only environmental metrics but also mechanical behavior,

rheological performance, and region-specific supply chain conditions.

Table 20. Result of LCA per functional unit of 1 m (height) x 1 m (length) wall with a variable width

(per strength) on the two different locations with the strength-normalization factor.

Location 1 (Sacramento, CA) Location 2 (Philadelphia, PA)

Impacts C-Sa C-So G-Sa G-So C-Sa C-So G-Sa G-So
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GWP (kg
CO; eq per

compressive | 39.94

strength of

41.62

21.46

31.04

29.90

37.56

8.64 18.32

15 MPa)
TEC (MJ per
compressive

strength of
15 MPa)

292.58

242.42

450.88

828.14

159.28

188.5

280.68 659.26

Smog
formation
(kg SOz eq

per 2.86
compressive
strength of

15 MPa)

2.11

2.73

3.35

1.22

1.45

0.62 1.26

Acidification
(kg SOz eq
per 0.11
compressive
strength of
15 MPa)

0.09

0.13

0.21

0.06

0.07

0.07 0.15

Table 21. Result of LCA per functional unit of 1 m (height) x 1 m (length) wall with a width of 0.1

m on the two different locations without the strength-normalization factor.

Location 1 (Sacramento, CA) Location 2 (Philadelphia, PA)

Impacts C-Sa C-So G-Sa G-So C-Sa C-So G-Sa G-So
GWP (kg

C0» eq) 39.94 41.62 18.46 14.90 29.90 37.56 7.43 8.79
TEC (MJ) 292.58 242.42 387.76 397.51 159.28  188.50  241.38 316.45

Smog

formation 2.86 2.34 1.61 122 1.45 0.54 0.60
(kg SO, eq)
Acidification

(ke SO» eq) 0.11 0.09 0.11 0.10 0.06 0.07 0.06 0.07
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Figure 25 presents the component-level contributions to environmental impacts for each of
the four mixtures across two locations of Sacramento, CA, and Philadelphia, PA. The
environmental impacts of the cement-based mixtures (i.e., C-Sa and C-So), are largely governed
by their Portland cement content, which remains the dominant contributor across all impact
categories. In the case of C-Sa, shown in Figure 25 (a) and (b), Portland cement and fly ash
together account for over 80% of the total environmental impacts in nearly all categories,
especially in GWP and total energy use. Other components, such as water and sand, play a minor
role in the impacts, with less than 10% in all cases. C-So, on the other hand, shows a similar minor
dominance of fly ash but higher impacts of Portland cement, particularly in acidification and smog
formation categories. In terms of locations, similar to the C-Sa case, C-So has a higher impact of
fly ash particles when the construction site is considered to be in Sacramento, due to a longer

distance of fly ash particles to the construction site.

In the geopolymer mixtures, G-Sa (Figure 25 (e) and (f)) shows a major shift in environmental
contributions. With no Portland cement present, the mixture relies heavily on fly ash and sodium
hydroxide. The higher fly ash content in G-Sa, compared to G-So, results in an even larger share
of impacts from this material, especially in the GWP and total energy categories. The effect of
location is also clear, that the fly ash contribution is considerable in Sacramento due to the longer
transport distance compared to Philadelphia. The longer distance is also seen to overshadow the

overall effect of sodium hydroxide (comparing Figure 25 (e) to (f)).

Finally, G-So, presented in Figure 25 (a) and (b) has a similar composition to G-Sa, but with

slightly lower fly ash content and slightly higher contribution from soil. In both locations, sodium
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Figure 25. Comparison of the relative contributions from different components to the different

environmental impact categories with (a) C-Sa in Sacramento, (b) C-Sa in Philadelphia, (c) C-

So in Sacramento, (d) C-So in Philadelphia, (€) G-Sa in Sacramento, (f) G-Sa in Philadelphia,
(g) G-So in Sacramento, and (h) G-So in Philadelphia.

4.6. Conclusion

This study evaluates the performance of 3D-printed mixtures in terms of hardened properties
and sustainability by combining two strategies: (a) replacing Ordinary Portland Cement with
alkali-activated binders, and (b) replacing sieved sand with locally available natural soil (low
plasticity silt). In doing so, four different mixtures were developed using two binder types (cement
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and geopolymer), and two filler types (sand and soil). All mixtures were then collected from

freshly printed parts and cured until tested. A cradle-to-gate LCA has also been conducted to

compare the impacts of different mixtures. Based on the results and analysis, the following

conclusions can be drawn:

SEM images of 28-day cured samples, at both low (80%) and high (3500%) magnifications,
showed that cement-based mixtures, especially C-Sa, formed denser microstructures with
better hydration products and fewer unreacted particles. C-So also showed a compact
structure, despite having more irregularity due to the inclusion of natural soil. In contrast,
geopolymer-based mixtures, especially G-So, showed more visible cracks, larger micro-
voids, and a higher number of unreacted fly ash particles. These differences help explain
the lower mechanical strengths and higher porosity seen in geopolymer samples. In
addition to the SEM, XRF results confirmed the chemical differences seen in the
microstructure. For instance, geopolymer samples were found to have a substantially
higher Na-O content (G-Sa: 4.26%, G-So: 7.49%) compared to the cement-based mixtures
(with C-Sa having 0.69%, and C-So having 0.60%). C-So and G-So also showed higher
Fe:O; and SiO: contents, consistent with the natural mineralogy of the soil used.
Geopolymer mixtures, especially in G-So, are found to have a high alkali content that may

pose durability risks in the long term.

Results of slump, air content, fresh density, pH, and salinity revealed statistically

significant differences between binders and fillers. Cement-based mixtures showed greater
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flowability (e.g., C-Sa: 129.0 £+ 1.6 mm vs. C-So: 110.0+ 1.9 mm, p=0.0079) and higher
fresh densities (C-So: 1914.9 + 0.9 kg/m?) compared to geopolymer-based mixtures (G-Sa:
1849.0 + 1.0 kg/m?, p=0.0079), with sand-based mixtures consistently producing higher
slump than soil-based ones (p =0.0002). Geopolymer mixtures also showed significantly
higher air content (G-Sa: 6.04+0.11%, vs. C-So: 4.50+0.23%, p=0.0079) and
substantially greater salinity (G-So: 32.87 £2.58 ppt vs. C-Sa: 1.95 £ 0.04 ppt, p=0.0079).
These trends are likely tied to finer particle grading in soil and the presence of sodium
hydroxide in geopolymer systems. The effect of filler on pH was not statistically significant
(p=1.0000), but geopolymer mixture overall had slightly lower pH and more porous fresh
structures. The data confirm that both binder type and filler type play a measurable role in

shaping fresh mixture behavior.

The result of the penetrometer test shows that all mixtures showed low initial penetration
resistance (~0.14 to 0.28 MPa at 25 minutes), confirming a specific region or relationship
where the force and time of all mixtures almost match. This region is believed to be the
printability region, referring to a specific rheological parameter that must be met for a
mixture to be printable. However, strength gain rates varied significantly. C-So hardened
the fastest, reaching 21.65 MPa at 600 minutes, followed by C-Sa at 13.21 MPa.
Geopolymer mixtures showed much slower development, with G-Sa and G-So reaching
only 1.27MPa and 3.51 MPa, respectively, after 600 minutes from mixing. These
differences are linked to the binder type, with Portland cement-based systems developing
early buildability more rapidly (e.g., C-So reached 3.44 MPa in ~350 min vs. G-So at ~600

min). The soil’s finer particles likely accelerated stiffening in cement-based mixtures.
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Similarly, soil-based samples (C-So and G-So) reached 3.44 MPa at 350 and 600 minutes,
respectively, while their sand-based counterparts (C-Sa and G-Sa) took longer, at

approximately 500 minutes for C-Sa and did not reach within 600 minutes for G-Sa.

With regards to the water absorption test, when binder types were averaged, cement-based
samples (C-Sa and C-So) had a significantly lower average water absorption of 9.1 £+ 1.40%
compared to geopolymer-based mixtures (G-Sa and G-So) at 13.2+3.05% (p=10.0027).
Among all mixtures, G-So recorded the highest absorption at 16.04 +0.36%, while C-So
had the lowest 7.90 +0.22%. These trends show and align with previous findings on the
porous nature of geopolymer binders. COV analysis also indicated higher variability in
soil-based mixtures (e.g., COV =0.102 for C-Sa, and 0.027 for C-So), suggesting that

natural soil contributed to more to a heterogeneous moisture uptake across specimens.

In terms of mechanical properties, cement-based mixtures demonstrated significantly faster
and higher early-age strength development than geopolymer mixtures. For instance, at 7
days, C-So and C-Sa recorded strengths of 13.57+1.81 MPa and 13.52+1.67 MPa,
respectively, whereas G-Sa and G-So reached only 3.17 +£0.56 MPa and 2.60 + 0.46 MPa.
All pairwise comparisons between cement- and geopolymer-based mixtures were
statistically significant (with p=0.0079). At 28 and 91 days, G-Sa showed steady
improvement, reaching 13.86 +3.05 MPa and 16.23 + 1.66 MPa, respectively, while G-So
remained lower at 6.70£0.66 MPa and 11.50+2.40 MPa. Soil-cement (C-So)

outperformed all other mixtures at 91 days with 20.32 +2.26 MPa, its difference with G-
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Sa was statistically significant (p =0.0317), showing the long-term strength advantage of
soil-cement mixtures. Accordingly, it is concluded that Portland cement-based systems
hydrate more rapidly than their geopolymer counterparts. In terms of anisotropic behavior,
C-Sa, C-So, and G-Sa performed similarly in the printing direction (15.12—15.80 MPa),
while G-So recorded much lower strength (6.48 £0.94 MPa, p=0.0079 vs. all others).
Similar trends were observed in the perpendicular direction, with C-Sa (12.50 + 1.46 MPa),
C-So (11.52+1.60 MPa), and G-Sa (11.46 +1.24 MPa) performing significantly better
than G-So (5.94+0.94 MPa, p=0.0079). These results show that the heterogeneity
introduced by soil does not lead to better hydration, at least in the geopolymer binding
system used in this study. Similar results are documented for splitting tensile and interlayer
shear strength, both of which support the conclusions made about the compressive strength

values.

The results of the cradle-to-gate life cycle assessment (LCA) revealed that environmental
performance was governed not only by mixture composition but also by the mechanical
strength of the printed components. When a strength-based correction factor was applied
to account for equivalent structural performance, the apparent advantages of soil-based
mixtures were substantially reduced. For example, although G-So initially showed lower
impacts in some categories, its lower compressive strength necessitated greater material
use, leading to higher global warming potential (GWP) and total energy consumption
(TEC) after normalization. In contrast, sand-based geopolymer mixtures, particularly G-
Sa, demonstrated consistently lower GWP values (e.g., 8.64 kg CO:-eq in Philadelphia and

21.46 kg COz2-eq in Sacramento with strength correction), making them more favorable

139



when both mechanical and environmental criteria are considered. The assessment also
confirmed that the production of sodium hydroxide remains the dominant contributor to
the high energy demand of geopolymer systems. Overall, these findings highlight that
mixture selection for sustainable 3D-printed construction should not be based solely on
material composition or embodied impacts. Instead, sustainability must be evaluated on a
performance-adjusted basis, incorporating mechanical strength, printability, and regional

supply-chain conditions to accurately reflect real-world construction scenarios.
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5. Effects of Specimen Preparation on Mechanical Properties of

3D-Printed Cementitious Materials

3D printing of cementitious materials is a novel method for producing concrete components
using a semi-automated system that avoids formwork. Despite benefits, the mechanical properties
of 3D-printed concrete vary widely across studies, often due to a lack of available standards,
inconsistent specimen preparation, or testing procedures. In this study, the effect of fabrication
methods on mechanical properties are studied. More than 670 cylindrical and cubic specimens
were produced using two cement-based mixtures, one with soil-based (C-So) and another sand-
based (C-Sa), representing two main fillers used in the literature. Cylindrical and cubic samples
were made from freshly 3D-printed parts and mold cast specimen. Samples were cored, cut to size
(cubes only), rodded, vibrated (15s and 30s), and tested for water absorption, compressive and
splitting tensile strength, modulus of elasticity, and scanning electron microscopy (SEM).
Advanced statistical analyses are also performed to determine whether the differences in results
originate from material behavior or the production process. Results show significant differences
among each fabrication type, with a maximum difference of 29.1% (C-So) and 46.3% (C-Sa) for
cubes, and 109% (C-So) and 136% (C-Sa) for cylinders (28-day compressive strength). Similar
variabilities were recorded across different tests per fabrication methods, pointing to the nature of
3D printing mixtures, requiring significant buildability (compared to conventional mold-cast
mixture designs and samples), resulting in difficulty to properly compact and extract samples.
Results strongly suggest freshly coring and cutting-to-size (from cured sections) are the most

reliable fabrication methods from 3D-printed specimens with most p < 0.05.
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5.1. Introduction

Additive manufacturing, also known as 3D printing, originated in the 1980s and 1990s as a
method to streamline the fabrication of complex components [250], [251]. Unlike traditional
methods, such as mold casting or machining, 3D printing builds objects layer by layer, which
removes the need for extensive programming, detailed planning, or post-processing [251], [252].
In the last twenty years, 3D printing has made its way into the construction sector, with initial
concepts and systems developed by Khoshnevis et al. during the late 1990s and early 2000s [253],
[254], [255], [256]. Today, most 3D printing applications in the construction industry rely on
extrusion-based techniques whereby the material is extruded through a nozzle [257]. In
cementitious materials, extrusion-based 3D printing offers several benefits. First, it avoids the need
for formwork, which can take both time and be costly. Second, it reduces waste by only mixing
the materials needed, and finally, it allows for a semi- to fully- automated construction process
[195], [258]. Another major benefit of 3D printing is its ability to create non-standard geometries,
which has led to many successful early trials, ranging from bridge decks [259], [260] to residential
buildings [261]. Some studies have taken this even further, introducing integrated systems for the
reinforcement of 3D-printed components [262] and even drone-based 3D printing of cementitious

materials [263].

Despite these advances, the unique characteristics of the printing process (i.e., layer-by-layer
fabrication) present several challenges. First, a successful printing process requires strict control
of rtheological and morphological properties [264], [265], such as water-to-binder ratio, aggregate-
to-binder, and fly ash-to-binder ratios, as well as fresh-state parameters [258], [266]. Second, once

the printed part is hardened, it generally exhibits directional mechanical behavior due to interlayer
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porosity and weak bonding between layers [242], [267], [268]. This anisotropic behavior can
significantly affect the overall structural performance, yet it remains difficult to fully quantify due
to a lack of standardized testing protocols. International Organization for Standardization and
American Society for Testing and Materials (ISO/ASTM 52903-20 parts one and two) [269],
[270], ISO/ASTM 52901-16 [271], and ISO/ASTM 52939-23 [272] are early attempts to
standardize testing for 3D-printed materials, by providing guidance (mostly qualitatively) on
specimen preparation and mechanical property evaluation. Specifically, ISO/ASTM 52939-23
[272] was introduced to establish qualification principles for structural and infrastructure
components produced by additive manufacturing in construction. The information provided,
however, is preliminary concepts regarding 3D printing structures rather than the implementation
of major qualitative or quantitative measures. This lack of quantitative measures creates the need
for the gradual development of methodologies and testing procedures specific to the 3D printing
of cementitious materials. Yet, as highlighted by several researchers [273], [274], [275], the field
still lacks a basic consensus on acceptable mechanical performance and testing procedures, print-

induced variability, and representative sample selection for quality assessment.

To better understand and compare the mechanical properties of 3D-printed materials, more
robust sampling and testing procedures must be developed. This need for a standardized sampling
and testing procedure is evident in the many attempts made in this area. Kaliyavaradhan et al.
(2022) [273] provided a review of experimental tests reported in the literature, highlighting the
need for enhanced standardization of testing protocols for hardened-state properties. The study
highlights that most prior work in the literature has focused on fresh property tests due to specific

printing requirements and the difficulty in reproducing the mechanical tests. Among those that
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have focused on mechanical properties, different sampling methods are used. For example, Kruger
etal. (2021) [276], Zhang et al. (2020) [277], and Alanazi et al. (2022) [278] are among the many
examples of authors who have saw-cut their specimens from a 3D-printed component. Some
others, however, have printed specimens inside molds, such as [86]. The problem with cutting
samples (or extracting from larger samples) is the large size variation that can result from human
error. Similarly, printing the entire sample can cause precision issues since 3D-printed layers often
do not develop high strength and can deform when more layers are printed on top. This can cause
significant warping and deformation, leading to a semi-triangular shape, as reported by [279]. The
same can be discussed regarding printing specimens inside molds, as it negates the major benefit

of 3D printing: removing formwork.

Others, such as Aramburu et al., 2022 [280], Peng et al., 2015 [281], and Casagrande et al.,
2020 [282] have printed samples similar to mold-cast sizes and tested them after curing. One
argument against such methods is that in such studies, the authors have used a smaller printer with
a smaller nozzle that would not likely be used for printing an actual structural component or a

house wall.

Van Den Heever et al., 2022 [268] cored samples from a larger print and evaluated their
properties for porosity and mechanical properties. Other authors, such as Ma et al. (2024) [283],
Salet et al., 2018 [259] that printed larger sections and tested them for their intended purposes to
avoid any variabilities caused by the sampling discrepancies. Another technique used is non-
destructive tests, such as the one proposed by Wolfs et al. (2018) [284] to use ultrasonic tests and

compare it to early age 3D-printed concrete. However, that would still not address the issue at
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hand, which is needing a standard benchmark (fabrication method) and quality control (or testing
procedure) for the hardened properties of 3D-printed components. Sikora et al. (2022) [285]
compared the results of mold-cast specimen with those of 3D printed and cut-to-size samples. The
results of 28-day compressive strength showed that printed specimen could reach a strength range
of ~70-76 MPa, while mold cast specimen reached ~92 MPa. The authors also mentioned that
some of the differences among a sample set could have been caused during the cutting process of

specimens, which results in potential micro-cracking and imperfections.

Given the vast methodologies and techniques used in the works of literature, some authors
have attempted to establish benchmarks and quality control systems for 3D-printed concrete, with
focus, however, on fresh-state evaluation. Buswell et al. 2022 [275], Rehman et al., 2023 [286],
Mortada et al. (2022) [287] all proposed different frameworks and methodologies (again mostly
qualitative) to address the variabilities and provide a direct comparison for the performance of 3D-

printed components.

As a result, a clear gap remains in understanding how specimen preparation and sampling
methods influence the hardened mechanical properties of 3D-printed cementitious materials. Since
these properties are sensitive to factors, such as anisotropy, compaction, and porosity, quantifying
their variability can offer significant insights, especially in future standardization of 3D-printed
components. As a result, this study addresses this gap by quantifying, both mechanically and
statistically, the effects of manufacturing methods on the mechanical performance of 3D-printed
cementitious components, using standardized sample sizes, paired comparisons, and p-values to

highlight statistically significant differences.
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5.1.1. Novelty and Relevance

This study has three main research questions to respond to. First, it investigates how different
specimen preparation methods influence the mechanical properties of 3D-printed cementitious
materials. The sampling methods considered include (a) cored, (b) mold-cast rodded (hereinafter
rodded), (¢) mold-cast vibrated (for 15s and 30s), and (d) cut-to-size, which were selected based
on practices reported in the literature as well as the authors’ previous experience. Quantifying the
variations resulting from the sampling methodologies is a major step toward standardizing the

testing protocols for 3D-printed concrete.

Second, the study examines how these sampling-induced variations differ between soil-based
and sand-based mixture compositions. These two material systems were selected because current
industry efforts are largely split between optimizing sand-based [288] and soil-based [289]
printable concretes. Understanding how each would respond to different preparation methods can
provide critical insight into their performance and potential for broader applications. Third, this
work addresses the main differences between 3D-printed materials and those produced using
conventional construction practices. These distinctions are discussed in depth in the final section,
with a focus on how the unique processing conditions of 3D printing affect the hardened-state

properties.

Additionally, the significance of this study lies in its support for future efforts to establish
standardized testing protocols, ultimately guiding the design codes specifically crafted for additive

manufacturing in construction.
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5.2. Materials

The following subsections discuss the material properties used in this study.

5.2.1. Soil

The natural soil used in this study was sourced from Ace Hardware in Davis, California. It was
reported that, to reduce organic content, the soil was extracted from subsurface layers several
meters below ground level. The soil was then mechanically sieved using a TS-1 Gilson shaker to
achieve a maximum particle size of 1.18 mm (No. 16 sieve), per ASTM C136-14 [132]. The
coarser materials were discarded. The size of 1.18 had been chosen by the authors based on trials
conducted on the mixtures and the printer used to produce components in this study. Following
sieving, the materials were oven-dried at 110°C for 24 hours to minimize residual moisture and
remove any organic content. The materials were then placed in a sealed dry bucket until used. The
temperature was adopted per ASTM C136-14 [133] and ASTM D2216-19 [134]. Additional
characterization, including particle size distribution, Atterberg limits, and compaction behavior
(Proctor test), is presented in Table 22. Based on these results and classification under ASTM
D2487-11 [135] and Unified Soil Classification System, the soil was identified as a low-plasticity
silt (ML). In this study, sieve analysis was conducted in accordance with ASTM C117/C136 to
characterize soil and sand, and the soil was washed per ASTM D6913-17 [136]. The original dry
mass of the sample was 1336.30 g, and the wash mass was 521.90 g, resulting in a wash loss of

60.9%.
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Table 22. Physical properties of soil and sand.

