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Preface

Welcome to the second edition of the Special Issue on Geomaterials: Latest Advances in Materials
for Construction and Engineering Applications. It has been a privilege to once again serve as the
Guest Editor for this collection, which confirms the growing scientific and technological interest in
geomaterials and their essential role in addressing current societal challenges.

Although often taken for granted, geomaterials underpin modern civilization. They constitute
the basis of buildings, transport infrastructure, geotechnical works and environmental engineering
systems, while also supporting a wide range of industrial applications. Their importance has become
even more evident in recent years, as the transition towards more sustainable construction practices
and circular economy strategies has intensified the search for innovative geomaterials with improved
technical and environmental performance.

The articles gathered in this Special Issue reflect the diversity and vitality of current
research in the field. They explore topics ranging from sustainable cementitious materials and
alkali-activated systems to waste valorization, industrial by-products, soil improvement and
mineral-based technologies, illustrating how geomaterials continue to evolve in response to the
demands of a changing world. Collectively, these contributions reinforce the idea that reducing
environmental impacts while maintaining or improving engineering performance is not only possible
but increasingly achievable.

I would like to express my sincere gratitude to all the authors who contributed their excellent
research, as well as to the reviewers for their valuable time, expertise and constructive comments,
which have undoubtedly enhanced the quality of this volume. I also wish to thank the editorial team
for their continuous support throughout the publication process.

Finally, I hope this Special Issue provides readers with valuable scientific insights while
encouraging further research and innovation in the field of geomaterials. I also hope that the
concept of technite, introduced in the accompanying Editorial, stimulates discussion on the long-term
geological significance of human-made lithic materials and their potential role within a circular
economy. As geomaterials have accompanied the development of humankind throughout history,

they will undoubtedly continue to play a fundamental role in building a more sustainable future.

José Manuel Moreno-Maroto
Guest Editor
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Editorial
Present Insights and Future Prospects on Geomaterials:
Introducing the Concept of Technite

José Manuel Moreno-Maroto

Department of Geology and Geochemistry, Faculty of Sciences, Autonomous University of Madrid, Cantoblanco,
28049 Madrid, Spain; josemanuel.moreno@uam.es

Following the success of the first edition of the Special Issue “Geomaterials: Latest
Advances in Materials for Construction and Engineering Applications”, this second edition
has followed the same course, confirming that research on geomaterials is more active than
ever. In fact, Tyrer and Moreno-Maroto [1] introduced the relevance that geomaterials have
had throughout history (even prehistory) showing that their development is inseparable
from that of humankind; one cannot be understood without the other.

The truth is that while geomaterials have demonstrated functionality and high per-
formance over the centuries, at times in a remarkably persistent manner, society at large
has adopted them so naturally that the science and technology underpinning them is
often forgotten, or rather unknown. In this sense, geomaterials sometimes seem to be
relegated to the background in comparison to other types of materials which, due to their
perceived “exoticism” or apparent “sophistication,” may appear more attractive, even
when their functionality, cost-effectiveness, applicability and future industrial scalability
are not entirely evident.

Despite this, research aimed at developing improved geomaterials continues to grow,
aligning perfectly with global strategies for sustainable development, climate change
mitigation and circular economy. This is entirely reasonable, considering that activities
associated with the production and application of geomaterials, generally linked to the
construction and civil engineering sectors, are among those generating the greatest envi-
ronmental impacts [2-4]. However, it must also be acknowledged that their socio-economic
impact is highly positive, generating for instance a large number of jobs and a robust
industrial network, among other benefits. In this regard, reducing environmental impacts
while increasing socio-economic benefits can be complementary goals. In fact, although
this approach has been pursued for decades, the paradigm shift towards more sustainable
geomaterial production is increasingly demanded, for example, through energy optimiza-
tion or the use of waste as a raw material, which in turn offers direct economic benefits to
industries [2,4].

Therefore, everything points toward a promising future for geomaterials, with a
trajectory of success that will continue to grow in parallel with the development of
society itself.

As a final reflection, considering the mineral nature and long-term stability of many
existing geomaterials, such as concrete, cement, ceramics and others, their persistence in
the environment at the end of their service life may be extremely long. In this regard, and
acknowledging their stone-like character, the term technite (technological rock) is proposed
here to refer to this new class of human-made rocks that may emerge in the environment.
The intention is not to replace or exclude the existing terms artifact or technofossil, which
carry broader and, to some extent, controversial connotations by encompassing all kinds

Appl. Sci. 2026, 16,172 https://doi.org/10.3390/app16010172



Appl. Sci. 2026, 16,172

of human-derived remnants within the geological record [5-8], but rather to propose a
more specific concept that highlights their lithic nature and their potential to be reused as
secondary inputs in the production of new geomaterials.

Conflicts of Interest: The author declares no conflict of interest.
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Industrial Solid Waste-Based Cementitious Materials for Aeolian
Sand Stabilization
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Abstract: Aeolian sand serves as the principal foundation material for construction in desert
regions, yet its stabilization predominantly relies on cement, presenting critical carbon emis-
sion challenges. This study developed a cementitious material utilizing complementary
industrial solid wastes (ISWs)—steel slag (SS), ground granulated blast-furnace slag (GG-
BEFS), phosphorus slag (PS), and carbide slag (CS)—based on clinker three chemical moduli
(TCM) and simplex lattice design, aiming to replace cement for aeolian sand stabilization.
ISW dosage effects on stabilized sand strength and mechanical properties were investigated,
with stabilization mechanisms studied via phase and microstructural analysis. Results
demonstrated that GGBFS exerted the most significant positive influence on the strength of
stabilized sand. The optimal proportion was determined as SS:GGBFS:PS:CS = 5:35:20:40,
achieving strength comparable to cement-stabilized aeolian sand in the literature. The
elastic modulus and ductility of stabilized sand exhibited linear positive and exponential
negative correlation with uniaxial compressive strength. The hydration products of ISWs,
including C(-A)-S-H gel and ettringite similar to clinker, effectively enhanced interparticle
bonding strength and pore-filling capacity. ISW proportions governed the composition
and distribution of hydration products, thereby modulating microstructural density and
strength, ultimately dictating macroscopic performance variations. The conclusions provide
an environmentally friendly solution for aeolian sand stabilization in desert regions.

Keywords: synergistic preparation; mechanistic investigation; cementitious materials;
industrial solid wastes; aeolian sand

1. Introduction

In recent years, the intensification of desertification due to global climate change
coupled with the increasing level of urbanization has necessitated the construction of
numerous buildings on aeolian sand foundations [1-5]. In regions with extensive desert
areas such as Northwest China, the Middle East and North Africa, the majority of new
construction projects must address the geotechnical challenges posed by aeolian sand
foundations [6-13]. However, aeolian sand is a special type of material characterized by
excessive fluidity (angle of repose < 28°), negligible cohesion (<1 kPa in natural state), and
a loose granular structure (void ratio > 0.65) [14-18]. These properties result in critically
low bearing capacities and pronounced susceptibility to differential settlement under load,
which significantly increase the difficulty of foundation construction and severely restrict
engineering development in desert regions [19-22].

Appl. Sci. 2025, 15, 3858

https://doi.org/10.3390/app15073858



Appl. Sci. 2025, 15, 3858

The traditional method for aeolian sand foundation treatment involves complete
excavation and replacement with imported clay or crushed stone [23-25]. Unfortunately,
although it can significantly enhance the bearing capacity of the foundation, the scarcity of
replacement materials and the limited transportation conditions in remote deserts render
this method costly [26]. By contrast, the in situ improvement of aeolian sand using cemen-
titious materials to enhance its bearing capacity represents a more economical treatment
method. Ordinary Portland Cement (OPC), as the most widely used inorganic cementitious
material globally, has been a common curing stabilizer in past research and applications of
aeolian sand stabilization. Previous studies demonstrate that the unconfined compressive
strength (UCS) and shear strength of cement-stabilized aeolian sand exhibit positive corre-
lations with cement content and curing age [20,27-29]. At an optimal water—cement ratio
with 8-10% cement dosage, the 28-day UCS of stabilized aeolian sand exceeds 1.5 MPa [30],
accompanied by a cohesive strength surpassing 90 kPa [26]. However, the decarbonization
of limestone during OPC clinker production, coupled with fossil fuel combustion in kilns,
results in substantial carbon emissions, which renders the application of OPC in the sta-
bilization of aeolian sand increasingly incompatible with the carbon peaking and carbon
neutrality goals.

Utilization of industrial solid wastes (ISWs) to develop cementitious materials as
alternatives to OPC has been recognized as an environmentally sustainable soil stabilization
strategy that effectively enhances soil bearing capacity while mitigating the challenges
of ISW stockpiling, therefore garnering significant attention [31]. Similar to the OPC
clinker, ISWs containing reactive calcium silicates (C,S/C3S) and calcium aluminates (C3A)
generate calcium (aluminate) silicate hydrate [C-(A)-S-H] gels under alkaline conditions,
strengthening interparticle bonding to achieve stabilization performance comparable to
or superior to OPC [32-35]. Current research has extensively investigated partial OPC
replacement with fly ash (FA) [36-39] and ground granulated blast-furnace slag [40-43],
accompanied by the progressive establishment of relevant standards. On the other hand,
studies exploring the use of solid wastes such as steel slag [44—46], red mud (RM) [47-49],
and desulfurized gypsum (DG) [50-52] to develop fully industrial solid waste-based
cementitious materials (ISW-CMs) as complete replacements for OPC have also been
reported. It is noteworthy that the oxide content and reactivity vary significantly among
different ISWs, making it crucial to determine their proportions according to specific
principles in order to optimize the strength and workability of ISW-CMs. However, current
studies predominantly rely on empirical data and trial-and-error experiments, resulting in
inefficiency and inconsistent performance.

In the production of the OPC clinker, to obtain the desired oxide proportions and
subsequently achieve the targeted clinker properties, the admixture ratio of raw materi-
als is adjusted through the use of the three chemical moduli (TCM), which encompass
the silicon modulus (SM), iron modulus (IM), and lime saturation coefficient (KH) [53].
Nowadays, TCM have been extensively utilized in the quality control of the OPC clinker
and also provide a design framework for the proportioning of raw materials in ISW-CMs.
Studies have shown that the soft soil stabilized using ISW-CMs developed with TCM
achieve comparable or even higher strength than that stabilized with OPC [53,54]. In
addition, mixture experimental design based on the simplex lattice/centroid method is
another approach to determine proportion, with advantages including a reduced number
of experimental points, high prediction accuracy, and the ability to swiftly identify optimal
proportion. This approach involves strategically designing a few experiments with vary-
ing proportions in a simplex of two or more dimensions to obtain a regression equation
between the response values and raw material percentages. Consequently, the optimal
proportion can be determined, and further investigation into the inherent relationship
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between proportions and response values can be conducted. Currently, studies employing
this method to develop ISW-CMs that simultaneously meet multiple property requirements
have been reported [55,56].

Despite numerous practical applications of ISW-CMs as an alternative to OPC for
soil stabilization, the current literature primarily focuses on the stabilizing of clays with
certain bearing capacity in their natural state. Research on aeolian sand, which exhibits
inferior engineering properties and necessitates higher solidification demands, remains
limited. Furthermore, trial-and-error-based development approaches for ISW-CMs fre-
quently exhibit inefficiency and theoretical deficiencies, often yielding materials that fail to
concurrently satisfy strength and workability requirements, thereby imposing significant
barriers to their widespread implementation.

This study prepared a fully ISW-based cementitious material for stabilizing aeolian
sand in desert regions using four complementary industrial solid wastes—blast-furnace
slag (GGBFS), steel slag (SS), phosphorous slag (PS), and carbide slag (CS)—as raw mate-
rials. The TCM theory of the cement clinker and the simplex lattice design were used to
systematically investigate the influence of ISW dosages on the UCS of stabilized aeolian
sand and determine the optimal proportion of ISWs. Phase and microstructural analyses
were employed to investigate the content of hydration products and their cementitious
effects on particle bonding in aeolian sand stabilized with varying proportions of the cemen-
titious materials. The findings provide novel insights and references for the development
of ISW-based cementitious material for aeolian sand stabilization.

2. Materials and Methods
2.1. Materials

The aeolian sand utilized in this study was sourced from the Taklamakan Desert in
Xinjiang, China. Sand samples were excavated from a depth of 1.5 m below the surface,
immediately packed in sealed bags, and transported to the laboratory. Natural moisture
content, bulk density, and porosity were measured in the laboratory, with these parameters
detailed in our previously published work [30]. Figure 1a illustrates the natural morphology
and microstructural characteristics of the untreated aeolian sand particles. Observations
reveal that the aeolian sand particles exhibited angular to sub-rounded shapes with smooth
surfaces and minimal fines content, indicating limited interparticle cohesion and weak
natural cementation. Results of laser particle size analysis (LPSA, as shown in Figure 2)
indicate that the limiting particle size dgy of aeolian sand was 345 um, with uniformity
coefficient Cy, of 2.62 and curvature coefficient C. of 0.88.

Aecolian
sand

Figure 1. Cont.
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GGBFS SS PS CS

(b)
Figure 1. Materials used in this study: (a) macro/microscopic morphologies of aeolian sand; (b) ISWs.
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Figure 2. Particle size distribution of materials.

GGBFS employed in this study was provided by a mineral powder plant in Hebei,
China. As shown in Figure 1b, the GGBFS appears as a pale powder with a specific surface
area of approximately 0.43 m? /g, produced by crushing and grinding waste slag generated
during blast-furnace iron smelting. The dgg, Cyy, and C. of GGBFS were measured as 6.31 um,
12.6, and 1.0, respectively. X-ray fluorescence (XRF) spectroscopy results (Table 1) reveal
that the primary oxides in GGBFS are SiO; and CaO (30% and 40%, respectively), along
with minor Al,O3 (14%) and MgO (8%). These oxides predominantly exist as amorphous
glassy phases with weak intermolecular bonding due to the rapid cooling rate during
discharge, thereby endowing the material with high pozzolanic reactivity.

Table 1. Chemical composition of materials.

Material SIOZ CaO F6203 A1203 MgO 503 NaZO Kzo
OPC 20.24 60.93 3.58 5.26 3.66 2.68 1.19 1.13

SS 17.18 30.01 29.1 8.43 441 0.62 0 0.01
GGBFS  30.07 38.22 0.88 16.50 8.33 2.08 0.51 0.86

PS 44.89 43.97 0.01 3.88 3.72 0 0.05 0.84

CS 2.72 70.35 1.03 0.89 0.62 0 0 0
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SS and PS are two additional ISWs employed to provide reactants for pozzolanic
reactions. Coarse SS and coarse PS were collected from a steel plant and a phosphate
chemical plant in Henan, China, respectively. In the laboratory, the coarse slags were milled
into black and white powder, respectively, via high-energy ball milling and fully passed
through a 150-mesh sieve (aperture size: 106 pm). The elevated temperature generated
during this process evaporated residual moisture in the raw materials. The dgg, Cy, and C,
of SS were 15.1 um, 4.08, and 1.0, respectively, while those of PS were 17.9 um, 3.9, and 1.13,
respectively. XRF results revealed that SS contains 30% CaO and 30% Fe,O3, along with
17% SiO,, while PS is composed of 40% SiO, and 40% CaO, with minor contributions from
other oxides. These compositions enabled precise modulation of the oxide ratios within the
binder system.

CS was a by-product generated during acetylene production via calcium carbide
hydrolysis. The employed CS in this study was collected from an acetylene chemical plant
in Hebei, China, presented as white powder. Results of LPSA indicated that dgp, Cy and C,
of CS were 10.0 um, 9.1, and 0.87, respectively. Chemical composition analysis identified it
as comprising 70% CaO with trace impurities of silicon- and iron-phase compounds. In the
binder system, CS primarily functions as a CaO supplement to enhance alkalinity due to
its high CaO content.

2.2. Specimen Design

The proportioning design of ISWs in stabilized aeolian sand specimens was pro-
grammed according to the following steps: (a) determination of a basic dosage based
on TCM of OPC; (b) establishment of the ISW dosage range using the basal dosage as
a reference point; and (c) configuration of experimental points by defining the dosage
range’s supper and lower limits within the simplex lattice design framework.

The reference OPC, compliant with Chinese Portland cement standards [57] and sup-
plied by China United Cement Corporation, was used to determine the basic proportion
of ISWs through TCM methodology. Based on the oxide composition of the clinker (SiO,,
AlyO3, Fe;03, and CaO as listed in Table 1), its TCM were calculated using Equations (1)-(3),
yielding values of SM =2.29, IM = 1.47, and KH = 0.91. By integrating the oxide compo-
sitions of ISWs, a quaternary linear equation system (Equation (4)) was formulated. In
Equation (4), rows of the coefficient matrix represent oxide contents within ISWs, while
columns correspond to distinct oxide components. The right-hand vector denotes the
required oxide quantities to achieve TCM equivalence with the reference OPC. As a result,
the basic proportion of ISWs was determined as SS:GGBFS:PS:CS = 10.0:18.1:26.8:57.1.

SiO,
SM= ——F——, 1
AlL,O3 + Fey O3 M
Al,Os3
IM = , 2
Fe203 ( )
CaO — 1.65A1203 - 0.35F8203
KH =
2.8510; ’ ®
17.18mgg + 31.07mgGers + 44.89mpg + 2.31mcg = 20.24
30.01mgg + 38.22mggprs + 43.97mps + 70.35mcs = 60.93 @)

29.1mgg + 0.88mggprs + 0.01mps + 1.03mcg = 3.58
8.43mgs + 16.5mggprs + 3.88mpg 4 0.89mcg = 5.26

where m; stand for dosages of ISWs i.
The experimental determination of cementitious material for aeolian sand stabilization
constitutes a typical mixture design with specific constraints requiring the summation
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of all component dosages to equal 100%. The simplex lattice method (SLM) serves as
a conventional framework for such experimental configurations. Given that the binder
developed in this study comprises four types of ISWs, the experimental points were dis-
tributed within a regular tetrahedron, as illustrated in Figure 3, where each axis represents
a distinct ISW component and each vertex corresponds to a specific proportion. The lattice
degree of SLM was specified as three, establishing three compositional levels for each ISW,
and the design was augmented with axial points and centroid point. A total of 26 test
specimens were designed, comprising 25 SLM-designed proportions and one basic pro-
portion. Additionally, the binder content was set at 11% of the aeolian sand mass, while
water content was set at 9%, which has the maximum stabilization aeolian sand strength
according to previous study [30]. The proportion of experiment points is listed in Table 2.
Additionally, to compare the effectiveness of ISW-CMs and cement in stabilizing aeolian
sand, a control group utilizing cement with an equivalent dosage was established.

Table 2. Proportion of ISWs in design experiment points.

Proportion of ISWs (%)

No.

SS GGBFS PS CS
1 30.0 10.0 20.0 40.0
2 21.7 18.3 20.0 40.0
3 21.7 10.0 28.3 40.0
4 21.7 10.0 20.0 48.3
5 13.3 26.7 20.0 40.0
6 13.3 18.3 28.3 40.0
7 13.3 18.3 20.0 48.3
8 13.3 10.0 36.7 40.0
9 13.3 10.0 28.3 48.3
10 13.3 10.0 20.0 56.7
11 5.0 35.0 20.0 40.0
12 5.0 26.7 28.3 40.0
13 5.0 26.7 20.0 48.3
14 5.0 18.3 36.7 40.0
15 5.0 18.3 28.3 48.3
16 5.0 18.3 20.0 56.7
17 5.0 10.0 45.0 40.0
18 5.0 10.0 36.7 48.3
19 5.0 10.0 28.3 56.7
20 5.0 10.0 20.0 65.0
21 11.3 16.3 26.3 46.3
22 20.6 13.1 23.1 43.1
23 8.1 25.6 23.1 43.1
24 8.1 13.1 35.6 43.1
25 8.1 13.1 23.1 55.6
26 10.0 18.1 26.8 57.1
CE - - - -
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Figure 3. Distribution of experiment points.

2.3. Specimen Preparation

The specimens of stabilized aeolian sand were prepared in accordance with American
standards [58]. ISWs and aeolian sand were oven-dried at 105 °C for 6 h to eliminate
absorbed moisture, followed by precise weighing according to the designed proportion.
The blended ISWs were initially homogenized using a planetary mixer, until uniform
coloration was achieved. Subsequently, the aeolian sand was incrementally introduced into
the mixture until visual homogeneity was re-established. Distilled water was then added
in a controlled stream, followed by high-speed mixing for an additional 5 min.

The homogenized mixture was transferred via funnel into stainless-steel cylindrical
molds (50 mm in diameter x 100 mm height) and compacted in three successive layers.
Each layer underwent 15 compactive blows using a stainless-steel tamper, applied radially
from the periphery inward, with interlayer surface scarification to enhance bonding. Then,
the top surfaces were immediately sealed with laboratory-grade polyethylene sealing
film to prevent moisture dissipation. After 3 days of in-mold curing, the specimens were
demolded and transferred to a humidity-controlled curing chamber maintained at 23 °C
for continued curing over 25 days, achieving a total curing time of 28 days. Three parallel
samples were prepared for each experiment points.

2.4. UCS Test

UCS of stabilized aeolian sand specimens was evaluated using an electronically uni-
versal compression testing machine. This apparatus employs a hydraulic jack-driven link
rod to vertically displace specimens against pressure sensor (10 kN capacity, £0.001 kN
accuracy). A displacement sensor integrated with the link rod recorded real-time spec-
imen deformation. The load was applied under displacement control, commencing at
0.1 mm/min until the sensor registered 0.5 kN, confirming proper specimen-sensor con-
tact. The loading rate was then reduced to 0.08 mm /min for the formal test phase. Specimen
failure was defined as a post-peak force reduction exceeding 30% of the maximum recorded
load, at which point testing was terminated. Failed specimens were subsequently milled,
oven-dried, and stored in sealed bags for subsequent analysis.

2.5. X-ray Diffraction Analysis

X-ray diffraction (XRD) was employed to analyze the phase composition of solidified
aeolian sand, utilizing a D8 Advance X-ray diffractometer (Bruker, Hongkong) with Cu Ko
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radiation generated at 60 kV and 80 mA. The scanning range was set from 15° to 80°, with
a step size of 0.02° /step and a scanning speed of 30 steps/s.

2.6. Scanning Electron Microscope

The microstructure of stabilized eolian sand was observed using an SU8220 field
emission scanning electron microscope (SEM, HITACHI High-tech Co., Tokyo, Japan) with
the voltage set at 5 kV. Due to the poor electrical conductivity of both eolian sand and ISWs
(immobilized sand—-water mixtures, presumably), gold sputtering was performed on the
sample surfaces for 2 min with a current of 10 mA using an ion sputter coater prior to
observation. Additionally, energy dispersive spectroscopy (EDS) mapping was employed
to determine the elemental composition of the observed materials.

2.7. Thermogravimetric Analysis and Differential Scanning Calorimetry

The hydrated products and thermal stability of stabilized aeolian sand samples were
analyzed using Thermogravimetric Analysis/Differential Scanning Calorimetry (TG/DSC)
with an SDT Q600 synchronous thermal analyzer (TA Instruments Inc., New Castle, DE,
USA). A 10 mg powder sample was first stabilized at room temperature for 30 min and
then heated to 800 °C at a rate of 10 °C/min under a nitrogen atmosphere. During the
heating process, the curves of sample weight and heat flow as a function of temperature
were recorded.

3. Results and Analysis
3.1. Stress—Strain Response

Figure 4a—e present the stress (0)—strain (¢) curves for all specimens, and Figure 4f
demonstrates a typical characteristic of the c— curve. It can be observed that, at the
initial stage of loading, the curves undergo a relatively short phase with increasing slope,
reflecting the gradual enhancement of the specimen resistance to deformation due to being
progressively compressed and densified. The slope of the curves gradually stabilizes as the
load increases, representing the elastic phase of the specimens. Subsequently, the curves
become nonlinear again and reach a peak. Finally, the curves begin to decline, indicating
that the specimens have lost their load-bearing capacity, which is accompanied by the
appearance of obvious shear cracks on specimens. Based on these characteristics, the UCS
of the specimens was determined as the stress corresponding to the peak of the curve; the
elastic modulus E was calculated as the ratio of the change in stress (Ac) to the change
in strain (Ag) during the stable slope phase; and the ductility DI was taken as the ratio of
the strain at failure () to the peak strain (ey). The UCS, E, and DI of test specimens are
summarized in Table 3.

Table 3. UCS, E and DI of test specimens.

No. UcCs (MPa) E (MPa) DI
1 0.45 63 1.26
2 0.97 114 1.08
3 0.43 76 1.28
4 0.34 44 1.16
5 1.14 127 1.09
6 0.90 114 1.12
7 0.85 89 1.09
8 0.64 76 1.22
9 0.43 50 1.23
10 0.33 39.7 1.24
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Table 3. Cont.

No. UCS (MPa) E (MPa) DI
11 1.55 127 1.09
12 1.51 147 1.10
13 1.23 114 1.09
14 1.19 133 1.12
15 0.81 116 1.19
16 0.82 135 1.23
17 1.06 122 1.09
18 0.51 55 1.14
19 0.43 74 1.20
20 0.27 41 1.31
21 0.95 122 1.19
22 0.51 76 1.26
23 1.34 159 1.08
24 0.71 94 1.27
25 0.53 58 1.44
26 0.82 106 1.10
CE 1.50 139 1.03
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Figure 4. Stress—strain curves of test specimens: (a) 1-5, (b) 6-10, (c) 11-15, (d) 16-20, (e) 21-26, and

(f) typical characteristic of o— curve.

3.2. Effect of Proportion of ISWs on UCS and the Optimal Proportion

The ternary plot in Figure 5 illustrates the variation in the UCS of stabilized aeolian

sand with the proportions of ISWs, where the name of ISWs represents their dosages.

Since four types of ISWs were utilized as raw materials in this study and a single ternary

plot can only accommodate three variables, to depict their synergistic effects and mutual

influences, each ternary plot fixes one variable at a specific level. Subsequently, the changes

in UCS with respect to the other three variables are investigated for different levels of the

fixed variable.
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Figure 5. Effect of proportion of ISWs on UCS of stabilized aeolian sand, where fixed factor is (a) CS,

(b) PS, (c) GGBFS, and (d) SS.

The fixed factor of Figure 5a is CS. It can be observed that, regardless of the CS dosages,
the UCS of stabilized aeolian sand increases with the increment in the GGBFS dosage but
decreases with the increase in PS and SS dosages. When the CS dosage is 40%, the UCS of
stabilized aeolian sand reaches its maximum value at a PS dosage below 30% and GGBFS
dosage above 32%, while the SS dosage above 17% leads to a significant decrease in UCS.
When the CS content is increased to 48.3% and 56.7%, the changes in UCS become more

12
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pronounced, and the contour lines gradually become perpendicular to the GGBFS axis,
indicating that the influence of the GGBFS dosage on UCS is most significant at these
levels. The main chemical component of CS is CaO, and changes in its dosage can alter the
alkalinity of the system. The increase in alkalinity caused by an increase in CS dosage may
be the reason why the influence of GGBFS becomes more significant.

In Figure 5b, with PS serving as the fixed factor, the variation trend of UCS of sta-
bilized aeolian sand is similar to that observed when the dosage of is fixed. However,
it exhibits a slight increase with the elevation of SS dosage. This trend becomes more
pronounced when the PS dosage reaches 21.6%. This can be explained by the fact that a
higher PS dosage limits the incorporation of GGBFS with the highest reactivity. At this
point, increasing the SS dosage can, to a certain extent, supplement the reactants for the
pozzolanic reaction. Nevertheless, due to the inherently low reactivity of SS, it fails to elicit
particularly significant changes in strength. Meanwhile, an increase in CS leads to a notable
decrease in UCS, indicating that excessively high alkalinity is detrimental to the strength of
stabilized aeolian sand.

The fixed factor of Figure 5c is GGBFS. It can be indicated that the UCS of stabilized
aeolian sand increases with the elevation of PS dosage. Notably, when the GGBFS dosage
reaches 18%, a CS content higher than 47% (with SS dosage less than 12% and PS dosage
less than 30%) results in a rapid decline in UCS. This is attributed to the fact that both PS
and GGBFS, which serve as reactants for the pozzolanic reaction, are present at relatively
low levels at this point, and CaO constitutes the majority of CS, with its hydration product
almost exclusively Ca(OH),, which leads to an excessively high alkalinity in the system
and a relative scarcity of hydration products with a gelling effect.

SS serves as the fixed factor in Figure 5d. It can be observed that, regardless of the
level of SS, the influence pattern of the proportion of the other three ISWs on the strength of
stabilized aeolian sand remains consistent. Specifically, the UCS increases with the increase
in GGBFS dosage but decreases with the increase in PS and CS dosages. This is because
the primary role of SS in the system is to provide Fe;O3, which is one of the precursors of
C4AF and mainly affects the working properties of the cementitious material rather than
its strength.

The analysis above elucidates a prevailing pattern in experiment results: the incre-
mental dosage of GGBFS substantially enhances the strength of stabilized aeolian sand.
This phenomenon primarily stems from GGBFS'’s superior pozzolanic reactivity compared
to other investigated ISWs, attributable to its vitreous microstructure containing reactive
compounds that readily participate in hydration processes. PS demonstrates comparatively
lower reactivity, while SS exhibits the least reactive characteristics. These observations
suggest that the exclusive utilization of GGBFS could theoretically yield cementitious mate-
rials with maximum compressive strength. However, practical engineering considerations
regarding the workability of cementitious composites and long-term stability of stabilized
aeolian sand necessitate maintaining oxide proportions within reasonable ranges. There-
fore, through dual optimization employing TCM theory and SLM, the optimal proportion
of ISWs used to stabilize aeolian sand was determined as 5:35:20:40, which corresponds to
the specimen exhibiting the highest UCS in SLM experiments. Furthermore, comparative
analysis with the cement-stabilized aeolian sand control group (CE) revealed that the UCS
of aeolian sand that stabilized ISW-CMs with the basic proportion was 45% lower than
that of CE, whereas the ISW-CMs with optimal proportion stabilized specimen exhibited
a 3% strength enhancement over CE. This demonstrates the following: (a) the proportion
determined by the dual optimization strategy incorporating TCM and the SLM was supe-
rior than that determined solely by TCM; (b) synergistically prepared ISW-CMs achieve
comparable effectiveness to cement in aeolian sand stabilization.
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3.3. Mechanical Properties of Stabilized Aeolian Sand

The elastic modulus E and ductility coefficient DI, derived from stress—strain curves,
were employed to quantify the specimen’s deformation resistance during the elastic phase
and post-failure ductility. Figure 6 illustrates the variations in E and DI with UCS for
specimens in SLM experiments. The results reveal a positive correlation between the
strength of stabilized aeolian sand and its elastic modulus. Specimens with higher UCS
values exhibited a rapid increase in deformation resistance following the compaction phase,
typically accompanied by pronounced shear-induced cracks at failure. This enhancement
is attributable to two synergistic mechanisms: (1) the abundance of cementitious com-
pounds reinforcing interparticle bonds and (2) the presence of high-hardness crystalline
phases (e.g., ettringite), which fill intergranular voids and inhibit particle displacement.
These microstructural features collectively improve the cohesion and friction angle along
shear planes.
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Figure 6. Variations in E and DI with UCS for specimens.