Value
Laboratory tests Standards Property
Soil Sand
Cumulative % Retained #4 0.0 0.0
(4.75mm)
Cumulative % Retained #4 0.0 0.0
(4.75mm)
Cumulative % Retained #8 0.0 0.0
(2.36mm)
Cumulative % Retained #10 (2mm) 0.0 0.7
ASTM C117-17 Cumulative % Retained #16 8.2 435
Particle-size [137], C136-14 (1.18mm)
analysis [132], D6913-17 Cumulative % Retained #30 14.0 65.5
[136] (0.6mm)
Cumulative % Retained #40 19.0 80.8
(0.425mm)
Cumulative % Retained #50 294 96.2
(0.3mm)
Cumulative % Retained #100 38.1 99.1
(0.15mm)
Cumulative % Retained #200 100.0 100.0
(75pm)
Pan -
Atterberg limits ASTM DA3S-10 o
[138] Liquid limit LL (%) 13.9 -
Plastic limit PL (%) 6.8 -
Soil compaction ~ ASTM D698-21 Plasticity index PI (%) 13.0 -
tests [139] Optimum moisture content (%) 1873.3 2610.8

5.2.2. Fly ash and Portland Cement

The coal fly ash class F used in this study was supplied by Paragon-Aggregate Products Corp.
in Glendale, Arizona. The Portland cement used in this study was acquired from the Nevada

Cement group, located in Reno, Nevada. The result of the mill certificate is presented in Table 23.
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To ensure that the composition of fly ash and soil is recorded, X-ray fluorescence (XRF) analysis
of the cementitious materials was conducted using a Rigaku model Super mini-200, and then
analyzed using the manufacturer's provided software, ZSX. The method of calculating the oxides
was recommended by the manufacturer [141], which is a semi-quantitative XRF (also called SQX).

The XRF results are presented in Table 24.

Table 23. The result of mill certificate provided by Nevada Cement, Inc.

Phase composition Percent content (%)
Tricalcium silicate (C3S) 58
Dicalcium silicate (C,S) 18

Tricalcium aluminate (C3A) 7
Tetracalcium aluminoferrite (CsAF) 9

Table 24. Compositions of supplementary cementitious materials and soil filler used in this

study, according to XRF analyses

Chemical compounds Fly ash (F) Soil (low plasticity silt)

Si0; (%) 58.9 60.5
ALO;3 (%) 17.4 12.0
Fe 03 (%) 8.2 6.1

CaO (%) 7.0 32

MgO (%) 1.2 2.0

SOs (%) 0.8 0.5
NaO (%) 1.0 0.8

K20 (%) 3.5 1.5

LOI (%) 1.5 8.1
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5.2.3. Mixing Water

The mixing water was sourced locally from Davis, California, with a pH of 8.66, a salinity of

0.19 ppt, and a total dissolved solids (TDS) concentration of 270 mg/L.

5.3. 3D Printer

A Scara Elite 3D printer from 3D Potter’s Inc., located in Palm City, FL, was used in this study.
The 3D printer had a nozzle with a circular diameter of 50.8 mm and operated based on an auger
system with a constant printing speed of 15 mm/s. Figure 26 shows the printer and a soil-cement

composite made during the study.

Figure 26. (a) Scara Elite Printer in operation and (b) a printed sample.

5.4. Mixtures and Methods
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The following subsections discuss the mixture proportions selected for this study and the tests

conducted.

5.4.1. Mixture Proportions

In this study, two mixtures, one soil-based (C-So) and one sand-based (C-Sa), were produced
to evaluate the influence of filler type on the printability, strength, and sustainability of 3D-printed
cementitious mortars. While both mixtures incorporate ordinary Portland cement as a binder, the
C-Sa mixture also includes a larger mass of fly ash to achieve a comparable water demand and
workability to that of the soil-based system. This adjustment was necessary because sand, being
more angular and less cohesive than soil, required additional fines to improve print stability and
reduce segregation during extrusion. Thus, fly ash was incorporated not as a variable of study but
as a binder-balancing component to maintain equivalent printability between the two filler

systems.

The design intent, therefore, was not to directly compare identical binder chemistries but to
ensure comparable rheological performance between mixtures so that the effects of filler type (soil
versus sand) could be isolated as much as possible. Table 25 summarizes the mixture proportions
adopted in this study. The names of each mixture consist of three letters. Letter “C” refers to the
use of Portland cement, followed by an acronym indicating the primary filler, with “So” referring
to soil and “Sa” to sand. Accordingly, C-So refers to the cement-soil mixture, while C-Sa

represents its cement-sand counterpart.

Table 25. Mixture proportions used for 3D printing expressed per standardized 1000 grams
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Mixture name Water PC* Fly ash F Sand Soil

C-So 208.3 208.3 138.9 0.0 444 .4

C-Sa 167.4 163.3 424.5 244.9 0.0

*PC: ordinary Portland cement type I/II.

5.4.2. Specimen Preparation and Testing Matrix

In this study, multiple batches of material, each weighing approximately 6-7 kg, were mixed
sequentially and loaded into the printer’s funnel. This process was repeated until a sufficient
number of layers were extruded to produce specimens. From each printed element, cylindrical
(100 x 200 mm) and cubic (50 x 50 x 50 mm) specimens were produced. Cylindrical samples were
cored directly from freshly printed mortar using lubricated plexiglass tubes, which were cut to size
and inserted into the extruded layers. All cored specimens were extracted from the same printed
geometry of a straight wall measuring approximately 610 mm in length and 51 mm in thickness.

Print quality was visually inspected before each coring operation to ensure consistency.

Mold-cast cubes (rodded and vibrated) were prepared in accordance with ASTM C109-16
[148], while mold-cast cylinders were prepared per ASTM C31-19 [290], using rodding (25
strokes per layer). Vibrated specimens were subjected to mechanical vibration on a standard shake
table for two durations of 15 seconds or 30 seconds. All specimens, regardless of preparation
method, were left in molds for 48 hours before demolding. This curing duration was chosen based
on the authors’ prior experience to prevent damage to 3D-printed specimens. Error! Reference
source not found.Figure 27 shows the fresh-state coring process used to obtain cylindrical and cubic
specimens directly from the printed elements. In this process, a bottomless cylindrical or cubic

mold was gently pressed into the freshly printed filament to extract material of the desired
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geometry without disturbing its layered structure. It is important to note that the term coring used
here follows the notation commonly used in literature (e.g., [291], [292], [293] for the process

described above.

Cut-to-size specimens were extracted from a 3D-printed wall with a dimension of 610 (L) x
120 (H) x 300 mm (D) after 28 days of curing. The cutting was performed with a dry saw-cutter
with a cutter blade width of 3.5 mm, with no water or other lubricants was used in the cutting

process to maintain a fair comparison with other methods.

Figure 27.The coring procedure used to extract samples from freshly printed elements with (a)

and (b) coring of cubic specimens, while (c) and (d) coring of cylindrical specimens.

Table 26 Table 26. Tests conducted and the standards that followedsummarizes the testing
matrix used in this study, including the standard followed and the specimen curing age tested. The

approximate number of samples produced is also noted in the table. Since the study was focused
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on evaluating the effects of specimen preparation based on the mechanical and physical properties,
it included compressive strength (ASTM C109-16 [148] for cubes and ASTM C39-05 [294] for
cylinders), water absorption (ASTM C20-10 [145]), modulus of elasticity (ASTM C469-14 [295]),

and splitting tensile strength (ASTM C496-08 [296]).

Cubic specimens with a size of 50x50x50 mm were used for absorption testing and as part of
the compressive strength tests. Cylindrical specimens 76.2%152.4 mm were used for the other part
of compressive strength, modulus of elasticity, and splitting tensile strength. For compressive
strength testing, both cubes and cylinders were prepared and tested in accordance with the relevant
ASTM standards (C109 and C39, respectively), using standard capping procedures and alignment

practices to ensure uniform load application and prevent end restraint effects.

Sample preparation methods included coring from freshly printed elements, mold-casting by
rodding, and vibration for both 15 and 30 seconds. Cut-to-size preparation was also included for
cubes only due to the difficulty of cutting cylinders from a hardened specimen. Compressive
strength was evaluated at six curing ages of 3, 7, 14, 28, 56, and 91 days, while all other properties

were tested at a standard 28 days after printing.

To ensure statistical reliability, a minimum of five samples were cured and tested for each
condition or testing duration mentioned. Throughout the research, the same equipment and trained
personnel were used in all stages of material fabrication to testing, in order to reduce variability.
During the curing stage, all samples were kept in their molds for the first 48 hours to prevent

damage during demolding and to allow adequate strength development. After demolding,
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specimens were stored in the laboratory under the same ambient conditions (=25 £ 5 °C and 40 +

10% relative humidity) until the designated testing ages (7, 14, 28, 56, and 91 days). This ensured

consistent curing throughout the testing period while replicating realistic environmental exposure

for 3D-printed and cast specimens.

Table 26. Tests conducted and the standards that followed.

Compressive Modulus of Splitting tensile
Information Absorption
strength elasticity strength
ASTM C109-16
ASTM C469-14 ASTM C496-08
Standard ASTM C20-10 [145] [148] and ASTM
[295] [296]
C39-05 [294]
Shape Cube Cube and cylinder Cylinder Cylinder
Cored, rodded,
Cored, rodded, vibrated 15s, Cored, rodded, Cored, rodded,
Preparation vibrated 15s, vibrated  vibrated 30s, (and vibrated 15s, vibrated 15s,

Time (days)

Number of samples

tested

30s, and cut-to-size

28

50

cut-to-size for

cubes only)

3,7,14,28,56,91

540

vibrated 30s

28

40

vibrated 30s

28

40

5.4.3. Statistical Analysis, Quality Assurance, and Quality Control

In the present study, a two-level statistical analysis is conducted to (a) verify the results and

(b) ensure valid comparisons are made. For each mechanical property and curing age, a minimum

of five data points were acquired from the tests, and their standard deviation (STD) and coefficient
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of variation were calculated. These values are reported throughout the study to ensure statistical

reliability.

In addition to basic statistical analyses, two advanced analyses were also conducted on all data,
including: (a) a two-way ANOVA, and (b) a pairwise comparison analysis. The two-way ANOVA
test was used to assess the main effects of the two mixture types (i.e., C-So and C-Sa) and the five
sampling methods (i.e., cored, rodded, vibrated 15s, vibrated 30s, and cut-to-size) used in this
study. Additionally, their interaction effect on the measured tests (e.g., compressive strength,
absorption, among others) was also assessed. The analyses were performed independently at each
curing age. When the assumption of equal variances was not met (as verified by Levene’s test),
Welch’s ANOVA was used as a more robust alternative. This high-level analysis helped determine
whether either factor or their combination had a statistically significant influence on each measured
property. This approach is fully discussed in section 6. However, while ANOVA identifies the
presence of significant differences across groups, it does not specify which groups differ from one

another.

To resolve this, a second level of analysis (b) involving pairwise comparisons was conducted
and is reported throughout the results section each time a comparison is made among the mixtures.
For each curing age and mixture, all possible pairwise combinations of preparation methods were
compared using a stepwise protocol. Specifically, six pairwise comparisons were made per mixture
per age: (a) cored vs. rodded, (b) cored vs. vibrated (15s), (c) cored vs. vibrated (30s), (d) rodded
vs. vibrated (15s), (e) rodded vs. vibrated (30s), and (f) vibrated (15s) vs. vibrated (30s). For cube

specimens only, a seventh comparison of cut-to-size vs. other fabrication methods was included
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where applicable. These comparisons were performed separately for cube and cylinder specimens

to isolate geometry-dependent effects.

Each pairwise test began with an assessment of normality using the Shapiro-Wilk test. If both
groups were normally distributed, Levene’s test was used to determine whether the assumption of
equal variances was valid. Based on the outcomes, either a standard independent sample t-test
(equal variances) or Welch’s t-test (unequal variances) was then applied. If normality was not
satisfied in either group, the non-parametric Mann-Whitney U test was used. All the statistical
tests conducted in this work had a significance level of a = 0.05. Additionally, the results are
reported as the mean + standard deviation, with their respective p-values. This statistical
framework ensured that both high-level trends and specific group differences were analyzed and
discussed at length. All statistical analyses were performed using MATLAB 2024a (developed by

MathWorks Inc.).

In terms of quality assurance, all testing experiments closely followed the procedures set forth
by the American Society for Testing and Materials (ASTM), as discussed in Section 4.3.
Additionally, to ensure testing accuracy, the equipment used during mixing, curing, and

mechanical testing was calibrated before testing.

To ensure high-quality control and reproducibility, all specimens were prepared and tested by
the same trained personnel throughout the research. All materials used in this study were also from
the same source and the same batch to avoid any potential inconsistencies in the results. Any

specimen showing physical damage or any other indication of defects was excluded from analysis.
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Outliers that deviated more than 10% (if any) were also excluded to ensure test repeatability. In
all instances of reporting testing results throughout the study, results are presented as mean values

accompanied by the standard deviation (mean £+ STD).

5.5. Experimental Results

The experimental results of this study, including compressive strength, absorption, modulus of

elasticity, and splitting tensile strength, are presented in the following sub-sections.

5.5.1. Absorption

Figure 28 shows the water absorption results. For C-So, cored samples results show an average
absorption of 10.0+0.5% with a COV of 5.3%, which was significantly lower than that of the
rodded samples (14.5+0.3%, COV = 2.2%, with a p<0.001). The higher absorption of rodded
specimens suggests that rodding has been less effective in compacting the samples, probably due

to the high buildability of the 3D printing mixtures.

Compared to rodded samples, vibrated samples performed significantly better, with average
absorption values of 7.9+0.2% and COV = 2.7% for 15s vibrated samples (with p <0.001 when
compared to rodded samples) and 8.7+0.2% and COV = 2.7% for 30s vibration (with p <0.001
when compared to rodded samples). The small difference between the two durations (15s and 30s,
with p = 0.0043 when compared) suggests that extended vibration did not improve absorption,
possibly due to particle segregation resulting from over-vibrating. As discussed by previous

studies, over-vibrating of samples can cause significant segregation of particles [297], [298],
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whereby the denser and heavier coarse aggregates settle toward the bottom, while the lighter
cementitious paste and finer particles rise toward the surface. Finally, cut-to-size samples had a
moderate average absorption value 0f 9.9 = 0.6% and a COV = 6.1%. These values are comparable

to the vibrated samples but are statistically higher than the 15s vibration case (with a p = 0.0079).

For C-Sa mixtures, a similar trend was seen. Cored samples recorded an absorption of
11.2+1.1% (with COV = 10.2%), which is significantly lower than rodded samples (with
14.6+0.2%, COV = 1.5%, and a p <0.01). In turn, vibrated samples again performed well, with
absorption values of 10.2+1.0% for 15s, with a COV =10.2% and 10.1£0.1% for 30s, with a COV
= 1.4%. Both 15s and 30s vibrated samples had significantly lower absorption values than rodded
samples (p = 0.0005 and p < 0.001, respectively). However, there was no statistical difference
between the two vibration durations (p = 1.000), which suggests that a short vibration period is
sufficient to achieve a good compaction. Cut-to-size samples showed similar performance to
vibrated specimens, with a mean of 10.4+0.6% and a COV of 5.4%, and no significant difference

compared to the 30s vibration samples (p = 0.4762).

These results highlight the critical role of the fabrication method in water absorption. In both

C-So and C-Sa mixtures, rodded samples consistently performed worst, while vibrated and cut-to-

size specimens produced more compacted, less absorbent outcomes.
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Figure 28. Absorption results of different samples

5.5.2. Compressive Strength

The compressive strength results of cored, rodded, and vibrated samples are provided in the
following subsections. Cut-to-size cubes have also been tested and are included in the results, since
it is a common method used in literature as a means to evaluate the compressive strength of 3D-

printed cementitious materials [299], [300], [301].

5.5.2.1. Cubic Samples

A complete summary of all compressive strengths of cubic samples is provided later in Table
27. This placement allows the experimental methods and observations to be explained first, before

presenting the compiled results for clarity. Table 27
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Among C-So samples, vibrated specimens consistently achieved higher compressive strengths
than those from other methods at all curing ages. After 3 days, 15s vibrated samples reached
11.5+ 1.5 MPa (COV =12.9%) and 30s vibrated samples reached 11.1+ 0.7 MPa (COV =6.1%),
and their difference was significant with a p-value 0of 0.0019. Cored samples reached 7.7 = 0.5 MPa
with COV = 6.6% and rodded samples reached 11.8+1.3 MPa with COV = 11.4%, with a
significant statistical difference (p-value of 0.0284). Statistical analysis also confirmed that the
difference between 30s vibrated and cored samples was significant (p = 0.0090), while 15s vibrated
samples were not statistically different from rodded (with p=0.0847) or cored samples (with

p=0.1459).

At 7 days, 15s and 30s, C-So vibrated samples further improved to an average of 17.0 +
1.6 MPa (COV =9.5%) and 15.9+ 0.8 MPa (COV =5.2%), respectively. Both were significantly
stronger than cored samples, with an average of 13.6 + 1.8 MPa and rodded with 13.5 = 1.0 MPa.
All had p < 0.002, showing statistically significant results. As for the vibrated samples (15s and
30s), their difference was not statistically significant (p =0.2268). Again, it means that the added
vibration time did not yield a significant increase in strength at this age. By 14 days, 15s vibrated
samples (C-So) exhibited the highest strength at 19.5+0.5MPa (with COV =2.6%),
outperforming the rodded (with 14.4 + 1.1 MPa) and cored (with 15.24+ 1.7 MPa) samples
significantly (with p=0.0007 and p =0.0142, respectively). The difference between 15s (19.53 +
0.51) and 30s vibrated samples (18.5 = 1.1 MPa) continued to remain statistically insignificant

(p=0.1643).
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At 28 days, a similar trend was observed for C-So samples, with 15s- and 30s-vibrated samples
reaching 20.4 £3.3 MPa and 19.1 + 1.9 MPa, respectively. These were both significantly higher
than cored (15.8 £ 1.3 MPa) and rodded (15.1 £ 1.1 MPa) samples, with p-values <0.006 in all
cases. However, the difference between 15s and 30s vibrated samples remained statistically
insignificant (p =0.135), even though the 15s vibration showed a higher mean strength. It is also
found that the maximum difference of 29.1% from C-So (15.80 £+ 1.27 MPa from cored, and 20.40
+ 3.27 MPa from vibrated), and 46.3% from C-Sa (15.10 + 1.14 MPa from cored, and 22.10 + 3.87

MPa from vibrated) are achieved among different fabrication methods.

At 91 days, while vibrated samples still had the highest average strength of 22.8 + 1.0 MPa (for
15s) and 21.3 £ 1.7 MPa (for 30s), the relative differences narrowed. The comparison between 30s
vibrated and rodded (19.1+1.7 MPa) was not significant (p=0.0757), and neither was the
comparison with cut-to-size samples (21.3 + 1.7 MPa, p=1.000). Nonetheless, vibrated samples
remained significantly stronger than cored samples (20.3 +£2.3 MPa, p=0.0161). However, the
30s vibrated samples had the lowest variability, with a COV of 7.8% at 91 days, which was the

most consistent among all other samples.

C-Sa samples exhibited similar trends, but with generally higher early-age strengths. After 3
days, 15s and 30s vibrated samples reached 14.5+ 1.6 MPa (COV =11.2%) and 13.2+2.0 MPa
(COV =15.3%), respectively with no statistical significance (p =0.3283), while both significantly
outperformed cored (12.7 £ 1.2 MPa with 15s vs. cored p=0.012 and 30s vs. cored p=0.1459)
and rodded (11.8+1.3 MPa with 15s vs. rodded p=0.0009 and 30s vs. rodded p=0.0639)

samples.
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At 7 days, C-Sa vibrated samples reached an average compressive strength of 18.4+ 1.1 MPa
for 15s with a COV =6.0% and then 17.3 £ 1.1 MPa for 30s with a COV of 6.2%. Both of which
were significantly stronger than the cored samples (13.5+1.1 MPa) and rodded samples
(13.1 £3.2 MPa), with all p-values below 0.032. The difference between the two vibrated samples
was also statistically significant, with a p=0.0030. This finding is interesting because, so far, all
statistical comparisons between the two vibrating samples have been insignificant, indicating that
segregation does not have a linear impact on the results. However, since sand particles are larger

and more prone to segregation, longer vibration duration had a clear effect on strength.

At 14 days, 15s vibrated samples continued to outperform other fabrication methods, by
reaching an average of 20.9+ 0.8 MPa and a COV =3.9%, compared to 17.7+ 0.6 MPa and a
COV=34% for 30s. Rodded and cored samples were measured at 15.8+2.8 MPa and
14.3 + 1.1 MPa, respectively. These differences were statistically significant, with p=0.0001 for
cored vs. 15s, p=0.0009 for rodded vs. 30s, and p=0.0003 for 15s vs. 30s, confirming that

vibration improved strength and consistency.

At 28 days, the strength of vibrated samples reached a value of 22.1 +3.9 MPa for 15s and
179+ 1.4 MPa for 30s, both statistically higher than cored (15.1+1.1 MPa) and rodded
(20.7 +£2.9 MPa) samples, with all relevant p-values less than 0.016. While the 15s group showed
higher average strength, the difference between the two vibrated samples was again not statistically

significant (p=0.3721).
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At 91 days, the difference between vibrated samples narrowed further, with the 15s group
averaging 23.4 = 5.1 MPa and the 30s group at 20.3 + 2.3 MPa. These values remained statistically
different from cored samples with an average of 18.1+1.3 MPa, and a p=0.0015, but the
difference between the two vibrated samples was not significant with a p=0.5945. The 30s
vibrated sample again showed the lowest COV at this age, with COV =11.4%, showing stable

performance over time despite having lower early-age strength than the 15s group.
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Table 27. Compressive strength of cubic samples produced with different manufacturing methods.

Sample
age Information Cored Rodded Cut-to-size Vibrated 15s Vibrated 30s
(days)
- - C-So C-Sa C-So C-Sa C-So C-Sa C-So C-Sa C-So C-Sa
Aver 770+ 12.70 + 11.80 + 12.90 + 10.10 = 11.10 + 11.50 + 14.50 + 11.10 + 13.20 +
; verage 0.51 1.18 1.34 0.77 2.15 3.01 1.48 1.62 0.67 2.03
cov 6.6 93 11.4 6.0 21.3 27.0 12.9 1.2 6.1 15.3
A 13.60 + 13.50 + 14.00 + 1720+ 13.80 + 13.10+ 17.00 + 18.40 + 15.90 + 17.30 +
; verage 1.81 1.05 1.01 1.51 2.08 3.22 1.61 1.10 0.84 1.08
cov 13.3 73 7.2 8.8 15.1 24.5 9.5 6 52 6.2
Aver 15.20 + 14.30 + 14.40 + 18.70 + 14.40 + 15.80 + 19.50 + 20.90 + 18.50 + 17.70 +
" verage 1.69 1.14 1.10 1.50 2.06 2.80 0.51 0.82 1.11 0.60
cov 1.1 7.6 7.6 8.0 143 17.7 2.6 3.9 6.0 3.4
Aver 15.80 + 15.10 = 16.70 + 20.70 + 18.30 + 20.70 + 20.40 + 2210 + 19.10 + 17.90 +
)8 verage 1.27 1.14 1.70 3.48 2.89 2.92 3.27 3.87 1.89 1.38
cov 8.1 7.6 10.2 16.9 15.8 14.1 16.0 17.5 9.9 7.7
Aver 16.50 + 15.70 + 16.90 + 18.90 + 19.10 + 21.50 + 21.90 + 2290+ 2140+ 20.80 +
56 verage 2.53 2.35 1.26 2.32 1.52 1.55 1.65 0.77 1.56 0.60
cov 15.4 14.9 74 12.3 7.9 72 7.6 3.4 73 2.9
Aver 20.30 + 18.10 + 19.10 + 19.90 + 19.70 + 21.70 + 22.80 + 23.40 + 21.30 + 20.30 +
o1 verage 2.26 1.32 1.70 1.24 0.37 1.57 0.97 5.05 1.67 2.30
cov 11.1 73 8.9 6.3 1.9 72 42 21.6 78 11.4




5.5.2.2. Cvlindrical Samples

A complete summary of all compressive strengths of cylindrical samples is provided later in
Table 28. This placement allows the experimental methods and observations to be explained first,

before presenting the compiled results for clarity. Table 28

At 3 days, vibrated samples outperformed all other fabrication methods. C-So vibrated samples
reached an average of 16.0+ 1.5 MPa and a COV =9.6% (for 15s vibrated) and 15.9 +£ 0.8 MPa
and a COV = 5.3% (for 30s vibrated), which are significantly higher than the cored (8.7 +0.3 MPa,
COV =3.5%) and rodded (8.4+0.3 MPa, COV =3.6%) counterparts. Statistical comparisons
confirmed that 15s and 30s vibrated samples were significantly stronger than cored samples
(p <0.0003 for both mixtures), while the difference between the two vibrated groups was again
not significant (p=0.4739). Similar trends were observed in C-Sa with a 3-day strength of
18.0+£0.8 MPa, and COV=44% (for 15s vibrated samples) and 17.3+1.7 MPa, with
COV =9.6% (for 30s vibrated samples). These values can be compared to cored samples with an
average of 9.9+1.2MPa, and a COV=12.1%, and rodded samples with an average of
9.7+0.7 MPa, and a COV =7.5%. Again, all the pairwise statistical differences between vibrated

and non-vibrated samples were statistically significant with a p <0.01.

By 7 days, C-So vibrated samples continued to gain higher strength, with an average of
16.3+0.8 MPa (for 15s vibrated samples) and 16.0+0.5 MPa (for 30s vibrated samples). The

mentioned values are significantly higher than those of cored (13.7+0.3 MPa) and rodded
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(11.3+£1.0 MPa) specimens, with p<0.002 for all comparisons. The same was true for C-Sa,
where 20.9 + 0.8 MPa (for 15s vibrated samples) and 18.0+ 1.8 MPa (for 30s vibrated samples)
again exceeded cored and rodded samples (with 14.5+ 1.7 MPa and 10.6 + 1.2 MPa, respectively),

with statistically significant differences (p <0.001).

At 14 days, the 15s vibrated samples reached peak values of 19.1+1.2 MPa (C-So) and
22.9+0.8 MPa (C-Sa), with low COVs of 6.5% and 3.4%, respectively. In both mixtures, 15s
vibrated samples were significantly stronger than cored (with C-So having 15.1 + 0.3 MPa, and C-
Sa reaching 17.1+1.7 MPa) and rodded samples (with C-So 13.0+1.0 MPa, and C-Sa with

13.8 £ 1.0 MPa). All the p-values were <0.005 across all pairwise tests.

At 28 days, a sharp increase in strength was noted, especially for C-Sa vibrated samples. An
average of 35.5+7.6 MPa (for 15s vibrated samples) and 32.8 £2.1 MPa (30s vibrated samples)
was recorded. These values were significantly greater than cored (17.3 + 1.5 MPa) and rodded
samples (15.0 + 0.8 MPa), with p-values well below 0.001. Despite the high mean, the 15s vibrated
samples at this age also showed the highest variability with a COV 0f21.5%. The maximum
difference between fabrication methods among the 28-day strength results is found to be 109%
from C-So (14.2 = 1.10 MPa from rodded, and 29.8 = 1.93 MPa from vibrated (15s) samples), and
136% for C-Sa (15.0 = 0.83 MPa from rodded, and 35.5 £ 7.61 MPa from vibrated (15s) samples).
The mentioned are higher than cubic samples which reflects more difficulty to properly compact

and extract cylindrical samples than cubes, due to the high stiffness of 3D printed specimen.
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At 56 days, vibrated samples continued to outperform others. For instance, C-So 15s vibrated
samples achieved 31.5+ 3.1 MPa, followed by 28.2+4.6 MPa when vibrated for 30s, both of
which were significantly higher than cored (27.1 + 2.0 MPa) and rodded samples (18.1 + 1.7 MPa;
with all p<0.001). In C-Sa samples, a strength of 39.1 £ 1.6 MPa (for 15s) and 38.3+ 1.9 MPa
(for 30s) was achieved. They again far surpassed cored (29.4+1.5MPa) and rodded

(20.6 £2.1 MPa) samples, with p-values <0.0005.

At 91 days, vibrated samples reached their peak long-term performance at 38.8 = 1.5 MPa (for
C-So, 15s) and 35.0+0.6 MPa (30s), compared to 28.2+ 1.2 MPa (cored) and 31.1 +1.8 MPa
(rodded). The statistical analysis confirmed significant differences between the vibrated and cored
or rodded methods (p <0.01), while the difference between 15s and 30s vibrated samples remained
nonsignificant (p=0.4739). The lowest variability was observed in 30s-vibrated samples
(COV =1.6%), supporting their reliability for long-term strength development. For C-Sa, similar
trends of achieving a higher strength than other fabricating methods were observed (with
41.8+1.0MPa for 15s and 40.9+4.2MPa for 30s), both significantly higher than cored

(31.6+2.0 MPa) and rodded (30.3 £ 2.6 MPa) samples (p <0.002 for all comparisons).

In general, vibrated samples, especially those exposed to 30s vibration, showed very high long-
term compressive strength with lower variability. Although 15s vibration provided marginally
higher strength in several cases, its higher variability (with COV up to 21.5%) may reduce
confidence in the results. This is especially the case since no statistically significant difference was
found among 15s and 30s samples across different curing ages for cylinder samples. Further, while

the cored samples were not the strongest, they showed relatively stable results across all ages.
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Table 28. Compressive strength of cylindrical samples produced with different manufacturing methods.

Curing days Information Cored Rodded Vibrated 15s Vibrated 30s
- - C-So C-Sa C-So C-Sa C-So C-Sa C-So C-Sa
Average
5 . 8.7+0231 9.9+12 844030 974072  160=153 180F079 459084 1734167
cov 437
3.54 12.15 3.59 7.46 9.56 : 5.25 9.60
Average
; . 1374029 145+170 1134097 106+1.16 163+077 209+082 150,048 18.0+176
cov 301
2.10 11.73 8.57 10.93 473 : 2.99 9.75
Average
4 s 1514030 171173  13.0£096 1384105 191+124 229%077  jes5.111  208+0.60
cov 337
1.98 10.15 738 7.62 6.49 : 6.00 287
Average 3554761
2 164072 173148  142+1.10 1504083  29.8+1.93 SET. 261+261  32.8+2.11
cov 2147
4.40 8.55 772 5.55 6.48 : 9.98 6.43
Average 391+ 1.60
iy 2714197  294+150 1814174  206+2.11  31.5+3.06 11 2824459  383+1093
cov 4.08
726 5.10 9.58 10.25 9.70 : 16.25 5.04
Average 41.8+1.05
o1 282+1.17 316202 311+179 3034256  38.8+ 145 81 3504055  40.9+422
cov 553
416 6.40 574 8.46 3.74 : 156 1031




5.5.2.3. Cylinder-Cube Relationship

Another point regarding the results is the relationship between the strength of the cylinder and
cube samples. Table 29 summarizes the cylinder-to-cube strength ratio, expressed as coefficient
k, for different mixtures and curing ages. In conventional concrete, k values typically fall in the
range of 0.78-0.83 [302] when comparing 150 mm cubes to 150 x 300 mm cylinders, indicating
that cubes generally provide higher strengths. The results in this study, however, reveal a more

complex behavior that depends on both mixture type and fabrication method.

At early ages (3 and 7 days), k values varied widely across mixtures and preparation methods.
For cored specimens, k values ranged from 0.78 to 1.13, with soil-based mixtures tending toward
unity (e.g., 1.13 at 3 days, 1.01 at 7 days), while sand-based mixtures showed more scatter (0.62-
1.07). Rodded specimens consistently exhibited k values below unity at early ages (0.62-0.90),
indicating that cylinders were weaker than their cube counterparts, consistent with conventional
expectations. By contrast, vibrated samples, particularly those vibrated for 15 and 30 seconds,
showed unusually high k values at 3 days (1.43-1.59), suggesting that cylinders in these cases
outperformed cubes. This may be linked to enhanced compaction efficiency in taller specimens
under vibration, whereas the smaller cubes were more sensitive to segregation effects. In other
words, vibrated cubes have likely experienced a significant segregation, leading to lower

compressive strength results.

As curing continued, the ratios evolved. By 14 and 28 days, cored specimens stabilized near
unity (0.99-1.19), reflecting comparable strengths between cylinders and cubes. Rodded

specimens remained below unity (0.73-0.90), reaffirming the expected results and limited
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effectiveness of rodding for consolidating soil- and sand-based printable mixtures. Vibrated
samples again demonstrated higher k values, with some exceeding 1.6 at 28 days, suggesting that
vibration favored the cylindrical geometry over the cubic one, probably because of particle

segregation.

At later ages (56 and 91 days), k values increased across all preparation methods. Cored
samples reached values as high as 1.87 for sand-based mixtures at 56 days, while vibrated mixtures
produced ratios approaching 2.0 at 91 days. Such unusually high ratios contrast with conventional
concrete behavior and are likely due to the unique characteristics of fine soil- and sand-based
binders that are 3D-printed. Several mechanisms may contribute: (a) ongoing reactivity and
densification in the larger volume of cylinders, which benefits more from extended curing; (b)
differences in compaction efficiency, where vibration or coring improves cylinder uniformity
relative to cubes; and (c) size effects, as the smaller 50-mm cubes tend to over-represent
heterogeneity and localized flaws compared to the taller 76.2x152.4 mm cylinders. It is also
possible that (d) the stacking of layers (self-weight) has helped cylindrical samples in 3D-printed

samples.

In general, the results indicate that the cylinder-cube strength relationship in soil- and sand-
based mixtures cannot be described by a single fixed coefficient, as is commonly assumed for
Portland cement concrete. Instead, the ratio depends strongly on fabrication (sampling) method,
mixture type, and curing age. Rodded samples followed the conventional trend of cylinders being
weaker than cubes (k < 1.0), while vibrated and cored samples often produced the opposite trend

(k>1.0). These findings suggest that using cube results to estimate cylinder strengths or vice versa
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without accounting for fabrication and curing effects may lead to misleading conclusions. For soil-
and sand-based printable materials, it is therefore recommended to directly test the intended

specimen geometry, especially when the results are used for structural performance evaluations.

However, the unusually high k values observed at later ages (up to 1.9-2.0) deviate
significantly from conventional concrete behavior and likely arise from a combination of specimen
geometry, material heterogeneity, and curing effects. First, the smaller 50 mm cubes are more
susceptible to edge effects and localized flaws, whereas the taller cylinders experience more
uniform stress distribution during testing. Second, vibration and fine-grained soil matrices may
have induced particle segregation in the cubes, reducing their apparent density and strength. Third,
the larger volume of the cylinders likely retained moisture more effectively, promoting continued
reaction and strength development over time, especially since the two mixtures had a high fly ash
content and the fact that the curing method used in the study was ambient temperature with a
relative humidity of 40 + 10%. In this case, the cylinder samples can withhold higher moisture
content while small cubes Fourth, layer-by-layer deposition during 3D printing can lead to
preferential vertical compaction under self-weight, thereby enhancing strength in the printing
(axial) direction. Finally, as mentioned in section 4.2, since the sample testing strictly followed
standard procedures (e.g., having used standard molds, testing procedures, and even capping), the
results are most likely a collection of the mentioned factors, which are governed by both fabrication
and material-specific phenomena rather than standard geometric scaling. However, it is
hypothesized that the increasing k ratios with age might have been heavily impacted by the
reactivity rate of fly ash particles, which tends to progress slowly under ambient curing conditions.

As the pozzolanic reactions continue, the strength gain in the larger cylindrical specimens (where
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moisture retention and internal curing are more favorable) can outpace that of the smaller cubes,

leading to a gradual widening of the cylinder-to-cube strength ratio over time.

Table 29. The result of the strength coefficient (k), calculated based on the compressive strength

between cylinder/cube samples, on different curing days.

Curing

days Cored Rodded Vibrated 15s Vibrated 30s
- C-So C-Sa C-So C-Sa C-So C-Sa C-So C-Sa
3 1.13 0.78 0.72 0.75 1.59 1.43 1.57 1.57
7 1.01 1.07 0.81 0.62 1.18 1.22 1.23 1.13
14 0.99 1.19 0.90 0.74 1.33 1.17 1.17 1.12
28 1.04 1.14 0.85 0.73 1.63 1.26 1.74 1.72
56 1.65 1.87 1.07 1.09 1.65 1.32 1.79 1.79
91 1.39 1.75 1.63 1.52 1.97 1.61 1.83 1.92

5.5.3. Modulus of Elasticity and Poisson’s Ratio

5.5.4. Splitting Tensile Strength

The result of the splitting tensile test is presented in Figure 29. Among the C-So specimens,
vibrated 15s samples showed the highest average strength at 2.76+0.15MPa (with
COV =5.43%), followed closely by cored samples with 2.74 +0.25 MPa (with COV =8.97%)).
However, their difference was not statistically significant (p=0.8813). The vibrated 30s and
rodded samples developed slightly lower strengths of 2.60 = 0.05 MPa (with COV =2.06%) and
2.63 +£0.12 MPa (with COV =4.39%), respectively. Their statistical difference, however, was not

significant (p=0.6124).
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In contrast, C-Sa specimens showed higher overall splitting tensile strength. Vibrated for 15s
samples reached 3.41 +0.06 MPa (with COV =1.73%), which represents the highest among all
tested groups. This was significantly greater than the strength of rodded (2.84 = 0.35 MPa, with
COV = 12.2%, and p = 0.0196) and vibrated 30s (2.78 £0.19 MPa, with COV = 6.6%, and p =
0.0079) samples. The difference between vibrated for 15s and cored samples (3.08 +0.24 MPa,
with COV = 7.8%) was also statistically significant (with a p = 0.0342). These findings highlight
that the 15s vibration condition yielded the most reliable and highest-performing samples, as

evidenced by its very low COV (1.73%).

In general, while C-Sa mixtures had higher average splitting tensile strength than C-So, they
also showed slightly higher average variability (COV =7.1%, as compared to 5.2%). This trend is
consistent with prior sections and may be attributed to differences in particle morphology and

packing density.
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Figure 29. Splitting tensile strength of cylindrical samples produced with different
manufacturing techniques.

5.6. Statistical Analysis of Test Results

To better understand the effects of mixture type (e.g., soil versus sand) and preparation method
(e.g., cored, rodded, vibrated, and cut-to-size) on test results, a full set of statistical analyses has
been conducted. In doing so, a two-way ANOVA was utilized to evaluate the interaction and the
main effects of these factors, while Levene's test was applied to verify the assumption of
homogeneity of variances. In cases where Levene’s test could not verify the assumption of
variance homogeneity, the Welch’s ANOVA test [191] was used to identify statistically significant

differences.

In general, for the ANOVA test, three assumptions must be satisfied: (1) independence of
observations, (2) normality of residuals, and (3) homogeneity of variances [189], [190]. The first
assumption is inherently satisfied through controlled experimental procedures. The second is
deemed acceptable as ANOVA is known to be robust against minor deviations from normality
[190]. The third was explicitly verified using Levene's test [188], in which a p-value greater than

0.05 indicates equal variances across groups.

Table 31 provides the results of the analyses. In the table, a p-value of < 0.05 for the classic
and Welch’s ANOVA models indicates that the model significantly explains the variance in the
dependent variable. However, a p-value of > 0.05 indicates that the predictors do not collectively

explain the variability in the dependent variable to a statistically significant extent. Also, in
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Levene’s test, a p-value > 0.05 indicates that the variance assumption is valid for ANOVA. If

violated, ANOVA results may be unreliable, in which case Welch’s ANOVA is tested.

Based on the table, the mixture type significantly influences the early-age compressive strength
of cubes, as indicated by p-values < 0.05 for cubes 3-day cured (p = 0.000) and 7-day cured (p =
0.002). However, this trend reverses, with no significant effect observed at 14-day (p =0.147), 56-
day (p = 0.688), or 91-day (p = 0.989). These findings suggest that the effect of mixture type on
compressive strength is time-dependent, especially in cube samples. For cylindrical samples,
however, the mixture type remains significant throughout different curing ages. This difference
could have been caused by the larger sample size of cylinders that have lower sensitivity to

different variables (e.g., mixing and printing).

In terms of preparation methods, a significant effect on compressive strength across all samples
(p < 0.05) is recorded. This shows the dominant role of preparation methods in the resulting
strength values. The interaction effect between mixture and method, however, is significant for
cube samples tested at 7-day (with p=10.016), 14-day (with p=0.002), and 56-day (with p=0.030)
compressive strength, as well as absorption (with p = 0.002). The same goes for cylindrical
samples tested for compressive strength at 7-day (with p = 0.000), 28-day (with p = 0.001), and
91-day (with p =0.004), as well as splitting tensile (with p = 0.045) and modulus of elasticity (with
p = 0.002). The significance of interaction indicates that the combined influence of these factors

varies with curing age.
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From the table, Levene's test indicates that variance homogeneity is generally satisfied (p >
0.05), except for the absorption results of cubic samples (p = 0.000) and the 3-day cured
compressive strength of cylindrical samples. Both have been found to be significant in Welch’s
ANOVA based on the p-values for the mixture, but not for the method. It shows that hydration and
overall absorption are more closely related to the component mixture (e.g., soil vs. crushed sand)
than to the sampling methodology. Also, hydration and absorption are heterogeneous in nature and
cannot be simply quantified by basic tests, often requiring advanced testing, such as computerized

tomography (CT scanning).

Table 31. Result of two-way ANOVA for cubic samples.

Mixture Effect Method Welch Welch
Interaction p- Levene p-
Sheet Name p-value Effect p-value Mixture Method
value (ANOVA) value
(ANOVA) (ANOVA) p-value  p-value
Cube 3-day
0.000 0.000 0.082 0.446 0.000 0.000
comp.
Cube 7-day
0.002 0.000 0.016 0.114 0.000 0.000
comp.
Cube 14-day
0.147 0.000 0.002 0.095 0.000 0.000
comp.
Cube 28-day
0.002 0.000 0.206 0.200 0.000 0.000
comp.
Cube 56-day
0.688 0.000 0.030 0.193 0.000 0.000
comp.
Cube 91-day
0.989 0.006 0.331 0.072 0.000 0.000
comp.
Cube absorption 0.000 0.000 0.002 0.000 0.009 0.086
Cylinder 3-day
0.000 0.000 0.822 0.006 0.000 0.007
comp.
Cylinder 7-day
0.000 0.000 0.000 0.106 0.000 0.000

comp.
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Cylinder 14-day

0.000 0.000 0.258 0.072 0.000 0.000
comp.
Cylinder 28-day
0.000 0.000 0.001 0.137 0.000 0.000
comp.
Cylinder 56-day
0.000 0.000 0.239 0.162 0.000 0.000
comp.
Cylinder 91-day
0.000 0.000 0.004 0.057 0.000 0.000
comp.
Cylinder
) 0.000 0.000 0.045 0.037 0.994 0.980
splitting tensile
Cylinder
modulus of 0.000 0.010 0.002 0.324 0.000 0.000
elasticity

5.7. SEM Imaging of Hardened Materials

Figure 30 (a)-(p) shows the SEM images of different samples after 28 days of curing. For C-
So specimens (a)-(h), better particle size distribution and compaction can be seen. Cored C-So
((a)-(b)) samples are slightly porous with some noticeable voids in their microstructure and
unreacted fly ash particles. As discussed in Section 5.2, cored samples exhibited limited
compaction, consistent with the microstructural findings. Rodded C-So samples ((c)-(d)) also
showed weak microstructural integration. Large cracks, air voids, and grooves were visible, and
the cementitious matrix appeared loosely bonded, with a large number of incompletely reacted fly
ash particles. The large number of air voids in rodded samples indicates that rodding was
insufficient to remove major air voids and ensure uniform compaction, consistent with the lower

strength and modulus values reported earlier.
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In contrast, vibrated C-So samples exhibited more compact, consolidated textures. The 15s
vibrated samples ((e)-(f)) showed a good particle distribution with a dense matrix and lower
numbers of unreacted fly ash particles. The 30s vibrated samples showed a similar matrix but with
slightly more loosely packed particles. There is also an increased number of disconnected or

partially hydrated particles, possibly due to over-vibration leading to microstructural segregation.