Conversely, ductility inversely correlated with strength. Specimens with lower UCS
displayed broader stress—strain curve peaks, characterized predominantly by axial splitting
fractures parallel to the specimen axis. This behavior arises from two factors: (1) reduced
cumulative strain energy under lower loads, resulting in gradual post-peak stress dissipa-
tion and (2) diminished hydration products, leading to weaker particle bonding and more
micropores (a critical contributor to splitting failure modes). After specimen failure, the
partial closure of these micropores generates residual strength, thereby decelerating the
descending phase of stress—strain curves.

The quantitative relationships between UCS and the mechanical parameters can
be mathematically expressed by linear and exponential functions, respectively, as
shown in Figure 6.

3.4. Phase Composition and Microstructure

Figure 7 presents the XRD patterns of selected specimens from the SLM experiments
along with their corresponding UCS values and ISW proportions (SS:GGBFS:PS:CS). Signif-
icant variations in phase composition were observed among specimens with different ISW
proportions. The characteristic diffraction peak around 260 = 29.5°, attributed to C(-A)-S-H
gel formation, is recognized as the primary contributor to the strength development of
aeolian sand consolidation. Specimens NO. 4 and NO. 8 with low UCS demonstrated
attenuated C(-A)-S-H gel diffraction intensities. In contrast, specimens NO. 12 and NO. 11
with higher mechanical performance displayed enhanced peak intensities at this position,
with specimen NO. 11 manifesting an additional characteristic peak, which indicates the
increased gel formation—a phenomenon consistent with its elevated GGBFS content.
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Figure 7. XRD patterns of specimens in SLM experiment.

Ettringite diffraction peaks at 20 = 40° were detected in all specimens except specimen
NO. 8, with specimen NO. 12 exhibiting supplementary ettringite-related peaks. This
absence in specimen NO. 8 may be attributed to its higher SS content and reduced CS
proportion, resulting in excessive Fe-phase oxides and diminished alkalinity within the
system. These conditions potentially inhibited the synthesis of ettringite through the
reaction pathway described in Equation (5):

C3A + 3(CaSO ,02H, O) + 2Ca(OH),+24H,0 — 3CaOeAl,0303CaS04032H,0  (5)

Additionally, characteristic peaks of calcite (CaCOs3) were identified, with their for-
mation attributed to the carbonation of Ca(OH), during the curing process. Similar to
ettringite, calcite contributes to strength enhancement by filling the pores between particles
and increasing the density of stabilized aeolian sand. The highest calcite peak intensities
were observed in Specimens NO. 4, 11, and 26, while its diminished presence in Specimen
NO. 8 correlates with the absence of CS. However, despite their pronounced calcite content,
Specimens NO. 4 and 26 exhibited suboptimal mechanical performance. This phenomenon
may stem from the formation of weaker particle connections by the limited amount of
C(-A)-S-H gel, which could be disrupted by the volumetric expansion caused by excessive
calcite crystal generation.

Figure 8 displays the TG and DSC curves of selected specimens in the SLM experi-
ment. The TG curve quantifies mass loss during heating, enabling the clear comparison of
hydrated phase contents across specimens due to distinct decomposition temperatures of
different hydration products. Concurrently, the DSC curve monitors the heat flux differen-
tial between the sample and reference, providing insights into endothermic and exothermic
events within the material. The combined analysis of TG-DSC data enhances the characteri-
zation of ISW hydration products in stabilized aeolian sand. Three prominent thermal mass
loss stages can be observed in Figure 8: (a) 60-120 °C: Attributed to the loss of bound water
from hydration products such as C(-A)-S-H gel and ettringite, corresponding to the P1 en-
dothermic peak in the DSC curve; (b) 380-500 °C: Associated with hydroxyl group removal
from Ca(OH); in the matrix, marked by the P2 endothermic peak; and (c) 600-720 °C:
Corresponding to the decomposition of carbonate phases (e.g., calcite). Specimens with
lower UCS such as specimens NO. 4 and 8 exhibited reduced mass loss and diminished
peak areas in the first stage, indicative of limited gel and ettringite formation. Notably,
Specimen NO. 4 demonstrated significantly higher mass loss in the second stage, consistent
with its elevated CS content, which also contributed to enhanced thermal decomposition
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(third-stage mass loss and peak area). Conversely, Specimen NO. 4 displayed minimal
third-stage mass loss, likely due to suppressed carbonation during curing, resulting in
diminished calcite production.
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Figure 8. TG and DSC curve of specimens in SLM experiment.

The TG/DSC results, corroborated by XRD analysis, collectively demonstrate that
Specimen No. 11 achieved superior mechanical performance through optimized hydration
product, validating its ISW proportion as the most effective composition.

Figure 9 presents the particle morphology of Sample No. 11 observed using SEM.
Figure 9a demonstrates a typical characteristic of aeolian sand particles encapsulated by ce-
mentitious materials. Through comparative analysis with untreated aeolian sand particles
shown in Figure 1, it can be observed that a dense layer of hydration products composed
of gel and ettringite thoroughly coats the particle surface. At 500 magnification, neither
distinct pores nor the original surface texture of soil particles can be clearly discerned;
however, small and shallow pores became discernible upon magnification to 5000x. This
observation corresponds to the higher gel production detected in the phase analysis of
this specimen, as well as the elevated GGBFS dosage and enhanced UCS observed at
macroscopic scale. Figure 9b illustrates the interconnections formed between multiple soil
particles through hydration products. As previously discussed, the natural aeolian sand
exhibits a loose microstructure with minimal interparticle bonding under untreated condi-
tions, resulting in load-bearing capacity that relies solely on mechanical interlocking. After
stabilization using ISW-based cementitious materials, multiple particles encapsulated by
gel and other hydration products gradually establish stable connections during compaction
and curing processes. The matrix of these connections primarily consists of C(-A)-S-H gel,
internally reinforced by crystalline phases including ettringite, Ca(OH),, and calcite, which
collectively provide robust structural support. However, a limited quantity of unhydrated
ISW particles can still be detected under high magnification, which may be attributed to
the weak hydration activity of specific ISW components. These findings exhibit similarities
with previously reported microstructures of cement-stabilized aeolian sand. Nevertheless,
compared to the porous interparticle connections observed in cement-treated specimens,
the ISW-stabilized aeolian sand demonstrates significantly denser and more compact bond-
ing configurations. This evidence confirms that ISW cementitious materials can establish
a more reliable and higher-strength microstructure at the microscopic scale.
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Figure 9. Particle morphology of Sample No. 11. (a) aeolian sand particles encapsulated by cementi-
tious materials; (b) connection between sand particles.

For comparative analysis, Figure 10 exhibits the microstructural morphologies of
lower-strength specimens No. 4, 8, and 26, through which the influence of ISW propor-
tions on the microstructure of stabilized aeolian sand can be systematically elucidated. In
Figure 10a, depicting the particle encapsulation status of Specimen No. 4, it is evident that,
although hydration products such as gel and ettringite were generated, the particle surfaces
were merely covered by an exceedingly thin layer, leaving the significant exposure of sand
particle surfaces. Upon further magnification to 10,000, the C(-A)-S-H gel predominantly
exhibited flocculent structures with limited spatial coverage and short filament lengths,
cementing sparse ettringite and Ca(OH), crystals. Unlike the integrated matrix observed
in Specimen No. 13, these hydration products failed to form a continuous network, while
unhydrated ISW particles were ubiquitously distributed. Such microstructural configura-
tions resulted in feeble interparticle connections prone to external load-induced damage,
ultimately manifesting as substantially reduced bearing capacity at the microscopic scale.

Figure 10b illustrates the particle surface morphology of Specimen No. 8. Although
the hydration product layer appeared thicker compared to Specimen No. 4, the residual
exposure of sand particle surfaces was still detected. At higher magnification, localized
interconnected systems of gel—ettringite—calcium hydroxide were partially observable; how-
ever, the scarcity of the gel matrix rendered such systems spatially limited, with unbonded
ettringite crystals persisting. This trend correlates with the increased hydration reaction
products induced by reduced SS and elevated GGBFS and PS dosages, corresponding
macroscopically to a marginal increase in UCS. Furthermore, this progressive trend persists
in the microstructural morphology of Specimen No. 26 shown in Figure 10c. A substantial
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interconnected network of hydration products was observed, with minimal independent
ettringite or Ca(OH); crystals detectable even under high magnification. Nevertheless,
excessive CS dosage in this specimen constrained gel production, resulting in compara-
tively porous and sparse particle encapsulation relative to Specimen No. 11. Trace amounts
of unhydrated ISW particles were also identified, collectively contributing to its inferior
mechanical performance.

50um

Figure 10. Particle morphology of sample with low strength: (a) specimen No. 4; (b) specimen No. 8
and (c) specimen No. 26.

4. Discussion
4.1. Analysis of ISW Interactions and Hydration Phase Quantification

The synergistic interplay between SS, GGBFS, PS, and CS in hydration reactions crit-
ically governs the mechanical performance of stabilized aeolian sand. As evidenced by
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the chemical compositions in Table 1, GGBFS contributes high SiO; (30.07%) and CaO
(38.22%), serving as the primary source of reactive silicates for C-(A)-S-H gel formation.
PS, with its elevated SiO, (44.89%) and CaO (43.97%), complements GGBFS by supplying
additional amorphous silica, while CS (70.35% CaO) acts as a pH regulator to sustain alka-
line conditions for sustained pozzolanic activity. SS, despite its lower reactivity, introduces
Fe; O3 (29.1%), which facilitates the formation of ferrite phases (e.g., C4AF) that enhance
microstructural strength.

Quantitative TG/DSC analysis (Figure 8) and XRD results (Figure 7) highlight distinct
hydration behaviors across ISW proportions. Specimens with optimal ISW proportions
(No. 11) exhibited markedly higher mass loss in the 60-120 °C range compared to subopti-
mal mixtures (e.g., No. 4), correlating with enhanced C-(A)-S-H and ettringite formation.
The stoichiometric synergy between GGBFS-derived silicates and CS-provided Ca?* ensures
balanced C/S ratios in hydration products, maximizing gel polymerization and pore-filling
efficiency. Conversely, excessive CS disrupts this equilibrium, promoting Ca(OH), pre-
cipitation and calcite overgrowth, as observed in SEM micrographs (Figure 10c), which
weaken interparticle bonding through crystalline expansion.

4.2. Long-Term Durability and Field Application Prospects

The hyper-arid desert environment imposes multifactorial challenges to the long-term
stability of stabilized aeolian sand, including diurnal thermal cycling, UV radiation, and
salt-laden winds particularly regarding potential degradation mechanisms induced by
salt crystallization (e.g., sulfate-chloride interactions), acid attacks from pH fluctuations in
contaminated soils, and ion-exchange reactions with heavy metal pollutants that may alter
the pozzolanic reaction kinetics. The chemical compatibility between ISW-derived alkaline
components (e.g., free CaO) and acidic contaminants (H*/ S04%7) could critically influence
the stability of hydration products like C-(A)-S-H gels, while chloride infiltration might
accelerate matrix deterioration through Friedel’s salt formation-disintegration cycles under
thermal stresses. Such physicochemical interactions necessitate the systematic evaluation
of long-term phase evolution using accelerated aging protocols simulating multi-factor
desert environmental conditions. While the current study focuses on 28-day mechanical
properties, the intrinsic characteristics of ISW-CM hydration products suggest potential
durability advantages over conventional cement-based systems. The dense C-(A)-S-H
gel matrix observed in SEM micrographs (Figure 9a,b) and the absence of large ettringite
clusters (compared to OPC systems) may mitigate crack propagation under thermal stresses.
Additionally, the high calcite content detected in XRD patterns (Figure 7) could enhance
carbonation resistance, though excessive crystallization risks interfacial debonding as
evidenced in low-strength specimens (Figure 10c).

In field applications, the workability (e.g., fluidity, setting time), volume stability of
the cementitious materials, and their applicability to other specialty soils represent pivotal
determinants for large-scale implementation, warranting systematic exploration to validate
technological scalability. Additionally, both current and previous studies reveal that cement
and ISW-based cementitious materials stabilized aeolian sand typically exhibit limited
ductility, posing reliability risks in engineering applications through sudden load-bearing
capacity loss upon reaching critical stress thresholds—a phenomenon detrimental to life
and property protection under extreme conditions. While geosynthetics (geomembranes,
geotextiles) or reinforcement techniques may partially mitigate this issue, enhancing intrin-
sic ductility through fiber incorporation into stabilized sand matrices presents a promising
research direction.
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4.3. Limits and Future Perspectives

The primary objective of this study is to develop cementitious materials using four
types of ISWs for aeolian sand stabilization. Although the prepared materials achieved
compressive strength comparable to cement-stabilized sand reported in the literature,
limited research outcomes are available for direct comparison. This scarcity arises from the
historical predominance of transportation infrastructure (e.g., roads, railways) in desert
construction projects, with existing cement stabilization studies predominantly focusing on
subgrade filler performance. Notably, fundamental disparities exist between subgrade and
building foundation requirements regarding cement dosage, service environments, and
loading patterns, rendering direct strength comparisons between these distinct applications
scientifically invalid. Consequently, while preliminary strength comparisons were made
between ISW-based materials and cement-stabilized sand, comprehensive evaluations
of stabilization efficacy, including compressive, shear, and tensile strengths, should be
further investigated.

Among the ISWs employed, GGBFS demonstrated substantial pozzolanic reactivity,
accounting for its dominant influence on UCS variations in stabilized sand. A widely
accepted paradigm suggests that alkaline activation can enhance the reactivity of most
ISWs, with various alkali excitation techniques having been extensively applied in soft soil
and sludge stabilization. However, the inherent low moisture content of aeolian sand in
desert environments raises critical questions regarding the efficacy of alkali activation for
ISW-based stabilization systems, necessitating dedicated investigation.

5. Conclusions

This study developed a quaternary industrial solid waste (ISW)-based cementitious
material composed of steel slag (SS), granulated blast-furnace slag (GGBFS), phosphorus
slag (PS), and carbide slag (CS) for the stabilization of aeolian sand in desert regions using
a four-factor simplex lattice experiment (SLM) based on the three chemical moduli (TCM)
theory referenced standard cement. The optimal proportion of ISWs is determined, and the
solidification effects are evaluated in terms of mechanical properties, hydration product
levels, and microstructure. The main conclusions obtained are as follows:

(1) The results of the simplex lattice point experiment indicate that an increase in the
dosage of GGBEFS has a significant positive effect on the LICS of stabilized aeolian sand
due to its highest pozzolanic reactivity. Conversely, higher SS incorporation reduced
UCS. Considering the workability of the cementitious material in conjunction with the
TCM theory, the optimal proportion of ISWs was determined to be 5:35:20:40, and the
UCS of aeolian sand stabilized using ISWs with optimal proportion was comparable
with that stabilized by OPC.

(2) The UCS of stabilized aeolian sand exhibited a linear positive correlation with its
elastic modulus but a negative correlation with ductility. The failure mode of stabilized
aeolian sand specimens was related to their strength: specimens with higher strength
exhibited pronounced inclined shear cracks upon failure, while specimens with lower
strength mostly displayed splitting cracks.

(3) The abundance of hydration products such as C(-A)-S-H gel and ettringite was the
primary reason for the high strength of stabilized aeolian sand with the optimal pro-
portion. A higher content of CS can increase the level of Ca(OH), in the system, lead-
ing to an increase in calcite formed through carbonation. However, an unreasonable
proportion results in insufficient gel in the system, causing an incomplete particle
encapsulation and weak connections between particles, which can be disrupted by
the expansion of crystals such as ettringite and calcite, leading to a porous and loose
microstructure and thus reducing the strength of stabilized aeolian sand.
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Abstract: Mixed plastic fraction (MPF) from marine litter was investigated as a pore-forming agent in
formulations with kaolin and a rejected Mg-clay (rich in smectite and sepiolite) to obtain innovative
zeolitic lightweight aggregates. Round granules of ~10 mm in diameter were shaped and fired at 600
°C (mixtures of kaolin with 0, 5, 10, and 20 wt.% MPF) and 900 °C (mixtures of rejected Mg-clay:kaolin
(1:0, 2:1, 1:2; 0:1) with 10 wt.% MPF). The fired specimens were hydrothermally treated in a 3M
NaOH solution at 150 °C for 24 h. Mixtures containing 20 wt.% MPF led to specimen crumbling,
while those with 5 and, especially, 10 wt.% MPF favored a significant crystallization of zeolites and
feldspathoids (50-80%), highlighting cancrinite, nepheline, zeolite A, and analcime. The resulting
materials were lightweight (1.5-1.8 g/cm?) and their crushing strength increased substantially with
the hydrothermal treatment, from 0.04-0.5 MPa to 2.3-5.5 MPa after zeolitization. High content of
rejected Mg-clay in the mixture (>67%) negatively affected the zeolitization and the properties of
the final aggregate, while 33 wt.% was adequate, increasing slightly the crushing strength (3.4 vs.
3.1 MPa). These findings contribute to plastic waste circularity and sustainability / technological
progress in materials production.

Keywords: hydrothermal treatment; zeolitic construction materials; lightweight aggregates; marine
plastic litter; clay

1. Introduction

Annually, 10 million tons of waste reach the seas and oceans, a problem of global
magnitude [1,2]. Despite the heterogeneous nature of marine litter, plastic is the most
predominant fraction [3]. Its presence can amount to several kg per km? (millions of frag-
ments) in various oceanic areas, including the Mediterranean Sea [4], which directly affects
marine organisms that ingest them [5]. Therefore, it is necessary to look for alternatives to
reduce the impact of plastic waste.

Regarding plastic application as a pore-forming agent in ceramic materials, this type
of research has been usually restricted mainly to biomedical ceramics [6,7]. The addition
of plastic to produce materials for construction has hardly been studied. Some of the first
contributions in this sense were associated with the manufacture of lightweight aggregates
(porous granular ceramic materials) in the patents by Kirschner [8] and Malloy et al. [9].
However, this research line remained dormant for years, and it was not until years later
that plastic residues were studied again in ceramic formulations. Some works published
by Moreno-Maroto et al. [10,11] stand out, in which the role of household plastic waste as
a porogenic additive in expanded lightweight aggregates was studied, also using other
mineral wastes in the mixtures (e.g., mine tailings).
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It is worth noting that the manufacture of lightweight aggregates can be carried
out through four routes: (i) cold bonding: combining raw materials with pozzolanic
capacity, such as fly ash, calcium hydroxide, and Portland cement, to obtain hardened
aggregates after mixing with water [12,13]; (ii) autoclaving: starting from raw materi-
als that are also binders, the shaped granules undergo an autoclave curing process at
temperatures > 100 °C to promote hardening [12,14]; (iii) geopolymerization: mineral pre-
cursors rich in aluminosilicates are mixed with an alkaline activator solution until a paste
is obtained, which hardens under suitable curing conditions [15]. Foaming agents, such
as silica fume, can be added to develop a lighter structure [16]; and (iv) firing or sintering:
this is the most common method to obtain lightweight aggregates, as with suitable raw
materials and manufacturing conditions (generally using rotary kilns), it can lead to very
light and porous materials.

From an environmental standpoint, the above processes present aspects for improve-
ment: in the case of cold bonding and autoclaving, the starting raw materials are generally
obtained at high temperatures to be activated (for example, Portland cement is manufac-
tured at about 1500 °C). Likewise, the rotary kiln firing method involves temperatures that
in most cases are between 1050 and 1250 °C [17]. Regarding geopolymerization, although
it is not very popular in the manufacture of lightweight aggregates, it is attracting a lot
of attention in recent years as a more sustainable method of obtaining alternative binders
to Portland cement. Although geopolymerization is usually considered environmentally
friendly, the strong impact in the manufacture of its most common activators is usually
ignored, such as sodium silicate, which is usually synthesized at 1200-1400 °C [18].

Against this backdrop, it is essential to develop more sustainable manufacturing
methods, especially from an energy efficiency perspective. To this must be added the new
objectives of the European Union, which aim to promote the development of advanced
properties in materials [19,20].

Moreno-Maroto and Alonso-Azcarate [21] have recently developed a new manufactur-
ing method based on alkaline hydrothermal treatment of macroscopic specimens fired at
relatively low temperatures (600 and 900 °C). This new approach has been proved satisfac-
tory in kaolin mixtures with 10 wt.% of rubber and polyethylene microplastics. The authors
investigated different manufacturing conditions in terms of hydrothermal temperatures
(80 and 140 °C), times (24 y 72 h), and NaOH concentrations (1, 3, and 5 M), highlighting
the development of highly zeolitized structures (15-74%) and a very noticeable increase
in mechanical strength, registering increases of up to 37 times with respect to the material
only fired.

In view of this, the work presented here aims to deepen the knowledge of this new
technique through the application of different conditions of synthesis and raw materials.
On the one hand, the mixed plastic fraction (MPF) from marine litter has been studied
as a pore-forming agent, which, as explained above, is a very harmful residue in the
environment when released into the sea. On the other hand, in addition to kaolin, a
rejected Mg-clay with different physicochemical and mineralogical characteristics has been
investigated to find out if it is also a suitable component for this new method.

2. Materials and Methods
2.1. Raw Materials

Two types of clay were studied as mineral precursors: (i) a white kaolin, provided by
the company Caobar S.A. (Taracena, Spain); and (ii) a material rejected in a special clay
production plant (hereafter rejected Mg-clay) due to its grain size being too small for the
market. Table 1 shows the main properties of the two clays, as well as the characterization
methods at the foot of the table. The white kaolin under study is very rich in kaolinite (85%)
with moderate plasticity and toughness: liquid limit (LL) of 42.1 and plastic limit (PL) equal
to 27, so that LL-PL results in a plasticity index (PI) of 15.1 and, therefore, PI/LL = 0.36.
This kaolin contains no carbon and a very low iron percentage (0.4%). In the case of the
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waste material, it is a magnesian clay (MgO = 22%) of very high plasticity and toughness
(LL =171.1; PI/LL = 0.56), rich in smectite (38%) and sepiolite (30%).

Table 1. Characteristics of the clays under study.

Particle Size Atterberg Carbon

(um) 2 Limits b %) € Chemical Composition (%) 4 Mineralogy (%) ©
Clay

450  Mean LL  PL (g’:;') $i0, Al,03 Fe03 K,0  CaO  MgO  Others LOI  Kao  Sm  Sp 1l Q pg Fp Cal Dol
Kaolin 46 83 41 270 - 509 35 04 04 01 01 05 126 849 - - 25 126 - - - -
Rejected 185 164 1711 748 085 542 72 20 16 20 219 13 98 - 78 30 39 11 43 79 26 24
Mg-clay (0.44)

METHODS: ?: Laser diffraction: Beckman Coulter® LSTM 230 (Nyon, Switzerland); ®: Casagrande cup for LL
and rolling test for PL [22]; ¢: TOC-analyzer Shimadzu® TOC-VCSH (Duisburg, Germany); ¢: X-ray fluorescence:
Thermo ARL ADVANT’XP Sequential XRF (Thermo Fisher Scientific, Waltham, MA, USA); ¢: X-ray diffrac-
tion (XRD) with Rietveld refinement (see test conditions in Section 2.5), where: Kao = kaolinite; Q = quartz;
Pg = plagioclase; Fp = alkali feldspar; Il = Illite; Sm = smectite; Sp = sepiolite; Cal = calcite; Dol = dolomite.

Mixed plastic fraction (MPF) of marine litter has been investigated as a pore-generating
additive. The supplier of this MPF was Mares Circulares through the Asociacion Vertidos
Cero (Madrid, Spain). This material was previously ground at the AIMPLAS Technological
Institute (Valencia, Spain) to the desired particle size. First, the MPF plastics were cut
with a guillotine to reduce their size to fragments of approximately 5-10 cm. Next, they
were passed through a rotary mill with two movable blades and two fixed blades, using
a 5 mm mesh, obtaining short plastic filaments (noodle shape). Finally, it was ground by
another knife mill, but in this case with the application of nitrogen to avoid melting the
plastic. It was passed through a 1 mm mesh to obtain the final powdered plastic used in
the study (Figure 1a). The equipment used was a CRS5 cutter mill and an MT15 grinder
mill, both from LIDEM (Ontinyent, Spain). The obtained MPF powder had a chemical com-
position (LECO CHNS-932 elemental analyzer; St. Joseph, MI, USA) of: C = 84.50 £ 0.33%,
H =13.93 £ 0.12%, N = 0.12 £ 0.03%, and S = 0.04 £ 0.02%. The fundamental parame-
ters of its particle size distribution by dry sieving were average particle size of 0.97 mm;
d10 = 0.48 mm; d50 =0.86 mm; and d90 = 1.71 mm. The particles were generally flake-shaped.

(a)

Figure 1. (a) MPF powder used in the research; (b) MPF on kaolin before mixing; (c) wet pellets
obtained by manual granulation.
2.2. Preparation of Mixtures

This work has two stages:

1.  As it has already been proven that the kaolin has zeolitization capacity [21], it has
been used as a main component in mixtures with different proportions of plastic,
namely 0, 5, 10, and 20 wt.% of powdered MPF (Figure 1b), in order to check how it
affects the manufacturing process of zeolitic lightweight aggregates (ZLAs).
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2. Secondly, knowing the results obtained in the first stage, the kaolin was mixed with
the rejected Mg-clay in proportions 1:0, 2:1, 1:2, and 0:1, thus covering 100%, 33%,
67%, and 0% of each clay in the mixture. A fixed percentage of MPF (in this case
10 wt.%) was added to the resulting clay mixture based on the results of the first stage
of the investigation, something that will be discussed later.

The mixing process began with dry homogenization of each of the mixtures for several
minutes by vigorous shaking inside a bag. A portion of each mixture was taken and the
PL [22] was determined, from which the optimal moisture content (Wop) for subsequent
granulation was determined as Wop = PL x 1.234 [21,23]. Based on the Wop results, the
different percentages of MPF in the mixtures with kaolin did not significantly affect the
amount of water to be added, which in this case ranged between 31 and 36%. On the
contrary, the increase in the rejected Mg-clay compared to kaolin in the second stage did
lead to a very noticeable increase in the water added to the mixtures, giving the following
values: 34, 40, 54, and 100%. This is because the rejected Mg-clay has a very high PL due to
its sepiolite content (Table 1). The homogeneous dough obtained after mixing with water
passed to the granulation stage.

2.3. Granulation and Firing

Round granules of ~10 mm in diameter were manually formed from the wet dough
(Figure 1c). They were oven-dried for 24 h at 105 °C and then fired in a muffle. Simultaneous
differential scanning calorimetry-thermogravimetric analysis tests (DSC-TGA) were used
as a basis for determining the heating conditions in the muffle (Figure 2).

Kaolin Rejected Mg-clay Mixed plastic fraction

100 100 2 100 158
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Figure 2. DSC-TGA plots of the raw materials used in this study. Heating ramp: 25 °C/min;
atmosphere: air (clays). Equipment: SDT Q600 of TA Instruments (New Castle, DE, USA).

In the case of the mixtures from the first part of the study, the firing temperature
was 600 °C. According to Figure 2, this temperature is sufficient for the total thermal
decomposition of the MPF and for kaolinite to be activated in the form of amorphous
meta-kaolinite by dehydroxylation [24]. However, regarding the addition of the rejected
Mg-clay, the temperature was raised to 900 °C since preliminary tests showed that it did not
have zeolitization capacity if fired at 600 °C. Thus, the application of 900 °C would ensure
the complete destruction of sepiolite and smectite structures, although with a possible
minor crystallization of other phases [24], as pointed out by the endothermic—exothermic
peak system between 820 and 850 °C (Figure 2). In both cases, the muffle temperature
was maintained for 1 h, previously applying a heating ramp of 30 °C/min. The resulting
material was cooled by natural radiation inside the muffle.

2.4. Hydrothermal Treatment

For each formulation, about 20 g of the fired granules were weighed and placed
into a steel reactor with a Teflon vessel. Approx. 160 mL of 3M NaOH solution was
added, corresponding to a liquid/solid ratio of exactly 8 mL/g. The reactor was properly
closed and placed in an oven at 150 °C for 24 h. After taking it off the oven and once the
temperature of the reactor dropped sufficiently for handling, the supernatant was removed,
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and the resulting material was washed with water until neutral pH. Finally, the resulting
ZLA was dried in an oven at 105 °C for 24 h.

2.5. Characterization of the Aggregates

According to the characterization tests followed by Moreno-Maroto and Alonso-
Azcérate [21], the size of the specimens before and after hydrothermal treatment was
determined using a caliper. The volumetric variation was then determined. The crushing
strength was tested individually [25,26] in 10 specimens using a Nannetti® FM 96 press
(Faenza, Italy), and the final result was calculated as the average of the ten data points.

Part of the fragments resulting from the crushing test were ground to <53 pm with
an agate mill. The resulting powder was used to determine the real density (og) with
an AccuPyc 1330 helium pycnometer (Micromeritics, Norcross, GA, USA). This powder
material was also used to quantify the mineralogical composition by X-ray diffraction
(XRD) with Rietveld refinement. NIST® SRM® 676a alumina standard (Gaithersburg, MD,
USA) was used to quantify the amorphous phase. The equipment and conditions used
were: PANalytical® diffractometer X'Pert Pro model (Malvern, UK); 45 kV, 40 mA, CuK«
radiation, and a system of slits (soller—-mask-divergence—-antiscatter) of 0.04 rad-10 mm-
1/8°-1/2°, with an X'celerator detector and Bragg—Brentano HD module. Water absorption
for 24 h (WAjy4) and particle density (p,;) were determined with a water pycnometer
according to the EN-1097-6 standard [27]. Based on the data obtained through this test and
the pr results, the total, open, and closed porosity (Pt, Po, and Pc) were calculated through
the equations described by Moreno-Maroto and Alonso-Azcérate [21]. The interior of some
selected ZLA samples was coated with Au using a Quorum Q150T S sputtering metallizer
(Laughton, East Sussex, UK). Then, the ZLA microstructure was observed by scanning
electron microscopy (SEM) with a Hitachi S-3000N instrument (Hitachinaka, Japan). The
microscope operated under high vacuum conditions with an accelerating voltage of 20 keV,
a lifetime of 40 s, a working distance of 14.7 to 17.4 mm, and a beam current of 300 mA.
Secondary electrons were detected to accurately visualize surface and crystal morphology.