For C-Sa mixtures that were vibrated for 15s ((m)-(n)), SEM images showed a relatively dense
matrix, with sand particles embedded in a continuous binder phase. However, poor particle size
distribution was occasionally observed due to the coarser nature of the sand particles. After 30s of
vibration ((m)-(n)), images show higher porosity and a more scattered distribution of unreacted fly
ash particles. In turn, cored C-Sa ((1)-(j)) samples showed better matrix continuity and lower
porosity compared to their vibrated (30s) counterparts. This may be attributed to the printer’s auger
mixing materials in the printer’s funnel during deposition, which could have enhanced the particle
dispersion and reactivity. Finally, the C-Sa rodded ((k)-(1)) samples showed the least favorable
microstructure with numerous voids, loosely packed regions, and a high concentration of unreacted
fly ash particles were present. These findings correlate well with the low compressive strength and

modulus values reported in earlier sections.
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Figure 30. SEM images of samples produced with different manufacturing techniques
including: (a)-(b): C-So cored, (c)-(d): C-So rodded, (e)-(f): C-So vibrated 15s, , (g)-(h): C-So
vibrated 30s, (i)-(j): C-Sa cored, (k)-(1): C-Sa rodded, (m)-(n): C-Sa vibrated 15s, (0)-(p): C-Sa

vibrated 30s.

Table 32 shows the result of the EDS analysis conducted on different samples. Based on
elemental composition data, it is evident that sand-based (C-Sa) samples exhibit more consistent
chemical profiles, as reflected in their lower standard deviations and coefficients of variation
(COVs) across all measured elements. This consistency is probably due to the relatively
homogeneous nature of manufactured sand, which exhibits uniform mineralogy and particle

surface properties. However, soil-based (C-So) samples show considerably higher variability,
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especially in calcium and silicon contents (COV = 18% for both). This higher variability suggests
that soil particles are irregular and have a variable composition and surface chemistry. The sodium
content in C-So also shows high variability (COV = 78%), probably due to the difficulty in
achieving a fully dispersed mixing. Among all preparation methods, rodded C-So samples showed
the greatest elemental variability, particularly in calcium (25.6% in cored vs. 16.4% in rodded).
The high variability in elemental composition can indicate heterogeneity in hydration and particle
distribution. These findings align with the porosity and mechanical performance observed in
sections 5.2 and 5.5. Based on the mentioned, the EDS analysis confirms that both material type
and preparation method influence not only mechanical behavior but also the chemical uniformity

of the 3D-printed and rodded specimens.

Table 32. Result of the EDS analysis.
Mixture Element Cored (%) Rodded (%) Vib15s(%) Vib30s (%) Avg+STD (%) COV (%)

Na 1.00 0.50 0.00 0.60 0.52+0.36 78
Al 4.10 3.90 4.90 5.30 4.55+0.57 14
C-So Si 14.30 12.50 18.80 17.00 15.65 +2.42 18
Ca 25.60 16.40 23.30 22.90 22.05+3.42 18
Fe 4.00 3.40 5.20 4.40 4.25+0.65 18
Na 0.90 0.80 0.80 0.60 0.78 +0.11 13
Al 6.20 6.00 6.00 5.90 6.02+0.11 2
C-Sa Si 14.80 13.80 13.80 13.80 14.05 + 0.43 3
Ca 20.90 21.40 21.40 21.30 21.25+0.21 3
Fe 2.80 3.70 3.70 2.20 3.10 + 0.64 23
5.8. Conclusion and Future Study Recommendations
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Unlike conventional concrete, 3D-printed mixtures are proportioned differently to develop
specific rheological characteristics that enable continuous extrusion and layer buildability, rather
than just workability and compaction. However, similar assumptions to those used for mold-cast
concrete are often applied when testing 3D-printed materials, even though they do not accurately
reflect the behavior of printed systems. Ordinary concrete mix design principles and performance
assumptions cannot be directly applied to 3D-printed materials because of: (a) different rheological
requirements for printing, (b) the printing process that embeds porosity in a specific orientation
throughout the printing process, and (c) difficulty in sampling and a lack of specific standards for
3D-printed cementitious materials. As a result, this study evaluated the impact of different
sampling methods used in the literature (rodded, vibrated, and cut-to-size) and introduced a new
method (fresh coring). Two sets of materials have been used to represent the ordinary (crushed
sand-based) and localized (natural soil-based) mixtures, as reported in the literature. Samples were
tested for fresh, mechanical, and microstructural properties. Based on the results, the following

conclusions are drawn:

e Interms of absorption, it is found that vibrated samples (for 15s and then 30s) perform best
and have a low average absorption value of ~9% and 9.4%, respectively. These values
should be compared with 10.1% for cut-to-size samples, 10.3% for cored samples, and
14.5% for rodded samples. Statistical analysis confirms that both 15s and 30s vibrated C-
So samples had significantly lower absorption values than rodded samples (p = 0.0043 and
p =0.0022, respectively). One of the major takeaways from the absorption test is the effect
of elongated vibration. Results showed a marginally increased absorption in the 30s group,

probably due to segregation. Additionally, the data suggest that 3D printing mixtures may
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not be effectively compacted solely by rodding. However, coring and cut-to-size samples

are found to yield absorption values closest to those in actual printed conditions.

In terms of compressive strength, both cubic and cylindrical soil-based samples showed
lower variability than their crushed sand-based counterparts. For example, the average
coefficient of variation for soil-based cubes was 9.7%, lower than the 10.7% observed in
C-Sa samples. The reason for this behavior is likely due to the more uniform particle
distribution of the soil used in this study. Regarding the impact of fabrication methods, 15s
vibrated samples consistently achieved the highest strength, reaching up to
22.83+£0.97 MPa in cubic samples at 91 days. However, when samples were vibrated for
30s, the early-age strengths were reduced due to possible particle segregation. The
difference was statistically significant (p = 0.0019). Next, rodded samples consistently
showed lower strengths than vibrated samples in all curing times. Statistical analysis also
showed significant differences at multiple curing times for the lower strengths of rodded
samples compared to those of vibrated samples. This trend was more pronounced in
cylindrical samples due to the mixtures' higher buildability. It points to the fact that the
effectiveness of rodding for compaction of 3D printing mixtures is limited. Interestingly,
smaller cubic samples had narrower error margins, challenging the conventional
assumption that smaller samples should yield greater uncertainty. Samples with higher
compressive strength also tended to show lower variability, probably due to improved
internal homogeneity and reduced porosity. Additionally, the large differences across
mixture types and preparation methods seen at early ages tended to diminish over time.

However, vibrated samples consistently retained their strength advantage over other
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preparation methods, even at later ages. Taken together, these results indicate that cored
samples may offer the most realistic representation of the mechanical properties of actual

3D-printed components.

The cylinder-cube strength relationship in soil- and sand-based mixtures deviated from the
conventional concrete benchmark (k = 0.8). Rodded specimens generally showed k < 1.0,
consistent with cylinders being weaker than cubes, whereas cored and vibrated specimens
often produced k > 1.0, with values approaching 2.0 at later ages. This indicates that
fabrication method, curing age, and mixture type strongly influence the cylinder-cube
relationship, and that direct testing of the intended specimen geometry is necessary rather

than applying fixed conversion factors from conventional concrete.

In terms of modulus of elasticity, C-Sa generally had a higher stiffness than C-So, with
modulus of elasticity values ranging from 13.4+2.1 GPa (for C-Sa cored - lowest) to
16.2£0.8 GPa (for C-Sa vibrated 15s - highest), compared to 9.9 £ 1.1 GPa (for C-So
vibrated 30s - lowest) to 12.0 + 0.5 GPa (for C-So rodded-highest). Statistical comparisons
confirmed that these differences were significant in multiple cases, including between
cored samples (p = 0.0378) and vibrated samples (p = 0.015). Among preparation methods,
vibration for 15 seconds produced the highest modulus in C-Sa while also having the
lowest variability (COV = 4.9%). Rodded samples showed the highest variability in
Poisson’s ratio, with a standard deviation of 0.17 and a COV of 17.3% in C-Sa. This
suggests that while rodding can result in stiff specimens, it also introduces structural

inconsistencies that likely do not match those of a 3D-printed specimen. Cored samples,
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however, showed moderate stiffness but higher variability, which is probably due to the
anisotropic nature of printed layers. In general, these findings suggest that both fabrication
methods and filler types have a significant impact on the results, and that cored samples

fall between rodded and vibrated samples.

Statistical analyses conducted in this research showed that the mixture type (whether C-So
or C-Sa) can significantly influence the early-age compressive strengths. For cubes, p-
values < 0.05 are found for 3-day (p = 0.000) and 7-day (p = 0.002). Regardless, as the
curing age increases, the effect of the mixture also becomes less impactful. Compressive
strength results cured for 14-day (p = 0.147), 56-day (p = 0.688), and 91-day (p = 0.989)
all show P values above the 0.05 threshold (meaning that they are statistically
insignificant). These findings suggest that the effect of mixture type on compressive
strength is rather time-dependent, especially in cube samples. For cylindrical samples, the
mixture type remains significant throughout different curing ages. This difference could
have been caused by the larger sample size of cylinders that have lower sensitivity to
different variables (e.g., mixing and printing). In terms of preparation methods, a
significant effect on compressive strength across all samples (p < 0.05) is recorded. In
particular, Levene's test indicates that variance homogeneity is generally satisfied (p >
0.05), except for absorption results of cubic samples (p = 0.000) and 3-day cured
compressive strength of cylindrical samples. Both of these have been found significant in
Welch’s ANOVA based on the p-values for the mixtures, but not the methods. This shows
that hydration and overall absorption are more closely related to the component mixture

(e.g., soil vs. crushed sand) than to the sampling methodology.
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The following provides a few examples of issues encountered or quantified by this study and

can be used for future studies:

Strength development expectations and demolding: It is a common practice in concrete
testing methodologies to demold samples after 24 hours. However, 3D printing mixtures
have a different rheology and strength development rate. In general, a higher initial and a
lower final setting strength are required. This difference from ordinary concrete mixes
originates from the self-supporting need and nature of 3D printing. This requires a change
in sample demolding time from 24 hours to perhaps a different timeframe. Similarly, often,
the 28-day strength is considered when cementitious materials reach their major strength
values. However, for 3D printing mixtures, depending on the cementitious material used
(e.g., in this study, fly ash content), this can be the 56-day strength. Also, 3-day and 56-
day strength values are important due to the strength and printing requirements. Future
studies can develop a comprehensive matrix of designing and testing various differences
in this area, depending on the binder content and other materials used. As practiced in this
study, 48-hour demolding may be a better approach for 3D-printed specimens to achieve

sufficient strength and avoid damage during the demolding of the samples.

Common expectations: The conventional empirical relationships used for ordinary
concrete and mortars, such as those linking porosity to strength or density, do not
accurately describe the behavior of 3D-printed materials. This is because the

microstructure of 3D-printed elements is governed by a non-uniform pore distribution that
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develops along the printed layers, rather than following the relatively homogeneous and
predictable patterns found in well-compacted concrete. As a result, a promising direction
for future studies is to explore the influence of rheological and printing parameters on pore
structure and mechanical performance, leading to new constitutive relationships and

standards tailored specifically for 3D printing practices.

Iso- and Aniso-tropic behavior: Unlike ordinary concrete, 3D printing appears to have a
higher strength in the printing direction and a lower strength perpendicular to the printing
direction. The ratio of the two is dependent on the randomness of the pore distribution and
the type, content, and angularity of the mixed materials. Additionally, printing parameters
and the particle size distribution of the mixed materials can play a major role, not only on
anisotropy but also in the variability of the results. Based on these factors, future studies
can focus on the feasibility of producing functionally graded materials (FGMs), in which
the density or printing direction is intentionally varied in a given direction to achieve
specific mechanical or durability performance. Such an approach could bridge the
development of functional materials and performance-based design strategies in 3D-

printed construction.

Large difference in rodding versus vibrating and printing: Although it is expected that
the reporting strength of 3D-printed mixtures should be comparable to industry practices,
the results of this study showed otherwise: the fabrication method is a major factor in
properties. On this basis, the type of sampling and curing to reduce the variability

originating from the sampling and curing methods should be further studied. For instance,
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future studies can focus on specific curing regimes applicable to 3D-printed components,

which should be tested at larger scales to resemble actual structures.
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6. Mechanical Properties and Printability Window of Low-
Cement, Low-Fly-Ash, Soil-Based 3D-Printed Mixtures

This study maps the rheological printability window for soil-based (low-plasticity silt)
mixtures with low cement and fly ash contents, without chemical admixtures. It offers technical
insights into the key parameters that ensure successful printing, regardless of the printer’s size or
specific features. To achieve this, over 100 combinations of Portland cement (5-30%), fly ash
(Class F; 0-30%), and water-to-solid ratios (w/s; 0.1-0.4) are investigated to determine a range of
printable mixtures and their corresponding properties. Printable mixtures are then assessed for
rheology (yield stress, dynamic viscosity), mechanical performance (directional compressive
strength), and cradle-to-gate life-cycle impacts. Results show: (1) low-binder, admixture-free
formulations can be 3D-printed while achieving acceptable fresh and hardened properties; (2)
dynamic viscosity, shear stress, and yield stress provide quantitative bounds for printability, with
printable mixtures spanning approximately 4.7x10° to 1.48x10* Pa-s (dynamic viscosity),
1.36x10% to 7.66x10% N/m? (yield stress) and 8.46x107! to 4.28 N/m? (shear stress); (3) strength-
normalized life cycle analysis (LCA) showed large differences among mixtures, with global
warming potential (GWP) impacts ranging from 389-2017 kg COz eq, total energy consumption
(TEC) from 2021-10306 MJ, smog from 16.5-88.2 kg O3 eq, and acidification from 0.8-4.3 kg SO
eq per functional wall; and (4) anisotropy in strength arises from both interlayer bonding and
particle segregation during extrusion, motivating direction-aware design and testing for soil-based

3D-printed elements.

6.1. Introduction
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3D printing of cementitious materials is a relatively new method for rapidly prototyping
structural components. Developed initially by Khoshnevis et al. [253], [254] in the early 2000s
[303], this method is based on a layer-by-layer construction of cementitious components. It can
also be semi-autonomous and cost-competitive, as it avoids the use of formwork [196], [197],
[304]. Although the value of 3D printing to the construction industry is considerable, there are
currently major challenges in producing a successful 3D-printed component. For instance,
previous studies have shown that a 3D printing mixture should have almost twice the binder
content as conventional concrete to achieve rapid strength [49]. Rapid strength gain and
buildability are essential to depositing subsequent layers without significant layer deformation. A
review of previous studies’ mixture proportions shows that at least until the year 2022 most
mixture proportions relied heavily on chemical additives, such as viscosity-modifying agents,
plasticizers, accelerators, shrinkage-reducing agents, and air-entraining agents, among others [49].
As a result, several previous studies have used various forms of supplementary cementitious
materials (SCM) [49], clay [305], in addition to chemical additives to achieve printable mixtures
[306], [307]. Many studies still struggle to achieve printable mixture rheology, as evident in
previous studies [88], [308], [309], [310], [311]. For instance, Nerella and Mechtcherine (2019)
[312] mentioned that for the mixture to be pumped properly, concrete needs to be flowable and
have relatively low plastic viscosity and moderate yield stress. At the same time, to enable the
layer-by-layer printing of concrete immediately after extrusion, it must cease being flowable and
exhibit much higher yield stress and plastic viscosity. The authors also mention that a mixture
capable of achieving the above, must be thixotropic, quick-setting, quickly hydrated, densely
packed, and possess steerable rheological properties, such as static yield stress and plastic viscosity

through internal or external triggers. As a result, and to support a pumpable mixture, coal fly ash
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is widely used in the 3D printing of cementitious materials due to its spherical particle shape and
the significant rheological benefits it provides. According to the literature, inclusion of fly ash
results in a reduction of yield stress, plastic viscosity, and bleeding, while also enhancing
thixotropy, and water retention [313], [314], [315], [316]. Given the benefits mentioned, fly ash is

commonly included in 3D printing mixtures, as demonstrated by many studies [49].

However, in developing 3D-printed cementitious materials, researchers face two pressing
challenges: improving environmental sustainability and identifying substitutes for coal fly ash,
whose global availability has sharply declined in recent years [317]. As a result, SCMs, such as
calcined clays [318], natural pozzolans (e.g., volcanic ash) [319], biomass ash [320], and various
other byproducts (e.g., blast furnace slag) [321], [322], [323] are being used. These alternatives
are often locally available, and they can offer comparable or even better performance under certain
conditions (e.g., durability) [324], [325], [326]. For instance, [317] showed that the inclusion of
25-50% (per volume) glass powder instead of coal fly ash can enhance abrasion resistance up to
45% in a mortar mixture. However, since 3D printing is highly dependent on fresh rheological
properties, these new materials should be used with careful consideration of 3D printing’s
rheological requirements, which vary based on the printer’s nozzle size, extrusion method, and the
size of particles in relation to the nozzle size. For instance, previous studies have reported that
angular particles, and the ones that have a maximum size of roughly 1/5 of the nozzle diameter,

can result in clogging and other printing issues [88], [327].

In this context, soil-based cementitious mixtures have been proposed in some studies due to

the positive impact of clay particles on printability [328], [329]. Locally sourced soil can offer
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many benefits and has been used for about eight thousand years in masonry construction [330].
Similarly, soil-based 3D printing is adopted from masonry construction [48], [331]. For over
thousands of years [330], masonry units (e.g., adobe, cob, Compressed Earth Blocks (CEBs), and
rammed earth) have been produced primarily from local soil (or earth). This old technology has
recently re-emerged as a potential solution for reducing the content of processed materials (e.g.,
Portland cement with an estimated embodied carbon of approximately 0.8 kg CO2 eq per kg used
[208]) in the mixtures [332]. Using local soil can help increase buildability due to better
compaction, increase yield stress, and it can also reduce the need for binder content when it is well-
compacted and cohesive [333], [334], [335]. Another reason for using local soil is its aesthetic and
cultural significance to many areas of the world. For instance, earthen construction has shaped
building architecture for thousands of years, with examples ranging from adobe buildings in the

American Southwest [9] to rammed earth temples in Asia [10] and cob settlements across Europe

[11].

Despite the historical success of earthen construction, integrating soil into modern 3D printing
practices introduces new challenges in formulation and standardization. While local soils offer
some advantages, their use in 3D printing is not yet widely adopted due to concerns regarding
rheology, early strength, and consistency in layer deposition. Prior work has primarily focused on
enhancing printability through high binder contents or intensive use of chemical admixtures [49].
However, these approaches often contradict the underlying goals of sustainability and cost-

efficiency that motivate the adoption of 3D printing in the first place.
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Lyu et al. (2023) [336] demonstrated that natural soil can be utilized as a binder to partially
replace cement in printing soil-based mortar. In the study, authors partially replaced natural sand
content with soil, along with other ingredients, to help grow vegetation in soil-sand-based 3D-
printed concrete. Kumar et al. (2025) [337] used low-clay soil as fine aggregates in 3D printing
concrete. In the study, it was reported that the inclusion of soil led to a reduction of up to 15% in
the flow value required for printing and increased open time by 13-60% compared to the control
mixture. Both extrudability and buildability have also been reported to improve significantly. Soda
et al. (2024) [338] used excavated soil to produce soil-cement mortar. The study reports that the
plastic viscosity was reduced by 40-50% and the buildability significantly increased, as compared
to a natural sand-based reference mixture, where buildability was measured as critical height to
failure during printing. Other authors [207], [339], [340], [341] have advocated using soil- or clay-
based materials for 3D printing, and have also pointed to the similar enhanced rheological
properties of mixtures containing earth. For instance, Kumar et al. (2025) [337] used a locally
sourced soil with 4% clay content to replace 30-50% natural sand by weight. Results showed that
the inclusion of soil led to a reduction of up to 15% in the flow value required for printing and
increased open time by 13—60% compared to the control mix. The authors also reported that both
extrudability and buildability improved, as a result of including local soil and managed to print
crack-free sections of more than 30 layers. Soda et al. (2024) [342] used a local soil with clay
content of 42.5% to replace natural sand up to 25-50%. The authors also reported that non-
expansive clay in the soil led to a steeper reduction in apparent viscosity, increased flow retention
by 12—-15 %, and lowered the plastic viscosity up to 50—60% for soil-based mixes. However, to
date, no study has established the printable boundaries of soil-based 3D printing mixtures, nor

have they evaluated those mixtures for their environmental impacts. This topic is fundamental
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because: (a) 3D printing heavily relies on mixture rheology; (b) soil-based systems have unique
particle size distribution, water requirements and minerology that is not as consistent as processed
sand; (c) understanding rheological boundary for printing is essential in structural integrity and
dimensional accuracy; (d) established rheological boundaries can help quantifying environmental
impacts of soil-based systems; and (e) the absence of established rheological boundaries limits the
scalability and adoption of soil-based mixtures due to uncertainty in hardened state properties of

the printed components.

To address this gap, the current study investigates the feasibility of 3D printing low plasticity
silt-based mixtures with minimal use of cement and fly ash. Rather than relying on a single
optimized formulation, this research adopts a systematic approach of varying the content of
ordinary Portland cement (5%, 10%, 20%, and 30%), fly ash (0%, 5%, 10%, 20%, and 30%), and
w/s ratios (0.1 to 0.4). By testing more than 100 combinations using a single soil type (low-
plasticity silt), the objective is to establish a bounded region of printability free of any chemical
admixtures and independent of the printer’s nozzle size. In doing so, the nozzle size was not treated
as a parameter within the experimental region, and all mixtures were evaluated using the same
50.8 mm (diameter) extrusion nozzle to avoid coupling mixture performance with printer
geometry. As a result, the proposed printability boundaries reflect intrinsic rheological thresholds
of the mixtures rather than printer-specific effects. Such boundaries would define the underlying
rheological thresholds at which a soil-based mixture becomes printable. Based on past research
[343], [344], [345], dynamic viscosity, shear stress, and yield stress are selected to represent

printability.
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In addition to assessing fresh-state behavior, the hardened properties of successful mixtures
are examined to ensure structural performance. Furthermore, a cradle-to-gate LCA is conducted
to evaluate the environmental implications of each composition. The results demonstrate that
sustainable performance is not solely dependent on substituting cement with byproducts, but also
on optimizing the mixture as a whole to balance printability, mechanical performance, and
environmental impacts. By defining both the upper and lower rheological limits for printability,
this study provides a foundational reference for future development of soil-based 3D printing
mixtures, particularly those aimed at reducing binder content without compromising print quality

or performance.