3. Results and Discussion

3.1. Zeolitic Lightweight Aggregates Obtained from Kaolin and Different Proportions of
Marine Plastic

3.1.1. Mineralogical Changes and Zeolitization

The aggregates obtained for each formulation have been designated by the following
code: K-xP-600, where K means kaolin, x is the % of MPF added, and 600 is the muffle
firing temperature (in this case 600 °C). For hydrothermally treated samples (see specimens
in Figure 3), the term H has been added to the end of the name (K-xP-600-H). It is worth
noting that the high plastic content of the specimens containing 20 wt.% MPF led to the
crumbling of the specimens after firing in the mulffle, so that only the formulations with 0,
5, and 10 wt.% MPF could be studied.

The mineralogical changes that occurred during firing and hydrothermal treatment can
be seen in Table 2 and Figure 4. The diffractograms are shown in Figure S1 in Supplementary
Material. Firing at 600 °C affected the three formulations in a similar way, irrespective of
the added MPF content. A very noticeable increase in the amorphization of the sample
(82-87%) stands out, mainly associated with the dehydroxylation of kaolinite (endothermic
peak with mass loss at ~525 °C for kaolin in Figure 2), which was reduced from 85% to
2-6%.

However, the hydrothermal treatment of the fired samples has affected the mineralogy
in the opposite direction, highlighting a very notable decrease in such an amorphous phase
in favor of the crystallization of minerals of the zeolite group (zeolite A, zeolite P1, and
analcime) and feldspathoids (cancrinite, hydrosodalite, and nepheline). In the case of the
feldspathoids detected, the International Zeolite Association integrates them into its zeolite
database as they present a zeolite-type framework [28], so they will be considered as such
in this study (Table 2).
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(a) 0 wt.% MPF (b) 5 wt.% MPF (c) 10 wt.% MPF

Figure 3. Zeolitic lightweight aggregates obtained from kaolin and (a) 0 wt.%, (b) 5 wt.%, and (c) 10 wt.%
of mixed plastic fraction from marine litter. The prints left by the burned plastic can be seen in (b)
and especially in (c).

Table 2. Mineralogical composition of the kaolin and the lightweight aggregates obtained from it
and different proportions of MPF (0P, 5P, and 10P mean 0, 5, and 10 wt.% of MPF added). Letter
H = hydrothermally treated.

Mineralogical Composition (%)

Sample Kao 111 Q Zeo A? Can b Hysod 2® ZeoP1? Neph 2 Ana? Am L Zeolite 2P I\)f[igé}rlaelrs

(111<naf(1)1£13rc11) 849 25 126 100

K-0P-600 6.0 2.6 9.2 82.2 17.8

K-5P-600 2.2 1.9 9.2 86.7 13.3

K-10P-600 2.1 1.9 9.8 86.2 13.8
K-0P-600-H 0.7 5.0 9.6 20.1 3.9 0.2 16.9 1.0 42.6 51.7 5.7
K-5P-600-H 0.4 3.1 20.5 5.9 8.4 5.2 16.8 1.5 38.3 58.3 3.5
K-10P-600-H 33.5 2.3 0.8 33.2 10.1 20.2 79.9

Kao = kaolinite; Ill = illite; Q = quartz; Zeo A = zeolite A; Can = cancrinite; Hysod = hydrosodalite; Zeo
P1 = zeolite P; Neph = nepheline; Ana = analcime; Am = amorphous phase.  Minerals registered as zeolites in
the database of the International Zeolite Association [28]. ® Feldspathoid with zeolitic framework type [28].

The percentage of plastic added to the starting mixture is a variable that has signifi-
cantly affected the mineralogy. From a general point of view, the overall zeolite content
increases with the MPF content, going from 51.7% zeolite in the sample without plastic,
to 58.3% in the sample with 5% MPF, and almost 80% in the materials with 10% plastic
added initially (Table 2, Figure 4b). This would be because the pores left by the plastic
particles when burning in the muffle would allow (1) a better permeation of the NaOH
solution through the whole body of the specimen, and (2) more space for the nucleation
and crystallization of the zeolites, both aspects leading to a more effective zeolitization [21].
Zeolite crystallization occurs mainly from the amorphous phase, whose content decreases
proportionally with the increase in zeolite, although it is also nourished to a lesser extent
by the remnants of kaolinite, illite, and quartz that had not amorphized during firing.

Regarding the mineral species neoformed in each sample during the hydrothermal
treatment, according to Table 2 and Figure 4a, the presence of cancrinite and nepheline
stands out (20 and 17%, respectively) in the sample without MPF, followed by zeolite A
(~10%), with the rest of the zeolites presenting lower proportions. However, zeolite A
(~20%) is the major mineral in the material to which 5 wt.% plastic was added, followed
closely by nepheline (~17%), and to a lesser extent by hydrosodalite (~8%), cancrinite, and
zeolite P1 (5-6%). However, in the material with 10 wt.% of MPF, no zeolite A has been
detected, and as with the sample without plastic, its dominant mineral phases are cancrinite
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and nepheline (33% each), highlighting also in this case an abundant crystallization of
analcime (10%).
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Figure 4. Mineralogical composition of the kaolin and the lightweight aggregates obtained from it and
different proportions of MPF (0P, 5P and 10P mean 0, 5, and 10 wt.% of MPF added): (a) Kao = kaolinite;
111 = illite; Q = quartz; Zeo A = zeolite A; Can = cancrinite; Hysod = hydrosodalite; Zeo P1 = zeolite P;
Neph = nepheline; Ana = analcime; Am = amorphous phase. (b) Differentiation between zeolites,
other minerals and amorphous phase.

Images taken by SEM have revealed that although crystal growth can occur through-
out the body of the material (especially in the sample with 10% plastic, Figure 5a), it is most
noticeable inside the pores (Figure 5b), which would be aligned with a higher zeolitization
in the samples manufactured with MPF. Regarding the morphology of the neoformed
minerals, aggregates of elongated crystals stand out in the three materials (Figure 5a—).
Most of them are flattened (Figure 5a—e), dominated by tabular and columnar habits and,
to a lesser extent, acicular ones, characterized by a wedge-shaped end at {201} (Figure 5d),
which is typical of nepheline [29,30]. Depending on the observed zones, these crystals
can be found together with others of cancrinite, which can exhibit a needle habit with
hexagonal prism geometry [31,32] (Figure 5b,c) or with rounded aggregate architecture [31]
(Figure 5a). It is also remarkable the presence of analcime crystals with isometric trapezo-
hedral morphology, namely of deltoidal icositetrahedron habit [33,34], especially in the
samples to which plastic was added (Figure 5e,f). A common aspect between the sam-
ple without plastic and the one synthesized with 5 wt.% MPF is the appearance of cubic
crystals (Figure 5g,h) of zeolite A [35,36] not present in the sample with 10 wt.% MPF,
thus endorsing the XRD results (Table 2). These cubic crystals may be accompanied by
other crystalline aggregates, such as the lepispheres (desert rose shape) shown in Figure 5h,
which would be of hydrosodalite [37], although some authors have also reported them for
the P1 zeolite [38,39]. Regarding the latter, the crystalline aggregates called by some authors
as pinecone type or cactus type shown in Figure 5h,i, correspond to zeolite P1 [38—40],
being most likely of the NaP1 type [38].
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Figure 5. Images taken by SEM of zeolitized samples: (a) zeolite crystals along the entire section of

sample K-10P-600-H, with rounded crystalline aggregates of cancrinite on the left and aggregates of
elongated crystals of nepheline and cancrinite on the right; (b) elongated crystals of nepheline and
cancrinite within a pore and (c) detail view of these in K-0P-600-H; (d) tip of an acicular crystal of
cancrinite with hexagonal cross-section and tip of a nepheline crystal showing characteristic Miller
indices according to Hansen and Falth [29]; (e,f) analcime crystals with trapezohedral habit and, in
(e) together with other nepheline tabular/columnars in K-5P-600-H; (g) cubic crystals of zeolite A in
K-0P-600-H; (h) crystalline aggregate with cubic crystals zeolite A, pinecone aggregate of zeolite P1,
and lepispheres of hydrosadalite or zeolite P1 in K-5P-600-H; (i) pinecone-like crystalline aggregate
typical of zeolite P1 in K-10P-600-H.

3.1.2. Technological Properties of the ZLAs

The main characteristics of the materials obtained are shown in Table 3. First, it can
be seen that the average size of the fired aggregates is between 10.5 and 10.7 mm. The
alkaline treatment did not result in a substantial change in the diameter of the specimens
without MPF; however, it favored an increase of approx. 5% in the two samples with the
additive. This could mean that the zeolite neoformation has meant a certain volumetric
expansion in these samples (crystal growth in small pores and fissures may have “pushed”
the internal structure), also promoted by the growth of microcrystalline crystals on the
surface of the material.

As explained in the previous section, zeolitization has occurred most intensely inside
the pores (Figure 5b). This has led to a drastic decrease in total porosity (Table 3 and Figure 6a),
a phenomenon that has been more pronounced in the sample with 0 and 5 wt.% MPF, dropping
from Pt =45 and 49% to Pt = 24 and 26%, implying a decrease of 20-23 points, i.e., 45-47%,
respectively. In the case of the sample with 10 wt.% added plastic, the addition of higher
plastic content has helped cushion porosity depletion, so the total porosity has decreased
24.5%, from 48.6% to 36.7%. The open porosity is dominant in the fired samples, with
values between 32% (sample with 10 wt.% MPF) and 37% (the other two), while the closed
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porosity increased 7, 12, and 16% with the addition of the plastic. Due to this dominance
of open porosity over closed porosity, the former has been more affected by zeolitization,
being reduced to values between 21 and 25%, while the closed pores represent between
3 and 12% after treatment, being the sample with 10 wt.% of MPF less affected (Table 3).
The clogging of the open pores is reasonable since the alkaline solution would penetrate
through it without difficulty, and the zeolites can crystallize on the walls of these pores and
open fractures (Figure 5b). However, the decrease in the closed porosity is counter-intuitive,
and could indicate that the alkaline treatment is capable of permeating a large part of the
structure through the different physicochemical and mineralogical transformations that
have taken place, even altering the walls of the closed pores, in which crystals could also
have grown.

Table 3. Properties of the lightweight aggregates obtained from kaolin and different proportions of
MPF (0P, 5P, and 10P mean 0, 5, and 10 wt.% of MPF added). The letter H at the end of the name
indicates that the fired aggregates have also undergone hydrothermal treatment.

. . . 3 Water e 1o
Diameter (mm) Crushing Strength (MPa) Density (g/cm’) Absorption (%) Porosity (%)
Aggregate A
St. A (% St. . A A (% AP
Mean Dy g o) Mean Dv. Raaho Ord PR (o/ﬁrg WA g o) Pr © )Z Po Pc
K-0P-600 10.6 0.7 0.45 0.07 1.49 2.695 25.1 44.6 37.6 7.0
K-5P-600 10.7 0.7 0.13 0.03 1.34 2.635 27.8 49.3 37.2 12.2
K-10P-600 10.5 0.6 0.04 0.02 1.36 2.641 23.7 48.6 32.2 l6.4
K-0P-600-H 10.7 0.6 0.9 55 1.0 12.3 1.79 2.365 19.7 122 —51.4 24.4 —45.2 21.9 2.6
K-5P-600-H 11.2 0.8 47 44 0.7 33.8 1.66 2.249 243 12.5 —54.9 26.2 —46.9 20.8 5.4
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Figure 6. Technological characteristics of the zeolitic lightweight aggregates obtained from kaolin
and different proportions of MPF: (a) total porosity; (b) water absorption; (c) particle density;
(d) crushing strength.
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This decrease in porosity is critical, as it has affected the technological properties
of the material. Thus, while the water absorption in the samples only fired was around
23-27%, this figure has been reduced after zeolitization to 12% and 17% in the samples with
0 and 5% MPF and 10% MPF, respectively, representing a variation over the non-treated
specimens of more than —50% in the former two and almost —30% in the latter (Table 3,
Figure 6b).

Regarding the density of the materials obtained, the decrease in porosity of the material
has led to the p,q values increasing between 10% and 24% compared to the fired material
from which they come. Thus, in the sample without added plastic, the starting density
was 1.49 g/cm3, which after the hydrothermal treatment rose to 1.79 g/cm?. In the case of
samples with MPF, the density before zeolitization was ~1.35 g/cm?, increasing after it to
1.66 g/cm3 in materials with 5 wt.% of plastic added and somewhat less (1.49 g/cm?) in
those with 10 wt.% MPF (Figure 6¢). It is important to highlight that all values are below
the limit of 2.00 g/cm3 established by the EN 13055-1 [41] standard, which means that the
materials obtained could be used as lightweight aggregates.

Finally, an essential parameter is the mechanical strength, in this case measured as
the crushing strength of single specimens. According to Figure 6d, several interpretations
can be made. Firstly, the only-fired materials have a very low strength, between 0.04 and
0.45 MPa, and the addition of plastic tends to reduce it. However, this is corrected with
a significant increase in the crushing strength after zeolitization, presenting values of 5.5,
4.4, and 2.3 MPa in the samples with 0, 5, and 10 wt.% MPF, respectively. This represents
an increase ratio of 12, 34, and almost 58 times the strength of the starting fired material
(Table 3), which allows lightweight materials with improved mechanical strength to be
obtained, in this case zeolitic lightweight aggregates.

Beyond these technological improvements, the environmental impact generated by
the burning of plastic waste is an aspect that will be evaluated in a future study. In the fight
against plastic landfilling, the most widely used way to dispose of plastic waste in Europe
is energy recovery (over recycling). This means that most of the plastic waste is already
incinerated to obtain heat, electricity, or fuel, so there is a suitable and safe technology for
this [42], which could be adapted to the manufacturing method presented in this work.

3.2. Effect of the Addition of the Rejected Mg-Clay (Rich in Smectite and Sepiolite) on the
Zeolitization of Lightweight Aggregates

3.2.1. Mineralogical Changes and Zeolitization

The results of mineralogical composition corresponding to the materials obtained in
the mixtures of rejected Mg-clay and kaolin are shown in Table 4. The diffractograms are
shown in Figure S1 in Supplementary Material. Based on the findings of the first part of
the study, it was decided to add an amount of 10 wt.% MPF to maximize the zeolitization
of the samples. The formulations containing 67% and 100% rejected Mg-clay do not appear
in Table 4, because the specimens obtained after the hydrothermal treatment tended to
crumble in aqueous medium, so they were discarded.

Firing at 900 °C did not lead to significant changes in the mineralogy of the sample
with 100% kaolin with respect to its counterpart fired at 600 °C, beyond the complete amor-
phization of the little kaolinite that remained (Tables 2 and 4). In the case of the granules
with 33% rejected Mg-clay, firing has led to the thermal decomposition of the calcite and
dolomite of the starting mixture, as well as the destruction of all the phyllosilicates, with
the exception of illite, although its content is very low (~2%). The initial feldspar and pla-
gioclase content (4 and 8%, respectively) has also been reduced to ~1%. The decomposition
of the original phases has led to a significant amorphization of the material (70%), as well
as the neoformation of two new phases: pigeonite (4%) and mullite (13%). The DSC-TGA
graphs in Figure 2 reveal that these new minerals would not come from kaolin since the
peak of mullite formation is located at 1000 °C, which is higher than that applied. However,
the endothermic—exothermic peak system between 800 and 850 °C in the rejected Mg-clay
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indicates, first, the structural decomposition of smectite and sepiolite and, subsequently,
the crystallization of these two new phases [24].

Table 4. Mineralogical composition of the kaolin, the rejected Mg-clay and the lightweight aggregates
obtained at 900 °C from kaolin and its mixture 1:2 with rejected Mg-clay (term S because of its high
content in smectite and sepiolite) and 10 wt.% MPF (10P). Letter H = material hydrothermally treated
after firing.

Mineralogical Composition (%)

z
. z
Sample Kao 1l Sm Sp Q Plag Fp Cal Dol Pig Mu Ze:) C.;,n S:l),d P:“ I\Liph Am  Zeo- O?her
A lite Miner-
als
Kaolin
(unfired) 849 25 12.6 100
Rejected
Mg-clay 39 378 30 111 43 7.9 2.6 2.4 100
(unfired)
SO0K1-10P-900 32 122 84.7 154
S1K2-10P-900 17 91 14 07 38 13 703 29.7
S0K1-10P-
900-H © 0.1 1.7 454 5 13.1 11.8 22.8 77 0.1
S1K2-10P-
900-H © 0.2 1.5 40.9 1.4 4.2 51.8 48 0.2

Kao = kaolinite; Ill = illite; Sm = smectite; Sp = sepiolite; Q = quartz; Plag = plagioclase; Fp = alkali feldspar;
Cal = calcite; Dol = dolomite; Pig = pigeonite; Mu = mullite; Zeo A = zeolite A; Can = cancrinite; Sod = sodalite;
Phi = phillipsite; Neph = nepheline; Am = amorphous phase. * Minerals registered as zeolites in the database of
the International Zeolite Association [28]. ® Feldspathoid with zeolitic framework type [28]. € The naming of the
samples follows the same rule as that in Table 3, but in this case the proportion of rejected Mg-clay versus kaolin is
distinguished with the term S for the former, which refers to its high content of smectite and sepiolite. Therefore,
SO0K1 indicates a 0:1 ratio (i.e., 100% kaolin) and S1:K2 a 1:2 ratio (33% rejected Mg-clay and 67% kaolin).

Regarding the hydrothermal treatment, it has eliminated all the mineral species from
the fired specimens, leaving only a few traces of quartz. The amorphous phase content was
also reduced, more markedly in the sample with only kaolin (23% amorphous) than in the
one containing 33% rejected Mg-clay (52%). This entails a different degree of zeolitization,
being much more noticeable in the former (77% zeolite) than in the latter (48%). This
suggests that the addition of the rejected Mg-clay (rich in magnesium smectite and sepiolite)
could inhibit the zeolitization process under the conditions studied, which could explain
why the formulations with 67% and 100% of this clay did not present structural stability.
One possible reason for this is such a high Mg content (Table 1), so that for future research,
an acid pretreatment could be considered to reduce its concentration.

Regarding the developed zeolite species, with respect to the sample with only kaolin, it
can be seen that firing at 900 °C has led to slight changes, compared to the same formulation
fired at 600 °C and then hydrothermally treated (Table 2 vs. Table 4). It stands out
that cancrinite continues to be the dominant phase in the material fired at 900 °C (45.4%
compared to 33.5% at 600 °C), followed by nepheline (11.8% compared to 33.2%). Likewise,
no nepheline or hydrosodalite appears, but phillipsite (13%) and, to a lesser extent, sodalite
(5%) and zeolite A (1.7%), which were not detected in the aggregate fired at 600 °C. This
would indicate that the firing temperature could be a variable that can greatly affect the
mineralogical changes during hydrothermal synthesis.

With regard to the zeolitic content of the material with rejected Mg-clay, the data in
Table 4 reveal that, although the contents of cancrinite and zeolite A are very similar to
those of the sample with only kaolin, sodalite would not have been formed. In the case
of phillipsite and nepheline, their content would be lower than that of the aggregate with
100% kaolin (1.4% and 4.2%, respectively). Therefore, the addition of the rejected Mg-clay
does not seem to have inhibited the crystallization of cancrinite (and to a certain extent
neither of zeolite A), but it did so for the rest of the phases mentioned above.
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The habit of the crystals presents parallels with several of those indicated previously
in Figure 5. According to the SEM images in Figure 7, in many areas the only elongated
crystals that can be observed are flattened, typical of nepheline (Figure 7), which contrasts
with the fact that cancrinite is the dominant mineral in the two zeolitized samples (Table 4).
This should be because cancrinite aggregates can also take other morphologies, such as
the rounded ones [31] shown in Figure 7. Regarding nepheline crystals, some Y-shaped
crystal associations have been observed (Figure 7b), something that also appears in the
study of Lin et al. [30]. This type of structure is actually formed by the epitaxial growth of
a butterfly twin, typical of nepheline [29], on another crystal of the same mineral.

Y-shaped

crystals

\
o, S
).l &

MR i P
SO=K1%-900-150

Figure 7. Images taken by SEM of zeolitized samples: (a,b) tabular and columnar crystals of
nepheline and rounded aggregates of cancrinite in SOK1-10P-900-H and, including a detail view in
(b) of Y-shaped nepheline crystals by epitaxial growth of a butterfly twin on another crystal of the
same mineral.

3.2.2. Impact of the Rejected Mg-Clay on the Technological Properties of the ZLAs

The results in Table 5 show that the hydrothermal treatment has favored a slight
increase in aggregate size (1-5%), agreeing with the results in Table 4 discussed above.
In general terms, the sample containing only kaolin has very similar characteristics to
those previously discussed for its counterpart fired at 600 °C, both for the fired sample
and the hydrothermally treated sample. Therefore, the differences will not be discussed
in detail. It simply needs to be noted that firing at 900 °C would have led to a higher
degree of zeolitization of the sample, which has resulted in slightly less porosity and water
absorption, as well as a slightly higher density and thus a strength also somewhat higher
than those of the samples fired at 600 °C. Such differences could be explained by those
shown above for the mineralogy of these samples.

Regarding the addition of 33 wt.% of rejected Mg-clay, the characteristics of the
material obtained are very similar to those of the material produced with kaolin alone.
In terms of density, the rejected Mg-clay has favored a slight increase in density
(1.74 g/cm3 vs. 1.65 g/cm?). Despite this, it complies with the EN 13055-1 [41] stan-
dard for use as lightweight aggregate. For the rest of the properties, there are hardly any
notable differences compared to its counterpart with only kaolin: water absorption of 11.5%
compared to 11.8%; crushing strength slightly higher (3.4 MPa vs. 3.1 MPa); and total
porosity of 27.4% versus 28.8%, representing a decrease in the porosity of the fired material
of 45 and 41%, respectively. This decrease in porosity would affect both the open type
(having a value of 20% with rejected Mg-clay and 19.5% without it) and the closed type
(9.20/0 VS. 7.40/0).

These results indicate that, although hydrothermal treatment in aggregates shaped
with a high content of smectitic-sepiolitic magnesium clays would not lead to suitable
zeolitic materials (at least with the conditions studied in this research), its addition in
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moderate proportions is promising, since materials with technological properties similar to
those obtained only with kaolin could be produced.

Table 5. Properties of the lightweight aggregates obtained from kaolin and its mixture 1:2 with

rejected Mg-clay (term S because of its high content in smectite and sepiolite) and 10 wt.% MPF fired

at 900 °C. The letter H at the end of the name indicates that the fired aggregates have also undergone

hydrothermal treatment.

. . Water .
. 3 o,

Diameter (mm) Crushing Strength (MPa) Density (g/cm?) Absorption (%) Porosity (%)

Aggregate A

St. A (%) St. . A A (%) AP
Mean Dv. a ° Mean Dv. Raatlo Prd PR (0/5'2 WA, a ° Pr % )Z Po Pc

SO0K1-10P-900 10.0 0.9 0.2 0.1 1.39 2.722 25.8 48.8 36.0 12.7
S1K2-10P-900 9.5 0.6 1.7 0.4 1.44 2.859 241 49.7 34.8 15.0

8091310__%_([)1)_ 10.5 0.7 5.0 3.1 0.6 20.7 1.65 2.312 18.1 11.8 —54.1 28.8 —41.0 19.5 9.2

Slglé%)—}_([)[’— 9.6 0.6 1.1 34 0.8 2.0 1.74 2.395 21.1 11.5 —524 274 —45.0 20.0 74

? Variation in hydrothermal treatment over the same material only fired.

4. Conclusions

A study is presented to sustainably develop innovative zeolitic lightweight aggre-

gates (ZLAs), based on the protocol recently published by Moreno-Maroto and Alonso-
Azcarate [21]. The main conclusions that can be drawn can be summarized as follows:

The incorporation of MPF in proportions not exceeding 10 wt.% would be positive
since its combustion during firing favors the formation of open porosity, which makes
the subsequent alkaline hydrothermal treatment more effective. Therefore, adjusting
the percentage of MPF in the mixture could help control the final properties of the
material obtained. Thus, although the mechanical strength decreases with the MPF,
the lightness and degree of zeolitization improve.

The type of clay used in manufacturing is a critical aspect. Kaolin is very prone to
zeolitization, being a suitable raw material for the manufacture of ZLAs. On the
contrary, the rejected Mg-clay investigated (rich in magnesium smectite and sepiolite)
seems to negatively affect zeolitization when it is added in high proportions. However,
in a moderate content (33% rejected Mg-clay over 67% kaolin), it can give rise to
materials with properties similar, or even superior (e.g., mechanical strength), to
those obtained with kaolin alone. This invites further research into this clay with
different formulation and manufacturing conditions, including the application of acid
pretreatments for Mg removal.

The hydrothermal zeolitization method allows working at significantly lower firing
temperatures (600-900 °C in this work) than those usual for lightweight aggregates
(>1000 °C). This can provide an important economic and environmental advantage by
reducing energy consumption during manufacturing. In any case, it will be necessary
to investigate these aspects in more detail in the future (for example, through life cycle
assessment), especially to check if the emissions linked to the combustion of the MPF
are compensated by the energy savings during hydrothermal manufacturing.

The high zeolite content in the new lightweight aggregates could give them advanced
properties compared to conventional ones. In addition to a significant increase in
mechanical strength (even >50 fold compared to the starting fired material), it is well
known the adsorbent capacity of zeolites, thus paving the way to investigate the
decontamination capacity of the new ZLAs.

Despite the potential environmental advantages indicated above, the impact gener-
ated by the burning of plastic waste in the manufacturing process is an aspect to be
evaluated (pending for another study). However, it should be noted that the most
widely used way of disposing of plastic waste in Europe is energy recovery by incin-
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eration [42], which indicates that a viable and safe technology already exists, which
could be adapted to the manufacturing method presented in this work.

Considering all of the above, the general conclusion is that the work presented here
adapts to: (1) the concept of circularity, by incorporating waste in the manufacture, thus
proposing new solutions to waste as problematic as plastics from marine litter; (2) sus-
tainability and energy efficiency, by working at lower temperatures than usual; and (3)
technological development, by obtaining zeolitic lightweight aggregates with promising
properties compared to their conventional counterparts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/app14177674/s1.
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Abstract: The European Green Deal establishes the efficient management of construction resources
as one of its main lines of action. In this sense, the recovery of construction and demolition waste
for its reincorporation into the manufacturing process of new sustainable materials has become
necessary for the industry. This work deals with the physical and mechanical characterization of
cement mortars made with recycled concrete aggregates and reinforced with natural fibers. The
reinforcement fibers used (abaca, coconut, and toquilla) are more environmentally friendly compared
to traditional synthetic reinforcements. The aim of this research is to analyze the main physico-
mechanical properties of these sustainable cement mortars. The results show that mortars made
with recycled sand have a lower density and better thermal performance than traditional mortars.
In addition, with the incorporation of these natural fibers, the flexural strength of the mortars with
recycled aggregate increased by up to 37.6%. Another advantage obtained from the incorporation of
these natural fibers is the reduction in shrinkage in the masonry mortars during the drying process,
giving them greater dimensional stability and making their behavior similar to that of traditional
mortars. Thus, this work shows the potential application of masonry mortars produced under circular
economy criteria and their application in the building sector.

Keywords: circular economy; recycled aggregates; natural fibers; cement-based mortars; materials
characterization

1. Introduction

According to the latest estimations, the building materials market will reach USD
1.5 trillion by 2027, a consequence, among other factors, of the accelerated growth of
infrastructure in emerging economies [1]. Thus, this increase in market share linked to
construction’s intensive nature will be related to an increase in the consumption of natural
resources and energy, leading to a strong environmental impact in terms of greenhouse gas
emissions and waste generation [2]. Construction and demolition waste (CDW) is produced
in the process of construction, maintenance, demolition and deconstruction of infrastructure
and buildings [3]. This waste, mainly solid, has a very heterogeneous and generally inert
nature [4]. According to the latest UN figures, each citizen in an economically developed
region contributes approximately two tons of CDW per year, which implies more than
500 million tons of CDW per year [5].
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Unfortunately, the vast majority of these CDW are disposed of in landfills in large
cities, posing a risk to health, the environment and wasting resources [6]. The European
Union, aware of this global problem, has promoted the efficient use of resources in con-
struction for responsible economic growth through the European Green Deal [7]. For this
reason, in recent decades, several lines of research have emerged that are committed to the
incorporation of circular economy criteria and the redesign of traditional construction prod-
ucts. In this work, the study of the physical and mechanical properties of masonry mortars
made with recycled concrete aggregate and natural fibers is addressed, thus seeking to
promote the application of eco-friendly materials in the construction sector.

Concrete is the most consumed building material on the planet, generating a strong
environmental impact due to the high energy consumption required for its production [8],
while at the same time it is responsible for most CDW (between 100 - 10° and 340 - 10° kg
in the EU alone [9]). The use of recycled concrete aggregates (RCA) is essential for CDW
recovery and revalorization, as it allows the production of sustainable mortars and concretes
with a lower demand for original raw materials [10]. In general terms, the physical and
mechanical characteristics of RCA, such as their high content of surface impurities as a
result of the cementitious layer adhered to the aggregate during the crushing and grinding
of these wastes [11], make it difficult to use them in structural elements. This mortar layer
that covers the RCA decreases its mechanical strength the lower the quality of the old
mortar adhered and can also compromise the durability of the composites made with these
secondary raw materials as a result of their higher porosity and water absorption capacity
compared to natural aggregate [12].