6.1.1. Novelty and Relevance

This study addresses three research questions: First, it aims to establish printable rheological
boundaries for 3D-printed soil-based mixtures with low cement and low fly ash proportions. The
boundaries provided include the basic but fundamental parameters, such as dynamic viscosity to
indicate a material's resistance to flow (or shape retention), shear stress to indicate nozzle clogging
potential, and yield point to indicate the initiation of flow, which are considered. The mentioned
parameters can help in identifying the printable region of mixture proportioning and provide a
baseline for future studies. This is also the originality of the work to establish a printability window
specific to soil-based, low-binder 3D-printed mortars because it is an area largely unexplored in
existing research. Second, this study aims to demonstrate the feasibility of printing with low
cement (5-30%) and fly ash content (0-30%), utilizing no chemical admixtures. This is done to
highlight the importance of mixture granularity and particle size distribution, which can be

addressed by using natural, unprocessed soil. The third research aim of this study is to connect the

197



properties studied with a cradle-to-gate LCA to show the comparative strength of environmental
impact for each mixture. This can help future studies to design mixtures with a better understanding

of their environmental impacts.

This study is relevant because it quantifies a printability window for soil-based (low-plasticity
silt), 3D-printed mortars, linking rheology to extrudability (flow through the nozzle) and
buildability (shape retention/stacking). These criteria enable the optimization of mixtures using

locally available soils and lay the groundwork for automated, data-driven mixture design.

6.2. Materials and Equipment

The following subsections discuss the material properties used in this study.

6.2.1. Soil

The natural soil used in this study was sourced from Ace Hardware in Davis, California. It was
reported by the supplier that, to reduce organic content, the soil was extracted from subsurface
layers several meters below ground level. The soil was then mechanically sieved using a TS-1
Gilson shaker to achieve a maximum particle size of 1.18 mm (No. 16 sieve), per ASTM C136-14
[132]. The coarser materials were discarded. The size of 1.18 had been chosen by the authors based
on trials conducted on the mixtures and the printer used to produce components in this study.
Following sieving, the materials were oven-dried at 110°C for 24 hours to minimize residual
moisture and remove any organic content. The materials were then placed in a sealed dry bucket
until used. The temperature was adopted per ASTM C136-14 [133] and ASTM D2216-19 [134].
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Additional characterization, including particle size distribution, Atterberg limits, and compaction
behavior (Proctor test), is presented in Table 33. Based on these results and classification under
ASTM D2487-11 [135] and Unified Soil Classification System, the soil was identified as a low-
plasticity silt (ML). In this study, sieve analysis was conducted in accordance with ASTM
C117/C136 to characterize soil, and the soil was washed per ASTM D6913-17 [136]. The original
dry mass of the sample was 1336.30 g, and the wash mass was 521.90 g, resulting in a wash loss
of 60.9%. These standards were used in place of the ASTM D7928 [143] hydrometer method,
which requires specialized equipment; therefore, the reported gradation reflects sieve-plus-

washing characterization rather than full sedimentation-based classification.

Table 33. Physical properties of soil.

Laboratory tests Standards Property Value
Cumulative % Retained #4 0.0
(4.75mm)
Cumulative % Retained #8 0.0
(2.36mm)
Cumulative % Retained #10 (2mm) 0.0
Cumulative % Retained #16 0.0
ASTM C117-17 (1.18mm)
Particle-size [137], C136-14 Cumulative % Retained #30 8.2
analysis [132], D6913-17 (0.6mm)
[136] Cumulative % Retained #40 14.0
(0.425mm)
Cumulative % Retained #50 19.0
(0.3mm)
Cumulative % Retained #100 29.4
(0.15mm)
Cumulative % Retained #200 38.1
(75pm)
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Pan 100.0

ASTM D4318-10 Liquid limit LL (%) 20.8
Atterberg limits o
[138] Plastic limit PL (%) 13.9
Plasticity index PI (%) 6.8
Soil compaction ~ ASTM D698-21 Optimum moisture content (%) 13.0
tests [139] Maximum dry density (kg/m3) 1,873.3

6.2.2. Fly ash and Portland Cement

The coal fly ash class F used in this study was supplied by Paragon-Aggregate Products Corp.
in Glendale, Arizona. The Portland cement used in this study was obtained from the Nevada
Cement group in Reno, Nevada. The result of the mill certificate is presented in Table 34. To
ensure that the composition of all SCMs is recorded, X-ray fluorescence (XRF) analysis of the
cementitious materials was conducted using a Rigaku Super Mini-200 and analyzed using the
manufacturer's provided software, ZSX. The method of calculating the oxides was recommended
by the manufacturer [141], which is a semi-quantitative XRF (also called SQX). The XRF results

are presented in Table 35.

Table 34. The result of mill certificate provided by Nevada Cement Inc.

Phase composition Percent content (%)
Tricalcium silicate (C3S) 58
Dicalcium silicate (C,S) 18

Tricalcium aluminate (C3A) 7
Tetracalcium aluminoferrite (C4AF) 9

Table 35. The XRF result of cementitious materials used in this study
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Chemical compounds Fly ash (F) Soil (low plasticity silt)

SiO2 (%) 58.9 60.5
ALO; (%) 17.4 12.0
Fe 03 (%) 8.2 6.1

CaO (%) 7.0 32

MgO (%) 1.2 2.0

SOs (%) 0.8 0.5
NaO (%) 1.0 0.8

K20 (%) 3.5 1.5

LOI (%) 1.5 8.1

6.2.3. Mixing Water

The mixing water was sourced locally from Davis, California, with a pH of 8.66, a salinity of

0.19 ppt, and a total dissolved solids (TDS) concentration of 270 mg/L.

6.2.4. 3D Printer

A Scara Elite 3D printer from 3D Potter’s Inc., located in Palm City, FL, was used in this study.
The 3D printer had a nozzle with a circular diameter of 50.8 mm and operated based on an auger

system with a constant printing speed of 15 mm/s. Figure 31 shows the printer and a soil-cement

composite made during the study.

201



304 3 hm

S1 mm 610 mm

Figure 31. Showing (a) Scara Elite Printer and (b) a printed sample.

6.2.5. Viscometer

In this study, rheological properties of the fresh 3D-printed mixtures were characterized using
a rotational viscometer (Anton Paar, Model 300H [346]). The instrument has a viscosity
measurement range of 24 to 3.2x10% mPa-s. A vane spindle (V-73) was employed throughout
testing, with spindle and yield measuring constants of 53.5 and 10, respectively. The vane spindle

is 51 mm long, with a radius of 6.33 mm.

During testing, the viscometer records the applied torque (M) and the rotational speed (N).
These raw measurements are converted, using the manufacturer’s software (APConnect v3.1.1),
to shear stress (1) and shear rate (y) using spindle-specific geometry. For a vane of radius R and

height H, shear stress is calculated as:
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This formula directly relates the measured torque to the average shear stress acting on the
sample. The corresponding shear rate is obtained from the rotational speed using a manufacturer-
supplied geometry-dependent conversion factor. To characterize the flow behavior, stepped shear
rates within the instrument’s operating range are then applied, and the resulting shear stress—shear

rate data are plotted as flow curves. These data are then fitted to the Bingham plastic model:

T =Ty + Upy Eq. 5

where 10 is the yield stress and p, is the plastic (dynamic) viscosity. These two rheological
parameters are obtained from a linear regression analysis of the flow curve data generated by the

software.

During the testing, the viscometer was placed on its adjustable stand, checked, and leveled.
The V-73 vane spindle was then tilted slightly, inserted into the center of the specimen surface,
and carefully attached to the instrument, ensuring no side pressure on the shaft to avoid
misalignment. The spindle was immersed until the immersion mark on the shaft just touched the
sample surface, after which the container was centered relative to the spindle. At that point, the
program was started that would initiate the rotation of the spindle, automatically, such that the
torque reading fell within 10-100% of the instrument’s scale, with preference toward mid-scale
values to improve accuracy. The viscometer was allowed to rotate until a stable torque reading

was obtained, and the corresponding torque and viscosity values were then automatically recorded.
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During the entire testing process, measurements were taken at a constant laboratory temperature

of 25+5°C to ensure consistency in the results.

6.3. Mixtures, Methods, and LCA

The following subsections discuss the mixture proportioning selected for this study, the tests

conducted, and the methodology employed.

6.3.1. Mixture Proportions

In this study, a total of 100 mixture proportions have been produced and tested for printability,
which included ratios of 30%, 20%, 10%, and 5% for Portland cement and 30%, 20%, 10%, and
5% for fly ash. With the mentioned mixture proportions, water-to-solid ratios 0of 0.4, 0.3, 0.2, 0.15,
and 0.1 have also been produced. These ranges were selected to capture both low and moderate
binder proportions and to identify the minimum cement and fly ash contents capable of achieving
printable consistency. A mixture was classified as “printable” if it could be continuously extruded
through the 50.8 mm diameter nozzle without tearing or clogging, and if the deposited filament
retained its shape without excessive deformation or collapse. These criteria reflect the two core
requirements of 3D printing: extrudability, which refers to continuous extrusion, and buildability,
which refers to shape retention after extrusion. The list of all mixtures is included in Table 36.
Among the 100 mixtures, 13 were found to be printable and are included in Table 37. The water
content calculations included adding sufficient additional water to reach the optimum moisture
content for the soil (i.e., 13.06%), found through the proctor compaction test as specified by ASTM
D698-21 [139]. The mixture names or labels have been created based on the percent fly ash content
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(designated as F), the percent cement (designated as P), and the water-to-solid ratio (designated as
W). For instance, 0OF5P0.2W refers to a soil-cement composite with 0% fly ash and 5% Portland

cement and a water-to-solid ratio of 0.2.

Table 36. The total of 100 mixtures tested in this study for printability (normalized per 1000 g

mass).
Number Mixture Name Water (g) Fly ash F (g) Portland Soil (g)
cement (g)

1 0F5P0.4W 3354 0.0 31.7 632.9
2 0F5P0.3W 290.5 0.0 33.8 675.7
3 0F5P0.2W 239.1 0.0 36.2 724.6
4 0F5P0.15W 210.5 0.0 37.6 751.9
5 OF5P0.1W 179.7 0.0 39.1 781.3
6 0F10P0.4W 3252 0.0 61.4 613.5
7 0F10P0.3W 281.1 0.0 65.4 653.6
8 0F10P0.2W 230.8 0.0 69.9 699.3
9 0F10P0.15W 202.9 0.0 72.5 724.6
10 0F10P0.1W 172.9 0.0 75.2 751.9
11 0F20P0.4W 306.4 0.0 115.6 578.0
12 0F20P0.3W 263.8 0.0 122.7 613.5
13 0F20P0.2W 215.7 0.0 130.7 653.6
14 0F20P0.15W 189.2 0.0 135.1 675.7
15 0F20P0.1W 160.8 0.0 139.9 699.3
16 0F30P0.4W 289.6 0.0 163.9 546.5
17 0F30P0.3W 248.6 0.0 173.4 578.0
18 0F30P0.2W 202.5 0.0 184.1 613.5
19 0F30P0.15W 177.2 0.0 189.9 632.9
20 0F30P0.1W 150.3 0.0 196.1 653.6
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

SF5P0.4W

SF5P0.3W

SF5P0.2W

S5F5P0.15W

SF5P0.1W

S5F10P0.4W

5F10P0.3W

S5F10P0.2W

5F10P0.15W

5F10P0.1W

5F20P0.4W

5F20P0.3W

5F20P0.2W

5F20P0.15W

5F20P0.1W

5F30P0.4W

5F30P0.3W

5F30P0.2W

5F30P0.15W

5F30P0.1W

10F5P0.4W

10F5P0.3W

10F5P0.2W

10F5P0.15W

10F5P0.1W

10F10P0.4W

10F10P0.3W

10F10P0.2W

10F10P0.15W

3252

281.1

230.8

202.9

172.9

315.5

272.2

223.0

195.8

166.7

297.8

256.0

208.9

183.0

1554

281.9

241.6

196.4

171.8

145.6

315.5

272.2

223.0

195.8

166.7

306.4

263.8

215.7

189.2

206

30.7

32.7

35.0

36.2

37.6

29.8

31.7

33.8

35.0

36.2

28.1

29.8

31.7

32.7

33.8

26.6

28.1

29.8

30.7

31.7

59.5

63.3

67.6

69.9

72.5

57.8

61.4

65.4

67.6

30.7

32.7

35.0

36.2

37.6

59.5

63.3

67.6

69.9

72.5

112.4

119.1

126.6

130.7

135.1

159.6

168.5

178.6

184.1

189.9

29.8

31.7

33.8

35.0

36.2

57.8

61.4

65.4

67.6

613.5

653.6

699.3

724.6

751.9

595.2

632.9

675.7

699.3

724.6

561.8

595.2

632.9

653.6

675.7

531.9

561.8

595.2

613.5

632.9

595.2

632.9

675.7

699.3

724.6

578.0

613.5

653.6

675.7



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

10F10P0.1W

10F20P0.4W

10F20P0.3W

10F20P0.2W

10F20P0.15W

10F20P0.1W

10F30P0.4W

10F30P0.3W

10F30P0.2W

10F30P0.15W

10F30P0.1W

20F5P0.4W

20F5P0.3W

20F5P0.2W

20F5P0.15W

20F5P0.1W

20F10P0.4W

20F10P0.3W

20F10P0.2W

20F10P0.15W

20F10P0.1W

20F20P0.4W

20F20P0.3W

20F20P0.2W

20F20P0.15W

20F20P0.1W

20F30P0.4W

20F30P0.3W

20F30P0.2W

160.8

289.6

248.6

202.5

177.2

150.3

274.6

235.0

190.8

166.7

141.1

297.8

256.0

208.9

183.0

155.4

289.6

248.6

202.5

177.2

150.3

274.6

235.0

190.8

166.7

141.1

261.1

222.8

180.3

207

69.9

54.6

57.8

61.4

63.3

65.4

51.8

54.6

57.8

59.5

61.4

112.4

119.1

126.6

130.7

135.1

109.3

115.6

122.7

126.6

130.7

103.6

109.3

115.6

119.1

122.7

98.5

103.6

109.3

69.9

109.3

115.6

122.7

126.6

130.7

1554

163.9

173.4

178.6

184.1

28.1

29.8

31.7

32.7

33.8

54.6

57.8

61.4

63.3

65.4

103.6

109.3

115.6

119.1

122.7

147.8

155.4

163.9

699.3

546.5

578.0

613.5

632.9

653.6

518.1

546.5

578.0

595.2

613.5

561.8

595.2

632.9

653.6

675.7

546.5

578.0

613.5

632.9

653.6

518.1

546.5

578.0

595.2

613.5

492.6

518.1

546.5



79

80

81

82

&3

84

&5

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

20F30P0.15W

20F30P0.1W

30F5P0.4W

30F5P0.3W

30F5P0.2W

30F5P0.15W

30F5P0.1W

30F10P0.4W

30F10P0.3W

30F10P0.2W

30F10P0.15W

30F10P0.1W

30F20P0.4W

30F20P0.3W

30F20P0.2W

30F20P0.15W

30F20P0.1W

30F30P0.4W

30F30P0.3W

30F30P0.2W

30F30P0.15W

30F30P0.1W

157.3

133.0

281.9

241.6

196.4

171.8

145.6

274.6

235.0

190.8

166.7

141.1

261.1

222.8

180.3

157.3

133.0

248.8

211.8

171.0

148.9

125.7

112.4

115.6

159.6

168.5

178.6

184.1

189.9

1554

163.9

173.4

178.6

184.1

147.8

155.4

163.9

168.5

173.4

140.9

147.8

155.4

159.6

163.9

168.5

173.4

26.6

28.1

29.8

30.7

31.7

51.8

54.6

57.8

59.5

61.4

98.5

103.6

109.3

112.4

115.6

140.9

147.8

155.4

159.6

163.9

561.8

578.0

531.9

561.8

595.2

613.5

632.9

518.1

546.5

578.0

595.2

613.5

492.6

518.1

546.5

561.8

578.0

469.5

492.6

518.1

531.9

546.5

Table 37. Mixture proportions found to be printable (normalized per 1000 g mass).

Portland cement

Mixture Name Water (g) Fly ash F (g) © Soil (g)
g
0F10P0.2W 230.8 0.0 69.9 699.3
0F20P0.2W 215.7 0.0 130.7 653.6
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5F5P0.2W

10F5P0.2W

10F10P0.2W

SF10P0.2W

5F30P0.3W

10F30P0.3W

20F20P0.3W

20F30P0.3W

30F5P0.3W

30F10P0.3W

30F20P0.3W

230.8

223.0

215.7

223.0

241.6

235.0

235.0

222.8

241.6

235.0

222.8

35.0

67.6

65.4

33.8

28.1

54.6

109.3

103.6

168.5

163.9

155.4

35.0

33.8

65.4

67.6

168.5

163.9

109.3

155.4

28.1

54.6

103.6

699.3

675.7

653.6

675.7

561.8

546.4

546.4

518.1

561.8

546.4

518.1

6.3.2. Testing matrix

Table 38 shows the tests performed in this study and the standards followed. For each test, at
least 5 samples were produced and tested only for mixtures classified as printable. The non-
printable mixtures were evaluated only in the fresh state (extrudability and shape retention) and
were not cast or printed for mechanical testing. The reason that at least five samples have been
tested is to ensure a standard deviation is derived from the tested samples. For the duration of the
tests, the same equipment and crew members were used to ensure consistency in procedures and
minimize variability in the results. For the compressive strength tests, 50x50x50 mm cubic

samples have been made and cored from freshly printed mortars. The coring process is performed
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using a bottomless cylindrical or cubic mold, which is gently pressed into the freshly printed
filament to extract material of the desired geometry without disturbing the layered structure of the
freshly printed component. It is important to note that the term coring used here follows the
notation commonly used in literature (e.g., [291], [292], [293] for the process described above. For

this purpose, the printed shape is also shown in Figure 31 (b) with the specified dimensions.

All other tests have been conducted using cored samples from freshly printed parts, except for
fresh property tests, such as pH, flow table, and viscosity tests, which were conducted within 2-3
minutes after mixing. Also, all samples were cured under lab conditions at 25+5°C and 50+10 %
relative humidity to minimize variability. During the curing stage, all samples were kept in the
mold for an initial duration of 48 hours to ensure that they would not be damaged upon demolding
and have sufficient strength. After demolding, specimens were stored in the laboratory under the

same ambient conditions (~25+5°C and 50+10% ) until the designated testing ages

Table 38. Tests and the standards that followed in this study.

Test* Standard Curing age (day)

) ASTM C117-17 [137], C136-14
Sieve analysis -
[132], D6913-17 [136]

Atterberg limits ASTM D4318-10 [138] -

Proctor compaction ASTM D698-21 [139] -

Fresh density ASTM C138-13 [347] -

Mini-slump ASTM C143-14 [348] -

pH ASTM D4262-18 [144] -

Flow table ASTM C230-10 [349] -

Viscosity properties ASTM D2196-20 [350] -
Anisotropic behavior ASTM C109-16 [148] 28
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Compressive strength ASTM C109-16 [148] 7,14, 28

Life cycle analysis ISO 14040 [351, p. 14040] -

*Sieve analysis conducted on soil and sand; Atterberg limits and proctor compaction conducted on soil samples; fresh
density, mini-slump, pH, flow table, and viscosity tests were conducted on freshly mixed materials; Anisotropic

behavior, and compressive strength were conducted on hardened samples;

6.3.3. Statistical Analysis, Quality Assurance, and Quality Control

All experimental results were statistically analyzed to assess consistency, variability, and
significance across different mixtures. For each group, the mean, standard deviation (STD), and
coefficient of variation (COV) were computed using Microsoft Excel 2024. To perform a detailed
pairwise comparison, MATLAB R2024a, developed by MathWorks Inc., was used. In the analysis,
first, the Shapiro-Wilk test was used to evaluate the normality of each group. If both groups were
found to follow a normal distribution, Levene’s test was applied to determine variance
homogeneity. Based on the outcomes, either a standard two-sample t-test (for equal variances) or
a Welch’s t-test (for unequal variances) was used. In cases where normality was not satisfied in
either group, a non-parametric Mann-Whitney U test was conducted. All tests were performed
using a significance level of a = 0.05. Results are consistently reported throughout the manuscript
as mean + standard deviation, alongside their corresponding p-values, regardless of statistical
significance. Similarly, for a fair comparison between different mixtures, the standard deviations
and coefficient of variations (COV) are also reported throughout the manuscript whenever a

comparison is made.

For quality assurance, this study strictly followed the standardized tests and procedures

established by the American Society for Testing and Materials (ASTM). All equipment used for
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preparing, curing, and testing was recalibrated according to the manufacturer's specifications
before use. In cases of non-standardized procedures, reference materials and previous research
studies were reviewed and cited, and credible justifications were provided in the methodology
sections. Additionally, the temperature and humidity during the specimen curing and testing

phases were maintained at similar levels across all mixtures.

In terms of quality control, all tests were conducted by the same crew members and with the
same instruments to minimize other sources of variability during data collection. Generally, for
each test, at least 5 specimens were prepared to ensure that no outliers in the reporting data would
affect the results. Specimens that exhibited signs of physical damage or had been subject to
handling errors were identified as outliers and excluded from the analysis. Such outliers were then
also removed from the final statistical analysis to prevent them from impacting the results. This
approach ensured that the reported findings accurately reflected the behavior of the 3D-printed
specimens under investigation. Also, in each figure, the reported mean is followed by + calculated

STD. A similar reporting method is used to explain the results.