On the other hand, these RCA have a higher content of fine particles, which means that
it is necessary to use a higher content of mixing water or to use chemical superplasticizing
agents in the dosing of mortars [13]. This aggregate particle size can be corrected to
some extent by introducing washing and sieving stages prior to the use of the aggregate,
although it is true that qualitatively its physical properties do not usually improve with
respect to natural aggregate [14]. Another consequence of the use of these aggregates in
the manufacture of masonry mortars is the increase in shrinkage during the setting process,
which causes surface cracks that can compromise their durability [15].

For this reason, reinforcement fibers have become a technically and economically
viable alternative to improve the properties of mortars and concrete made with these
recycled aggregates.

Literature Review on Mortars with Natural Fibers: Coconut, Abaca and Toquilla

For centuries, natural fibers have been present in the execution of construction works,
extending their application as reinforcement in the elaboration of materials [16]. So much so
that, thanks to their low cost and local availability, they have been frequently used in hous-
ing and rural structures, contributing to improve the thermal resistance of the base material
and being a light and easy to repair addition [17]. Research has also shown how replacing
synthetic fiber reinforcement with natural fibers can help mitigate adverse air pollution
effects [18]. The high carbon footprint and a large amount of energy required to produce
commercial synthetic fibers are some of the reasons that have driven research to look for
alternative and eco-friendly solutions for the reinforcement of composite materials [19].
The use of natural fibers still needs to be improved, but thanks to continuous research,
the development of new methods, and the growing awareness that they are a sustainable
alternative to conventional materials, their use is increasing in various industries [20].

The origin of these natural fibers is very diverse, e.g., hemp, bamboo, sisal, wheat
straw, date palm, rice husk, pineapple, jute or banana, and many research have been carried
out in this area [21]. In this research, three natural fibers have been used as reinforcement
material for mortars: coconut, abaca and toquilla straw.

First, a review of the most recent studies on coconut fiber reinforced cement mortars is
presented in Table 1.
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Table 1. Coconut fiber-reinforced cement mortar studies.

Ref. Fiber Addition Fiber Length [mm] Main Results
In all cases the flexural strength was increased, however, for the
0,4, 6, and 8% by compressive strength a decrease was observed from 4% added fiber.
[22] V\;eilg h’t of coment 16.7 Capillary water absorption in the mortars is increased. Energy
consumption and CO, emissions during production decreased by more
than 11% compared to the control mortar without coconut fiber.
0,02 04 and 0.6% The coconut fiber reinforcement increased mortar blocks’ residual
[23] ,mas,s fra’ctions of 24.0 strength under compression, as well as their ductility and energy
cement and soil mix absorption. In addition, a significant improvement in mortar durability
against freeze-thaw and moisture-dryness cycles was obtained.
05.1.0.15. and 2.0% Properties of cement mortars with coconut fiber in masonry walls were
[24] relz; tive, to t/he weight 300 e.valgéted. T}.le best 1.results were obtained for a({ldition. of 0.50{0 fiber,
of cement significantly improving flexural strength and slightly increasing
diagonal compression in walls.
0.0.25. 0.5, 0.75. 1.0 As the interface between added fibers and mortar matrix weakened,
[25] ’1’25 z:m q ’1'5% ,by ! Less than 3.0 there was an improvement in the mortars’ cushioning properties.
volume Howeve.r, there was a compressive strength loss and an increase
in porosity.
While there was no significant improvement in flexural and
[26] 0017255 ,b(;lzvi,e ?gi’?g? 24.0 coml.al.‘essive. mechanical strengths, post—crgcking prop.erties .such as
mortar mix ductility, residual strength and toughness increased with a higher
fraction of coconut fiber in the mortar matrix.
0,1,2.5, and 4% by Coconut fiber addition positively influenced the first crack deflection,
[27] T .V(,)lume 17.0 improving the toughness indices, plastic cracking and impact strength
of the produced cementitious mortars.
0,1,2 and 3% by The best results were obtained with additions of coconut fiber at 2% by
[28] Vc,)h;me of mortar 10.0-20.0 volume of mortar, significantly increasing flexural strength compared
to the reference, improving toughness, and preventing cracking.
The mortars were subjected to moisture—dryness cycles and an increase
[29] 0,1,2and 3% by 16.0-18.0 in wetting was observed in coconut fiber samples. Natural degradation
volume of mortar ' ' of the fibers in the mortar matrix occurred, which decreased the
mechanical strengths.
1.5% by volume of Higher flexural strengths, increased fracture energy and increased
[30] ' nortar 15.0 capillary water absorption were obtained compared to
traditional mortar.
0.5.10. 15. and 20% The potential use of coconut fiber reinforced mortars as a fagade
[31] b, - /h ¢ ! P ¢ 60.0 cladding material was analyzed. It was found that these mortars with
y weight of cemen plant fibers could reduce dwelling interior temperatures by 0.5-1.5 °C.
The coconut fiber reinforced mortars significantly improved flexural
(32] 0.25 and 0.5% by More than 10 and compressive mechanical strengths, satisfying the criteria for
weight of cement application as mortar in masonry walls according to
Colombian standards.
Composite with a combination of 10% silica fume, 10% metakaolin and
(33] 0,3,6,9,12, and 15% 10.0-30.0 6% coconut fibers showed superior mechanical and physical properties

by weight of cement

to the reference mortar, with a compact microstructure, making it a
sustainable and environmentally friendly alternative.

Note: Search in Web of Science with the keywords: ((“Coco” OR “Coconut”) AND (“Fiber*” OR “Fiber*”) AND

(“Mortar*”)).

Firstly, there is a discrepancy in the ideal percentage of fiber to add, as well as in the
optimum fiber length. While it is true that additions in mortar volume between 1 and 2%
and lengths between 15 and 20 mm provided in all cases improvements in mechanical
flexural strengths [28,30]. In addition, it has been observed that the addition of these
fibers improved the toughness and prevented mortars cracking [26], while increasing

42



Appl. Sci. 2024, 14, 6226

their thermal resistance [31] and the durability of these cement composites [23]. Negative
effects include the possible degradation of the fibers when subjected to moisture-dryness

cycles [29].

Similarly, a brief review of the most recent research findings on abaca fiber reinforced
mortars is shown in Table 2.

Table 2. Studies on abaca fiber-reinforced cement mortar.

Ref. Fiber Addition Fiber Length [mm] Main Results
The best results were obtained in mortars made with treated fibers
0.2, 0.3 and 0.4% with a 3% NaOH solution, with a length of 30 mm and incorporated at
[34] over the total solid ~ 20.0, 25.0, 30.0 and 35.0  0.2% of the mortar weight. With this composition, it was possible to
weight improve the mechanical resistance to bending and compression, with a
good fiber integration in the matrix.
Flexural strength was improved by 20%, compressive strength by 28%
[35] 0.2% over the total 300 and tensile strength by 26% compared to the reference mortars. In
solid weight ’ addition, the abaca fiber mortars improved their dimensional stability
by reducing shrinkage.
0.025.05. 1 o The good hygroscopic properties of abaca fibers reduce the autogenous
,0.25,0.5, 1 and 2% ;i . . . .
. shrinkage of mortars, improving their mechanical performance and
[36] of the weight of 4.5 L. . ! o, .
cement mitigating Frack.mg risk. In addition, the presence of these fibers delays
mortar setting time.
s Meowrdewal 100300300 g Ao Sheshonel ol eppiaton ' lioier
solid weight and 300.0 )

flexural strength and wall ductility was found to be 80 mm.

Note: Search in Web of Science with the keywords: ((“Abacd” OR “Abaca”) AND (“Fiber*” OR “Fiber*”) AND
(“Mortar*”)).

In view of the obtained results by other researchers shown in Table 2, it can be seen
that abaca fibers also allow to improve the mechanical behavior to bending in masonry
mortars [37]. Additionally, the good hygroscopic properties of these fibers and their
potential application to reduce shrinkage are highlighted [35,36]. Finally, the importance of
pre-treatment of natural fibers is emphasized, with the aim of increasing their durability
and favoring the integration of the fiber into the mortar matrix [34].

No research has been found on the use of toquilla straw fibers in the manufacture of
cement mortars, however, the potential applications of toquilla straw as a thermoplastic
reinforcement for composite materials were reported [38]. Toquilla straw or Carludovica
palmata has been commonly used in hot and humid regions of South America for the
manufacture of hats and handicrafts. Although its application in construction has not
yet been widely exploited, other similar natural fibers such as wheat straw [39], kenaf
straw [40], rice straw [41] or cotton straw [42] have been widely used. In general terms,
these fibers have been used as structural reinforcement material in mortar and concrete,
with the aim of improving the mechanical strength, toughness and deformation capacity of
cement-based composite materials, as well as obtaining improved thermal properties [43].

Moreover, there are constantly new reports about the possibility of using new natural
fibers, such as guaruma (Ischinosiphon koern) of Amazonian origin—natural fibers still
unexplored with great potential for use in cementitious systems [44]. Many review articles,
often critical ones, have examined the potential use of natural fibers to reinforce cemen-
titious systems [45-47]. In recent years, the need to reconcile technological development
in the cement industry with the preservation of the environment has led to the use of
silica-rich ash residues, from the calcination of plant fibers such as corn straw, sugar cane
straw or rice straw [48]. This novel application has become a promising alternative for the
partial substitution of cement in the development of new eco-friendly mortars, which in
turn have physical-mechanical properties that make them competitive in the market [49].
However, although the use of natural fiber has gained prominence in the area of materials
engineering due to the versatility of the use of natural fibers in cementitious composites.
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There are also some disadvantages of using these fibers in the matrix of mortars. As demon-
strated in some research [44], the incorporation of these reinforcing materials can result in
a loss of workability of the mix or wettability, as well as the difficulty to distribute the fiber
homogeneously or the need for prior treatments that improve the behavior and durability
of the fiber for application in matrices.

In short, based on the current state of knowledge, the objective of this research is to
analyze the physical and mechanical properties of masonry mortars made with recycled
concrete sand and reinforced with natural fibers. For this purpose, a characterization of the
developed cement materials, to which coconut, abaca, and toquilla straw fibers have been
added, will be carried out. To date, no research work has been found that comparatively
analyzes the effect of these three types of reinforcement on cement mortars made with
RCA. This may be of particular interest for the development of sustainable mortars in
South American countries where these three types of natural fibers are highly abundant.
The aim is to contribute to the development of eco-friendly mortars and to promote their
application in the building sector. The research thus falls within the framework of the
Sustainable Development Goals (SDGs) included in the 2030 Agenda, and more specifically,
SDG 9, “Industry, Innovation and Infrastructure” [50]. Moreover, this work is also essential
in terms of the contemporary perception of the environmental impact of construction
products, namely that using natural materials of plant origin is crucial [51], Any positive
example of using recycled materials in construction is additionally significant because
demolition/recycled materials are perceived as less valuable in construction for fear that
they will not meet specific requirements in terms of mechanical strength [52]. Moreover,
the innovative simultaneous use of RCA and natural fibers in masonry mortars is crucial
for this research.

2. Materials and Methods

This section describes the raw materials used to make the cement mortars studied in
this research, as well as their dosage and manufacturing process. Subsequently, the experi-
mental campaign conducted is described, indicating the equipment and methods applied.

2.1. Materials

The materials used to make the masonry mortars were cement, water, natural aggre-
gate, recycled concrete aggregate, and natural coconut, abaca, and toquilla straw fibers.

2.1.1. Cement

The binder used for the mortars’ preparation was CEM II/B-L 32.5 N cement. This
material commonly used in building construction, is made up of Portland clinker, limestone,
and up to 5% additions [53]. Table 3 shows the elemental composition of this raw material
obtained by X-ray fluorescence.

Table 3. Elemental composition of cement type CEM II/B-L 32.5 N. Results in percentage by mass.

CaO

Si02 SO3 A1203 F6203 K20 Ti02 MgO SrO BaO MnO P205

I. Loss

67.11

16.98 4.56 4.38 3.56 0.71 0.23 0.25 0.09 0.07 0.09 0.04

1.93

As shown in Table 3, different oxides constitute the cement used in this research,
with CaO, Si0O,, SO3, Al,O3, and Fe;O3 being the majority. These oxides are essential for
the formation of the potential compounds of cementitious materials: tricalcium silicate
(SC3), dicalcium silicate (SCy), tricalcium aluminate (AC3), and tetracyclic aluminoferrite
(AFCy) [54]. Finally, it should be noted that the appearance of sulfur oxide in the cement
composition is linked to the use of gypsum compounds during the manufacturing process,
which are added to mitigate setting time [55].
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2.1.2. Water

In the development of the different samples elaborated in this work, drinking water
from the Canal de Isabel II of the Community of Madrid has been used. This tap wa-
ter has been successfully used in previous research [56], according to Council Directive
98/83/EC [57]. Its main characteristics are its combined Cl content of 1.13 mg/L, pH 7.8,
and conductivity of 116.7 uS/cm [58].

2.1.3. Aggregates

Two different types of aggregates have been used for the development of this research:
natural sand (NA) standardized for reference tests distributed by the Eduardo Torroja
Institute of Construction Sciences (Madrid, Spain), and recycled sand from concrete waste
(RCA) supplied by the TEC-REC plant (Madrid, Spain). First, the physical properties
of these raw materials were analyzed in Table 4, following the recommendations of the
reference standards.

Table 4. Aggregates’ physical characterization.

Properties NA RCA Normative
Fine Content (%) 1.23 + 0.06 3.87 £ 0.10 UNE-EN 933-1 [59]
Particle Form Not relevant Not relevant UNE-EN 13139 [60]
Fineness Modulus (%) 2.56 £0.14 4.11 +£0.08 UNE-EN 13139 [60]
Friability Coefficient (%) 1411 £ 0.25 24.154+0.23 UNE-EN 146404 [61]
Bulk Density (kg/m?) 1560 £+ 17 1387 + 14 UNE-EN 1097-3 [62]
Dry Density (kg/m?) 2569 + 3 2398 + 16 UNE-EN 1097-6 [63]
Water Absorption (%) 0.54 + 0.04 5.87 +0.09 UNE-EN 1097-6 [63]

As can be seen in Table 4, the fine particle content of the recycled aggregates was
higher than that obtained for the standard sand. This is due to the process of crushing
and obtaining these secondary raw materials, and if their particle size is not controlled
by sieving before use, they can cause a decrease in the mechanical strength of masonry
mortars [64]. Furthermore, these recycled sands have a higher friability coefficient and a
lower density, which implies a decrease in the mechanical properties of the mortars, as
has been demonstrated in another research [65]. It should also be noted that these RCA
had a higher water absorption coefficient, which results in a higher water demand during
mortar mixing [66].

Figure 1 shows the granulometric curve obtained for applying these aggregates in the
manufacture of cement mortar. The aim was to obtain a continuous particle size that favors
mixture workability, using a back-and-forth sieve shaker and a series of standardized sieves
according to UNE-EN 933-2 [67].

Finally, an elemental analysis was carried out to determine the chemical composition
of the recycled concrete aggregates. The results obtained using the X-ray fluorescence
technique are shown in Table 5.

Table 5. Elemental composition of recycled concrete aggregates. Results in percentage by mass.

Aggregate

A1203 CaO Fe203 K20 MgO Si02 MnO Ti02 SO3 P205 NaOz

I. Loss

RCA

10.81 12.03 1.56 241 0.98 57.92 0.43 0.65 1.03 0.09 0.41

11.68
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Figure 1. Aggregate particle size curves compared with limits set out in NBE FL-90 standard [67] and
adapted to sieves series indicated in UNE-EN 933-2 [68].

As can be seen in Table 5, RCA used have a majority composition of SiO, (57.92%) as
a consequence of the natural aggregate used in the manufacture of concrete. In addition,
CaO and SO; impurities are observed, generally coming from gypsum waste mixed in
the building demolition process [69]. High content of sulfur impurities can be detrimental
to the durability of reinforcement or other steel elements that come into direct contact
with these mortars. Therefore, it is important to insist on the need for selective demolition
processes at the end of the life of the building [70]. Finally, ignition losses (11.68%) are a
consequence of the organic matter content of these secondary raw materials.

2.1.4. Natural Fibers

Three natural fibers have been used as reinforcement material: coconut, abaca and
toquilla straw. These fibers are shown in Figure 2.

Figure 2. Natural fibers used: (a) abaca fiber; (b) coconut fiber; (c) toquilla straw fiber.

All fibers used and shown in Figure 2 were manually cut to a length of 20 & 1 mm. In
addition, these fibers have the properties shown in Table 6.

Table 6. Properties of the natural fibers used in this research.

Fiber Bulk Density (kg/m3) Young’s Modulus (GPa) Diameter (mm)
Abaca 1230 £ 8 227+13 0.1-0.4
Coconut 1340 + 15 16.4 £ 0.9 0.1-1.2
Toquilla straw 670 +12 11.5+0.7 0.7-1.1
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Regarding the natural fiber treatment, the vast majority of studies have opted for
using NaOH solutions in the range of 1-15% [71]. According to a review of the current
literature [72,73], this type of pre-treatment improves durability, tensile strength, and
Young’s modulus compared to untreated natural fibers. Thus, in this research, the three
types of fibers used were pre-treated by soaking the fibers in a 5% NaOH solution by mass
for 2 days, washing them with water and manually separating the fibers, drying the fibers
for 24 h at a temperature of 45 + 5 °C, and finally, they were stored in airtight containers
until their use.

2.2. Production Process

For the preparation of the different types of mortar used in this research, the recom-
mendations of the UNE-EN 196-1 standard [74] were followed. The same techniques and
methods outlined in Figure 3 have always been used, using an IBERTEST planetary mixer
model IB32-040V01 (Madrid, Spain).

occluded air

:| Mixing process | Process : 1| Remove : : | Curing of the samples |

according to i
Aggregate UNE-EN 196-1

: N b
H addition : : Filling of the :
: ! 1 forms in 2 batches ! ! @
‘ ) A
: i i 25 controlled ! ! 2
strokes 1 H

R S G S S :'E> 90s E:)

Figure 3. Manufacturing process diagram of the mortar samples used in this research.

As can be seen in Figure 3, all the samples were cured under the same conditions
prior to the tests (temperature 22 £ 1 °C and ambient humidity 95 =+ 2%) and for a period
of 28 days.

Regarding dosages used for the preparation of the samples, Table 7 shows the mass
proportions used for each type of mortar.

Table 7. Mass dosages used for the manufacture of mortars.

E|3os|—-{305}_.|3os|_.|3os}_.|6os|_.|305|§ Lo days %Humidityi

S.IO.W }_Ta_St Clean-up Stop Fast | i i : Samples prepared :
mixing mixing time mixing | i Compaction | : for testing :

Unmould after 24 hours

Temperature i
22+1°C

95+2% |

Natural Fiber Reinforcement [g]

Type Cement[g] ~ Sand[g] ~ Water[g]l Water/Cement Ratio Abaca Coconut Toquilla Straw
NA-1:3 450.0 1350 234.0 0.52 — — —
RCA-1:3 450.0 1350 328.5 0.73 — — —
RCA-1:3-1.5%(A) 450.0 1350 328.5 0.73 6.75 — —
RCA-1:3-1.5%(C) 450.0 1350 328.5 0.73 — 6.75 —
RCA-1:3-1.5%(T) 450.0 1350 328.5 0.73 — — 6.75
NA-1:4 337.5 1350 183.0 0.54 — — —
RCA-1:4 337.5 1350 283.5 0.84 — — —
RCA-1:4-1.5%(A) 337.5 1350 283.5 0.84 6.75 — —
RCA-1:4-1.5%(C) 337.5 1350 283.5 0.84 — 6.75 —
RCA-1:4-1.5%(T) 337.5 1350 283.5 0.84 — — 6.75

As seen in Table 7, two proportions of cement/aggregate by mass (1:3 and 1:4) com-

monly used for manufacturing of mortars have been used. A percentage of natural fiber
addition corresponding to 1.5% by weight of cement has been selected, based on the results
obtained by other researchers and analyzed in the literature review.

Additionally, with this added fiber proportion it was possible to obtain a plastic and
workable consistency corresponding to a mortar diameter of 175 £ 10 mm in the shaking
table test, following the UNE-EN 1015-3 standard [75]. It should be noted that in no case
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superplasticizers were used, to eliminate environmentally harmful chemical compounds
and taking into consideration that the main application of these mortars would be as a
non-structural lining or bonding material [14]. Consequently, the water/cement ratio had
to be increased compared to mortars made with natural aggregate, since otherwise, as
highlighted in the research by Marvila et al. there is a significant difficulty to obtain an
adequate workability of the mixture [76]. Finally, it should be noted that two reference
mixes were prepared with standardized sand for both cement/aggregate ratios used in
this research.

2.3. Experimental Programme

A schematic representation of the experimental programme developed is shown

in Figure 4.
@ Physical properties

* Thermal conductivity and bulk density

Experimental | + Capillarity water absorption, compacity and shrinkage Critical review &

Programme f icati
& @ Mechanical properties feature applications

*+ Superficial hardness and bonding strength ﬁ
*+ Flexural and compressive strength + SEM analysis

Figure 4. Experimental programme scheme.

In this way, in the first phase, a study of the masonry mortar’s physical properties has
been conducted through the following tests:

e  Bulk density of mortars according to UNE-EN 1015-10 [77]. To determine this value,
the average of three measurements taken on samples of dimension 4 x 4 x 16 cm3
is used. The bulk density is obtained by dividing the mass of the specimen previ-
ously dried in an oven for 24 h (65 4= 5 °C) by the apparent volume of the hardened
mortar sample.

e  Mortar thermal conductivity was determined according to the UNE-EN ISO 8§990:1997
standard [78]. For this purpose, a mini thermal hot-box equipped with thermocouples
and a datalogger for accumulating temperature data was used. A total of three
samples were tested for each type of mortar, with dimensions of 24 x 24 x 3 cm®. The
measurements were taken 24 h after the start of the test to obtain a stationary heat flux.

e  Water absorption coefficient by capillarity according to UNE-EN 1015-18 [79]. In this
way, six half-samples are obtained from 4 x 4 x 16 cm?® samples so that the fractured
face with the open matrix is the one in contact with the water. Thus, these half-samples,
previously dried for 24 h in an oven (65 £ 5 °C), are immersed vertically in water to a
depth of 10 & 1 mm. The capillary absorption coefficient is determined with the help
of Equation (1):

C = 0.1-(Mgy — Myp) (1)

where C is the capillary absorption coefficient, and My and Mgg correspond to the mass of
the sample at 10 and 90 min of testing.

e  Open porosity determined according to UNE-EN 1396 [80]. It is defined as the ratio
between the accessible pore volume and mortar apparent volume. To determine this
index, a total of three samples of each type were used and Equation (2):

Wisat — Wimm

where Open . shows the open porosity index in percentage, Wi, is mass of water saturated
sample, Wj,,,, immersed weight of the water-saturated sample determined by hydrostatic
balance, and Wj is the weight of the dried sample.

Wisat — W,
Openp,, = (Sato> x 100 (2)
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Mortar shrinkage over time according to the recommendations of the UNE 80-112-
89 standard [81]. For this test, three samples of each type of mortar of dimension
2.5 x 2.5 x 28.7 cm® were used. This test allows the determination of the dimensional
stability of the mortars over time and is expressed as the longitudinal variation in
mm/m experienced by the samples over 120 days.

On the other hand, the mechanical properties of these eco-friendly cement mortars

have been studied. The tests carried out in this second phase include:

Mortar bonding strength according to UNE-EN 1015-12 [82]. For this purpose, a
layer of each mortar type of approximately one centimeter thickness is applied to a
previously moistened ceramic block. The ceramic piece is moistened immersed in
water for 24 h, in such a way that the suction of the water from the mortar mixing
by the ceramic piece is avoided. Subsequently, with the help of adhesion equipment,
metal discs with a diameter of 50 mm are glued with epoxy resin on the hardened
sample. The tensile test determines the adhesion strength between the mortar and the
application surface. A total of five samples were tested for each mortar type.

Mortar surface hardness, determined by using a Shore D durometer (Smooth-On,
Inc., Macungie, PA, USA), following the recommendations of UNE-EN-ISO 868 stan-
dard [83]. A total of three 4 x 4 x 16 cm3 samples were analyzed for each dosage,
taking five measurements on the two plane-parallel faces that were in contact with
the mold and separating each measurement by a minimum distance of 2 cm from
each other.

Mechanical resistance to bending and compression in standardized samples of
4 x4 x 16 cm? according to UNE-EN 196-1 [74]. The flexural strength test consists of
a three-point breakage test, where the vertical load is applied perpendicular to the
longitudinal axis of the sample and at the center of the span. Subsequently, each of the
two pieces generated in this bending test is subjected to a compression breaking test
using a uniform load on a surface of 4 x 4 cm?. For this test, an IBERTEST hydraulic
press model AUTETEST 200-10SW has been used (Madrid, Spain).

Interior microstructure analysis of the different mortars developed in the research
using scanning electron microscopy (SEM). A Jeol JSM-820 (Mitaka, Tokyo) operating
at 20 kV and equipped with Oxford EDX analysis was used to carry out this analysis.
The test samples were extracted from the inner matrix of the 4 x 4 x 16 cm® mortar
samples. Additionally, to ensure a good surface conductivity of electrons, the test
samples were coated with a thin gold foil using a Cressington 108 model metallizer
(Watford, UK).

Finally, at the end of the presentation and discussion of the results, a last subsection

has been included where a critical review of the results obtained for the different properties
analyzed is addressed. In this way, the application possibilities of the masonry mortars
produced under the circular economy criteria studied in this research are explored.

3. Results

This section presents the results obtained after carrying out the planned experimental

campaign, as well as a discussion of these results.

3.1. Physical Properties

This section presents the physical properties analyzed for the different mortar types.

Firstly, Figure 5 shows the results obtained for bulk density and thermal conductivity.
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Figure 5. Thermal conductivity (bars) and bulk density (points) of the analyzed mortars.

As can be seen in Figure 5, mortars made with recycled concrete aggregate had a
lower bulk density compared to traditional mortars made with natural sand. Additionally,
incorporating natural fibers in these recycled mortars causes a slight reduction in density.
This trend is observed for both cement/aggregate ratios, where it should be noted that
mortars with a 1:4 ratio have a lower bulk density. This slight decrease in density has
already been observed in other studies [84]. However, in the case of this research, it was
not very significant since the natural fibers are incorporated as an addition and not as a
replacement for the aggregate.

On the other hand, it is observed that the bulk density decreases experienced by
mortars made with RCA translates into a decrease in their thermal conductivity. This
improvement in thermal resistance has become crucial to the application of these products
made with secondary raw materials in the construction sector [85]. Furthermore, no
significant differences in terms of thermal conductivity were observed between samples
made with cement/aggregate ratios of 1:3 and 1:4 by weight, except for the reference
sample of conventional mortar. Benmansour et al. also corroborate how the addition of
natural fibers reduces the thermal conductivity of masonry mortars [86]. In this sense, the
addition of toquilla straw fiber produced the most significant improvements, decreasing
the thermal conductivity of the recycled mortars by 24.2% and 29.5% for dosages with
cement/aggregate ratios of 1:3 and 1:4, respectively. This decrease in thermal conductivity
was expected because the fibers used have a lower thermal conductivity compared to the
mortar matrix. In addition, the incorporation of fibers in the matrix tends to generate
porosity and air in the matrix, improving the thermal resistance of the composite.

On the other hand, the behavior of the different mortar types produced against
the action of water has been analyzed. Table 8 shows the results of the capillary water
absorption and open porosity tests.

Table 8. Capillary water absorption and open porosity test results.

Capillarity Water Capillarity Water
Sample Absorption Open Porosity (%) Sample Absorption Open Porosity (%)
(kg/m2-min%%) (kg/m?-min®5)

NA-1:3 0.41 +£0.03 67.3 +0.9 NA-1:4 0.39 £0.01 70.1+0.3

RCA-1:3 0.63 £+ 0.01 824+12 RCA-1:4 0.57 4+ 0.03 833403
RCA-1:3-1.5%(A) 0.50 £ 0.03 76.5£0.7 RCA-1:4-1.5%(A) 0.44 +£0.01 764 +£1.3
RCA-1:3-1.5%(C) 0.55 + 0.02 771+ 0.9 RCA-1:4-1.5%(C) 0.46 + 0.03 78.8 +0.5
RCA-1:3-1.5%(T) 0.57 £ 0.02 76.8 £ 0.4 RCA-1:4-1.5%(T) 0.50 = 0.02 785 £ 0.5
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As seen in Table 8, the capillary water absorption coefficient of mortars made with
recycled sand is much higher than that of traditional mortars made with natural sand.
This phenomenon, attributed to the type of aggregate, has already been observed in
previous research, where it was related to the higher water absorption capacity of recycled
aggregates [87]. In addition, capillary absorption is inversely proportional to pore size, so
mortars made with a cement/aggregate mass ratio of 1:4 have a lower absorption, although
they would have a higher water vapor permeability [88]. Finally, as Santo de Lima et al.
point out, capillarity is linked to the internal communication between the pores, so the
incorporation of natural fibers causes a reduction in the capillarity coefficient that can be
attributed to the clogging of the pores by these reinforcing materials [44]. For the three
types of natural fibers studied, the addition of abaca fiber was the one that achieved the
greatest reduction in capillarity in mortars with RCA.

On the other hand, the open porosity of the mortars with a cement/aggregate ratio of
1:4 by mass was higher than that obtained for the samples made with a 1:3 ratio. It can also
be seen that this volume of accessible pores is higher in the mortars made with RCA and
increases with the incorporation of natural fibers.

Figure 6 shows shrinkage evolution during the hardening process of the different
mortars designed for this research.
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Figure 6. Shrinkage experienced by mortars over time. (a) Samples with cement/aggregate mass
ratio 1:3. (b) Samples with cement/aggregate mass ratio 1:4.

The cement paste shrinks over time and causes surface cracks that contribute to a
decrease in the mechanical strength and durability of the mortars [89]. Mainly, shrinkage
in masonry mortars made with RCA occurs as a consequence of the higher porosity and
water absorption capacity of these sands [90]. Thus, in Figure 6a,b, it can be seen how
traditional mortars made with natural sand have a lower shrinkage over time. However,
in agreement with previous research [65], the beneficial effect of incorporating fibers into
the mortar matrix to improve its dimensional stability and reduce shrinkage is confirmed.
In this sense, it was the abaca fibers that reduced the shrinkage of the mortars made with
RCA to the greatest extent, approaching the values experienced by the reference mortar
with natural aggregate. It can also be seen that shrinkage is higher in mortars with a
1:3 cement/aggregate ratio than in those with a 1:4 cement/aggregate mass ratio. Thus,
according to Miah et al., a good distribution of natural fibers during the manufacture
of cement mortars would reduce shrinkage during drying and increase the application
potential of these sustainable construction materials [91].
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3.2. Mechanical Properties

and

In this section, the mechanical properties obtained during the characterization of the
developed mortars are presented. Firstly, Table 9 shows the results for surface hardness

bond strength.