6.3.4. Life cycle analysis (LCA)

In this section, the methodology of doing LCA is explained.

6.3.4.1. System definition and boundaries

To conduct the LCA, the system boundary for the study was chosen to represent a cradle-to-
gate condition, which includes: (a) raw material extraction and processing, and (b) transportation

of processed materials to the mixing/production site. It is essential to note that, since the
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construction stage remains consistent across all mixtures considered in this study and the focus is

on the environmental effects of different mixtures, the construction phases are not examined.

To evaluate the life cycle environmental impacts of producing 3D-printed structural walls
using soil-based mixtures, a scale-up from laboratory conditions to industrial-scale production was
performed. The functional unit adopted in this study is the quantity of materials required to print a
I m (height) x 1 m (length) wall with a thickness of 0.1 m. This functional unit was selected
because it represents a realistic and directly comparable structural element that can be printed
under identical boundary conditions, reflecting the primary function of the product to act as a load-
bearing wall segment. By fixing the wall geometry, the functional unit ensures that all mixtures
are evaluated on an equivalent physical basis, while preserving practical relevance to construction-
scale applications. The selected dimensions are consistent with typical experimental or pilot-scale
3D printing setups and can be readily scaled to larger structural systems. Furthermore, this choice
aligns with recent developments in additive manufacturing of prefabricated structural components,
as several studies have focused on 3D printing discrete wall segments intended for assembly in
modular construction [244], [245]. Therefore, adopting a wall section as the functional unit
provides both a structurally meaningful and practically applicable basis for comparison among the

investigated mixtures.

Given that each mixture achieves a distinct 28-day compressive strength, the thickness of the
wall is proportionally adjusted based on the ratio of each mixture’s strength and that of 17.24 MPa
(2500 psi), which has been taken as the recommended minimum structural concrete strength [352,

p. 318]. Previous studies have conducted similar calculations to capture a more realistic
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environmental impact [155], [156] and have referred to it as a strength-normalized functional unit
[244] (hereinafter referred to as strength factor). However, recognizing that several authors (e.g.,
[157]) have cautioned against defining the functional unit solely on material properties (and since
this may not fully represent the material’s intended function in a specific end-use or structural
context), both the declared-unit results (per wall volume) and the strength-normalized results are
presented and discussed in parallel to provide a comprehensive assessment. To apply the strength
correction factor, the average 28-day strength of each mixture is divided by the minimum
recommended strength of 17.24 MPa (as mentioned above), and the inverse of this ratio is
multiplied by the original wall thickness of 0.1 m. The results are noted under the column wall
thickness of Table 39. The wall is assumed to be made onsite, at the coordinates 38°41'31.5"N
121°30'54.8"W (near Sacramento, CA). Table 39 provides more information on the amounts of

materials used per mixture to produce a wall.

Table 39. Materials quantity needed for the functional unit of each mixture.

Equivalent Material
Density of Portland
wall needed for Fly ash F
Mixture mixtures Water (kg) cement Soil (kg)
thickness full unit (kg)
. (kgm) (kg)
(m) (kg)
0F10P0.2W 6.1 1911.1 11601.4 2677.6 0.0 813.3 8110.5
0F20P0.2W 1.6 1918.0 3066.2 674.6 0.0 408.7 1982.9
SF5P0.2W 13.1 1891.2 24726.0 5489.2 830.8 830.8 17572.8
SF10P0.2W 6.3 1887.0 11800.3 2578.4 390.6 781.2 8050.2
SF30P0.3W 2.2 1918.9 4137.0 1052.5 122.5 732.3 2229.9
10F5P0.2W 13.8 1871.0 25733.5 5622.8 1703.6 851.8 17555.4
10F10P0.2W 17.4 1965.6 34297.9 7075.6 2143.6 2143.6 22935.0
10F30P0.3W 1.7 1934.0 3294.8 833.6 193.7 580.9 1686.6
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20F20P0.3W 2.6 1895.8 5011.7 1275.0 593.4 593.4 2550.0

20F30P0.3W 1.5 1883.4 2908.4 718.9 3342 501.4 1353.8
30F5P0.3W 11.0 1836.7 20294.2 5162.8 3592.1 598.7 10940.6
30F10P0.3W 59 1843.1 10951.9 2770.8 1930.8 644.0 5606.3
30F20P0.3W 2.8 1855.5 5196.7 1284.6 895.9 597.1 2419.0

*Applied only when considering the strength normalization factor; otherwise, the original thickness of 0.1 m is

considered.

6.3.4.2. Life Cycle Inventory (LCI)

The LCI used in this study is based on the database Tool for the Reduction and Assessment of
Chemical and other Impacts (TRACI v2.1) [158], which provides midpoint-level impact categories
relevant to U.S.-based assessments. Table 40 provides the GWP of all materials used in this study.
This framework was selected to ensure consistency with established methods and comparability
with previous research. The following subsections provide more details on the assumptions made
in this study and the methods used to calculate soil excavation and transportation of the materials

to the construction site.

Table 40. GWP of all materials used in LCA calculations.

Diesel Electricity; at
Combination
combusted in Sodium Sand user; Portland
diesel powered
industrial hydroxide (per production (per  consumption cement (Type
truck transport
equipment (per 1 kg) 1 kg) mix - 2022 US /1), (per 1 kg)
(per 1 kg-km)
kg diesel used) (per 1 MJ)
3.88E+00 1.04E+00 4.89E-03 1.39E-01 9.19E-01 9.40E-05
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6.3.4.3. Soil Excavation

Local soil is excavated using a diesel-powered 20-metric ton excavator (model Deere 210G
LC) with a fuel consumption of approximately five gallons of diesel per hour (MPG), equivalent
to 16.2 kg h™! assuming a diesel density of 0.85 kg L. Based on consultations with industry
professionals, the excavator’s production rate is estimated at 25 m> h'. With an assumed bulk
density of 1500 kg m?, this corresponds to 37500 kg of soil excavated per hour. The soil is assumed
to be taken from about 1 m below the surface to minimize organic matter content; however, since
this depth is typical for foundation preparation, no additional energy is assigned for digging below

ground level.

To account for the environmental impacts of soil excavation, a diesel-to-soil productivity ratio
was calculated to relate the mass of soil excavated to the amount of diesel combusted. The
excavator’s productivity corresponds to 2314.8 kg of soil per kg of diesel, derived from the ratio
of 37500 kg soil h'! to 16.2 kg diesel h'l. Accordingly, for every kilogram of soil used in the

mixtures, the diesel requirement was determined as:

Soil mass (kg)

Diesel required (kg) = 53148

This calculated diesel mass was then multiplied by the corresponding unit impacts of diesel
combustion in each environmental category to obtain the total contribution of soil excavation to

the life-cycle results.
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6.3.4.4. Transportation

For transportation, a heavy-duty truck with a gross vehicle weight rating of approximately 32
metric tons was assumed for transporting secondary materials, covering the distance from the

supplier to the construction site. A fuel consumption of five miles per gallon (MPG) was assumed.

The energy required for transportation was subsequently calculated based on the weight of the
materials. Since transporting machinery for 3D printing was considered to be similar across
different mixtures, the corresponding energy consumption was excluded from the LCA
calculations. The calculation included multiplying the distance by the LCI value for transporting

the specified amount of material per MPG, as discussed in the subsequent section.

6.3.4.5. LCA Calculations

For the LCA calculations, the following four impact categories were selected due to their
relevance to construction materials. First, GWP (per unit of kg CO: eq) was chosen since it
captures greenhouse gas emissions related to climate change. Next, TEC (in MJ per unit) was
selected, as it reflects the total energy required for each mixture. TEC is a crucial parameter, given
the high energy intensity of binders. In addition, smog formation (kg SO: eq) has been selected to
account for pollutants that degrade urban air quality. Finally, acidification (kg SO: eq), which

measures emissions that cause acid rain and ecosystem damage, has been selected.
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After establishing the wall size based on the strength factor and the hardened density (28-day)
of each mixture, the amount of materials needed for each mixture is normalized. Based on that and
the unit impact of each material, the amount of each material's impact in each mixture is then
calculated. In doing so, the amount of materials needed is multiplied by their corresponding
impacts for each mixture proportion. After calculating the impact of all materials for all the
mixtures with and without the strength factor, transportation is calculated based on the distances
noted in Table 41. Finally, all the corresponding impacts of materials production and shipment are

summed up and analyzed.

Table 41. Kilometer distances from suppliers to the construction site considered in this study.

Portland cement
Water (kg) Fly ash F (kg) ke) Soil (kg)
g

Distance (km) 0 33 5.5 0

6.4. Experimental Results

The experimental results of this study are presented in the following sub-sections.

6.4.1. Flow Table, Fresh Density, and pH

The results of the fresh property tests, including the flow table, fresh density, and pH, are
outlined in Table 42. Flow table results ranged from a low spread value of 151£20.6 mm (COV =
13.61%) for SF30P0.3W to a larger value of 202+10.1 mm (COV = 5.01%) for 30F5P0.3W. The
high flow spread in 30F5P0.3W is believed to be caused by high fly ash (30%) and high water-to-

solid ratio (hereinafter referred to as 0.3W). When the flow spread results of 0.2W and 0.3W are
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averaged, the spread values are found to be 175.3 mm and 186.0 mm, respectively, with a
statistically significant difference (p = 0.034). In turn, when the results are grouped by the fly ash
content of 0% as opposed to 30% (the lowest and highest contents), the results are found to be
174.5 mm and 191.3 mm, respectively. However, these differences were not statistically
significant (p = 0.068), which may be due to variations in mixing or printing among different
samples. Furthermore, when comparing the mixtures produced with 10% and 30% cement content,
the results show an average of 183.6 mm versus 175.7 mm, respectively, with no statistically
significant difference (p = 0.676). These results show that there is considerable variability in the
addition of cement and fly ash particles, but not in water content, probably because of their impact

on mixing.

In terms of fresh density, the results ranged from 1836.7+11.9 kg/m?, belonging to 30F5P0.3W
(with COV =0.65%),t0 1965.6£21.9 kg/m?* (COV =1.11%) from 10F10P0.2W, with a statistically
significant difference (p < 0.001). On average, the 0.2W mixtures had a higher average density at
1907.3 kg/m? than the 0.3W mixtures with 1881.1 kg/m? (p = 0.006). A lower density shows an
increased water and air content when a higher w/s ratio is used. Similarly, the 0% fly ash mixtures
had a higher average density of 1914.6 kg/m* when compared to their 30% fly ash-containing
counterparts with an average of 1845.1 kg/m? (p < 0.001). Interestingly, 30% Portland cement
mixtures averaged 1912.1 kg/m?®, which is slightly higher than the 1866.3 kg/m? observed in 5%
Portland cement mixtures, though the difference was not significant (p = 0.435). The higher fresh
density of 30% Portland cement mixtures indicates that an increased cement content can
marginally improve the solid mass per unit volume, although the effect is less pronounced

compared to an increase in water or fly ash content.
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In terms of pH, all mixtures maintained a highly alkaline environment, with pH values ranging
from 11.2+0.07 (COV =0.63%) in 30F5P0.3W to 12.3+0.07 (COV = 0.57%) in OF10P0.2W (with
p =0.000) and OF20P0.2W (with COV = 0.57% and p = 0.000), respectively. From these results,
it can be stated that the high fly ash content reduced hydroxide ion availability through partial
dilution of cement and enhanced pozzolanic consumption. The average pH value of mixtures
containing a 0.2W ratio was 12.05, while those with a 0.3W ratio averaged 11.76 (p <0.001). The
higher pH of the 0.2W w/s ratio suggests that increasing water content can dilute the ionic
concentration and alkalinity in the pore solution. Similarly, 0% fly ash containing mixtures
averaged 12.3, while their 30% fly ash containing counterparts showed a significantly lower
average of 11.67 (p < 0.001). This finding confirms that higher fly ash content reduced the
alkalinity of the mixtures. Finally, 5% Portland cement mixtures had an average pH of 11.73, while
30% Portland cement mixtures had a higher pH of 11.83; however, the difference was not

significant (p = 0.070).

Table 42. Chemical and fresh properties of mixtures used in this study.

Fresh
Mixture Flow diameter
COV (%) density COV (%) pH COV (%)
name (mm)
(kg/m3)
1911.1
0F10P0.2W 184 (£24.7) 13.41 1.02 12.3 (+0.07) 0.57
(£19.4)
1918.0
0F20P0.2W 165 (£22.8) 13.80 1.14 12.3 (£0.07) 0.57
(£21.8)
1891.2
SF5P0.2W 184 (+£18.0) 9.80 0.99 12.1 (£0.10) 0.83
(£18.7)
1887.0
S5F10P0.2W 154 (£24.7) 16.02 1.19 11.8 (£0.07) 0.60
(£22.5)
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SF30P0.3W

10F5P0.2W

10F10P0.2W

10F30P0.3W

20F20P0.3W

20F30P0.3W

30F5P0.3W

30F10P0.3W

30F20P0.3W

151 (£20.6)

165 (+16.8)

200 (£20.6)

191 (+20.6)

201 (£10.4)

185 (£11.1)

202 (10.1)

187 (+11.7)

185 (+9.5)

13.61

10.16

10.28

10.76

5.19

5.98

5.01

6.26

5.13

1918.9
(£20.6)
1871.0
(£23.6)
1965.6
(£21.9)
1934.0
(£25.0)
1895.8
(£10.9)
1883.4
(£11.3)
1836.7
(£11.9)

1843.1 (+£9.4)

1855.5
(£10.8)

1.07

1.26

1.29

0.58

0.60

0.65

0.51

0.58

11.7 (£0.07)

11.9 (£0.07)

11.9 (£0.07)

11.9 (£0.07)

11.8 (£0.10)

11.9 (£0.07)

11.2 (£0.07)

11.9 (£0.07)

11.9 (£0.07)

0.60

0.59

0.59

0.59

0.85

0.59

0.63

0.59

0.59

6.4.2. Printability Limits

Table 43 shows the result of the printability test on the 13 printable mixtures. These parameters
include (a) dynamic viscosity, (b) shear stress, (c) yield stress, and (d) apparent strain values. Table
44 presents additional analyses of the results, including averages, maximum, and minimum values
for each viscosity category. Based on the tables, the dynamic viscosity values ranged from 4.7 x
10° Pa's = 1.47 x 10° (COV = 31.3%, 10F30P0.3W) to 1.48 x 10* Pa-s + 1.22 x 10 (COV =
8.22%, 10F5P0.2W), and this difference between the two mixtures was statistically significant (p
<0.001). The variation in viscosity of different mixtures likely results from differences in packing
density, initial setting, and interparticle friction. When mixtures are compared based on their w/s
ratios, the addition of water is found to reduce the viscosity values, probably due to better particle

lubrication. For instance, mixtures with 0.2W had an average dynamic viscosity of 1.28 x 10* Pa-s
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+£2.28 x 10° (COV = 15.4%), while 0.3W mixtures had an average of 8.65 x 10° Pas +2.90 x 10°
(COV = 61.7%), with the difference being statistically significant (p < 0.001). As expected, the

increase in water content lowered viscosity and promoted easier flow.

In terms of the influence of fly ash, mixtures with 0% fly ash had an average dynamic viscosity
of 1.36 x 10* Pa-s £ 2.0 x 10? (COV = 1.6%), compared to 8.80 x 10° Pa-s = 3.14 x 10* (COV =
36.4%) for those with 30% fly ash, with the reduction being statistically significant (p < 0.001).
The reduced values in mixtures with high fly ash content indicate a potentially better dispersion
and reduced internal friction. The spherical morphology of fly ash particles, combined with the
lower water demand of fly ash particles compared to soil or cement, can explain this behavior. On
the other hand, mixtures with 5% Portland cement had a viscosity of 1.12 x 10* Pa-s + 3.24 x 10°
(COV = 23.8%), while those with 30% Portland cement exhibited a lower mean value of 8.94 x
10° Pa's + 3.78 x 10° (COV = 42.9%), and this difference between cement levels was significant
(p=10.035). The lowered dynamic viscosity shows that higher cement contents may promote better

homogenization and reduce the system’s resistance to flow under steady shear.

Shear stress values followed similarly consistent trends. The values ranged from a minimum
of 0.85 N/m? + 7.02 x 102 (COV = 8.31%, 10F30P0.3W) to a maximum of 4.28 N/m? + 1.29 x
10* (COV = 30.1%, 10F10P0.2W), and this difference was statistically significant (p < 0.001).
Similarly, 0.2W mixtures averaged 3.60 N/m?> + 1.15 (COV = 26.9%), while 0.3W mixtures
averaged 1.64 N/m?>+0.71 (COV = 83.8%), with the reduction being highly significant (p <0.001).
These values suggest that mixtures with lower water content develop lower stress levels under

shear, probably due to lowered interparticle friction. Mixtures with 0% fly ash had an average
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shear stress of 3.81 N/m? £ 0.56 (COV = 15.6%), while those with 30% fly ash averaged 1.45
N/m? + 0.48 (COV = 29.2%), with this reduction being statistically significant (p < 0.001). This
finding again points to a consistent reduction in resistance with increased fly ash content.
Interestingly, 5% cement mixtures had a mean shear stress of 2.32 N/m? £ 1.61 (COV = 42.2%),
compared to 1.95 N/m? £ 1.01 (COV = 69.7%) for 30% cement mixtures, and this difference was

also significant (p <0.001).

In terms of yield stress, 10F30P0.3W had the lowest value with 1.36 x 10> N/m? + 1.47 (COV
= 1.08%, while 10F10P0.2W developed the highest with 7.66 x 10> N/m? + 2.30 x 10! (COV =
3.0%, and their difference was statistically significant (p < 0.001). In terms of water content,
mixtures with 0.2W showed a higher average yield stress of 6.40 x 10> N/m? + 2.25 x 10? (COV
= 29.4%), compared to 2.61 x 10> N/m? £ 1.28 x 10> (COV = 94.3%) for those with 0.3W, with
their difference being significant (p < 0.001). The higher yield stress in 0.2W mixtures confirms
that lower water content increases internal resistance to flow and increases the rigidity of mixtures
at the start of deformation. It is also clear that the inclusion of coal fly ash had a significant impact.
For instance, mixtures with 0% fly ash had a considerably higher average yield stress of 6.73 x
102 N/m? + 1.22 x 10> (COV = 19.1%), compared to those with 30% fly ash with an average of
2.20 x 10*> N/m? £ 7.24 x 10" (COV = 27.7%), and this reduction was also statistically significant
(p <0.001). The variations mentioned suggest that increased fly ash content reduces interparticle
cohesion within the soil-cement matrix. Conversely, variations in cement content led to relatively
smaller changes. For instance, mixtures with 5% cement showed a mean yield stress of 3.89 x 10?
N/m? + 3.22 x 10? (COV = 47.9%), while mixtures with 30% cement content yielded a slightly

lower average of 3.24 x 10> N/m? + 1.82 x 102 (COV = 82.7%), and this difference was also
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significant (p = 0.002). These findings further confirm that higher cement content may provide

only marginal improvements in early structural strength.

Apparent strain values ranged from 9.0 x 103 rad + 9.68 x 10 (COV = 10.7%, 10F10P0.2W)
to 2.95 x 107! rad £ 3.08 x 102 (COV = 10.4%, SF5P0.2W), and this difference was statistically
significant (p < 0.001). Mixtures with 30% and 5% cement showed averages of 0.235 rad + 4.6 x
102 (COV =20.9%) and 0.185 rad £ 0.15 (COV = 15.2%), respectively, with the difference being
statistically significant (p < 0.001). This similarity points to a saturation threshold that exists in
cement’s controlling contribution to the deformation of the mixture. In other words, after a
threshold is reached, its impact is likely to be amplified through a more complex behavior that
influences other rheological properties, such as viscosity, particle packing, or thixotropy. Unlike
the effect of cement, changes in fly ash content showed more noticeable effects. For example,
mixtures with 0% fly ash developed an average apparent strain of 9.96 x 102 rad £+ 1.06 x 10!
(COV = 118%). Those with 30% fly ash, however, developed an average of 0.22 rad + 6.73 x 102
(COV = 29.1%), with this increase being significant (p < 0.001). Water content also influenced
deformation. For instance, mixtures with 0.2W developed an average strain of 8.95 x 10~ rad +
1.19 x 107! (COV = 40.3%), while 0.3W mixtures showed a higher value of 0.231 rad + 4.86 x
102 (COV = 53.9%), and this difference was significant (p < 0.001). These observations highlight
that although dynamic viscosity and yield stress govern flow initiation and resistance, apparent
strain offers critical insight into post-yield deformation and shape retention, both of which are vital

for ensuring geometric stability in 3D-printed layers.
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Based on the rheological results of the thirteen mixtures and the interpretation provided, a
printable window can be identified. In that regard, the mixtures that were successfully extruded
without collapse or excessive deformation had a dynamic viscosity range of approximately 4.7 x
10° to 1.48 x 10* Pa-s, with the extremes being statistically significant (p < 0.001). This range
provides sufficient resistance to flow while maintaining pumpability. Yield stress values between
1.36 x 10% and 7.66 x 10?> N/m? were observed, and this range was also statistically significant (p
<0.001), providing enough cohesion to retain structural shape without causing excessive blockage
or requiring excessive extrusion pressure. Similar to other parameters, apparent strain values
remained below 0.295 rad across all mixtures, with the difference between the lowest (9.0 x 103
rad) and the highest value being significant (p < 0.001). Mixtures exceeding this strain threshold
are more susceptible to slumping or lateral deformation after printing. On the other hand, very high
yield stress values (e.g., >7.0 x 10> N/m?) or dynamic viscosities approaching 1.48 x 10* Pa‘s can
be associated with poor flow or increased risk of nozzle clogging. These findings provide a set of

rheological limits for a printable soil-based mortar mixture.
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Table 43. The viscosity limits of printable mixtures, with = standard deviation and COV in parentheses.

Sample Name

Dyn. Visc. (Pa-s)

Shear Stress (N/m?)

Yield stress (N/m?)