Table 9. Results obtained for surface hardness and adhesion strength tests.

Sample Superficial Hardness Bonding Strength Sample Superficial Hardness Bonding Strength
(Shore D Units) (MPa) (Shore D Units) (MPa)
NA-1:3 84.1£0.7 0.53 £0.05 NA-1:4 83.7£0.6 0.42 +£0.02
RCA-1:3 83.8 £ 0.4 0.41 £+ 0.02 RCA-1:4 839405 0.35 + 0.01
RCA-1:3-1.5%(A) 789 £0.4 0.35 £ 0.04 RCA-1:4-1.5%(A) 792 £0.8 0.29 +£0.03
RCA-1:3-1.5%(C) 781+1.1 0.38 £0.01 RCA-1:4-1.5%(C) 785 £0.7 0.30 = 0.03
RCA-1:3-1.5%(T) 79.3 £0.6 0.30 £ 0.02 RCA-1:4-1.5%(T) 78.1£04 0.26 = 0.02

As can be seen in Table 9, there are no significant differences between the surface
hardness of mortars made with natural sand and mortars made with RCA. Likewise, the
cement/aggregate ratio used is not a discriminating factor for this property. However, a
slight decrease in Shore D hardness is observed in those mortars that incorporate natural
fibers in their composition (approximately 6-7% on average). A similar behavior was
experienced by Pifia et al., in their research with mortar made with the addition of recycled
mineral wool fibers [57].

On the other hand, in terms of bond strength, greater differences were observed
between the reference mortar and the mortar made with RCA. For both cement/aggregate
ratios, the adhesion of the traditional mortars was superior to that of the RCA samples,
with better adhesion for the samples with higher cement content (1:3 cement/aggregate
ratio). This effect was already observed by Garcia Lopez de la Osa in his doctoral thesis,
which showed a non-linear relationship between the increase in adhesion and the cement
content of the mortars [92]. On the other hand, a slight decrease in the adhesion of mortar
on ceramic walls is observed when natural reinforcement fibers are incorporated. This
effect may be due to the water retention capacity of these natural fibers, as well as to the
weakening of the mortar’s internal microstructure at the cement-aggregate interface. Of all
the mortar types analyzed, those with the incorporation of toquilla straw fiber were the
least resistant to adhesion. In any case, it is worth noting that, during the test, the breakage
of the samples with fibers occurred in all cases at the mortar-ceramic piece interface.

Figures 7 and 8 show the results obtained for the flexural and compressive strength
tests of the mortars.
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Figure 7. Flexural strength test results.
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Figure 8. Compressive strength results.

Figure 7 shows that mortars with a higher cement content (1:3 cement/aggregate
mass ratio) have a higher flexural strength. Also, in accordance with the results obtained
in other investigations, the total substitution of the natural aggregate by RCA results in
a decrease in the mechanical flexural strength [93]. For this reason, the incorporation of
reinforcement fibers has become a recurrent solution to improve the mechanical strength of
these construction materials produced under circular economy criteria. Thus, it is observed
that in all cases, the addition of natural fibers led to an improvement with respect to the
flexural strength values obtained for recycled mortars without fibers. In addition, it can be
seen that coconut and abaca fibers showed a similar behavior, being the ones that increased
the flexural strength to the greatest extent. These results are in agreement with others
analyzed in the literature review, where natural fibers increased the deformation capacity
and reduced cracking in cement mortars [27,33].

Regarding to mortar compressive strength, shown in Figure 8, it is also observed that
the traditional mortars surpassed the mortars made with recycled aggregate. In this sense,
the dosages with a 1:4 cement/aggregate mass ratio show a lower strength compared
to their counterparts with a higher amount of cement. This effect on the compressive
strength of recycled aggregates has already been observed by other researchers [94], who
highlight this characteristic as one of the main limitations to their widespread use in the
construction sector. In addition, it can be observed that for this property, the incorporation
of reinforcement fibers does not result in an improvement in strength. In other studies,
improvements were only obtained for flexural strength, even reducing the compressive
strength as a consequence of the addition of fibers [95].

In view of the results obtained, a potential application of these cement mortars would
be in masonry works where the mechanical requirements need not be very high [96].
However, it is important to take into consideration the compatibility between the mortar
and the ceramic pieces in order to avoid excessively stiffening the wall [97]. In this sense,
other potential applications for this type of mortar according to the literature are the
production of prefabricated elements, floor slabs or urban furniture, among others [98,99].
Finally, to complete the discussion of the mechanical results, SEM images have been
included to show the microstructure of the mortars produced in this research. The results
are presented in Figure 9. It should be noted that these images were obtained with the
aim of capturing as much information as possible and thus providing a complementary
discussion of the mechanical properties analyzed. For this reason, the magnifications were
selected for each mortar according to the diameter of the natural fiber added and the
characteristics of the mortars studied.
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(b) ‘ (d) ()

Figure 9. SEM analysis: (a,b) RCA-1:3-1.5%(C); (c,d) RCA-1:3-1.5%(A); (e,f) RCA-1:3-1.5%(T).

Regarding mortars made with coconut fiber, a slight cracking of the matrix around
the fibers can be observed in Figure 9a. This weakening may be due to the absorption of
hydration water from the cement by the fiber during the hardening process. Also, although
fiber dispersion was good, there are preferential points of fiber accumulation. Figure 9b
shows in detail the interface between coconut fiber and the cementitious matrix, where
the good adhesion between the two and the formation of compounds derived from the
hydration of the cement on its surface can be seen. It is well known that the arrangement of
strong, stiff, and brittle fibers, as well as a higher strength of the fiber-matrix bond, results
in better mechanical properties and reduced ductility [25].

Figure 9c shows the integration of abaca fiber into the cement mortar matrix. As
highlighted by some authors [100], the bonding between added fibers and mortar matrix is
directly linked to the lignin and cellulose content of these natural reinforcement materials.
These biopolymers are shown in Figure 9d, showing one of these fibers in detail. In general,
natural fibers exhibit a bridging effect similar to that of existing synthetic fibers, which can
reduce autogenous shrinkage by connecting the micro-cracks in the matrix and inhibiting
the propagation of cracks at an early stage [36].

Finally, Figure 9e shows in detail the interior of the toquilla straw fiber where its
composition can be seen. These larger diameter fibers were the ones that, to a lesser extent
increased the flexural strength of the mortars made with RCA. Although it is true that, as
seen in Figure 91, there is a good integration between the reinforcement and the matrix.
However, it can be seen how toquilla straw fiber broke after the flexural test, as illustrated
in the SEM image obtained.

3.3. Critical Discussion of the Potential Application of the Developed Mortars

In this section, a critical discussion of the results obtained is carried out in order to ex-
plore the application potential of the developed cementitious materials. Thus, Figures 10 and 11
show a classification of the mortars developed based on the different properties studied.
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The values presented in Figures 10 and 11 are expressed in terms of the increase or reduction
experienced concerning traditional mortar in each of the properties determined.
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Figure 10. A comparison between the different mortar typologies studied according to the ce-
ment/aggregate ratio used, 1:3 ratio by mass.
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Figure 11. A comparison between the different mortar typologies studied according to the ce-
ment/aggregate ratio used, 1:4 ratio by mass.

Comparatively, Figures 10 and 11 show how the decrease in bulk density and thermal
conductivity are one of the main advantages of mortars made with recycled aggregates
and natural fibers. Thus, a potential application of these composite materials would be the
development of prefabricated elements for modular construction with improved thermal
performance. These lighter and more thermally resistant parts would reduce material exe-
cution times, transport costs, and improve the energy rating of the building [101]. Another
key factor to consider is the shrinkage experienced during setting, which, although it is true
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that it increases when using recycled sands, the incorporation of natural fibers becomes
an economically viable alternative that would improve the dimensional stability of the
mortars. In this sense, it would be interesting to analyze the durability of these cementitious
materials, since, due to their greater porosity and water absorption by capillarity, they
could be difficult to apply in climates where they could be exposed to freeze—thaw cycles.

Regarding mechanical properties, a decrease in flexural and compressive strength
is observed with respect to traditional mortar. However, the incorporation of natural
fibers significantly improves the flexural strength and avoids brittle fracture of the mortar
pieces. In any case, these properties may not be discriminating in terms of the final
application of the mortars, since they would be suitable for use in non-structural walls.
Finally, the decrease in adhesion on ceramic walls suggests the application of these mortars
as reinforcement materials. In this regard, recent research has suggested the use of these
materials as cladding materials in traditional adobe houses to improve their performance
in earthquakes [17].

Figure 12 shows the process for possibly manufacturing mortar blocks made with the
dosages proposed in this research.
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Figure 12. Product system for the manufacture of mortar blocks.

First, it should be noted that the mortars produced in this research did not use a
superplasticizer. This chemical agent, which improves the workability of the mixture
without impairing its mechanical properties, becomes one of the environmentally harmful
agents during the production of mortars with recycled aggregates [14]. In this sense, it
is crucial to approach the final application of these materials with the aim of reducing
the consumption of these chemical compounds, as they can sometimes be dispensable for
non-structural applications.

From the point of view of the process presented in Figure 12, the transport of the
raw materials and the final distribution of the prefabricated parts to the point of service
are understood as critical phases. This effect has been observed previously by other
researchers [102], where it was noted that the most significant environmental impact was
derived from the distribution of the product, sometimes offsetting the beneficial effect
obtained by using secondary raw materials. Likewise, the design and packaging of the
products also become a key factor in optimizing their distribution, a key factor here being
the decrease in density experienced by mortars made with recycled aggregate [103]. Thus,
a greater lightening of the precast products thanks to the use of these RCA would lead
to a reduction in logistics costs and a lower environmental impact associated with this
distribution. In addition, this lower density, and consequently better thermal behavior,
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would have a positive impact on the improvement of energy efficiency during the use
phase. Finally, it is worth highlighting the need to address a waste management plan and
carry out careful deconstruction processes, as this would allow CDW to be classified at
source and enhance its subsequent recovery, recycling, and revaluation [104].

4. Conclusions

This research has addressed the development and physico-mechanical characterization
of cement mortars made with RCA and reinforced with three types of natural fibers. Thus,
this research contributes to progress towards the circularity of construction products and
the characterization of new materials produced under circular economy criteria. The main
conclusions of this study are:

e  Mortars made with RCA have a lower bulk density than those made with natural ag-
gregate. This decrease in density of close to 10% is even greater for those samples made
with natural fibers. Thus, this lower density and the incorporation of fibers of veg-
etable origin have a positive effect on the thermal conductivity of the mortars. For the
best case, with the incorporation of toquilla straw fibers, the RCA-1:3-1.5%(T) dosage
obtained a thermal conductivity 37% lower than that of the reference mortar (NA-1:3).

e Capillary water absorption was much higher in those mortars made with RCA due to
the nature of these sands. However, the incorporation of natural fibers managed to
reduce the capillary water absorption, although without reaching the values obtained
for the traditional mortar made with natural sand.

e  The incorporation of natural fibers reduces shrinkage during the drying of mortars
made with RCA, thus approaching the behavior experienced by traditional mor-
tars. It has been observed that the mortars made with abaca fiber showed greater
dimensional stability.

e  Surface hardness was not affected by the type of aggregate used in the manufacture of
the mortars, although it was slightly reduced by the incorporation of natural fibers.

e  The production of mortars with RCA has a negative impact on bond strength. Thus,
the adhesion of traditional mortar is superior to mortar with RCA and, in turn, the
incorporation of natural fibers has an impact on the decrease in this mechanical
property. Mortars with higher cement content showed higher bond strength.

e  Flexural strength of mortars made with recycled aggregate is lower than that of
traditional mortar and is reduced as the cement content in the mix decreases. Despite
this, the incorporation of natural fibers has a positive impact on the improvement
of the flexural strength of mortars made with RCA, with coconut and abaca fibers
showing the best performance.

e  The incorporation of fibers did not significantly improve the compressive strength of
the mortars, the type of aggregate being the determining factor for this property. Thus,
the traditional mortars showed a higher compressive strength than their counterparts
made with RCA.

This study’s limitations and future lines of research include the need to carry out
accelerated ageing tests, which would make it possible to estimate the durability of these
mortars. In the same way, for its use as a facing material, it would be convenient to
analyze the optimum fiber length that allows an improvement in the mechanical properties,
without excessively reducing the workability of the mortar. Finally, its application in
the development of blocks or prefabricated pieces would be interesting for the future
industrialization of these products.

Moreover, taking into account the availability of natural fibers whose impact was
examined in this study, i.e., abaca, coconut, and toquilla straw, and that the most beneficial
use of these natural raw materials in terms of environmental impact will be in their place
of origin, the results of this study are also an indication for professionals involved in
construction in areas where these natural fibers occur. The research described in this article
fits well with the expectation that recycling and reuse of demolition materials and using
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renewable raw materials are/will be a traditional and common practice in the construction
sector, bringing us closer to sustainable development.

Author Contributions: Conceptualization, D.F. and A.Z.-B.; methodology, A.Z.-B. and D.E; software,
A.Z.-B. and R.PL,; validation, D.F,, PS. and J.M.; formal analysis, D.F. and R.P.L.; investigation,
A.Z.-B.,, D.F. and R.PL.; resources, D.F. and P.S.; data curation, D.F. and A.Z.-B.; writing—original
draft preparation, D.F. and A.Z.-B.; writing—review and editing, A.Z.-B., PS., RPL. and J.M,;
visualization, P.S. and J.M.; supervision, P.S. and ].M.; project administration, D.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data have been included in the research results.

Acknowledgments: The authors would like to thank the kindness and availability shown by the
ATLAS® company, as well as the staff of the laboratories involved in carrying out the tests presented
in this work.

Conlflicts of Interest: Author Jacek Michalak was employed by the company ATLAS. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1. Bhavsar, V,; Sridharan, S.R.; Sudarsan, J.S. Barriers to circular economy practices during construction and demolition waste
management in an emerging economy. Resour. Conserv. Recycl. Adv. 2023, 20, 200198. [CrossRef]

2. Singh, A K.; Kumar, V.R.P; Dehdasht, G.; Mohandes, S.R.; Manu, P.; Rahimian, FP. Investigating the barriers to the adoption of
blockchain technology in sustainable construction projects. J. Clean. Prod. 2023, 403, 136840. [CrossRef]

3. Aslam, M.S.; Huang, B.; Cui, L. Review of construction and demolition waste management in China and USA. . Environ. Manag.
2020, 264, 110445. [CrossRef] [PubMed]

4. Aylap, G.G.; Anag, M. A comprehensive analysis of the barriers to effective construction and demolition waste management: A
bibliometric approach. Clean. Waste Syst. 2024, 8, 100141. [CrossRef]

5. Zhang, K; Qing, Y.; Umer, Q.; Asmi, F. How construction and demolition waste management has addressed sustainable
development goals: Exploring academic and industrial trends. ]. Environ. Manag. 2023, 345, 118823. [CrossRef] [PubMed]

6. Jain, S.; Singhal, S.; Pandey, S. Environmental life cycle assessment of construction and demolition waste recycling: A case of
urban India. Resour. Conserv. Recycl. 2020, 155, 104642. [CrossRef]

7. Caro, D.; Lodato, C.; Damgaard, A.; Cristobal, J.; Foster, G.; Flachenecker, F.; Tonini, D. Environmental and socio-economic effects
of construction and demolition waste recycling in the European Union. Sci. Total Environ. 2024, 908, 168295. [CrossRef] [PubMed]

8. Xuan, D.; Sun Poon, C.; Zheng, W. Management and sustainable utilization of processing wastes from ready-mixed concrete
plants in construction: A review. Resour. Conserv. Recycl. 2018, 136, 238-247. [CrossRef]

9. Sobotka, A.; Sagan, ]. Decision support system in management of concrete demolition waste. Autom. Constr. 2021, 128, 103734.
[CrossRef]

10. Khelafi, A.; Kaid, N.; Soltani, R.; Elddine, D. Elaboration of recycled concrete sand aggregates-based mortars: An alternative
recycling process. Constr. Build. Mater. 2023, 398, 132333. [CrossRef]

11. Liu, H;; Liu, X;; Wang, X.; Zhu, P; Yang, L.; Yan, X. The impact of original aggregate and attached mortar types of recycled
aggregates on the sulfuric acid resistance of geopolymer recycled concrete. J. Build. Eng. 2024, 82, 108273. [CrossRef]

12.  Muhammad, F.; Harun, M.; Ahmed, A.; Kabir, N.; Khalid, H.R.; Hanif, A. Influence of bonded mortar on recycled aggregate
concrete properties: A review. Constr. Demolition Mater. 2024, 432, 136564. [CrossRef]

13. Saiz, P; Gonzélez, M.; Fernandez, F.; Rodriguez, A. Comparative study of three types of fine recycled aggregates from construction
and demolition waste (CDW), and their use in masonry mortar fabrication. J. Clean. Prod. 2016, 118, 162-169. [CrossRef]

14. Ferrandez, D.; Saiz, P.; Zaragoza-Benzal, A.; Zaniga-Vicente, J.A. Towards a more sustainable environmentally production system
for the treatment of recycled aggregates in the construction industry: An experimental study Author links open overlay panel.
Heliyon 2023, 9, e16641. [CrossRef] [PubMed]

15. Wu, H;; Wang, C.; Ma, Z. Drying shrinkage, mechanical and transport properties of sustainable mortar with both recycled
aggregate and powder from concrete waste. J. Build. Eng. 2022, 49, 104048. [CrossRef]

16. Khan, F; Hossain, N.; Hasan, F.; Maksudur, S.M.; Khan, S.; Saifullah, A.Z.A.; Asaduzzaman, M. Advances of natural fiber

composites in diverse engineering applications—A review. Appl. Eng. Sci. 2024, 18, 100184. [CrossRef]

58



Appl. Sci. 2024, 14, 6226

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Saini, K.; Matsagar, V.A.; Kodur, V.R. Recent advances in the use of natural fibers in civil engineering structures. Constr. Build.
Mater. 2024, 411, 134364. [CrossRef]

Navaratnam, S.; Selvaranjan, K.; Jayasooriya, D.; Rajeev, P; Sanjayan, J. Applications of natural and synthetic fiber reinforced
polymer in infrastructure: A suitability assessment. J. Build. Eng. 2023, 66, 105835. [CrossRef]

Rajeshkumar, L.; Kumar, P.S.; Boonyasopon, P. Flame retardance behaviour and degradation of plant-based natural fiber
composites—A comprehensive review. Constr. Build. Mater. 2024, 432, 136552. [CrossRef]

Elfaleh, I.; Abbassi, F.; Habibi, M.; Ahmad, F.; Guedry, M.; Nasri, M.; Garnier, C. A comprehensive review of natural fibers and
their composites: An eco-friendly alternative to conventional materials. Results Eng. 2023, 19, 101271. [CrossRef]

Laverde, V.; Marin, A.; Benjumea, ].M.; Rincén, M. Use of vegetable fibers as reinforcements in cement-matrix composite materials:
A review. Constr. Build. Mater. 2022, 340, 127729. [CrossRef]

Sathiparan, N.; Anburuvel, A.; Muralitharan, M.; Kothalawala, D.A.I. Sustainable use of coco pith in cement-sand mortar for
masonry block production: Mechanical characteristics, durability and environmental benefit. . Clenaer Prod. 2022, 360, 132243.
[CrossRef]

Thanushan, K.; Yogananth, Y.; Sangeeth, P.; Gracian, J.; Sathiparan, N. Strength and Durability Characteristics of Coconut Fibre
Reinforced Earth Cement Blocks. J. Nat. Fibers 2021, 18, 773-778. [CrossRef]

Muioz Pérez, S.P; Villena Zapata, L.I.; Tesen Mufioz, FL.; Coronel Sanchez, Y.C.; Garcia, J.; Ramos, C.E.R. Influence of coconut
fiber on mortar properties in masonry walls. Electron. ]. Struct. Eng. 2023, 23, 52-58. [CrossRef]

Tang, Z.; Li, Z.; Hua, J.; Lu, S.; Chi, L. Enhancing the damping properties of cement mortar by pretreating coconut fibers for
weakened interfaces. J. Clean. Prod. 2022, 379, 134662. [CrossRef]

Sathiparan, N.; Nishanthana, M.; Pavithra, B.H.M. Performance of coconut coir reinforced hydraulic cement mortar for surface
plastering application. Constr. Build. Mater. 2017, 142, 23-30. [CrossRef]

Hwang, C.L.; Tran, V.A.; Hong, ].W.; Hsieh, Y.C. Effects of short coconut fiber on the mechanical properties, plastic cracking
behavior, and impact resistance of cementitious composites. Constr. Build. Mater. 2016, 127, 984-992. [CrossRef]

Bui, H.; Boutouil, M.; Sebaibi, N.; Levacher, D. Hydration characteristics of coconut fibre-reinforced mortars containing CSA and
Portland cement. J. Mater. Cycles Waste Manag. 2022, 24, 1295-1303. [CrossRef]

Bui, H.; Levacher, D.; Boutouil, M.; Sebaibi, N. Effects of Wetting and Drying Cycles on Microstructure Change and Mechanical
Properties of Coconut Fibre-Reinforced Mortar. J. Compos. Sci. 2022, 6, 102. [CrossRef]

Kesikidou, F.; Stefanidou, M. Natural fiber-reinforced mortars. J. Build. Eng. 2019, 25, 100786. [CrossRef]

Quinones-Bolafios, E.; Gomez-Oviedo, M.; Mouthon-Bello, J.; Sierra-Vitola, L.; Berardi, U.; Bustillo, C. Potential use of coconut
fibre modified mortars to enhance thermal comfort in low-income housing. J. Environ. Manag. 2021, 277, 111503. [CrossRef]
Syamala, L.M.; Vishnudas, S.; Anil, K.R. Effect of Coir Fiber Reinforcement on Flexural and Compressive Strengths of Masonry
Mortar. J. Mater. Civ. Eng. 2023, 35, 04023457. [CrossRef]

Nawad, M.S.; Zeeshan, M.; Zaid, O.; Kahla, N.B.; Sun, Y.; Anwar, N.; Ajwad, A. A study on improving the performance of
cement-based mortar with silica fume, metakaolin, and coconut fibers. Case Stud. Constr. Mater. 2023, 19, €02480. [CrossRef]
Alcivar-Bastidas, S.; Petroche, D.M.; Martinez-Echevarria, M.]. The effect of different treatments on abaca fibers used in
cementitious composites. J. Nat. Fibers 2023, 20, 2177235. [CrossRef]

Alcivar-Bastidas, S.; Petroche, D.M.; Cornejo, M.H.; Martinez-Echevarria, M.]. Effect of aging process on mechanical performance
of reinforced mortar with NaOH abaca fibers. Case Stud. Constr. Mater. 2024, 20, €03122. [CrossRef]

Lee, G.W.; Choi, Y.C. Effect of abaca natural fiber on the setting behavior and autogenous shrinkage of cement composite. J. Build.
Eng. 2022, 56, 104719. [CrossRef]

Suhelmidawati, E.; Adibroto, F.; Suhendrik, H.; Numada, M.; Kimiro, M. Experimental Test of Masonry Wallets Retrofitted by
Abaca Fiber Reinforced Mortar. Int. |. Adv. Sci. Eng. Inf. Technol. 2019, 9, 929. [CrossRef]

Garzoén, L.; Lopez, L.M.; Seminario, ].F.; Zuluaga, R.; Betancourt, S.; Ganan, P.; Cruz, L.J. A new natural fiber: Toquilla straw a
potential reinforcement in thermoplastic polymer composites. In Proceedings of the 5th International Conference on Advanced
Materials and Systems, Bucharest, Romania, 23-25 October 2014; pp. 49-54.

Skinner, C.; Baker, P.; Tomkinson, J.; Richards, D.; Charlton, A. Pressurised disc refining of wheat straw as a pre-treatment
approach for agricultural residues: A preliminary assessment of energy consumption and fibre composition. Bioresour. Technol.
2020, 204, 122976. [CrossRef] [PubMed]

Wang, H.; Liu, X.; Wang, S.; Zhou, S.; Zang, T.; Dai, L.; Ai, S. Hydrophobic kenaf straw core for biomass-based cement mortar
with excellent mechanical properties. Mater. Chem. Phys. 2021, 267, 124594. [CrossRef]

Basta, A.H.; Lotfy, V.E; Shafik, E.S. Synergistic valorization of rice straw and red brick demolition in development performance of
lightweight cement mortars. J. Build. Eng. 2024, 92, 109769. [CrossRef]

Yu, X; Li, G.; Zhao, H.; Ma, Y.; Li, Q.; Chen, Y.; Li, W. Influence of chemically-modified cotton straw fibers on the properties of
asphalt mortar. Case Stud. Constr. Mater. 2023, 18, €01787. [CrossRef]

Awoyera, P.O.; Akinrinade, A.D.; de Sousa Galdino, A.G.; Althoey, F.; Serkan Kirgiz, M.; Tayeh, B.A. Thermal insulation and
mechanical characteristics of cement mortar reinforced with mineral wool and rice straw fibers. J. Build. Eng. 2022, 53, 104568.
[CrossRef]

59



Appl. Sci. 2024, 14, 6226

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Santo de Lima, T.E.; Natalli, ].F; Marvila, M.T.; Candido, V.S.; da Silva, A.C.R.; de Azevedo, A.R.G. Potentiality of using guaruma
natural fiber (Ischinosiphon koern) in sustainable coating mortars. . Mater. Res. Technol. 2024, 30, 1301-1309. [CrossRef]

de Lima, T.E.; de Azevedo, A.R.; Marvila, M.T,; Candido, V.S.; Fediuk, R.; Monteiro, S.N. Potential of using amazon natural fibers
to reinforce cementitious composites: A review. Polymers 2022, 14, 647. [CrossRef]

Lilargem Rocha, D.; Tambara Junior, L.U.D.; Marvila, M.T.; Pereira, E.C.; Souza, D.; de Azevedo, A.R.G. A review of the use of
natural fibers in cement composites: Concepts, applications and Brazilian history. Polymers 2022, 14, 2043. [CrossRef]

Hamada, H.M; Shi, J.; Al Jawahery, M.S.; Majdi, A.; Yousif, S.T.; Kaplan, G. Application of natural fibres in cement concrete: A
critical review. Mater. Today Commun. 2023, 35, 105833. [CrossRef]

Ferreira de Lima, C.P,; Chagas Cordeiro, G. Evaluation of corn straw ash as supplementary cementitious material: Effect of acid
leaching on its pozzolanic activity. Cement 2021, 4, 100007. [CrossRef]

Aliu, A.O.; Olalusi, O.B.; Aworera, P.O.; Kiliswa, M. Evaluation of pozzolanic reactivity of maize straw ash as a binder supplement
in concrete. Case Stud. Constr. Mater. 2023, 18, €01790. [CrossRef]

United Nations. 17 Goals to Transform Our World. Available online: https://www.un.org/sustainabledevelopment/es/
(accessed on 8 June 2024).

Amin, M.N.; Ahmad, W.,; Khan, K.; Ahmad, A. A Comprehensive Review of Types, Properties, Treatment Methods and
Application of Plant Fibers in Construction and Building Materials. Materials 2022, 15, 4362. [CrossRef]

Harasymiuk, J.; Szafranko, E. On the application of sustainable building materials in geodesy and civil engineering. Mater. Today
Proc. 2022, 57, 701-704. [CrossRef]

Real Decreto 256/2016. Instruccion Para la Recepcion de Cemento (RC-16). Available online: https://www.boe.es/eli/es/rd/20
16/06/10/256/con (accessed on 8 June 2024).

Arroyo Portero, J.C.; Moran Cabré, F; Garcia Messeguer, A. Homigon Armado, 16th ed.; Cinter Divulgacion Técnica, S.L.: Madrid,
Spain, 2018; ISBN 9788493930578.

Morén, A.; Ferrandez, D.; Saiz, P.; Morén, C. Experimental Study with Cement Mortars Made with Recycled Concrete Aggregate
and Reinforced with Aramid Fibers. Appl. Sci. 2021, 11, 7791. [CrossRef]

Pifia, C.; del Rio, M.; Vifias, C.; Vidales, A.; Kosior-Kaberuk, M. Analysis of the mechanical behaviour of the cement mortars with
additives of mineral wool fibres from recycling of CDW. Constr. Build. Mater. 2019, 210, 56—62. [CrossRef]

Council Directive 98/83/EC of 3 November 1998 on the Quality of Water Intended for Human Consumption; EU: Brussels, Belgium, 1998.
Canal de Isabel, II. Calidad del Agua. Available online: www.canaldeisabelsegunda.es/calidad-del-agua (accessed on
9 June 2024).

UNE-EN 933-1:2012; Tests for Geometrical Properties of Aggregates—Part 1: Determination of Particle Size Distribution—Sieving
Method. UNE: Madrid, Spain, 2012.

UNE-EN 13139/AC:2004; Aggregates for Mortar. UNE: Madrid, Spain, 2004.

UNE 146404:2018; Aggregates for Concrete. Determination of the Coefficient of Friability of the Sands. UNE: Madrid, Spain, 2018.
UNE-EN 1097-3:1999; Tests for Mechanical and Physical Properties of Aggregates—Part 3: Determination of Loose Bulk Density
and Voids. UNE: Madrid, Spain, 1999.

UNE-EN 1097-6:2014; Tests for Mechanical and Physical Properties of Aggregates—Part 6: Determination of Particle Density and
Water Absorption. UNE: Madrid, Spain, 2014.

Saiz Martinez, P. Utilizacion de Arenas Procedentes de Residuos de Construccion y Demolicién, RCD, en la Fabricacion de
Morteros de Albadileria. Ph.D. Thesis, Universidad Politécnica de Madrid, Madrid, Spain, 2015. [CrossRef]

Moron, A.; Ferrandez, D.; Saiz, P.; Atanes-Sanchez, E.; Morén, C. Study of the properties of lime and cement mortars made from
recycled ceramic aggregate and reinforced with fibers. J. Build. Eng. 2021, 35, 102097. [CrossRef]

Li, H.; Liu, J.; Xiao, J.; Zhong, P. A method to determine water absorption of recycled fine aggregate in paste for design and
quality control of fresh mortar. Constr. Build. Mater. 2019, 197, 30—-41. [CrossRef]

UNE-EN 933-2:2022; Tests for Geometrical Properties of Aggregates—Part 2: Determination of Particle Size Distribution—Test
Sieves, Nominal Size of Apertures. UNE: Madrid, Spain, 2022.

NBE FL-90. Norma Bdsica de Edificacion. Muros Resistentes de Fibrica de Ladrillo; BOE-Agencia Estatal Boletin Oficial del Estado:
Madrid, Spain, 1991.

Ulsen, C.; Kahn, H.; Hawlitschek, G.; Masini, E.A.; Angulo, S.C.; John, V.M. Production of recycled sand from construction and
demolition waste. Constr. Build. Mater. 2013, 40, 1168-1173. [CrossRef]

Andersen, R.; Stokbro Ravn, A.; Walbech Ryberg, M. Environmental benefits of applying selective demolition to buildings: A
case study of the reuse of fagade steel cladding. Resour. Conserv. Recycl. 2022, 184, 106430. [CrossRef]

Juradin, S.; Boko, I.; Netinger, I; Jozi¢, D.; Mrakov¢i¢, S. Influence of different treatment and amount of Spanish broom and hemp
fibres on the mechanical properties of reinforced cement mortars. Constr. Build. Mater. 2021, 273, 121702. [CrossRef]

Jiang, D.; An, P; Cui, S.;; Xu, E; Tuo, T.; Zhang, ].; Jiang, H. Effect of leaf fiber modification methods on mechanical and
heat-insulating properties of leaf fiber cement-based composite materials. J. Build. Eng. 2018, 19, 573-583. [CrossRef]

Cai, M.; Takgi, H.; Nakagaito, A.N.; Li, Y.; Waterhouse, G.I.N. Effect of alkali treatment on interfacial bonding in abaca fiber-
reinforced composites. Compos. Part A Appl. Sci. Manuf. 2016, 90, 589-597. [CrossRef]

60



Appl. Sci. 2024, 14, 6226

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

UNE-EN 196-1:2018; Methods of Testing Cement—Part 1: Determination of Strength. UNE: Madrid, Spain, 2018.

UNE-EN 1015-3:1999; Methods of Test for Mortar for Masonry. Part 3: Determination of Consistence of Fresh Mortar (by Flow
Table). UNE: Madrid, Spain, 1999.

Marvila, M.; de Matos, P.; Rodriguez, E.; Monteiro, S.N.; de Azevedo, A.R.G. Recycled Aggregate: A Viable Solution for
Sustainable Concrete Production. Materials 2022, 15, 5276. [CrossRef]

UNE-EN 1015-10:2000/A1:2007; Methods of Test for Mortar for Masonry—Part 10: Determination of Dry Bulk Density of Hardened
Mortar. UNE: Madrid, Spain, 2007.

UNE-EN ISO 8990:1997; Thermal Insulation. Determination of Steady-State Thermal Transmission Properties. Calibrated and
Guarded Hot-Box. UNE: Madrid, Spain, 1997.

UNE-EN 1015-18:2003; Methods of Test for Mortar for Masonry—Part 18: Determination of Water Absorption Coefficient due to
Capillary Action of Hardened Mortar. UNE: Madrid, Spain, 2003.

UNE-EN 1936:2007; Natural Stone Test Methods—Determination of Real Density and Apparent Density, and of Total and Open
Porosity. UNE: Madrid, Spain, 2007.

UNE 80-112-89; Test methods for Cements. Physical Tests: Determination of Drying Shrinkage and Swelling in Water. UNE:
Madrid, Spain, 1989.

UNE-EN 1015-12:2016; Methods of Test for Mortar for Masonry—Part 12: Determination of Adhesive Strength of Hardened
Rendering and Plastering Mortars on Substrates. UNE: Madrid, Spain, 2016.

UNE-EN ISO 868:2003; Plastics and Ebonite—Determination of Indentation Hardness by Means of a Durometer (Shore Hardness)
(ISO 868:2003). UNE: Madrid, Spain, 2003.

Lamichhane, N.; Lamichhane, A.; Gyawali, T.R. Enhancing mechanical properties of mortar with short and thin banana fibers: A
sustainable alternative to synthetic fibers. Heliyon 2024, 10, e30652. [CrossRef] [PubMed]

Francioso, V.; Moro, C.; Velay-Lizancos, M. Effect of recycled concrete aggregate (RCA) on mortar’s thermal conductivity
susceptibility to variations of moisture content and ambient temperature. J. Clean. Prod. 2021, 43, 103208. [CrossRef]
Benmansour, N.; Agoudjil, B.; Gherabli, A.; Kareche, A.; Boudenne, A. Thermal and mechanical performance of natural mortar
reinforced with date palm fibers for use as insulating materials in building. Energy Build. 2014, 81, 98-104. [CrossRef]

Yedra, E.; Ferrandez, D.; Morén, C.; Saiz, P. New test methods to determine water absorption by capillarity. Experimental study
in masonry mortars. Constr. Build. Mater. 2022, 319, 125988. [CrossRef]

Garcia Morales, S. Metodologia de Diagnostico de Humedades de Capilaridad Ascendente y Condensacion Higroscopica, en
Edificios Historicos. Ph.D. Thesis, Technical University of Madrid, Madrid, Spain, 1995. [CrossRef]

Miah, M.J.; Ali, M.K,; Paul, S.C.; John Babafemi, A.; Kong, S.Y.; Savija, B. Effect of Recycled Iron Powder as Fine Aggregate on the
Mechanical, Durability, and High Temperature Behavior of Mortars. Materials 2020, 13, 1168. [CrossRef]

Mesbah, H.A.; Buyle-Bodin, F. Efficiency of polypropylene and metallic fibres on control of shrinkage and cracking of recycled
aggregate mortars. Constr. Build. Mater. 1999, 13, 439-447. [CrossRef]

Miah, M.].; Chandra Paul, S.; John Babafemi, A. Mechanical strength, shrinkage, and porosity of mortar reinforced with areca nut
husk fibers. Constr. Build. Mater. 2023, 363, 129688. [CrossRef]

Garcia Lopez de la Osa, G. Analisis de la Adherencia Entre Morteros y Piezas Ceramicas. Ph.D. Thesis, Univeresidad Politécnica
de Madrid, Madrid, Spain, 2020. [CrossRef]

Samiei, R.R.; Daniotti, B.; Pelosato, R.; Dotelli, G. Properties of cement-lime mortars vs. cement mortars containing recycled
concrete aggregates. Constr. Build. Mater. 2015, 84, 84-94. [CrossRef]

Bedoya, M.A.; Tobon, J.I. Incidence of recycled aggregates and ternary cements on the compressive strength and durability of
ecological mortars. Case Stud. Constr. Mater. 2022, 17, €01192. [CrossRef]

Chandrasekaran, R.G.; Ramakishna, G. Experimental investigation on mechanical properties of economical local natural fibre
reinforced cement mortar. Mater. Today Proc. 2021, 46, 7633-7638. [CrossRef]

Martinez, I.; Etxeberria, M.; Pavoén, E.; Diaz, N. A comparative analysis of the properties of recycled and natural aggregate in
masonry mortars. Constr. Build. Mater. 2013, 49, 384-392. [CrossRef]

Mohammad Moayedian, S.; Hejazi, M. Estimating the modulus of elasticity and the compressive strength of brick, mortar and
masonry at different scales. Structures 2024, 61, 103116. [CrossRef]

Sanchez-Roldan, Z.; Martin-Morales, M.; Valverde-Espinosa, I.; Zamorano, M. Technical feasibility of using recycled aggregates
to produce eco-friendly urban furniture. Constr. Build. Mater. 2020, 250, 118890. [CrossRef]

Wang, B.; Yan, L.; Fu, Q.; Kasal, B. A Comprehensive Review on Recycled Aggregate and Recycled Aggregate Concrete. Resour.
Conserv. Recycl. 2021, 171, 105565. [CrossRef]

Tolédo Filho, R.D.; Scrivener, K.; Engrand, G.L.; Ghavami, K. Durability of alkali-sensitive sisal and coconut fibres in cement
mortar composites. Cem. Concr. Compos. 2000, 22, 127-143. [CrossRef]

Zaragoza-Benzal, A.; Ferrandez, D.; Santos, P.; Morén, C. Recovery of End-of-Life Tyres and Mineral Wool Waste: A Case Study
with Gypsum Composite Materials Applying Circular Economy Criteria. Materials 2023, 16, 243. [CrossRef] [PubMed]

61



Appl. Sci. 2024, 14, 6226

102. Paula Junior, A.C.; Jacinto, C.; Oliveira, T.M.; Polisseni, A.E.; Brum, EM.; Teixeira, E.R.; Mateus, R. Characterisation and Life
Cycle Assessment of Pervious Concrete with Recycled Concrete Aggregates. Crystals 2021, 11, 209. [CrossRef]

103. Agung Wibowo, M.; Nur Sholeh, E.M.; Seti Adji, H. Supply Chain Management Strategy for Recycled Materials to Support
Sustainable Construction. Procedia Eng. 2017, 171, 185-190. [CrossRef]

104. Villoria, P; Del Rio, M.; San-Antonio, A.; Porrds-Amores, C. Best practice measures assessment for construction and demolition
waste management in building constructions. Resour. Conserv. Recycl. 2013, 75, 52-62. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

62



riried applied
e sciences

Article
Early Age Assessment of a New Course of Irish Fly Ash as a
Cement Replacement

Nikki Shaji !, Niall Holmes 1'?* and Mark Tyrer 3

1 School of Transport & Civil Engineering, TU Dublin City Campus, D01 K822 Dublin, Ireland;
nikkimaria.shaji@tudublin.ie

Built Environment Research and Innovation Centre, TU Dublin City Campus, D01 K822 Dublin, Ireland
Institute of Advanced Study, Collegium Basilea, 4053 Basel, Switzerland; m.tyrer@mtyrer.net

*  Correspondence: niall.holmes@tudublin.ie; Tel.: +353-(0)1-220-6678

Abstract: This paper explores the potential of a new source of fly ash, deposited on the site of a
coal-fired power plant in Ireland dating from 1985 to 1995, as a cement replacement material. A series
of X-ray diffraction (XRD) analyses on binder samples with cement replacement levels of 0, 10, 25
and 35% was undertaken to determine the fly ash’s mineralogical composition and to determine its
suitability as a supplemental cementitious material (SCM). The XRD results reveal a unique mineral
composition with promising characteristics for enhancing the strength and durability of concrete.
The experimental results were used to calibrate a thermodynamic model to predict changing phase
assemblage and hydration behaviour over time and per replacement level. Thermodynamic models
have been shown to give credible predictions of the long-term performance of cements, including
SCMs. The initial experimental results’ thermodynamic modelling demonstrates the feasibility of this
fly ash source as a sustainable alternative to traditional cement, paving the way for more eco-friendly
construction. Ash deposits dating from 1995 to 2005 and from 2005 to the present will be presented in
subsequent publications.

Keywords: fly ash; cement binder; hydration; thermodynamics

1. Introduction

Coal-powered electrical energy in Ireland will be phased out entirely by 2025. The only
coal-fired power station in Ireland is located at Moneypoint in Co. Clare on the west coast.
Coal-burning for electricity generation in Ireland will be phased out by 2025, when the
plant was due for decommissioning, but, due to the current energy crisis, it will continue
operations as a back-up until 2029. Moneypoint, which generates up to 915 MW and has
been operational since 1987, has several million tonnes of unconditioned (“wet”) fly ash
deposited over a 25-acre ash field. Between now and 2028, when the station is scheduled to
be finally decommissioned, a further 800,000 tonnes of fly ash may be deposited, based on
projected operation patterns. The ash stored on site has been separated into three deposits
from 1985 to 1995, 1995 to 2005 and 2005 to present. This paper presents a characterisation
and hydration study of the ash dating from 1985 to 1995. Subsequent publications will
present the two other deposits.

Significant reductions in current carbon dioxide (CO;) levels proposed by the Euro-
pean Union (80% by 2050 [1]) have been adopted by member states, including Ireland.
The production of Portland cement (PC) contributes to 8% of worldwide greenhouse gas
emissions [2]. Cement production in Ireland is currently at 5 million tonnes annually, which
releases circa 4 million tonnes of CO; into the atmosphere. Therefore, partially replacing
or blending Portland cement with suitable supplementary cementitious materials (SCMs)
would yield substantial reductions in CO, emissions per tonne of cement. Current cement
standards [3] define two types of siliceous fly ash blends that permit cement replacement
by fly ash of up to 20% (CEM II/A-V) or 35% (CEM II/B-V). With a 35% replacement
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level (CEM 1I/B-V), typical in the US and UK, an annual reduction of circa 650,000 of CO,
could be realised, representing 2% of Ireland’s total carbon emissions annually. With over
12 million tonnes of concrete produced annually in Ireland, CEM II/B-V cement could
utilise up to 750,000 tonnes of Moneypoint fly ash each year.

In order to investigate the suitability of this fly ash as a suitable cement replacement
in concrete, building on previous work [4,5], this paper presents the initial findings of its
characterisation, including moisture content and the XRF and XRD over time of hydrating
samples. To observe how it performed in concrete, the compressive strength of concrete
samples was assessed using 100 mm cubes. Fly ash has been used at CEM I replacement
levels of 0, 10, 25 and 35% to demonstrate the optimum point of replacement, which is in
accordance with EN 197 [3]. In addition, in order to improve thermodynamic predictions,
a suite of phase equations to represent the behaviour of the ash amorphous/glass phase
during hydration has been developed, taking into account its oxide proportions. These
equations are added to the PHREEQC input file for fly ash replacement levels from 5 to
35% in 5% steps and replace the traditional method of adding additional CaO, Al,O3, etc.
to represent the glass in fly ash. This approach can also be used to represent the glass phase
in most SCMs.

2. Materials and Methods

The ash used for the analysis was taken from that stored at the Moneypoint power
station situated in Co. Clare, Ireland (Figure 1). The samples for the study were obtained
from three different sections within the ash field, reflecting ash deposits from different
phases of operation (Figure 2). Four ash samples (each 5 kg) were collected at each of the
three sections. The ash was taken from a depth of 1 m from the surface and stored within
air tight containers to maintain the moisture content.

Ash storage IA%
area

Moneypoint
power plant

Ireland

(@) (b)
Figure 1. (a) Location of Moneypoint power station in Ireland, (b) Moneypoint site layout.

All experiments were carried out using commercially obtained CEM I cement with
and without fly ash at various replacement levels, as described in Table 1. The chemical
compositions of the materials were determined by X-ray fluorescence (XRF), and X-ray
diffraction (XRD) was used to monitor the changing mineralogical composition over time
as hydration continued, as described in Tables 2 and 3. As shown in Table 2, most of the
fly ash is SiO,, with high levels of AlO3 and Fe;O3. Due to the lower CaO content and
alumina content between 15 and 35%, this ash can be classified as Class F [6], as shown in
the ternary diagram (Figure 3). A series of cement pastes were prepared at a w/c of 0.5 and
cast into 20 x 20 x 20 mm cube moulds (Figure 4) and cured at 20 °C. XRD was carried
outat 1, 7,28 and 100 days, with a 20 mm cement cube being removed, powered down to
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10 pm [7] and placed in the diffractometer for pattern acquisition. XRD data were collected
using a Rigaku Miniflex600 spectrometer and scanned between 0 and 90° 26.

Figure 2. Fly ash storage zones at Moneypoint power station, Co. Clare.

Table 1. Binders studied (wt.%).

CEM I-FA CEM 1 FA
100-0 150 0
90-10 135 15
80-20 120 30
65-35 97.5 52.5

Table 2. Composition of CEM I cement and fly ash.

Oxide (g/100 g) CEM1? FA
SiO, 19.04 53.70
Al,O3 5.01 16.81
Fe203 2.83 13.46
CaO 63.4 7.41
MgO 2.31 2.08
K,O 0.54 2.03
Na,O 0.28 --
SO; 2.65 1.11
CaO (free) 1.71 -
CO, 22 -
Periclase 1.0 --
P,Os5 0.41
TiO, 1.82
MnO 0.13
LOI 3.20 2.55
Density (g/ cm?) 2.95 2.24
Blaine fineness (m?/ kg) 386 450

2 XRF data for the CEM I cement were obtained from the manufacturer.
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Table 3. Mineralogical composition of CEM I and fly ash used (wt.%).

CEMI? FA b

C3S 55.86 Quartz 1.29
C,S 10.07 Calcite 1.11
C3A 8.12 Hematite 4.65
C4AF 8.24 Mullite 7.95
Lime 1.64 Magnetite 3.37
Calcite 4.79 Amorphous 81.65
Gypsum 427

Periclase 0.96

K,S04 0.86

Na2SO4 0.28

K,O 0.05

NazO 0.15

MgO 2.21

SO3 2.53

2 CEM I composition calculated using normalisation [8]. ® Determined using XRD Rietveld.

Si0,

selica fume

wt%

Partland cement

Ca0 fine limestone

Al O

Figure 3. CaO-5i0,-Al, O3 ternary diagram.

Figure 4. mm cement samples.

Particle-size distribution and SEM images of the ash taken from the site are shown
in Figures 5 and 6. As may be seen, the ash consists of very fine particles, with circa
99% passing a 0.1 mm sieve. This can also be seen in the SCM images taken at a 50 um
resolution.
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Figure 5. Fly ash particle-size distribution using BS EN 833 [9].

Figure 6. SEM images of unhydrated fly ash.

Figure 7 shows an SCM of the 20% fly ash replacement after 60 days of hydration. The

images show the formation of portlandite and ettringite, as highlighted by their expected
crystal formation.

»

Figure 7. SEM images of hydrating cement blend with 20% fly ash after 60 days.
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2.1. Moisture Content of Fly Ash

The moisture content of the fly ash was measured by weighing out 500 g each of the
twelve samples and placing them inside an oven set to 105 °C for 24 h. The weight was
measured again, and the moisture content was calculated.

2.2. Concrete Compressive Strength Assessment

Nine 100 x 100 x 100 mm concrete cubes were cast for each fly ash replacement level
and subjected to compressive strength testing at 7, 28 and 56 days. All the mixes had a fixed
w/c ratio of 0.5 and a total cement/binder content of 400 kg/m?, with a design slump of
between 100 and 150 mm. The CEM I cement used complied with BS EN 197-1 [3], and the
fine and coarse aggregates were obtained from local sources in Ireland. The fine aggregate
used was medium-grade sand, and the coarse aggregate was crushed limestone with a
maximum size of 20 mm. A summary of the mixes is shown in Table 4.

Table 4. Mix proportions.

Mass (kg/m?)
MixID % PEA Water CEM I FA A
10 mm 20 mm
1 0 200 400 0 350 700
2 10 200 360 40 350 700
3 25 200 300 100 350 700
4 35 200 260 140 350 700

Following mixing in a pan mixer, the concrete was poured into the moulds in 50 mm
thick layers and vibrated on a vibrating table until no more air bubbles were visible on the
surface. The cubes were cured for 24 h under a polythene sheet to trap evaporating moisture,
demoulded and then placed into a water-filled curing tank set to 20 °C until testing.

3. Thermodynamic Modelling

Thermodynamic calculations were carried out using PHREEQC geochemical soft-
ware [10,11]. The cemdatal8 thermodynamic database [12] was used to model the pre-
dicted solid hydrates, pore solution chemistry and pH over time. The C-A-S-H phase was
modelled using a number of Discrete Solid Phases (DSPs) based on the continuous solid
solution between five end-members with different Ca/Si and Al/Si ratios, described by
Shaji et al. [13]. Details on how DSPs are derived can be found in [14]. Holmes et al. [15]
previously demonstrated this approach for the derivation of DSPs for the CSH-3T and
CSHQ end-members. The thermodynamic data for the derivation of DSPs were taken
from the cemdatal8 database and copied directly into the PHREEQC input file. DSPs were
also derived to model the siliceous (Si) hydrogarnet phases using the C3FS; 34H3 3, and
C3FSp gaHy 3p end-members in cemdatal8 [12], and can be found in Shaji et al. [13].

The amorphous/glass phase of the glass was modelled using phase equations fol-
lowing the methodology described in Shaji et al. [13]. Using the oxide proportions and
phase compositions in Tables 2 and 3, respectively, the derived phase equations used in the
thermodynamic calculations to account for the amorphous phase in the fly ash are listed
below. These phases were added to the PHREEQC input file to represent the behaviour
of the amorphous phases most accurately, rather than adding molar concentrations of the
oxides found in the glass.
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FA % FA amorphous/glass phase equations (log_k for the reactive and inactive phases are +999 and —999, respectively)

5 (5102)9.167(Al203)1 6678 (Fe203)0.8449(Ca0)1 3541 (MgO)g 5311 (K20)0 2218 (Na20)0.0002 (H20)1 4427 = + 9.167 SiO; + 3.3356
AlO,> ™ +1.6898 FeO, ™ + 1.3541 Ca*? +0.5311 MgJ'2 +0.4436 K* + 0.0004 Na* + 0.811 H* + 1.0372 H,O

10 (5102)9.219(A1203)1.6537(Fe203)0.8299(Ca0)1 3605(Mg0)0.5359 (K20)0.2238 (Na2 O) 0002 (H20)1.4416 = + 9.219 SiO, + 3.3074
AlO, ™ + 1.6598 FeO, ™ + 1.3605 Ca*2 +0.5359 MgJr2 +0.4476 K* + 0.0004 Na™ + 0.7264 H* + 1.0784 H,O

15 (5102)9.2718(A1203)1.6394(Fe203)0.8145(Ca0)1 3671 (MgO)o.5407(K20)0.2258 (Naz20)g.0002 (H20)1 4405 = + 9.2718 SiO, + 3.2788
AlOy ™ + 1.629 FeO, ™ + 1.3671 Ca,, + 0.5407 Mngz +0.4516 K* + 0.0004 Na* + 0.6402 H* + 1.1204 H,O

20 (5102)9.3257(A1203)1.6248(Fe203)0.7989(Ca0)1.3737(Mg0)0.5457(K20)0.2279 (NazO)g 0002 (H20)1.4393 = + 9.3257 SiO, + 3.2496
AlO,™ +1.5978 FeO, ™ + 1.3737 Ca*? + 0.5457 MgJr2 +0.4558 K* + 0.0004 Na™ + 0.5524 H* + 1.1631 H,O

25 (5102)9.3805(Al203)1.61(Fe203)0.783(Ca0)1 3805 (MgO)o.5507(K20)0.23(Na20)g.0002 (H20)1 4382 = + 9.3805 SiO; + 3.22 AlO,
+1.566 FeO, ™ + 1.3805 Ca*? + 0.5507 Mg*? + 0.46 K* + 0.0004 Na* + 0.4632 H* + 1.2066 H,O

30 (5102)9.4364(A1203)1.5049(Fe203)0.7667(Ca0)1 3874 (Mg0)0 5550 (K20)0.2321 (Na2O) g 0002 (H20)1.437 = + 9.4364 SiO, + 3.1898
AlO,™ +1.5334 FeO, ™ + 1.3874 Ca™2 + 0.5559 Mg+2 +0.4642 K* + 0.0004 Na* + 0.372 H* + 1.251 H,O
(5102)9.4933(A1203)1.5794(Fe203)0.7502(Ca0)1.3944(MgO)0 5611 (K20)0.2343(Na20)o 0002 (H20)1.4358 = + 9.4933 S5iO, + 3.1588

35

AlO, ™ + 1.5004 FeO, ™ + 1.3944 Ca*? + 0.5611 Mg+2 +0.4686 K* + 0.0004 Na* + 0.2792 H* + 1.2962 H,O

4. Results
4.1. Fly Ash Composition

The XRD patterns of four samples taken from Phase 1 in the ash field are shown in
Figure 8. The amount of reactive silica and alumina in the ash is largely responsible for
its reactivity, which has been noted by Alelweet et al. [16], who also studied the ash in
Moneypoint. Previous work on fly ash mineralogy has identified up to 316 individual
minerals and 188 mineral groups [16,17], with the most abundant phase being glass, with
crystalline compounds such as quartz, mullite, magnetite, melilite, gehlenite, kalsilite,
calcium sulphate and alkali sulphate accounting for 5-50% [18].

| MNM*WWMWWMMW Sample 4

J
W‘ “\Iw Lo |
W":‘“VWWWWWMM\WMW Sample 3

“‘ 1 IM
Sample 2

' Sample 1

20

Figure 8. XRD pattern for fly ash in Phase 1. Significant amorphous content within highlighted area
(15-35° 20).

As shown in Figure 8, there is significant glass in the fly ash. Alelweet et al. [16]
calculated this to be between 40 and 60%, based on the background area between 15-35° 26.
Here, the glass/amorphous content is calculated to be 81% using a Rietveld analysis, with
amounts of quartz, mullite, hematite, calcite and magnetite. This is in broad agreement
with previous studies on Moneypoint fly ash [16,19] and is summarised in Table 5. This
also agrees with the previous literature, which reports quartz and mullite to be the two
major crystalline phases in low-Ca (CaO < 8%) fly ash, with a crystalline mineral content in
the range of 1148 wt.% [17]. Alelweet et al. [16] concluded that the lack of sulphates and
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calcium silicates in the Moneypoint fly ash is due to the composition of the subbituminous
coal used in the power station, which is low in sulphur and calcium.

Table 5. Mineral composition of Moneypoint fly ash by Alelweet et al. [16].

Material % Glass % Crystalline Mineral Composition

Glass

FA °C 40-60 60-40 Quartz (Si0,)
Mullite (2A1,05.2S5i05)
Glass

FA 500 °C 10-30 70-90 Quartz (Si0O,)
Mullite (2A1,05.2S5i05)
Glass

FA 800 °C 10-30 70-90 Quartz (Si0O,)
Mullite (2A1,05.2S5i05)
Glass
Quartz (Si0,)

FA 1000 °C 10-30 70-90 Mullite (2A1,05.2S5i05)
Hematite (Fe,O3)
Possible CazAl,Og and alkali sulphate

4.2. Fly Ash Moisture Content

The moisture content from the twelve flay ash samples taken is shown in Figure 9. As
shown, the moisture contents ranges from 11.25% to 11.75%, with the average around 11.5%.
This moisture content was considered during the concrete production, to ensure 0.5 w/c
was achieved throughout, to ensure the design strengths were reached. The relatively high
moisture content would indicate that the ash should be dried before use, or the free water
content should be adjusted to account for the moisture within it.
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1151 '\./.—KW

11.0 +

-

e
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9/ 9+———TT T T T T T

Sample number
Figure 9. Fly ash samples moisture content.

4.3. Concrete Compressive Strength

The concrete compressive strength results are shown in Figure 10. As may be seen, the
compressive strength results are not significantly affected with the addition of FA, compared
with the CEM I only /0% FA samples at each age. However, the 35% FA samples do take
longer to achieve similar strengths to CEM I only and to the other fly ash replacement
levels. At 56 days, though, all compressive strengths appear to be similar.
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Figure 10. Concrete compressive strength results.

4.4. X-ray Diffraction

Figure 11 shows the XRD pattens for hydrating CEM I with no fly ash additions. The
CEM I clinker peaks are shown at 12.1° 26 (C4AF), 31° 26 (C,S), 32.5° 20 (mainly C3S and
C;,S) and 35° 26 (C3S). C3S also overlaps with the calcite peak at 29.5° 2. C,S can be
difficult to identify in XRD patterns, and it appears to overlap with the C3S peak at 32.5° 26,
whereas C3S is more abundant. C3A, along with overlapping C,S and C3S, is observed at

32-33° 26.
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Figure 11. XRD patters from 5 to 35° 26 for CEM 1.

The main hydrates, including portlandite and ettringite, along with calcite, are ob-
served as expected. Due to the presence of approximately 4.8 g/100 g of calcite in the
clinker (see Table 3), permitted for CEM I cements under EN 197 [3], monocarbonate is
the most abundant AFm phase [20,21], as shown by the peak at 10.8° 20, which remains
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as hydration continues over time. Ettringite is the dominant AFt phase and is stable over
time, with dominant peaks at 9, 15.8, 19 and 23° 26.

De Weerdt et al. [22] suggested that the main differences between plain and blended
cements containing SCMs are best observed at low angles (8-13° 20), where the main peaks
of the AFm and AFt phases are found. Figure 12 shows the XRD patterns at these low
angles for the three cement replacements here after 1, 7, 28, 60 and 100 days of hydration.
Monosulphate, which has been shown to diffract at 9.8° in the literature [23], is not shown
in the patterns, whereas monocarbonate is precipitated at 11.5°, with a stable ettringite
phase at 9.7° over time. Some hemicarbonate is shown at 11° at 7 days but decreases
over time as monocarbonate is formed. These observations are consistent with previous
studies [22-24]. Unfortunately, XRD patterns at 60 days for the 35% replacement samples
are not available.
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Figure 12. XRD patterns of blended fly ash cements with 0, 10, 20 and 35% replacement levels.

Another significant effect of blended fly ash cements is the reduction in portlandite
over time due to pozzolanic activity, where it is converted to additional C-A-S-H with
a lowering of the Ca:Si ratio. The increase in alumina may also lead to a reduction in
ettringite and increase in AFm compared to 100% CEM I cement. This leads to a reduction
in overall volume that could result in lower strengths, hence fly ash additions in cement
standards being limited to 35%. This will be studied in the thermodynamic analysis.