Strain (rad)

OF10P0.2W

0F20P0.2W

5F5P0.2W

5F10P0.2W

5F30P0.3W

10F5P0.2W

10F10P0.2W

10F30P0.3W

20F20P0.3W

1.370E+04 + 8.680E+02
(6.33E+00%)
1.340E+04 + 1.760E+03
(1.31E+01%)
8.470E+03 + 2.320E+03
(2.74E+01%)
1.230E+04 + 9.890E+02
(8.03E+00%)
1.020E+04 + 1.460E+03
(1.43E+01%)
1.480E+04 + 1.220E+03
(8.22E+00%)
1.420E+04 + 1.490E+03
(1.05E+01%)
4.700E+03 + 1.470E+03
(3.13E+01%)
7.300E+03 + 2.240E+03

(3.07E+01%)

3.410E+00 + 8.000E-01
(2.35E+01%)
4.200E+00 + 1.320E+00
(3.13E+01%)
1.350E+00 % 1.950E-01
(1.44E+01%)
4.170E+00 + 1.400E+00
(3.35E+01%)
2.820E+00 + 7.700E-01
(2.73E+01%)
4.180E+00 + 1.370E+00
(3.28E+01%)
4.280E+00 + 1.290E+00
(3.01E+01%)
8.460E-01 + 7.020E-02
(8.31E+00%)
1.270E+00 + 2.990E-01

(2.35E+01%)

5.860E+02 + 1.680E+00
(2.86E-01%)
7.590E+02 + 2.300E+01
(3.03E+00%)
2.030E+02 + 1.180E+00
(5.81E-01%)
7.620E+02 + 2.220E+01
(2.92E+00%)
4.980E+02 + 1.850E+00
(3.71E-01%)
7.610E+02 + 2.340E+01
(3.07E+00%)
7.660E+02 + 2.300E+01
(3.00E+00%)
1.360E+02 + 1.470E+00
(1.08E+00%)
1.950E+02 + 7.730E-01

(3.97E-01%)

1.740E-01 + 3.100E-02
(1.78E+01%)
2.490E-02 + 1.470E-03
(5.92E+00%)
2.950E-01 + 3.080E-02
(1.04E+01%)
2.110E-02 + 2.080E-03
(9.88E+00%)
2.410E-01 + 3.240E-02
(1.35E+01%)
1.210E-02 + 9.980E-04
(8.23E+00%)
9.020E-03 + 9.680E-04
(1.07E+01%)
2.790E-01 + 3.040E-02
(1.09E+01%)
2.520E-01 + 3.180E-02

(1.26E+01%)



LTC

20F30P0.3W

30F5P0.3W

30F10P0.3W

30F20P0.3W

1.190E+04 + 1.270E+03
(1.06E+01%)
1.040E+04 + 2.070E+03
(2.00E+01%)
5.180E+03 + 1.640E+03
(3.17E+01%)
1.080E+04 + 1.720E+03

(1.58E+01%)

2.170E+00 + 3.550E-01
(1.64E+01%)
1.440E+00 + 3.500E-01
(2.43E+01%)
9.730E-01 + 1.040E-01
(1.07E+01%)
1.930E+00 + 3.360E-01

(1.74E+01%)

3.390E+02 + 2.710E+00
(8.00E-01%)
2.020E+02 + 7.960E-01
(3.95E-01%)
1.580E+02 + 3.370E-01
(2.13E-01%)
3.000E+02 + 5.600E-+00

(1.87E+00%)

1.870E-01 + 2.910E-02
(1.55E+01%)
2.470E-01 + 3.240E-02
(1.31E+01%)
2.690E-01 + 3.190E-02
(1.19E+01%)
1.430E-01 + 2.460E-02

(1.72E+01%)

Table 44. The upper and lower limits of printable mixtures, + standard deviation and COV in parentheses.

Mix name

Dyn. Visc. (Pa.s)

Shear Stress (N/m?)

Yield stress (N/m?)

Apparent strain (Rad)

Upper range

Lower range

Average 0.2W

Average 0.3W

1.480E+04 + 1.220E+03
(8.22E+00%)

4.700E+03 + 1.470E+03
(3.13E+01%)

1.28E+04 + 2.28E+03
(1.54E+01%)

8.65E+03 + 2.90E+03
(6.17E+01%)

4.280E+00 + 1.290E+00
(3.01E+01%)

8.460E-01 % 7.020E-02
(8.31E+00%)

3.60E-+00 + 1.15E+00
(2.69E+01%)

1.64E+00 + 7.09E-01
(8.38E+01%)

7.660E+02 + 2.300E+01
(3.00E+00%)

1.360E+02 + 1.470E+00
(1.08E+00%)

6.40E+02 + 2.25E+02
(2.94E+01%)

2.61E+02 + 1.28E+02
(9.43E+01%)

2.950E-01 + 3.080E-02
(1.04E+01%)

9.020E-03 + 9.680E-04
(1.07E+01%)

8.95E-02 + 1.19E-01
(4.03E+01%)

2.31E-01 + 4.86E-02
(5.39E+02%)



8¢CC

Average 0% fly ash

Average 30% fly ash

Average 5% Portland cement

Average 30% Portland

cement

1.36E+04 + 2.00E+02
(1.56E+00%)

8.80E+03 + 3.14E+03
(3.64E+01%)

1.12E+04 + 3 .24E+03
(2.38E+01%)

8.94E+03 + 3.78E+03
(4.29E+01%)

3.81E+00 + 5.60E-01
(1.56E+01%)

1.45E+00 + 4.77E-01
(2.92E+01%)

2.32E+00 + 1.61E+00
(4.22E+01%)

1.95E+00 + 1.01E+00
(6.97E+01%)

6.73E+02 + 1.22E+02
(1.91E+01%)

2.20E+02 + 7.24E+01
(2.77E+01%)

3.89E+02 + 3.22E+02
(4.79E+01%)

3.24F+02 = 1.82E+02
(8.27E+01%)

9.96E-02 + 1.06E-01
(1.18E+02%)

2.20E-01 + 6.73E-02
(2.91E+01%)

1.85E-01 + 1.51E-01
(1.52E+02%)

2.35E-01 + 4.60E-02
(2.09E+01%)




6.4.3. Mechanical Properties

In this section, the compressive strength and anisotropic behavior of 3D-printed materials are

presented and discussed.

6.4.3.1. Compressive Strength

Figure 32 shows the compressive strength results of all mixtures tested for 7, 14, and 28 days.
At 7 days, the highest compressive strength was recorded for mixture 10F30P0.3W at 8.3 = 0.7
MPa (COV = 8.4%), followed by 20F30P0.3W with 6.4 + 0.12 MPa (COV = 1.9%, p = 0.000 vs
10F30P0.3W), and OF20P0.2W with 6.1 £ 0.75 MPa (COV = 12.3%, p = 0.001 vs 10F30P0.3W).
The lowest strength was obtained for mixture 10F5P0.2W at 0.8 £ 0.05 MPa (COV = 6.3%), which
was lower than the mixture with 0% fly ash and 10% cement (OF10P0.2W) at 1.8 + 0.36 MPa
(COV = 20.0%, p = 0.003). The lower strength of 10F5P0.2W shows insufficient early-age

hydration, probably due to the higher overall soil and fly ash content in the mixtures.

On the 14th day, the strengths improved considerably among all mixtures. 20F30P0.3W
achieved the highest average strength at 9.5 + 0.37 MPa (with a COV = 3.9%), followed closely
by 0F20P0.2W at 8.9 + 0.69 MPa (with a COV = 7.8%), with their difference not being significant
(p = 0.137). Here again, the addition of fly ash has retarded the mixture’s strength gain, as
0F20P0.2W showed higher values than 5F30P0.3W (p = 0.001) and 10F5P0.2W (p < 0.001).
Mixture SF30P0.3W also showed lower performance with 6.6 + 0.85 MPa (and a COV = 12.9%),
probably due to higher water content (0.3W) and the presence of 5% fly ash. The lowest strength
at this age remained with 10F10P0.2W (with 0.9 = 0.02 MPa, and a COV = 2.3%) and then

10F5P0.2W (with 1.0 = 0.07 MPa, COV = 7.2%, and p= 0.021), both of which were significantly
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lower than OF10P0.2W (p < 0.001). These results highlight that, for a given w/s ratio, the addition
of fly ash and low-cement blends (e.g., 10F5P0.2W) shows very limited hydration at early stages.
Previous studies (e.g., [353], [354]) reported similar performance and attributed it to a lack of
calcium availability for pozzolanic reactions. It can also originate from the heterogeneity of soil
particles, whose chemical composition and surface texture can significantly alter the bindability

with the interfacial transition zone (ITZ) of different particles.

At 28 days, the highest strength was recorded for 20F30P0.3W at 11.2 + 0.42 MPa (with a
COV =3.8%), which was comparable to 0F20P0.2W (at 10.8 £ 0.91 MPa, COV =8.4%, p=0.431,
not significant) and 10F30P0.3W at 10.1 = 0.89 MPa (with COV = 8.8%, p = 0.013), where no
significant differences were observed between the latter two (p = 0.277). In contrast, mixtures with
low binder content, such as 10F10P0.2W (1.0 + 0.05 MPa) and 10F5P0.2W (1.3 +0.11 MPa, p =
0.001), remained weaker than all other mixtures (p <0.001), which is aligned with previous studies
(e.g., [355]) noted that fly ash alone cannot compensate for low cement content in at least early

strength development.

In general, a few noteworthy trends are evident in the results. First, mixtures with a 0.3 w/s
ratio exhibited higher long-term strengths compared to their counterparts with a 0.2 w/s ratio. The
average 28-day strength of 0.3W mixtures was 6.6 MPa, compared to 3.3 MPa for 0.2W mixtures,
and this difference was statistically significant (p < 0.001). This may be due to internal curing by
the soil particles, which absorb moisture during the initial stages of curing. Second, fly ash content
generally reduced the strength values. For instance, at 28 days, mixtures with 30% fly ash achieved

an average strength of 3.5 MPa, whereas mixtures with 0% fly ash averaged 6.8 MPa; however,
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this difference was not statistically significant (p = 0.071). At 7 days, the reduction was more
evident, with mixtures containing 30% fly ash averaging 2.43 MPa, compared to 3.95 MPa for 0%

fly ash mixtures, with p=0.055.

Lastly, as expected, cement dosage remained a primary determinant of strength. Mixtures with
30% cement achieved an average compressive strength of 9.8 MPa at 28 days, outperforming 5%
cement mixtures by 1.4 MPa, and this difference was statistically significant (p <0.001). However,
there are notable exceptions. For instance, the 0F20P0.2W mixture, which contained no fly ash
and only 20% cement, reached a 28-day strength of 10.8 MPa + 0.91 MPa and COV = 8.5%. This
strength is particularly higher than that of the mixture with 30% cement and 5% fly ash
(5F30P0.3W), with 8.0 = 1.0 and CO = 12.4%, p = 0.001. Such results highlight some important
aspects of 3D-printed mixtures: (a) flow properties can significantly impact the optimum results

that are achieved, and (b) printing defects and non-linearities can impact the results substantially.
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Figure 32. Compressive strength, including the 7, 14, and 28-day cured samples with (a)
including 0F10P0.2W, 0F20P0.2W, 5F5P0.2W, 5SF10P0.2W, and SF30P0.3W, (b)10F5P0.2W,
10F10P0.2W, 10F30P0.3W, 20F20P0.3W, and 20F30P0.3W, and (c) 30F5P0.3W,
30F10P0.3W, 30F20P0.3W.

6.4.3.2. Anisotropic Behavior

Figure 33 shows the directions in which the samples were tested, including (a) printing
direction, and (b) perpendicular to the printing direction. Given the presence of this interlayer, its
influence on load transfer and failure behavior becomes an important consideration. In 3D-printed
materials, the interface between layers is often the weakest plane, and its orientation relative to the
applied load can significantly affect stiffness, cracking patterns, and peak strength. Owing to the
small size of the 50-mm cubes, each specimen consisted of only two printed layers, producing one
interlayer positioned approximately at mid-depth. Figure 34 shows the 28-day cured compressive

strength of cubic samples tested in the two mentioned directions. Based on the figure, the highest
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compressive strength is achieved in the perpendicular to printing direction is mixture 20F30P0.3W
with an average of 5.8+0.22 MPa and a COV =3.7%. This is followed by 20F20P0.3W with
4.440.16 MPa (and a COV =3.6% and p = 0.000). These mixtures had a high fly ash and cement
content, along with a 0.3 w/s ratio. In contrast, the lowest compressive strengths were recorded in
mixtures 10F5P0.2W and 10F10P0.2W, both with 0.8 £0.08 MPa (and a COV =9.5% and 8.9%,
respectively). However, the pairwise statistical comparison of these two mixtures was not
significant (p = 0.823). These mixtures had a lower total binder content and a reduced w/s ratio of
0.2, which might have increased their variability due to the difficulty in mixing. Similarly, when
mixtures are averaged by w/s ratio, 0.3 w/s mixtures outperformed the 0.2 w/s mixtures in terms
of compressive strength in both printing direction and perpendicular to printing direction. For
instance, the average strength for 0.3 w/s in the printing direction was 6.6 MPa, which can be
compared to 3.3 MPa for 0.2W mixtures, with p = 0.000. In terms of perpendicular to printing
direction, these values change to 3.6 MPa for 0.3 w/s mixtures and 1.6 MPa for 0.2 w/s mixtures,
which were again statistically significant with p = 0.000. This is similar to the previous section in

that a higher w/s ratio in the mixtures has increased the long-term strength values.

In terms of fly ash, mixtures with 30% fly ash recorded perpendicular to printing direction
average strength of 2.4 MPa, as compared to 2.9 MPa for mixtures with 0% fly ash (with p =
0.233). These numbers compare to the printing direction of 3.5 MPa and 6.8 MPa for 30% and 0%
fly ash mixtures, respectively, with a p-value of 0.071. This is an interesting result that shows the
fly ash particles have performed differently in different directions, and is clearly confirmed by
statistical tests. This phenomenon might have originated from the segregation of particles during

printing, where the fly ash particles are concentrated at the top or bottom of the layers, leading to
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directional variability in interfacial bonding. Given the finer particle size and spherical
morphology of fly ash, it is possible that during extrusion, the fly ash particles migrated
preferentially along the layer interfaces or toward the outer zones of the filament. This could
enhance flowability and packing in one direction while disrupting the uniformity of interlayer
bonding in the perpendicular direction. As a result, mixtures with higher fly ash content may
exhibit improved performance along the printing path due to better cohesion and reduced voids,

while simultaneously suffering from weaker interlayer adhesion across printed layers

Another trend observed across all mixtures is that samples tested in the printing direction
developed significantly higher strength than those tested perpendicular to the printing direction.
These results are also consistent with the failure modes shown in Figure 34 (d) and (e), where the
direction of the layers has been defined by the failure modes. It also highlights the significance of
printing parameters in directional strength development, probably caused by the difference in the

pore characteristics of interlayer regions, as discussed by previous studies [356], [357], [358].
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Figure 33. Clarifying the directions for testing samples.
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Figure 34. Compressive strength of cubes in two different directions, including the 28-day
cured samples with (a) including OF10P0.2W, 0F20P0.2W, 5F5P0.2W, 5F10P0.2W, and
5F30P0.3W, (b)10F5P0.2W, 10F10P0.2W, 10F30P0.3W, 20F20P0.3W, and 20F30P0.3W, (c)
30F5P0.3W, 30F10P0.3W, 30F20P0.3W, (d) failure mode in printing direction, and (e) failure

mode in perpendicular to printing direction.

6.4.4. LCA Results

Table 45 presents the results of LCA with the strength factor, scaling the wall’s thickness to
an equivalent 28-day compressive strength of 17.24 MPa (or 2500 psi). This approach ensures that
the comparisons reflect not only the material input but also the mechanical performance of each
mixture in practice [155], [156]. All values reported in the table are after being adjusted using a
strength correction factor. In terms of GWP, mixture 0F20P0.2W showed the lowest emissions,
with a corrected value of 389.1 kg CO: eq. Followed by that, 20F30P0.3W, with 464.5 kg CO: eq,
and then 10F30P0.3W with 537.7 kg CO: eq. In contrast, mixture 10F10P0.2W showed the highest
GWP at 2017.0 kg CO: eq. This significant variation across mixtures highlights the importance of

balancing binder content with mechanical performance. High-binder mixtures with poor strength-
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to-material ratios can dramatically increase environmental burdens when the structural

performance is considered.

Similar trends were observed for TEC. Mixtures 0F20P0.2W consumed the least energy at
2020.9 MJ, followed by 20F30P0.3W and then 10F30P0.3W with 2306.5MJ and 2666.9 MJ,
respectively. Mixture 10F10P0.2W recorded the highest energy demand at 10305.6 MJ, similar to
GWP. These results reinforce that energy impacts are not only dependent on the quantities of

cement or fly ash, but also on how efficiently the mixture performs structurally.

With respect to smog formation, the most favorable results were again observed in
0F20P0.2W, with 16.5kg SO: eq, and then for 30F5P0.3W, with 17.6kg SO. eq. Mixture
10F10P0.2W showed the highest impact in this category as well, with 88.2 kg SO: eq. The same
trend can be observed for acidification, especially in 0F20P0.2W and 20F30P0.3W, which
performed best with 0.8 and 0.9 kg SO: eq, respectively, while 10F10P0.2W again had the largest

impact at 4.3 kg SO: eq.

In general, these results suggest that mixtures with moderate binder content and optimized w/s
ratios can meet structural demands while minimizing environmental impact. In contrast, mixtures
that use relatively high binder content without reasonable strength development (e.g.,

10F10P0.2W) have led to substantially higher impacts across all categories.

Table 45. Result of LCA per functional unit of 1 m (height) X 1 m (length) wall with a variable

width (per strength) with the strength-normalization factor.
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GWP (kg COzeq/ Smog formation Acidification (kg
TEC (MJ /17.24

Mixture name 17.24 MPa MPa compressive (kg SOz2eq/17.24 SOzeq/17.24
compressive MPa compressive MPa compressive
strength) strength) strength) strength)

0F10P0.2W 761.7 3862.2 32.6 1.6
0F20P0.2W 389.1 2020.9 16.5 0.8

SF5P0.2W 920.8 5856.2 60.9 2.5
S5F10P0.2W 801.2 4633.2 429 1.9
5F30P0.3W 710.6 3797.9 31.2 1.5
10F5P0.2W 846.5 4708.5 46.2 2.0
10F10P0.2W 2017.0 10305.6 88.2 43
10F30P0.3W 537.7 2666.9 20.4 1.1
20F20P0.3W 551.9 2761.1 21.7 1.1
20F30P0.3W 464.5 2306.5 21.7 0.9
30F5P0.3W 580.5 3114.9 17.6 1.3
30F10P0.3W 607.8 3119.5 26.2 1.3
30F20P0.3W 556.0 2787.2 21.8 1.1

The cradle-to-gate life cycle impacts of all 13 mixtures without the strength normalization are
presented in Table 46. When evaluated on a constant-volume basis (Table 45), the environmental
burdens of all mixtures remained relatively low since the wall geometry and material volume were
fixed at 0.1 m thickness, independent of strength. Under this unnormalized condition, the impacts
primarily reflect differences in mixture composition, namely, the proportions of Portland cement,
fly ash, and w/s ratios, rather than structural performance. In terms of GWP, mixture 30F5P0.3W
exhibited the lowest emissions (5.25 kg CO: eq), followed closely by SF5P0.2W (7.04 kg CO: eq)
and 10F5P0.2W (7.48 kg CO: eq). These mixtures contain reduced cement content and a relatively

high proportion of supplementary materials, such as fly ash, which substantially decrease the
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clinker-related CO: footprint. Conversely, mixtures with higher binder contents (e.g., high
Portland cement), resulted in higher impacts. For example, 0F20P0.2W (24.34 kg CO- eq) and
5F30P0.3W (32.96 kg CO: eq) recorded among the highest emissions, largely attributable to the

increased embodied energy of Portland cement and the higher mass of binder per cubic meter.

Similar patterns were observed across the other environmental categories. TEC followed the
same ranking, with 30F5P0.3W again achieving the lowest energy demand (28.19 MJ), while
mixtures with greater cement usage showed higher values, reaching up to 176.16 MJ for
5F30P0.3W. Smog formation and acidification potential displayed proportional increases with
binder content, since these impacts are strongly associated with the upstream energy intensity and

emissions from cement production.

In general, the unnormalized analysis emphasizes the dominant influence of binder content and
activator chemistry on environmental performance per unit volume. Mixtures rich in fly ash or
with reduced Portland cement concentration demonstrate the most favorable environmental
outcomes. However, this assessment does not account for mechanical performance differences,
meaning that mixtures appearing environmentally advantageous here may not necessarily achieve
sufficient strength for structural applications. As a result, the fixed-volume evaluation represents
a material-efficiency snapshot rather than a true functional comparison, serving as a baseline

before integrating strength-based normalization in the subsequent analysis.

As a result, the comparison between Table 45 and Table 46 highlights the importance of

integrating mechanical performance into environmental assessments. When impacts are expressed
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per fixed wall volume and hardened densities, mixtures with low binder content appear highly
sustainable. However, when the same mixtures are scaled to provide equivalent structural strength,
their apparent environmental advantage diminishes or disappears entirely. In contrast, mixtures
that develop higher compressive strength per unit of binder retain their low-impact ranking under

both evaluation methods, confirming their superior strength-to-impact efficiency.

For 3D-printed construction, where structural integrity is critical, the strength-normalized
results provide a more realistic representation of sustainability. They demonstrate that binder
optimization should aim not only to minimize material emissions but also to ensure sufficient load-
bearing capacity, as under-performing mixtures will ultimately require more material and energy
to achieve equivalent performance. Accordingly, 0F20P0.2W and 20F30P0.3W emerge as the
most balanced and sustainable formulations across both functional-unit definitions. The fact that
0F20P0.2W is an outperforming mixture is even more interesting, which shows that it is possible

to 3D print soil-based cementitious components without even relying on fly ash at all.