72



Appl. Sci. 2024, 14, 4128

]

Phase volume [cm>/100g cement

Phase volume [cm?/100g binder]

4.5. Thermodynamic Modelling Analysis

The change in the solid phase assemblage predicted by PHREEQC over time is shown
in Figure 13. The default output from PHREEQC is in moles. By multiplying this by the
molar volume of each phase (using the SELECTED_OUTPUT and USER_PUNCH data
blocks), the change in volume can be observed. The results show that the formation of
monocarbonate with a stable ettringite phase is predicted, which agrees with the exper-
imental observations. The formation of monocarbonate occurs at approximately 3 days,
which is evident in the XRD patterns above and seen in the work by Lothenbach et al. [23].
Furthermore, with increasing fly ash, the volume of monocarbonate increases, which is due
to additional calcium and aluminates being released into the solution and precipitating.
De Weerdt et al. [22] showed that increasing fly ash in blended cements results in a faster
OPC/CEM I reaction. Also confirmed is the reduction in portlandite as it reacts with
silicates, along with additional alumina, to form additional C-A-S-H. Also, part of the
additional aluminates will contribute additional ettringite and monocarbonate phases, as
the sulphate content is lower in high-fly ash blended cement [22].
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Figure 13. Phase assemblage changes over time for 0, 10, 20 and 35% FA replacement levels.
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Lothenbach et al. [25] found that above 40% fly ash, monocarbonate and eventually
ettringite both become unstable with the formation of strétlingite, depending on the reactiv-
ity of the fly ash, the Al;O3 content and Al uptake into the C-A-S5-H. It was also found that,
above 20% fly ash, portlandite was completely depleted. Stritlingite formation has not
been observed in the experimental data but is evident in the thermodynamic simulations
within the timeframe shown, at replacement levels at and above 20%, which agrees with
previous research. Indeed, as seen in Figure 14, which depicts phase assemblages assuming
full hydration at an infinite time in the future, stratlingite is thermodynamically predicted
to form for fly ash blended cements ranging from 5 to 35%. Note that, although automatic
peak identification assigns the reflection at 11.8° 20 to the ferrite phase C4AF, we believe
this to be erroneous. Our thermodynamic predictions suggest that this peak is due to the
precipitation of gypsum, as shown in Figure 14, below.
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Figure 14. Phase assemblage for fully hydrated binder with fly ash replacements ranging from
0 to 35%.

As shown in Table 2, the SiO,, Al,O3 and Fe,O3 contents are high, whereas CaO is
low. According to ASTM C618 [6], with a combined SiO;, Al,O3 and Fe;O3 of over 70% by
mass, the ash belongs to the Class F family. It can be further classified as pozzolanic, and
its reactivity is a function of aluminosilicate glass characteristics and particle fineness. The
thermodynamic predictions here show portlandite completely depleted before 1000 days for
fly ash blends over 10%, indicating that this source of ash is very reactive. This is observed
in the XRD data, with the intensity of portlandite lowering over time for all replacement
levels. Alelweet et al. [16] found that the ash is most reactive after approximately 20 h of
hydration, using the method developed by Luxan et al. [26] and McCarter et al. [27], where
the capacity of ash to combine with portlandite is a measure of its reactivity.

5. Discussion

The thermodynamic modelling of the fly ash blended cement appears to be in good
agreement with other work in the literature in this area. The depletion of portlandite and
precipitation of monocarbonate, co-existing with a stable ettringite phase, all appear to
be as expected. These predictions are supported by the experimental data through XRD
analysis. The depletion of portlandite and increase in C-A-S-H demonstrate the pozzolanic
properties of the fly ash that can add to strength development over time. For all replacement
levels at full hydration, portlandite and monocarbonate are shown to be fully exhausted
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(Figure 14). Upon reflection, the peak assigned to C4AF in Figure 12 may actually represent
the re-precipitation of gypsum, as shown in Figure 14.

In terms of hydrates volume, replacement levels above 20% show a slight reduction.
This has been observed in the literature [28-30], which found reductions in compressive
and flexural strength in concrete samples when the fly ash replacement exceeded 20%.
Small amounts of hemicarbonate are predicted in the 20% and 35% samples, which corre-
spond with the slow reduction in monocarbonate. Previous works in the literature [23,31]
also show small amounts of hemicarbonate, and Lothenbach et al. [23] postulated that
the intermediate formation of hemicarbonate is due to the relatively slow dissolution of
limestone and insufficient dissolved carbonate being available. While there is no clear
XRD evidence for hemicarbonate in Figure 11, the amounts predicted in the model are
very small. Not predicted in the thermodynamic predictions over time or the experimental
data, at least within the timeframe here, is the existence of strétlingite. As may be seen in
Figure 14, it is predicted to form after completing full hydration for all levels of fly ash
replacement, due to the amount of soluble silicate in the ash.

The ash under investigation has been confirmed as Class F, in accordance with ASTM
C618 [6]. In order for it to be classified a fly ash suitable as a cement replacement and for
inclusion in concrete, masonry, mortar, etc., it must comply with the requirements set out
in EN 450 [32].

6. Conclusions

The fly ash currently stored in Phase 1 (1985-1995) at the Moneypoint power station
has shown to be a suitable Portland cement replacement. The ash is reactive and is shown
here to be a pozzolanic material, contributing to solid phase assemblage and not just acting
as a pore filler. This is demonstrated by the depletion of portlandite and increase in C-A-
S-H in the thermodynamic predictions and experimental observations. Monocarbonate
and ettringite appear stable over the timeframes considered here, with the former being
removed from the phase assemblage, converting to straitlingite later, as shown by the
predictions of the system after complete hydration.

The ash has also been shown, through its chemical properties (work is ongoing on the
physical properties), that it meets the requirements of EN 450 to be considered suitable as a
fly ash in structural concrete. Subsequent publications will investigate if the ash stored in
Phase 2 (1995-2005) and Phase 3 (2005 to the present) are also suitable as a supplementary
cementitious material in concrete.
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Abstract: This research investigates the performance of small concrete beams that are reinforced
with glass fiber-reinforced polymer (GFRP) bars, basalt fiber-reinforced polymer (BFRP) bars, and
traditional steel bars. It addresses the limitations of traditional steel reinforcement, emphasizing
the need for alternative strategies. Fiber-reinforced polymer (FRP) materials, including GFRP and
BFRP, are examined for their mechanical characteristics compared to steel. The experimental program
focuses on ultimate load-bearing capacity, deflection, deformation at different load levels, and failure
modes. The concrete specimens, prepared according to Eurocode, consist of six small concrete
beams measuring 80 x 120 x 1100 mm with varied reinforcements. The study reveals that GFRP-
reinforced beams outperform BFRP and steel reinforcements in ultimate load-bearing capacity,
showcasing enhanced structural performance. The GFRP-reinforced beams exhibit capacity and
resilience characteristics surpassing those of both BFRP and steel, whereas the deflection observed
was higher on both fiber-reinforced beams than on the steel-reinforced beams. The examination of
failure modes reveals that the concrete beams that were reinforced with FRP bars showed a bending
property before failure, while those reinforced with steel broke easily without bending much. This
comprehensive research contributes to advancing our understanding of FRP materials” application
in concrete structures, paving the way for further optimization and overcoming limitations in

reinforcement materials.

Keywords: BFRP bars; GFRP bars; concrete beam; steel bars

1. Introduction

Concrete, a commonly used building material, is often deficient in tension strength
and susceptible to fractures from shrinkage and plastic deformation [1]. This inherent
weakness in tension makes plain concrete unsuitable for many structural applications, as
even structures under compressive pressures require sufficient tensile strength to prevent
buckling. Steel, renowned for its remarkable tensile strength, has been widely employed in
the construction industry to reinforce structural components, making it an ideal material
for enhancing the strength of concrete buildings. Despite its widespread use, steel reinforce-
ment comes with drawbacks, as highlighted by Mahadev Desai [2]. Corrosion vulnerability
is a significant concern, with steel rusting over time when exposed to oxygen and mois-
ture, compromising its structural integrity. Environmental factors, such as high seawater
quantities in coastal areas or elevated humidity, can expedite the corrosion process, leading
to fractures and spalling in the adjacent concrete, thereby impacting the overall structural
stability. Another drawback is the substantial weight of the steel reinforcement due to its
density, which contributes significantly to the overall weight of the construction when used
in large quantities [3,4].

The inherent limitations in traditional steel reinforcement methods within construction
have spurred a thorough exploration of alternative approaches, driven by significant
advancements in science and technology. In response to this imperative, there has been a
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surge of research interest surrounding the utilization of fiber reinforcements, with studies
investigating the characteristics and tensile strengths of various fiber materials to augment
their applicability in structural contexts [5,6].

Among the alternatives, fiber-reinforced polymer (FRP) materials have emerged as
particularly promising contenders for different infrastructure projects. Their adoption is
underpinned by a myriad of compelling advantages, including but not limited to rapid
manufacturing and installation processes, inherent lightweight properties facilitating ease
of handling, long-term cost-effectiveness due to reduced maintenance requirements, ex-
ceptional corrosion resistance, and an extended service life. Such attributes position FRP
materials as versatile solutions that are amenable to a wide spectrum of applications across
infrastructure construction domains [7-10].

In the realm of civil engineering, the utilization of four primary fiber materials—
carbon, glass, aramid, and basalt—dominates the production of reinforced fibers. These
fibers serve as the building blocks for the creation of distinct reinforced polymers, encom-
passing Carbon Fiber-Reinforced Polymer (CFRP), glass fiber-reinforced polymer (GFRP),
Aramid Fiber-Reinforced Polymer (AFRP), and basalt fiber-reinforced polymer (BFRP).
Each variant of reinforced polymer exhibits a unique array of properties, rendering them
apt for specific applications within the civil engineering landscape [6,11-13]. This rich
diversity in fiber reinforcement options underscores the nuanced and multifaceted nature
of material selection processes within the realm of structural engineering.

Recently, numerous studies have explored the intricate properties of fiber-reinforced
polymer (FRP)-reinforced concrete beams, as evidenced by a growing body of research [14-17].
Many of these investigations have focused on the behavior of concrete beams that are rein-
forced with a single type of fiber reinforcement, comparing their performance against that of
conventional steel-reinforced concrete beams [16-22]. Conversely, other studies [23-29] have
chosen to examine FRP bars in isolation, subjecting them to various conditions to elucidate
their intrinsic properties without integration into concrete structures. While these studies
offer valuable insights into the material properties of FRPs, there remains a notable gap in
understanding how these materials function within the broader context of concrete elements.
Additionally, a study comparing the adhesion properties of FRP fibers, coupled with analytical
evaluations of material properties, was conducted [29]. However, the focus on standalone
bar analysis overlooks the crucial aspect of comprehensively understanding the interaction
between these materials and concrete elements, particularly in load-carrying scenarios.

Among the studies on the ultimate load-carrying capacity of concrete beams rein-
forced with FRP bars, Urbanski et al. [18] meticulously documented performance metrics,
revealing that the average ultimate load of three concrete beams reinforced with 8 mm
basalt fiber-reinforced polymer (BFRP) bars was 40 kN, while their steel-reinforced counter-
parts managed a load of 35 kN. This stark contrast signifies a notable 14.28% increase in
the ultimate load-carrying capacity of BFRP-reinforced concrete beams compared to their
steel-reinforced counterparts. The impressive tensile strength property inherent in FRP
reinforcement is further underscored by the ACI Committee 440 [30].

Moreover, Sirimontree [22] conducted a parallel investigation, discovering that con-
crete beams reinforced with glass fiber-reinforced polymer (GFRP) bars exhibited an aver-
age ultimate load of 70.5 kN, nearly doubling that of steel-reinforced beams. Our research
corroborates these findings, demonstrating that concrete beams reinforced with GFRP bars
sustained an average ultimate load of 36.9 kN, while those reinforced with BFRP bars
sustained 28.4 kN. These figures represent remarkable increases of 76.55% and 35.88%,
respectively, compared to concrete beams reinforced with steel bars (20.9 kN).

Regarding the deflection property, some scholars [18,31] documented significantly
greater deflections in beams reinforced with BFRP bars compared to reference beams.
This phenomenon was attributed to the lower modulus of BFRP bars compared to steel
bars. Furthermore, Kosior-Kazberuk et al. [16] reported that concrete beams reinforced
with basalt fiber polymers exhibited substantially higher deformations, averaging three to
four times more than steel-reinforced concrete beams. Notably, during the initial loading
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phase, BERP-reinforced concrete beams demonstrated a 40% increase in deflection relative
to reference reinforced concrete (RC) beams, with this disparity increasing as the load
intensified. Consequently, BFRP-reinforced concrete beams exhibited deflections twice as
large as those of reference beams.

According to Krassowska et al. [31], concrete beams reinforced with BFRP bars have
shown the largest amount of cracks with greater widths, with the first perpendicular
crack occurring when the load reached 10% of the ultimate load-carrying capacity of the
sample. However, the flexural capacity of beams reinforced with FRP reinforcement has
shown significant improvement. In terms of failure modes, observations made by Ashour
AF [20] are significant. Additionally, it is important to note that the ACI Committee 440 [30]
has highlighted the comparatively low transverse shear resistance exhibited by FRPs.
Furthermore, Urbanski et al. [18] observed that beams reinforced with basalt bars displayed
cracks that were three to four times wider than those observed in traditionally reinforced
concrete beams. This underscores the necessity for further research aimed at developing a
comprehensive model to accurately predict the shear capacity of FRP-reinforced concrete
beams. Such efforts are crucial for advancing our understanding and ensuring the structural
integrity of FRP-reinforced concrete beams.

This research endeavors to bridge this gap in the scientific discourse by embark-
ing on a comprehensive comparative analysis. The study seeks to explore and contrast
concrete beams that are reinforced with two prevalent types of FRP—namely, glass- and
basalt fiber-reinforced polymer—against beams that are reinforced with traditional steel
bars. Importantly, all specimens will be subjected to identical loading and environmental
conditions, facilitating a nuanced examination of their performance under standardized
parameters. Through this comparative approach, the research endeavors to yield a more
holistic understanding of the inherent material properties of each type of reinforcement
by identifying areas of strength and potential improvement across various reinforcement
methodologies.

Furthermore, employing small-scale beam tests offers greater control over variables
such as material properties and loading conditions, thereby enabling more precise compar-
isons between different reinforcement types.

This research empirically investigates small concrete beams that are reinforced with
glass fiber-reinforced polymer (GFRP) bars, basalt fiber-reinforced polymer (BFRP) bars,
and traditional steel reinforcement. The main objective is to analyze the performance of
these materials within concrete beams, emphasizing strength, load-bearing capacity, failure
modes, and deflection. Simultaneously, the research seeks to identify vulnerabilities in fiber-
reinforced polymers (FRPs), laying the groundwork for future studies addressing these
limitations and proposing improved reinforcement solutions for concrete beam structures.

2. Materials and Methods
2.1. Materials

The small beams were prepared using a concrete mixture containing CEM I 42.5R
Portland cement. The cement content was set at 320 kg/ m?3, with a water-to-cement
ratio (w/c) of 0.5. The aggregate composition comprised 732 kg/m? of sand with a grain
diameter of up to 2 mm and 1203 kg/m? of coarse natural aggregate with a grain diameter
of up to 8 mm. To enhance the mixture, 3.2 kg/m? of superplasticizer was incorporated.
For longitudinal reinforcement, 6 mm diameter S-500 steel bars with a tensile strength of
315 MPa, 6 mm diameter BFRPs with a tensile strength of 1180 MPa, and 8 mm diameter
GFRPs with a tensile strength of 552 MPa were utilized, as depicted in Figure 1 below. The
reinforcement design was made to resist the self-weight, with a safety factor of the concrete
beam. The diameter variation between the two FRPs was used to achieve equivalent tensile
strength and to counter the beam’s own weight. This helped the investigation demonstrate
the mechanical properties of the reinforcements under similar environmental conditions.
All longitudinal reinforcements were prepared with a length of 940 mm.
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Figure 1. Specimens’ reinforcement setup: (a) steel reinforcement; (b) FRP reinforcement.

Before preparing the specimens, concrete strength tests were conducted to meet the
required concrete standard based on strength. Three samples with a similar mix ratio
were prepared for each strength test. Tests for the compressive strength of the concrete
were executed following EN 12390-3:2009 [32], utilizing cubic samples with a side length
of 100 mm. Tests for concrete tensile strength were carried out on samples measuring
100 x 100 x 400 mm, in accordance with EN 12390-5:2019 [33]. The modulus of elasticity
was determined pursuant to EN 12390-13:2013 [34], using cylindrical specimens with a
diameter of 160 mm and a height of 300 mm. The average test results were 59.66 MPa for
compressive strength, 3.06 MPa for flexural strength, and 33.53 GPa for elastic modulus.

2.2. Description of Experimental Program

In order to enhance our comprehension of the performance of fiber-reinforced poly-
mers in concrete beams, this research conducted an experimental program focusing on
the ultimate load-bearing capacity; midspan deflection; average deformation at the top,
middle, and bottom of concrete members under various load levels; and the failure modes
of beams. The concrete specimens were mixed, cured, and tested in accordance with the
EURO code. Six small beams measuring 80 x 120 x 1100 mm were employed in the study.
These included two steel-reinforced beams (ABST-1 and ABST-2), two glass fiber-reinforced
beams (ABGF-1 and ABGF-2), and two basalt fiber-reinforced beams (ABBF-1 and ABBF-2).
The FRP-reinforced concrete beams were designed in accordance with the guidelines of ACI
440: 1R-06 standards [30]. The evaluation aimed to assess the mechanical characteristics
and effectiveness of multiple reinforcing materials in enhancing the structural performance
of concrete beams, as per the ACI 440.1R-06 standards [30]. All the beams were simply sup-
ported, with support points positioned 80 mm from the outer edge of the beams, resulting
in span axes of 940 mm. Point loads are applied at 1/3 of the beam length on both sides.
Throughout the test, the ultimate bending capacity of the element was determined, and
various values were measured. These included deformations on the surface of the concrete
member in the compressive, mid, and tensile zones, maximum deflection at midspan,
and the development of cracks and failure modes of the beams. The beams underwent
preloading with a 0 kN force. The force buildup occurred over 30 s per 2 kN, and the load
was then held constant for approximately 30 s to record test readings. Subsequently, the
force was incrementally increased by 2 kN until failure. The load application utilized a
hydraulic cylinder, controlled from the control panel of the PZA machine. Deflection was
gauged using inductive sensors from the Megatron-Munchen return spring, with specific
locations designated for deflection measurements. Additionally, the progressive develop-
ment of cracks and the shear capacity of the beams were meticulously recorded during
the testing process. After each load phase until failure, every new crack was documented,
and photographs were taken for the preparation of simulation drawings, as illustrated in
Figure 2.
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(b)

Figure 2. Sample specimen under initial and final loading states: (a) test sample under initial applied
load; (b) test sample post ultimate load failure.

3. Test Results and Discussion
3.1. Ultimate Load-Bearing Capacity

The ultimate load is defined as the maximum load achieved by the beam. The loads be-
ing supported by concrete beams that were reinforced with GFRP bars markedly exceeded
those reinforced with BFRP and steel bars. The concrete beams that were reinforced with
BFRP showcased a superior load-bearing capacity compared to those that were reinforced
with steel bars. Despite steel-reinforced concrete beams enduring more load before the
onset of initial cracks, they ultimately failed sooner. BFRP-reinforced concrete beams mani-
fested the early initiation of cracks when contrasted with steel-reinforced concrete beams
but exhibited a higher ultimate load-bearing capacity, trailing only behind GFRP-reinforced
concrete beams. The ultimate load-carrying capacity of the beam specimens before failure
is depicted in Figure 3 below.

Ultimate Load before failure

40
33.8
30.5
30 26.3
20 21.8
2
1 I

ABST-1 ABST-2 ABGF-1 ABGF-2 ABBF-1 ABBF-2

Load P (KN)
o

o

M ABST-1 WABST-2 MEABGF-1 mABGF-2 ABBF-1 mABBF-2

Figure 3. Ultimate load-bearing capacity of beam specimens.
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Compared to concrete beams reinforced with steel bars, the average ultimate load-
bearing capacity of the concrete beams reinforced with GFRP bars and BFRP bars increased
by 76.5% and 35.8%, respectively. This increase can be attributed to the higher tensile
strength of FRP bars compared to steel bars. One reason for the significant variation in
the ultimate load-bearing capacity of beams reinforced with FRPs is the difference in the
cross-sectional area of the reinforcements.

3.2. Deflection

The steel-reinforced concrete beams displayed similar behavior, experiencing fail-
ure at stresses of 20 kN and 21.8 kN, resulting in midspan deflections of 4.76 mm and
4.65 mm, respectively. Remarkably, the glass fiber-reinforced concrete beams exhibited
remarkable strength, with ABGF-1 collapsing at 32 kN and ABGF-2 lasting until 40 kN. At
the point of failure, midspan deflections measured 14.01 mm and 14.61 mm. The basalt
fiber-reinforced concrete beams, performing between the steel- and GFRP-reinforced con-
crete beams, recorded failures at 26 kN (ABBF-1) and 30 kN (ABBF-2). The corresponding
midspan deflections were 16.17 mm and 21.50 mm. Figure 4 illustrates the graphical
implications of the maximum deflection observed in the sample specimens.

—+— ABST-1
—+— ABST-2
ABGF1
—+— ABGF-2
——+— ABBF-1
ABBF-2

Load [KN]

0 5 10 15 20
Deflection [mm]

Figure 4. Load vs. deflection curves.

In this study, concrete beams that were reinforced with BFRP bars were found to
exhibit higher deflection. Figure 5 illustrates the deflection of the beams under a regular
load of 20 kN, where the GFRP-reinforced concrete beams displayed deflections of 7.73 mm
(a 62% increase compared to the steel-reinforced beams) and 7.44 mm (a 60% increase
compared to the steel-reinforced beams). On the other hand, the basalt fiber-reinforced
beams demonstrated deflections of 10.87 mm (a 127% increase compared to the steel-
reinforced beams and a 40% increase compared to the GFRP bar-reinforced concrete beams)
and 10.10 mm (a 117% increase compared to the steel-reinforced concrete beams and
a 35.75% increase compared to the GFRP-reinforced concrete beams). These findings
underscore the greater flexibility of basal fiber-reinforced beams compared to glass fiber-
reinforced beams.

83



Appl. Sci. 2024, 14, 3957

—4.65

a [mm]

—7.08

—8 =773

—10 —10.10

=11 —1087

=12

0 0.1 0.2 03 04 05 06 0.7 0.8 0.9 1,0 11
Um]
Figure 5. Deflection vs. position curves of beam specimens at 20 kN applied load (deflection data
collected from gauges at the midpoint and both ends of the beams, measured at 2 kN load intervals).

3.3. Deformation of Concrete on the Surface of Different Sections of the Beam at Midspan

Figure 6 illustrates the deflection across different zones in the specimens. In Figure 6a,
the compressive zone exhibited the least deformation: the steel-reinforced concrete beams
measured 1.66 mm and 1.30 mm, the GFRP-reinforced concrete beams measured 1.45 mm
and 2.73 mm, and the BFRP-reinforced beams measured 3.45 mm and 1.01 mm. In Figure 6c,
the neutral zone demonstrated steel-reinforced concrete beams with 3.94 mm and 3.13 mm,
GFRP-reinforced concrete beams with 3.77 mm and 4.38 mm, and BFRP-reinforced concrete
beams with 6.86 mm and 7.95 mm. Figure 6c, representing the tensile zone, showed
maximum deformation: the steel-reinforced concrete beams with 3.96 mm and 3.42 mm
deformations, the GFRP-reinforced concrete beams with 7.04 mm and 9.05 mm, and the
BFRP-reinforced concrete beams with 8.43 mm and 10.76 mm.

When comparing the values of concrete deformations at the same levels of beam loads,
it was concluded that in the compressive zone, the highest deformations recorded in the
case of concrete beams that were reinforced with BFRP and GFRP bars were 3.45 %o and
2.73%o, respectively. These values represented a 107.8% and 64.46% increase compared
to the highest deformation recorded by the concrete beams that were reinforced with
steel bars, which was 1.66%o. The most significant deformations in the compressive zone
occurred in the case of concrete beams reinforced with GFRP bars.

In the mid-section of the beam, the highest deformation was recorded on concrete
beams reinforced with BFRP, amounting to 7.95%o, which represented a 101.78% increase
compared with the highest deformation recorded on concrete beams reinforced with steel
bars, which was 3.94%.. Conversely, the highest deformation recorded for concrete beams
reinforced with GFRP was 4.38 %o, indicating an 11.17% increase from the deformation of
concrete beams with steel reinforcement.

In the last section, which is the tensile zone, the highest deformation was observed
for concrete beams that were reinforced with BFRP bars, measuring 10.76 %0, and with
GFRP bars, measuring 9.05%.. These values represented a 171.72% and 128.53% increase,
respectively, compared to the highest deformation of concrete beams reinforced with steel
bars, which was 3.96 %o.
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Figure 6. Deformation in different sections of beam specimens: (a) deformation in compressive zone;
(b) deformation in mid-section; (c) deformation in tension zone.

3.4. Failure Modes

The analysis of various beam reinforcements unveiled a common pattern in the failure
modes, providing valuable insights into their structural behavior under a load. Initially,
cracks emerged in the flexural zone and midspan, accompanied by the development of
additional vertical cracks within the shear span as the load intensified. Notably, steel-
reinforced concrete beams exhibited midspan bending failure (Figure 7a,b), characterized
by a premature failure.

In stark contrast, both the GFRP- and BFRP-reinforced concrete beams showcased
ductile behavior, characterized by a gradual expansion of the cracks. Diagonal cracks
were consistently observed in Figure 7c—f and were particularly notable in the GFRP-
and BFRP-reinforced concrete beams, where they manifested as long diagonal cracks.
The GFRP-reinforced concrete beams displayed significant deformations and wider crack
widths compared to the steel-reinforced concrete beams. The BFRP-reinforced concrete
beams exhibited a combination of diagonal tension and flexural failure modes.
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(a) (b)
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Figure 7. Crack development in tested concrete beams: (a) ABST-1; (b) ABST-2; (c) ABGF-1; (d) ABGF-
2; (e) ABBF-1; (f) ABBF-2.

The failure modes exhibited distinct characteristics: the steel-reinforced concrete
beams primarily failed due to flexural tension, while the GFRP-reinforced concrete beams
demonstrated diagonal tension failure, subsequently leading to shear tension failure. The
initiation of shear failure was marked by the emergence of a significant diagonal crack
within the shear span, originating from the applied load. This crack propagated towards
the point of GFRP reinforcement, eventually extending horizontally at the level of the
GFRP bars towards the beam’s support. Consequently, bond failure occurred between
the longitudinal GFRP bars and the concrete, as illustrated in Figure 7. These detailed
observations shed light on the intricate failure mechanisms that are inherent to different
types of reinforced concrete beams.

In terms of failure modes, this study revealed a notable increase in crack formations
within the FRP-reinforced concrete beams compared to their steel-reinforced counterparts.
Specifically, beams reinforced with GFRP experienced shear failure, leading to longitudinal
failure, with cracks propagating towards the support structures. The simulation images in
Figure 7 provide a visual representation of the observed cracks in all the beam specimens
before ultimate failure.

4. Conclusions

This research analyzes the critical shift from traditional steel reinforcement to the use
of fiber-reinforced polymer (FRP) materials, specifically, glass fiber-reinforced polymer
(GFRP) and basalt fiber-reinforced polymer (BFRP), in small concrete beams. Based on the
experimental study, the following conclusions were drawn:
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e A comprehensive investigation into the mechanical characteristics of GFRP- and BFRP-
reinforced concrete beams in comparison to concrete beams that are reinforced with
traditional steel bars was carried out.

e  GFRP-reinforced concrete beams demonstrated an ultimate load-bearing capacity of
36.9 kN, outperforming BFRP-reinforced concrete beams and steel-reinforced concrete
beams, which exhibited average ultimate load-bearing capacities of 28.4 kN and
20.9 kN, respectively.

e  GFRP-reinforced concrete beams demonstrated notable strength and resilience, leading
to later failure stages compared to their steel-reinforced counterparts.

e  The deflection analysis highlighted the remarkable performance of GFRP-reinforced
concrete beams, showcasing their superior strength and deformation properties in
comparison to BFRP-reinforced concrete beams. However, both displayed higher
deflections compared to concrete beams with steel reinforcement. On average, BFRP-
reinforced concrete beams experienced a 122.85% increase in the maximum deflection,
while GFRP-reinforced concrete beams exhibited a 61.21% increase when compared
with steel-reinforced concrete beams.

e  The examination of failure modes demonstrated that both GFRP- and BFRP-reinforced
concrete beams exhibited a bending property before failure, while those that were
reinforced with steel broke easily without bending much. This provides valuable
insights into their distinct failure mechanisms.

e  This study is limited to the examination of small concrete beams, which requires further
studies regarding the applicability of the findings to full-sized beams. Additionally, fur-
ther research and development of design models are recommended to address deflection
issues associated with concrete beams reinforced by non-metallic reinforcements.
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Abstract: In recent years, machine learning models have become a potential approach in accurately
predicting the concrete compressive strength, which is essential for the real-world application of
geopolymer concrete. However, the precursor system of geopolymer concrete is known to be more
heterogeneous compared to Ordinary Portland Cement (OPC) concrete, adversely affecting the
data generated and the performance of the models. To its advantage, data enrichment through
deep learning can effectively enhance the performance of prediction models. Therefore, this study
investigates the capability of tabular generative adversarial networks (TGANSs) to generate data on
mixtures and compressive strength of geopolymer concrete. It assesses the impact of using synthetic
data with various models, including tree-based, support vector machines, and neural networks. For
this purpose, 930 instances with 11 variables were collected from the open literature. In particular,
10 variables including content of fly ash, slag, sodium silicate, sodium hydroxide, superplasticizer,
fine aggregate, coarse aggregate, added water, curing temperature, and specimen age are considered
as inputs, while compressive strength is the output of the models. A TGAN was employed to
generate an additional 1000 data points based on the original dataset for training new predictive
models. These models were evaluated on real data test sets and compared with models trained on
the original data. The results indicate that the developed models significantly improve performance,
particularly neural networks, followed by tree-based models and support vector machines. Moreover,
data characteristics greatly influence model performance, both before and after data augmentation.

Keywords: geopolymer concrete; compressive strength prediction; machine learning; deep learning;
data augmentation; tabular GAN

1. Introduction

Concrete stands as the most extensively utilized man-made material worldwide [1].
The incessantly rising demand for concrete translates into a parallel surge in the need for
cement, evidenced by a reported 12% increase in 2019 and an anticipated doubling by
2050 [2]. Nonetheless, the production of cement imposes diverse environmental reper-
cussions [2]. Each ton of cement manufactured emits 0.6-1 ton of CO;, contingent upon
production methods, contributing 5-7% to global CO, emissions [1]. Additionally, lime-
stone exploitation for cement production triggers water and land pollution, disturbing
local ecosystems and biodiversity [3]. Therefore, numerous studies have been conducted to
explore alternative materials to replace cement. In recent years, alkali-activated materials,
such as geopolymers, have emerged as a promising alternative to OPC-based materials due
to their lower carbon footprint and utilization of industrial by-products [4]. Geopolymers
are polymeric aluminosilicate cementitious materials that involve industrial wastes (i.e., fly
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ash, slag, and silica fume) as the precursors under the action of alkaline chemicals such as
sodium hydroxide and sodium silicate [5].