Table 46. Results of LCA on all mixtures without the strength-normalization per functional unit

of 1 m (height) x 1 m (length) wall with a width of 0.1 m.

Mixture name GWP (kg CO2 g) TEC (MJ) Smog formation Acidification (kg
(kg SOz eq) S0: eq)
0F10P0.2W 12.55 63.62 0.54 0.03
0F20P0.2W 24.34 126.41 1.03 0.05
5F5P0.2W 7.04 44.79 0.47 0.02
5F10P0.2W 12.81 74.09 0.69 0.03
5F30P0.3W 32.96 176.16 1.45 0.07
10F5P0.2W 7.48 51.78 0.55 0.02

242



10F10P0.2W 11.56 59.06 0.51 0.02

10F30P0.3W 31.56 156.54 1.20 0.06
20F20P0.3W 20.88 104.44 0.82 0.04
20F30P0.3W 30.08 149.36 0.82 0.06
30F5P0.3W 5.25 28.19 1.14 0.01
30F10P0.3W 10.23 52.50 0.44 0.02
30F20P0.3W 19.85 99.52 0.78 0.04

Figure 35 presents the component-level contributions of each material and each mixture to the
four environmental impact categories for all 3D-printed mixtures. In general, Portland cement
remains the main contributor (often over 90%) in all mixtures and impact categories. This trend
confirms that the environmental impacts of these earth-based systems are strongly tied to cement

content in the mixtures.

Another interesting finding is the effect of using fly ash. Based on the figures, fly ash becomes
a more prominent contributor in mixtures with higher replacement levels and higher w/s ratios.
For example, in mixtures, such as 30F10P0.3W and 30F20P0.3W, fly ash contributes significantly
to smog formation and total energy use. This is largely attributed to its transportation-related
emissions, which remain substantial, even though fly ash is considered a byproduct material in this
study. The transportation burden of fly ash is particularly apparent in GWP and total energy results,
where its contribution grows in direct proportion to its dosage. Following the impacts of cement
and fly ash, the soil’s impact is the third most intense, but considerably less than those of the other
two. Nevertheless, its role becomes slightly more pronounced in lower-binder-content systems
such as OF20P0.2W and 10F5P0.2W, where the reduced cement or fly ash content elevates the
proportional impact of soil.
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In general, these findings highlight that Portland cement content remains the principal driver
of environmental impacts in soil-based 3D-printed mortars. Cement is followed by fly ash in cases
where its content is substantial. Soil plays a passive yet stabilizing role, while water has a

negligible influence.

a) 100% OFL0P0.2W b )100% O0F20P0.2W

80% 80%
g 60% g 060%
B 2
T’E 40% r’E 40%
s £
© ]

20% 0%,

0% 0%
Walter Fly ash ¥ OPC Soil Water Fly ash ¥ OpPC Soil
C) 100% SESP0.ZW d) 100% SFLOPO.2W

80% - 0% F
g 60% - g 60% -
E] E]
T’E 40% T’E 40%
g g
© 5]

20% | 200 |

0% 0%
Lot ol - N} Aot ol - )
”'\\"‘bm @,\\\\“v ) a“"‘\ \5\)9\ »K\C‘b{\n P o5 ) %‘@K\ . =
po® o e e p . & e
o o ﬁc‘,}\, oW s . &
Water Fly ash ¥ QPC Soil Water Fly ash ¥ QPC Soil

244




SF30P0.3W

10F5P0.2W

e) 100% 1) 100%
0% 0% -
g 60% g 60% -
El El
TE 40% ‘E 40%
3 3
© <
20% 20% |-
0% 0%
Aot o ot N
}K\@i\n o ) 6‘@‘@ &
o o & et
e 2 '(c"}\

Waler Fly ash ¥ OPC Soil Waler Fly ash ¥ OPC Soil

100% LOFLOPO.ZW h) LOF30P0.3W
8 )
80% 0%
= =
< =
g 60% - g 60%
El El
TE 40% ﬁ 40%
8 8
© ©
20% |- 20%
0% 0%
Lo ol L o N
. »&\@i\n Q,«a\"‘\\“ . S 5*3\56&
p® o o oF
o o '(c"}\
Waler Fly ash ¥ OPC Soil Waler Fly ash ¥ OPC Soil
i) 100% 20°20P0. 30 j) — 20F30P0.3W
80% - 0% -
= =
< =
g 60% - g 60% -
El El
TE 40% ﬁ 40%
8 8
© ©
20% |- 208 |
0% 0%
Qo™ aed oo™ ] Qo™ o (™ ]
_&r‘\g&g\“ \Q@,\\\\“ . el - \5\;& .5\’\\"’%{\“ . ﬁ\ i ,-‘D&‘%“a " \56‘,\\
il = A fon-2
e 6\6% Q}\xo?s < ‘&@o 9 6\6& C}\\o?s <8 "}\ep
Waler Fly ash ¥ OPC Soil Waler Fly ash ¥ OPC Soil

245



30F5P0.3W

k) 100% l) 100% 30F10P0.3W
80% 0%
= / . ”
< =
g 60% g 60%
2 E
T’E 40% F’E 40%
8 8
© ©
20% 20%
0% 0%
oot el o ) o o ot )
S 0 i Aot oo L
\b{x\c‘b @ qm\’\‘ ?}D&\% - o c \&K\c‘b ‘c.b\‘“ﬁ\ﬂ ?}D o - o &
B ow o < DY a9 oo < e
D0 N i EEEE S - L
Waler Fly ash ¥ OPC Soil Waler Fly ash ¥ PC Soil
)100% 30F20P0.3W
80%
=
3=
g 60%
3
r’E 40%
g
()
20%
0%

Waler Fly ash F OpC Soil

Figure 35. Comparison of the relative contributions from different components to the different
environmental impact categories of: (a) 0F10P0.2W, (b) 0F20P0.2W, (c) 5F5P0.2W, (d)
SF10P0.2W, (e) SF30P0.3W, (f) 10F5P0.2W, (g) 10F10P0.2W, (h) 10F30P0.3W, (i)
20F20P0.3W, (j) 20F30P0.3W, (k) 30F5P0.3W, (1) 30F10P0.3W, and (m) 30F20P0.3W.

6.5. Conclusion

246



This study evaluated the printability of approximately 100 soil-based cementitious mixtures
and identified 13 that were successfully printable across varying proportions of Portland cement
(5-30%), fly ash (Class F; 0-30%), and water-to-solid ratios (w/s; 0.1-0.4). All mixtures were
produced without chemical admixtures, allowing the effects of raw material proportions to be
isolated. The printable mixtures were then examined through a comprehensive set of fresh-state
and hardened-state tests. In particular, their rheological properties were characterized in depth to
establish practical printability thresholds for yield stress, dynamic viscosity, and shear stress.
These thresholds provide a reference that can guide the development of sustainable, soil-based 3D-
printed mixtures without reliance on admixtures or printer-specific tuning (e.g., nozzle-dependent
adjustments). The results demonstrate that mixture proportioning plays a decisive role in both the
fresh behavior and mechanical performance of 3D-printed materials. Based on the results

presented and discussed, the following conclusions are made:

e In terms of fresh properties, mixtures with a 0.3 w/s ratio generally showed an improved
flowability, with flow table spread reaching 186.0 mm, as compared to mixtures with 0.2W
with 175.3 mm. Similarly, the inclusion of fly ash has increased the average spread
diameter (from 174.5 mm to 191.3 mm, p = 0.034), while an increase in fly ash content
from 0% to 30% has increased the flow from 174.5 mm to 191.3 mm, with p = 0.068,
respectively. Unlike fly ash inclusion, when the cement content increased from 10% to
30%, it reduced the flow values from 183.6 mm to 175.67 mm, with p=0.676. The average
density values were also reduced when the w/s ratio or fly ash content was increased within
the mixtures. pH values remained consistently alkaline with minor variations across

different mixtures.
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In terms of printability limits, (a) dynamic viscosity (to show materials' resistance to flow
or shape retention), (b) shear stress (to show nozzle clogging potential), and (c) yield point
(to show flow initiation), were established to provide a printable range for sustainable, soil-
based mixtures. Results outlined that an upper and lower range of: (a) 1.480E+04 =+
1.220E+03 (with COV=8.22E+00%) Pas to 4.700E+03 + 1.470E+03 (with
COV=3.13E+01%) Pa.s for dynamic viscosity, (b) 4.280E+00 + 1.290E+00 N/m?
(COV=3.01E+01%) to 8.460E-01 + 7.020E-02 N/m? (COV=8.31E+00%) for shear stress,
and (c) 7.660E+02 + 2.300E+01 (COV=3.00E+00%) N/m? to 1.360E+02 + 1.470E+00
(COV=1.08E+00%) N/m? for yield stress is required. In general, an increase in the w/s
ratio tends to reduce dynamic viscosity, shear, and yield (due to reduced particle friction).
Similarly, an increase in fly ash content tends to reduce these parameters (due to its
spherical shape and lower interparticle friction). It is important to note that the rheological
boundaries identified in this study were not dependent on the nozzle diameter of the 3D
printer, indicating that they represent material-level thresholds rather than printer-specific

settings.

Compressive strength results showed that, in general, higher binder content leads to higher
strength values; for instance, mixture 20F30P0.3W achieved the highest 28-day strength at
11.2+0.42 MPa (with COV =3.8%). It was followed by 0F20P0.2W at 10.8 + 0.91 MPa
(with p=0.431). There were, however, a few exceptions, such as cases where a high cement
and high fly ash content was included in the mixtures (e.g., 20F20P0.3W, as opposed to

0F20P0.2W, with p = 0.000). Such results highlight some important aspects of 3D-printed

248



mixtures: (a) flow properties can significantly impact the optimum results that are
achieved, and (b) printing defects and non-linearities can impact the mechanical results
substantially. In contrast, mixtures with low cement and high fly ash, such as 10F10P0.2W
and 10F5P0.2W (p = 0.001), failed to exceed 1.3 MPa after 28 days, likely due to
insufficient hydration. Notably, a higher w/s led to a higher strength value (e.g., 6.63 MPa
for 0.3W mixtures, as opposed to 3.32 MPa for 0.2 w/s, p = 0.000). Fly ash content also
reduced early and long-term (28-day) strength; for example, on average, 30% fly ash

mixtures averaged 3.5 MPa, while 0% fly ash mixtures reached 6.8 MPa, with p=0.071.

Anisotropic strength behavior was also evident across all samples and mixture proportions.
In this study, each cube contained two printed layers, resulting in a single interlayer located
near mid-height. In all mixtures, the strength along the printing direction was consistently
higher than that in the perpendicular direction, averaging 5.1 MPa, while the perpendicular
direction averaged only 2.7 MPa. Results highlighted the defining impact of interlayers on
strength and failure mode, as well as the importance of improved material dispersion to
reduce anisotropic behavior. This was particularly evident in mixtures with 0.3W, where
stronger values were achieved in both directions compared to their 0.2W counterparts.
Additionally, the directional difference was linked to interlayer bonding quality and
possible segregation of fly ash particles during extrusion. This was especially evident in
fly ash-rich mixtures, where the difference between printing and perpendicular strengths

widened, likely due to the segregation of fly ash particles during printing deposition.
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Life-cycle assessment of 3D-printed mixtures showed that both the composition and
mechanical performance govern sustainability. On a fixed-volume basis, mixtures with
lower cement content and moderate fly-ash replacement showed the lowest embodied
impacts, confirming the dominant influence of cement on total emissions. When results
were normalized to a target compressive strength of 17.24 MPa, low-strength mixtures lost
their apparent environmental advantage, while 0F20P0.2W and 20F30P0.3W remained the
most efficient, demonstrating superior strength-to-impact ratios. In terms of material
contributions, cement accounted for 85-90% of all impacts, with soil playing a minor role.
These findings show that sustainable 3D-printed earthen materials require not only reduced
binder content but also an optimized mixture design, enabling structurally sound

components even without fly ash.
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7. Conclusions and Recommendations for Future Work

This chapter summarizes the key findings discussed in chapters three through six.
Recommendations for future work in the area of 3D printing of cementitious materials are also

outlined.

7.1, Conclusions

In chapter 3, Compressed and Stabilized Alkali-activated Earth Blocks (CSAEBs) are
developed using different precursors and alkaline activators. CSAEBs are developed as an
alternative to ordinary Portland cement stabilized compressed earth blocks (CSEBs). Glass
powder, coal fly ash class F, and class C are used as precursors, while sodium silicate and sodium
hydroxide are used as the main activators. Seven mixtures are developed, including one with
Portland cement and three with each activator. The mixtures are then tested for physical,
mechanical, durability, and environmental performance (through Life Cycle Analysis (LCA)).
Results show that (a) sodium hydroxide with a molarity of 3.0 with a pH of 12.37 can surpass
premixed 40:60 (sodium silicate to water) with a pH of 10.8 by a rate of approximately four times
higher compressive strength values, and (b) LCA results show sodium silicate mixtures averaged
GWP of 118.2 kg CO»-eq, compared to 103.9 kg CO»-eq for sodium hydroxide mixtures. After
strength-normalization (for a compressive strength of 17.23 MPa), sodium silicate systems showed
much higher GWP (average of 374.1 kg CO»-eq), whereas sodium-hydroxide mixtures were
lowest (74.83 kg COz-eq). This shift highlights the engineering significance of performance-based

metrics: mixtures that seem environmentally promising per kilogram may be poor choices when
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evaluated per unit strength. Performance-normalized impacts, therefore, enable more reliable,

structurally relevant material selection.

In chapter 4, the properties of ordinary and geopolymer soil-based 3D-printed components are
compared to those of ordinary and geopolymer mortars. To do this, four extrusion-based 3D-
printed mixtures, using PC- and geopolymer-based binder systems, and two filler types (processed
sand and natural low-plasticity silt), were designed and compared. Fresh, mechanical, and
microstructural properties were then assessed alongside a cradle-to-gate LCA. The results show
that (a) soil-based mixtures can perform similarly to ordinary mixtures in terms of mechanical
properties (e.g., compressive strength at 28 day of 6.7-15.8 MPa for soil-based and 13.86-15.1
MPa for sand-based), yet result in a mixture with a higher degree of heterogeneity, (b) soil-based
samples are prone to stronger anisotropic behavior (e.g., with strength in printing direction being
6.48 £ 0.94 MPa, and 5.94 + 0.94 MPa in perpendicular to printing direction with p<0.05), (c) LCA
results showed notable GWP reductions, with sodium-hydroxide mixtures averaging 103.9 kg
CO:z-eq (mass-based) and 74.8 kg CO»-eq (strength-normalized, compressive strength of 15 MPa),
whereas sodium-silicate systems increased from 118.2 to 374.1 kg CO:-eq after strength
adjustment, and (d) strengths developed using soil-based materials, are consistent with those used
for masonry units and low-rise construction, making the materials suitable for non-load-bearing or
lightly loaded applications, such as infill walls, partitions, printed panels, and small structural

modules, particularly in contexts where locally sourced materials are preferred.

In chapter 5, the influence of different specimen fabrication methods, including coring, cutting,

and mold casting with either rodding or vibration, is evaluated. A total of 670 specimens are
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prepared using each fabrication method across both soil- and sand-based mixtures and tested for
their mechanical, physical, and mechanical properties. The results indicate statistically significant
differences in the tested properties, depending on the preparation method. 3D printing mixtures
are found to be more prone to particle segregation and settlement due to the heavy use of finer
materials. The fabrication method strongly influenced the compressive strength values, with
differences of 29-46% for cubes and 109-136% for cylinders cured for 28 days. Soil-based
mixtures showed lower variability than sand-based ones, while vibration produced the highest
strengths (up to 22.8 MPa). However, segregation reduced early-age performance at longer
vibration times. Overall, coring and cutting-to-size yielded the most reliable mechanical results.
The study also highlights common issues and expectations in printing and sampling procedures
and highlights the differences between 3D-printed mixtures and ordinary mortars, ranging from

demolding time to the effects of preparation on final properties.

In chapter 6, the rheological boundaries for the printability of low-cement and low-fly ash,
soil-based 3D printing mixtures are determined. To do this, over 100 mixture combinations are
studied, including a variety of cement and fly ash content, as well as water-to-solid ratios. Based
on the mixtures' ability to continuously flow from the nozzle and build on one another, 13 mixtures
are deemed printable and are then tested for yield stress, dynamic viscosity, and shear stress. In
the study, (a) printable limits are established as 4.7x10% to 1.48x10* Pa-s for dynamic viscosity,
1.36x10% to 7.66x10* N/m? for yield stress, and 8.46x107! to 4.28 N/m? for shear stress. All
mixtures are produced without the use of chemical admixtures, and these thresholds are correlated
with mechanical performance and life-cycle impacts, (b) strength-normalized LCA showed large

differences among mixtures, correlated to the developed compressive strengths values, with GWP
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impacts ranging from 389-2017 kg CO» eq, total energy consumption (TEC) from 2021-10306
MJ, smog from 16.5-88.2 kg O3 eq, and acidification from 0.8-4.3 kg SO» eq per functional wall,
and (c) anisotropic behavior of low-cement and low-fly ash mixture is found to be significantly
influenced by rheology and its impacts (such as interlayer defects and particle segregation), on the

hardened state properties.

7.2, Limitations and Constraints of the Research

Despite the breadth of the investigations conducted in this dissertation, several limitations
and constraints should be acknowledged to guide the interpretation of the results and inform future

work.

First, the experimental program relied heavily on the materials, equipment, and analytical
tools available at the time of testing. This includes the testing equipment that was calibrated a few
years prior to the testing program. Also, the natural soil used in multiple phases of this research
was not available for retesting with a hydrometer, and its characterization was performed using
different methods commonly used for construction sand materials. This means that the soil’s clay-
sized and silt-sized fractions were not captured with the same fidelity as a full ASTM D422-type
analysis. Because soil particles vary widely in mineralogy, shape, and grading, the soil used here
represents only one possible material type. Different soils may exhibit very different rheological,
mechanical, and environmental behavior, and therefore, the findings of this dissertation should not
be generalized to all soils or testing equipment without further validation. As a result, discrepancies
in particle-size distributions were unavoidable, reflecting both methodological differences and the
inherent heterogeneity of natural soils. Similarly, mixture preparation and compaction were
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constrained by the lack of specialized 3D-printing testing standards. All samples were produced
according to ASTM procedures; however, these tests were originally developed for conventional
mortars and concrete rather than for highly thixotropic, buildable, soil-rich mixtures.
Consequently, to keep the COV consistent, all extrusion was done in one single day per chapter.
Different crew members or timing in extrusion were found to cause significant variation in the
results during the trial phases of the work. Also, sampling methods (coring, cutting, rodding, and
vibration) introduced unavoidable biases that reflect practical field conditions but limit direct

comparison with traditional concrete data.

Second, the rheology-based printability framework was developed using mixtures prepared
without chemical admixtures and cured under ambient conditions (~50% relative humidity). While
this allows broader applicability in low-resource settings, it limits the generalization of rheological
thresholds to systems that use superplasticizers, accelerators, retarders, or controlled-curing
environments. The printability limits were also derived from mixtures aimed to be extruded
through a single nozzle geometry and equipment, meaning that nozzle-size effects, pumping

pressures, layer dimensions, and subsequently layers’ interface impacts were not fully explored.

Third, the mechanical and microstructural properties were evaluated using relatively small
specimens (50-mm cubes and 76.2x152.4-mm cylinders), which, especially in soil-based and fly-
ash-rich systems, can be highly sensitive to moisture gradients, segregation tendencies, and local
heterogeneities. This contributed to the unusually high cylinder-to-cube strength ratios observed

at later ages (up to ~2.0), a behavior likely influenced by geometric effects, internal curing
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differences, and layer-induced compaction gradients. These findings are accurate for the tested

geometries but should not be assumed universal for all printed components.

Finally, the LCA results are bounded by cradle-to-gate assumptions, US-based supply-
chain distances, and the adopted strength-normalization methods. Upstream processes for
secondary materials such as fly ash were modeled based on current databases, whereas glass
grinding energy was explicitly calculated from Rittinger’s law (from 4 mm to 0.1 mm only). These
assumptions, while transparent and reasonable, introduce uncertainties when considering global
deployment scenarios or alternative manufacturing pathways. This is particularly important as the
environmental burden of activators can vary significantly depending on their source. As the results
showed, sodium hydroxide and sodium silicate carry substantial embodied energy, underscoring
the need to explore sustainable or naturally derived alkaline activators. Such low-carbon
alternatives have the potential to reduce environmental impacts while maintaining, or even

improving, mechanical performance.

As aresult, while the results provide a robust foundation for the development of soil-based,
alkali-activated, and low-binder 3D-printed materials, these limitations underscore that soil
behavior is highly site-specific and can vary significantly. Activator impacts also vary widely, and
standardized testing methods for 3D-printed geomaterials remain underdeveloped. Broader
material sources, improved soil characterization protocols, alternative activators, and expanded

LCA boundaries will be essential for future advancements in this field.

7.3. Future Research Work
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Based on the findings of this dissertation, the following directions are proposed for future research:

Extend the development and testing of CSAEBs to provide optimum mixture ratios per
grain size and clay content, as well as the mixture’s overall pH levels. The two are
particularly important in optimum compaction and strength development, especially since
soil particles vary widely in shape, size, and mineralogy, which makes achieving uniform

packing and bonding more challenging.

Investigate designing direction-specific fabrication of 3D-printed components based on the
level of anisotropic behavior and loading conditions, and develop standardized factors for
converting strength values depending on the direction and sampling method of 3D-printed

components.

Investigate long-term thermal and durability performance of soil-based and alkali-activated
mixtures under real environmental exposures. This may include thermal conductivity,
diffusivity, and specific heat for thermal performance and freeze-thaw, wet-dry, and

chemical attack cycles for durability performance.

Explore automated mixture proportioning and in-line rheology control systems to adapt
soil-based 3D-printing mixtures in real time during production. In doing so, a controlling
algorithm or automated dispensing system can be developed to measure the binder, water,

aggregate, and admixture qualities during the 3D printing process.
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