Similar to OPC concrete, the strength of geopolymer concrete is influenced by var-
ious parameters, including both external and internal factors. External factors such as
temperature, duration, curing types, humidity, and air containment play significant roles
in determining the strength of geopolymer concrete [6]. On the other hand, internal factors,
such as material quality and mixture compositions, also have a substantial impact. Because
of the intricate relationships and inconsistencies in precursors and alkaline activators, a
mixture proportion can yield a wide range of compressive strengths [7]. Therefore, calcu-
lating the distribution and predicting the intensity using empirical and theoretical methods
pose significant challenges.

With the growth in ML applications, researchers are increasingly turning to ML
to address the problem of compressive strength prediction for geopolymer concrete [8].
ML models heavily rely on large, high-quality datasets and models trained on datasets
containing fewer than 1000 data points are prone to overfitting problems [9]. However,
according to the research of Li et al. (2022) [9], only 11% of the studies on applying ML
to concrete science utilize datasets containing more than 1000 samples. Also, the average
sample size is estimated to be 174 [9]. To mitigate the challenge of data scarcity in concrete
science, several studies have adopted generative models such as Generative Adversarial
Networks (GANs) [10], Conditional Generative Adversarial Networks (CGANSs) [11], Cycle-
Consistent Deep Generative Adversarial Networks (CDGANS) [11], and TGANSs [12,13] to
generate synthetic data for ML models. The use of synthetic data has shown significant
improvements in model performance, particularly noticeable with TGAN and CDGAN
models [11,13]. However, existing research predominantly focuses on generating data for
OPC concrete with less emphasis on geopolymer concrete. Meanwhile, geopolymer mixtures
involve a more intricate ingredient system including alumino-silicate precursors and alkali
activators, which are more complex than the cement-water system of OPC concrete [5].
Moreover, geopolymer precursors exhibit significant variations in chemical composition and
reactivity across different factories, regions, and time periods [5]. Conversely, cement exhibits
greater standardization in these aspects, resulting in more consistent data collection and
synthesis. Consequently, the impact on generating and utilizing synthetic data on geopolymer
strength prediction models may differ from that of OPC concrete. However, research focusing
on the effectiveness of data augmentation specifically for geopolymer concrete remains limited.

Therefore, this study aims to investigate the ability of TGANSs to generate data for
geopolymers and the impacts of synthetic data on various algorithms with different mathe-
matical principles and assumptions, including tree-based models, SVM, and neural net-
works. To achieve this objective, this study uses datasets collected from the open literature
to ensure diversity in sources and the chemical composite of precursors. The dataset
collected for this study consists of 930 instances. Specifically, 10 variables are considered as
inputs, including the content of fly ash (FA), slag (S), sodium silicate (SS), sodium hydroxide
(SH), superplasticizer (SP), fine aggregate (Fag), coarse aggregate (Cag), added water (W),
curing temperature (CT), and specimen age (Age). The output of the models is the compres-
sive strength (CS). Subsequently, a TGAN was employed to generate data pertaining to fly
ash- and slag-based geopolymer concrete mixtures and their corresponding strengths based
on the collected dataset. The generated data was then utilized to train different models,
including LightGBM, SVM, and cascade forward neural networks (CENNs). Next, models
using synthetic data will be compared with models using original data with evaluation
metrics such as R-squared (R?), Mean Absolute Error (MAE), Root Mean Squared Error
(RMSE), Mean Absolute Percentage Error (MAPE), Root Mean Square Residual (RSR), and
Weighted Mean Absolute Percentage Error (WMAPE). Additionally, SHAP analysis was
performed to facilitate the interpretation of model performance and data influence.
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2. Literature Review
2.1. Machine Learning Models for Prediction

In recent years, there has been an increasing number of studies using ML to predict the
strength of geopolymers. Among these, artificial neural networks (ANNs) have emerged
as the most prominent, with numerous studies demonstrating promising prediction capa-
bilities [14-16]. Alongside ANNSs, convolutional neural networks (CNNs) [17] and deep
neural networks (DNNSs) [18] are also utilized. Additionally, tree-based algorithms includ-
ing decision tree (DT) [19], random forest (RF) [20], LightGBM [20], and MP5-tree [21]
are employed, showing advantages in model interpretation and handling skewed data.
Similarly, recently emerged algorithms known as gene expression programming (GEP) [22]
and its variants exhibit superior model interpretation capabilities compared to neural
network models. SVM [15] is another popular algorithm that yields results comparable to
ANN. To further enhance model performance, various optimization algorithms such as
grey wolf optimizer (GWO) [23] and particle swarm optimization (PSO) [23] are employed.
Additionally, stacked and ensemble models are utilized in several studies, demonstrating
improved performance compared to individual models.

The input variables in these studies typically include mixture proportions, chemical
compositions of precursors, specimen age, and external factors such as curing temperature
and curing regimes. Table 1 presents the inputs, dataset sizes, and algorithms used in some
related studies.

Table 1. Statistical description for the features in the dataset.

Refs. ML Technology Dataset Inputs
[24] LR, EL, SVMR, GPR, 275 Fly ash, coarse aggregate, fine aggregate, Na»SiO3, NaOH, SiO;, molarity of
optimized EL, optimized NaOH and Na,O
SVMR, optimized GPR
[19] DT, AdaBoost, RF 363 Water /solids ratio, molarity of NaOH, gravel 4/10 mm, gravel 10/20 mm,
Na,SiO3, NaOH, fly ash, GGBS, fag
[20] RF, GB, AdaBoost, DT, 158 Fly ash, superplasticizer, extra water added, Na;SiO3, NaOH, coarse aggre-
lightGBM, XGB, kNN, gate, fine aggregate, slag, specimen age, rest period, curing temperature,
MVR, GPR, CatB molarity, alkali/binder, and Na;SiO3/NaOH
[14] ANN, MLR, MNLR 289 Fly ash, slag, rest period, curing temperature, age, NaOH/Na,SiO3, super-
plasticizer, extra water, molarity of NaOH, alkali/binder, coarse aggregate,
fine aggregate
[15] SVM, DT, RFR 75 Molarity of NaOH, curing temperature, age, % of Na>SiO3, NaOH, fly ash,
coarse aggregate, fine aggregate, NapSiO3, NaOH
[25] ANN, M5P, LR, MLR 220 Alkali/binder, fly ash, Si/ Al of fly ash, GGBS, Si/Ca of GGBS, coarse aggre-
gate, fine aggregate, NaySiO3, NaOH, Na>SiO3/NaOH, molarity of NaOH
[26] ANN, MARS 208 Water/solid ratio, alkali/binder, Na-Silicate/NaOH, fly ash/slag ratio,
NaOH molarity
[27] RFE, GBR, AdaBoost 321 GGBS, Nay5iO3 + NaOH (total alkali), coarse aggregate, fine aggregate,
water, water/binder, age
[23] LR, GA, PSO, SVR, GWO, 268 Water, curing temperature, water/binder, GGBFS/
Differential Evolution binder, coarse aggregate, fine aggregate,
superplasticizer
[28] ANN 81 GGBS, silica fume
[16] ANN, BLR 625 Nay0O:5i0;, NapO:H,O, GGBFS:H>0, molarity of NaOH, NaySiO3 /NaOH,

AS/GGBS, GGBS/water
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Table 1. Cont.

Refs. ML Technology Dataset Inputs

[29] DT, Bagging, LightGBM 351 Specimen age, molarity of NaOH, natural zeolite, silica fume, GGBFS

[22] ANFIS, ANNs, GEP 245 Chemical composition of fly ash, mixing procedures, curing regime, activa-
tor content, fine aggregate, coarse aggregate, water, activator/fly ash, and
molarity of NaOH

LR: Linear Regression, EL: Elastic Net, SVM: Support Vector Machine, GPR: Gaussian Process Regression,
DT: Decision Tree, AdaBoost: Adaptive Boosting, RF: Random Forest, GB: Gradient Boosting, lightGBM:
Light Gradient Boosting Machine, XGB: XGBoost, kNN: k-Nearest Neighbors, MVR: Multivariate Regression,
CatB: CatBoost, ANN: Artificial Neural Network, MLR: Multinomial Logistic Regression, MNLR: Multinomial
Naive Bayes Logistic Regression, M5P: M5 Model Tree, MARS: Multivariate Adaptive Regression Splines,
GA: Genetic Algorithm, PSO: Particle Swarm Optimization, GWO: Grey Wolf Optimizer, BLR: Bayesian Linear
Regression, Bagging: Bootstrap Aggregating, LSBoost: Least Squares Boosting, ANFIS: Adaptive Neuro-Fuzzy
Inference System, GEP: Gene Expression Programming.

Table 1 indicates that neural network algorithms, tree-based models, and support
vector algorithms are of significant interest. Furthermore, it is observed that the sample
size in the majority of studies is insufficient for ML models, particularly when utilizing
neural networks and deep learning. This scarcity of data, coupled with data complexity,
can lead to high-dimensionality and data-bias problems [30]. Hence, data augmentation
becomes essential in scenarios of limited experimental data availability.

2.2. Data Augmentation

In the field of concrete science, GANs are employed as powerful tools for data genera-
tion in conjunction with ML models. One notable application is the generation of images.
For example, Yasuno et al. (2020) [10] utilized GANSs to generate damaged images by map-
ping tri-categorical labels to real damaged images through image-to-image translation. In
another study, Dunphi et al. (2022) [31] investigated the performance of a CNN architecture
for multiclass damage detection on concrete surfaces.

Recently, several variants of GANs have been used for generating tabular data for
concrete strength prediction problems. The study of Marani et al. (2020) [13] used TGAN
to generate 6513 plausible synthetic data for RF, extra trees (ETR), and GBR models from
810 experimental instances. The results indicate that the developed models achieved
outstanding predictive performance. GAN, DCGAN, and WGAN were used to generate
data in the study by Chen et al., 2022 [11]. DCGAN performed better than the remaining
models and helped improve the performance of deep learning models. In another study,
TGAN was used in generating synthetic data on the shear capacity of FRP-reinforced
concrete beams [13]. The study demonstrates that the TGAN technique could address
the lack of availability of experimental datasets in engineering problems by synthesizing
numerous probable data points.

The previous studies evidence that TGANSs are a powerful tool for generating tabular
data, particularly in the case of concrete gradation and strength. In light of this, the present
study employs a TGAN for data generation to examine the effects of the synthetic data on
the performance of various models.

3. Methodology
3.1. Tabular Generative Adversarial Networks

To address the scarcity of available data, GANs have been proposed as a solution for
generating synthetic data from original data [32]. GANs draw inspiration from the concept
of zero-sum games in game theory. In this framework, there exist two networks: a generator
network (G) and a discriminator network (D). The GAN leverages the independent and
adversarial relationship between G and D to train and produce specified data samples. G
receives a random noise vector as input, from which it generates new relevant data. D,
on the other hand, receives both the actual data and the data generated by G as input.
These two networks engage in continuous competition, each pursuing its own objectives

93



Appl. Sci. 2024, 14, 3601

independently. As the distribution of the generated data gradually converges to that of the
real data, it becomes increasingly challenging for D to differentiate between them, signaling
the completion of the GAN model training. Remarkably, various GAN variations have
emerged for generating synthetic data, spanning images, text, and numerical data, among
others. One notable advancement is the TGAN, which excels in generating both discrete
and continuous tabular data simultaneously, showcasing promising efficiency [12].
TGANSs employ the Adam optimizer for training, with a long short-term memory
(LSTM) network acting as the generator and a multi-layer perceptron (MLP) functioning
as the discriminator. One interesting feature of a TGAN is its capability to transform non-
Gaussian distributions into continuous columns using a clever mode-specific normalization
method. This enables it to capture the inherent distribution of the original data and
effectively model the relationships between features. In the optimization phase, the loss
function incorporates both KL divergence and cluster vector terms to enhance model
stability. The formulation of the loss function is provided in Equations (1) and (2).

Generator:
Lossg = —E, n(o,1)logD(G(2)) + iKL(uf, u;) + iKL(d;,di) 1)
iz iz
Discriminator:
Lossp = —Ey, iy iy, p(1)108D (V1ne utin,d1ng) + Ez N(0,1)l0gD(G(2)) ()

where u} and d/ are synthetic data, 1; and d; are original data, and 7. and n, are the numbers
of continuous and discrete variables, respectively.

Figure 1 illustrates the architecture of a TGAN. In this investigation, a TGAN was
trained utilizing the TGAN package implemented in Python.
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Figure 1. TGAN model in this study.

3.2. Machine Learning Predictive Models

Based on a preliminary literature review, this study recognizes tree-based algorithms,
support vector algorithms, and neural networks as prominent choices for intensity predic-
tion tasks in geopolymers. Consequently, the study intends to evaluate how the utilization
of synthetic data impacts the performance of these models. Specifically, LightGBM, SVM,
and CFNN were investigated to represent the aforementioned three algorithm groups.
The advantages and disadvantages of these algorithms in compressive strength prediction
scenarios are summarized in Table 2. In the context of this study, these ML techniques do
not require the data to follow a normal distribution, making them suitable for the collected
dataset in this study.
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Table 2. Comparison of the three models.

Algorithms

Advantages

Disadvantages

LightGBM [33]

Efficient and faster training compared to traditional gradient boost-
ing algorithms

Handles large-scale data and high-dimensional features effectively
Automatically handles missing values

Resistant to overfitting and provides good accuracy and general-
ization performance

Limited support for certain data types, such as text or
images (requires feature engineering)

Can be sensitive to noise or outliers in the data

Model complexity can increase with the number of trees

SVM [34]

Effective for high-dimensional data and can handle large fea-
ture spaces

Provides good generalization performance, even with limited
training data

Robust to overfitting and works well with non-linear data by using
kernel tricks

Training time can be slow for large datasets
Not well-suited for large datasets with noise or outliers
Limited interpretability compared to some other models

CFNN [35,36]

Highly versatile and can model complex non-linear relationships
Capable of automatic feature extraction and learning hierarchical
representations

Scalable to large datasets with the availability of computational
resources

Require large amounts of training data to achieve good
performance
Can be computationally expensive, especially for deep
architectures
Limited interpretability and often considered as “black

boxes”

3.3. LightGBM

Light GBM, developed by Microsoft Research [37], is a variant of Gradient Boosting
Decision Trees based on a decision-tree technique. LightGBM constructs trees leaf by leaf,
employing a histogram-based technique to partition leaf nodes. This approach yields
notable efficiency and memory savings [38]. Although the leaf-wise tree growth enhances
model complexity, LightGBM can achieve greater accuracy improvements with each itera-
tion of the algorithm. However, this method poses a significant risk of overfitting, which
is addressed through regularization terms. To render LightGBM a swift, effective, and
dependable ensemble method, two strategies are employed: gradient-based one-side sam-
pling (GOSS) and exclusive feature bundling (EFB) [38]. GOSS selectively retains samples
with higher gradients during the training phase, as they contribute more to information
gain, discarding those with lower gradients. Consequently, compared to traditional meth-
ods like DT, RF, and gradient boosted decision trees (GBDT) that examine all data for
information gain calculation, LightGBM with GOSS significantly reduces computation
time. On the other hand, EFB clusters exclusive features together in a sparse feature space,
reducing dimensionality and enhancing efficiency. Particularly in scenarios involving high
feature dimensions, LightGBM combined with EFB substantially enhances model efficiency
and scalability compared to standard approaches (e.g., RE, DT, and GBDT). Consequently,
this adaptation markedly accelerates the computation process and minimizes memory
usage while preserving prediction accuracy.

To enhance the performance of the LightGBM in this study, grid search cross-validation
was employed to explore various hyperparameter combinations for LightGBM, resulting
in the selection of optimal values: n_estimators = 300, learning_rate = 0.3, max_depth = 10,
num_leaves = 30, and min_child_samples = 20.

3.4. Support Vector Machine (SVM)

The SVM method employs non-linear decision boundaries to carry out regression
and classification tasks, offering significant flexibility within the feature space where these
boundaries reside. It relies on principles of statistical learning and structural risk reduction.
However, SVM parameters are not predetermined, and there is no prior knowledge about
the distribution of inputs and outputs. During training, input and output values are aligned
in training sets, enabling the derivation of decision functions to classify new datasets based
on these alignments. The equation representing the SVM-derived plane is expressed as
Equation (4) [39].

f(x) = (w,x) +b ®)
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In this context, the weight vector w and the scalar constant b play crucial roles. The
training data is denoted by n-dimensional vector x. By computing the dot product of w
and x, and adding the scalar b, the function’s result is obtained. Each training datum is
represented by an n-dimensional vector. The dataset, comprising m data points, assigns
each data point to one of the elements in the set y € {+1, —1}. The SVM model illustrates
class samples as points in space, aiming to separate instances of different classes with an
open vector, maximizing the space between them [39].

In this work, SVM hyperparameters were fine-tuned, leading to optimal parameters:
C =133, epsilon = 0.02, and gamma = 0.7.

3.5. Cascade forward Neural Networks (CFNNs)

CFNN is a specialized form of the MLP with a unique network structure. Generally,
CFNN includes an input layer, one or more hidden layers, and an output layer, mirroring
the architecture of the MLP model. However, unlike the MLP, which employs a feedforward
network structure to transmit data from the input to output layers via hidden layers, CENN
introduces additional direct connections between the input and output layers [40]. This
difference results in CFNN having a denser interconnection of weights and biases compared
to the traditional MLP. The CFNN architecture in this study is depicted in Figure 2.

Adjustable weights (w)
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Slag (kg/m?3) —> 2

Sodium Silicate (kg/m®—> 3
Sodium Hydroxide (kg/m3)—> 4
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Superplasticizer (kg/m?3) —> 5
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Added water (kg/m?) —>'8

Curing Temp. (°C)—> 9
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Input layer 3 hidden layers Output layer
i h,j1 k

in

Figure 2. CENN architecture in this study.

The CENN model constructs its cascade architecture within the network by incorpo-
rating newly added neurons and their connections. The additional connections between
the input layer and subsequent layers potentially enhance the learning rate of the network
by adjusting the weights of the newly formed neurons exclusively [40]. The total inputs of
the jth hidden node from the ith input node are described as Equation (5):

1

N
Minputs,j = WijU; 1<j<N 4)
=1

where N represents the count of input variables; w;; signifies the weight connecting the ith
input node to the jth hidden node; and u; is the ith input.
The output of the jth hidden node is determined as Equation (6).

Ohidden,j = f (Minput,j) 5)
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Ultimately, the output of the CFNN model is calculated as Equation (7).
M N
Y, =g() w05+ Y w},u) forl<n<N (6)
j=1 i=1

where M is the number of hidden nodes.

To improve the CFNN, the architecture and training parameters of the model were
optimized using the GWO, specifying the number of neurons, learning rate, batch size, and
epochs for two networks. The parameter bounds were set to [(0.0001, 0.01), (8, 128), (8, 128),
(8, 128)] with 50 iterations and 20 wolves. After tuning, the model commences with an
input layer that matches the dimensionality of the feature space (10 neurons), followed by
the first hidden layer comprising 26 neurons. Subsequently, two additional hidden layers
are introduced in a cascaded fashion, with 128 and 21 neurons, respectively. Each of these
hidden layers is connected to the input layer and all the preceding hidden layers. The
activation function employed for the hidden layers is the Rectified Linear Unit (ReLU),
which introduces non-linearity into the model and enables it to learn complex patterns
present in the data. The output layer consists of a single neuron, aiming to predict the
compressive strength of the geopolymer concrete. During the training process, the Adam
optimizer is utilized. The MSE serves as the loss function, optimizing the model to minimize
the squared differences between the predicted and actual compressive strength values.

To measure the performance of the predictive models, six types of indicators are
utilized, namely, R%, MAE, RMSE, MAPE, RSR, and WMAPE. The chosen evaluation
metrics offer specific benefits in comparing the models. R? elucidates how well each model
captures the variance in the target variable, crucial for assessing predictive capability
and overall model fit. MAE and RMSE provide tangible measures of prediction accuracy,
enabling direct comparison of error magnitudes and helping identify which model yields
predictions closer to actual values. RSR normalizes errors by dataset variability, facilitating
assessment of model fit relative to inherent data characteristics, which is particularly
valuable when dealing with datasets of varying scales or levels of variability. WMAPE,
by considering the weighted average of absolute percentage errors, offers a nuanced
evaluation that accounts for the relative importance of different observations and scales of
data, thus providing insight into model performance across diverse subsets. These metrics
collectively provide a comprehensive understanding of the strengths and weaknesses of
models trained on both authentic and synthetic data. These metrics are presented in the
following equations:

n (g — 0:)2
RZ =1— ln:1(yl y_l)z (7)
i=1(yi )
1 n
MAE = — Y lvi — il ®)
i=1
1 & .
RMSE = ; (yl — yl‘)z (9)
i=1
1 n y _];
MAPE = = ) |#—21| x 100% (10)
il Y
Y (vi — 03)?
RSR = ==t JI/ (11)
Yia(yi— )?
n 1. — 13-
WMAPE — %w % 100% (12)
i=1 Wi
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wherein y; and {J; are observed and predicted value of the dependent variable for the ith
observation; i presents the mean of the observed values of the dependent variable y; and
w; in WMAPE equation is weight assigned to observation i.

3.6. Study Framework

This study investigates the effect of synthetic data on various ML models. Figure 3
illustrates the process of developing and assessing TGAN, as well as ML models for
predicting geopolymer compressive strength. Initially, the data is partitioned into training
(80%) and testing (20%) sets. Models including LightGBM, SVR, and CFNNSs are constructed
in Python and trained with the training set and evaluated using metrics such as R?, MAE,
RMSE, MAPE, RSR, and WMAPE. Concurrently, the training set is used to train a tabular
GAN model to generate synthetic data. This dataset, including the original training set and
1000 newly generated data points, is utilized to train LightGBM, SVR, and CFNNs models.
Subsequently, these models are evaluated on the original test set using the same metrics.
By analyzing the obtained results, this study derives and presents insights into the impact
of employing synthetic data across various algorithmic forms in the following section.

Train
dataset

Tabular GAN /~——> Synthentic
dataset

SR -
! Tree-based ! f Tree-based |
] technique 1 R2 R2 ! technique 1
Ogginal : LightGBM : MAE MAE : LightGBM :
ata — —
[ SVM model | ﬁl‘gg &“ﬁgg [ SVMmodel |
' SVR : : SVR :
, ' | RSR RSR | ! ,
‘| Deeplearning | (WMAPE WMAPE 1] Deep learning |!
\ CFNNs 1 \ CFNNs 1

N, 4

Figure 3. Evaluation flowchart of data augmentation and predictive models.

4. Results and Discussion
4.1. Data Collection and Preparation

This study utilized 930 data points derived from laboratory experiments to develop
and test prediction models. The data, extracted from peer-reviewed articles [41-59], per-
tained to mixtures and compressive strength of alkali-activated concrete using fly ash and
slag. The data were manually curated from text, tables, and figures within the publications.
The dataset comprises 10 input variables and 1 output as depicted in Table 3. Notably,
natural aggregates served as both coarse and fine aggregates for the model. Additionally,
the concrete specimen sizes varied across articles according to adopted standards, namely
cube size (150 mm) and cylinder size (150 mm x 300 mm, 100 mm x 200 mm). Since the size
of the testing sample influences compressive strength, all data points were standardized to
a consistent size (150 mm x 300 mm cylinder) using the Elwel table [60].

To understand the details of the variables in the collected dataset, a statistical analysis
was performed with IBM SPSS Statistics 27.0. Based on the initial analysis, the distributions
of the SP and CP were skewed and contained significant numbers of outliers, which could
severely reduce the performance of ML models. To address this issue, the interquartile range
(IQR) method was employed to identify and remove outliers from these two parameters.
The interquartile range is a robust measure of scale that is not influenced by outliers [61]. It

98



Appl. Sci. 2024, 14, 3601

is calculated as the difference between the 75th percentile (Q3) and the 25th percentile (Q1)
of the data:

IOR = Q3 — Q1 (13)

For the SP and CP parameters, the IQR was calculated, and any data point that fell
outside the range of [Q1 — 1.5 x (IQR), Q3 + 1.5 x (IQR)] was identified as an outlier
and removed from the dataset [61]. After removing the outliers from the SP and CP, the
remaining data points in the dataset were used for further analysis and modeling. Figure 4a
depicts the box plot of the dataset after outlier removal.

The Pearson correlation coefficients between all pairs of input parameters were calcu-
lated and illustrated in the correlation matrix shown in Figure 4b. The heatmap indicates
that there are no parameters having strong linear relationship with each other. So, all the
parameters are kept to construct the train and test datasets.

The statistical description of the dataset after outlier removal is presented in Table 3.
The content of fly ash and GGBS varied significantly, with values ranging from 0 to
620 kg/m? and 560 kg/m3, respectively. This wide range is attributed to the dataset
including mixtures utilizing solely FA or GGBS, as well as combinations of both materials.
The age of the concrete ranged from 1 to 56 days and the compressive strength ranged from
1.25 to 80.51 MPa.
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Figure 4. Data analysis. (a) Box plot after outlier removal. (b) Correlation matrix.

Table 3. Statistical description for the features in the dataset.

Feature Name Symbol  Unit Mean STD Min Max Skewness
Fly ash FA kg/m? 246.72 159.99 0.00 620.00 —0.3385
GGBS GGBS kg/m® 176.27 177.38 0.00 560.00 0.4777
Sodium silicate SS kg/m? 117.56 36.08 32.00 205.50 0.2317
Sodium hydroxide SH kg/m® 44.78 2251 0.00 108.00 0.1219
Superplasticizer SP kg/m? 1.52 2.57 0.00 9.00 1.3455
Fine aggregate fag kg/m? 656.26 81.65 495.00 887.00 0.3134
Coarse aggregate cag kg/m? 1082.58 239.87 525.40 1381.35 —1.3052
Added water w kg/m?3 64.72 62.10 0.00 216.00 0.4727
Curing temperature CT °C 48.16 28.21 19 100 0.4981
Curing period cp days 21.76 14.99 1 56 0.6225
Compressive strength CS MPa 38.45 14.95 1.25 80.51 0.1296

In summary, the analysis of box plots, correlation heatmaps, and various statistical
parameters reveals that the dataset contains few outliers and can accommodate all 10 input
variables without multicollinearity issues. However, certain variables exhibit high skew-
ness, indicating non-normal data distribution. This deviation from normality contradicts
the assumptions of classical ML algorithms [62] like linear regression and Gaussian Naive
Bayes. Therefore, the algorithms applied should be non-parameter algorithms or neural
networks which do not explicitly assume that the input features (independent variables)
are normally distributed or have a symmetric distribution [62].
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4.2. Performance of Models before Data Augmentation

Figure 5 show the results of the three models (LightGBM, SVM, and CFNN) before
data augmentation. The scatter plots in Figure 5a—c visually depict the models” perfor-
mance by comparing the predicted and observed values for both the training and test
sets. Figure 5a demonstrates that LightGBM provides a moderate fit to the data. Figure 5b,
which represents the SVM model, exhibits more scattered points that deviate further from
the ideal line, indicating a poorer performance compared to LightGBM. Figure 5c, cor-
responding to the CFNN model, reveals that the data points are more tightly clustered
around the ideal line, suggesting the best fit among the three models.

The time series plots in Figure 5d—f depict the tendency of the models in the test set.
In Figure 5d, corresponding to the LightGBM model, the predicted values show some devi-
ations from the observed values, indicating over- or underestimation tendencies for certain
samples. Figure 5e, representing the SVM model, exhibits more pronounced deviations
between the predicted and observed values, with noticeable over- or underestimation for
some samples. Figure 5f, corresponding to the CFNN model, shows that the predicted
values closely follow the observed values, suggesting minimal over- or underestimation
tendencies across the test set samples.
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Figure 5. Model performance before data augmentation.

Table 4 provides an overview of the performance of models trained on the original
dataset in predicting the compressive strength of geopolymer concrete. Accordingly, the
CENN model exhibited superior performance across all evaluation metrics. It achieved the
highest R? values of 0.902 and 0.842 for the training and test sets, respectively. Additionally,
the CFNN model had the lowest error values, with an MAE of 2.973 and 3.940, and an
RMSE of 3.348 and 6.442 for the training and test sets, respectively. The CFNN model
also demonstrated low percentage errors, with a MAPE of 6.00% for the training set and
18.00% for the test set. Furthermore, the RSR value of 0.411 for the test set suggests a
relatively low standardized RMSE compared to the standard deviation of the measured
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data. The LightGBM model showed a reasonably good fit with R? values of 0.819 and
0.805 for the training and test sets, respectively. However, it exhibited higher error values,
with an MAE of 4.357 and 5.593, and an RMSE of 6.287 and 7.24 for the training and test
sets, respectively. The MAPE was 17.50% for the training set and 20.10% for the test set,
suggesting relatively low percentage errors. The RSR value of 0.600 for the test set indicates
a moderate standardized RMSE compared to the standard deviation of the measured data.
Similarly, the SVM model displayed signs of overfitting, with a high R? of 0.893 on the
training set but a lower value of 0.783 on the test set. Despite the lower R? on the test set,
the model had lower MAE and RMSE values compared to LightGBM, with an MAE of 3.945
and 4.918, and an RMSE of 5.277 and 7.309 for the training and test sets, respectively. The
MAPE was 26.00% for the training set and 22.00% for the test set, indicating low percentage
errors. The RSR value of 0.496 for the test set suggests a relatively low standardized RMSE.
Overall, the CFNN model demonstrated the most promising performance in predicting the
compressive strength of geopolymer concrete among the models evaluated.

Table 4. Model performance before data augmentation.

Model Dataset R? MEA RMSE MAPE RSR WMAPE
LightGBM Train 0.819 4.357 6.287 17.50% 0.409 11.067%
Test 0.805 5.593 7.24 20.10% 0.600 14.921%
SVM Train 0.893 3.945 5.277 26.00% 0.333 11.276%
Test 0.783 4918 7.309 22.00% 0.496 13.749%
CFNN Train 0.902 2973 3.348 6.00% 0.227 3.444%
Test 0.842 3.940 6.442 18.00% 0.411 10.758%

4.3. Synthetic Dataset

Table 5 demonstrates a statistical description of the synthetic compared to original
data. The mean values of the features in the synthesized data closely approximated those
of the original dataset, indicating that the TGAN model effectively captured the central
tendencies inherent in the data. Additionally, the standard deviations exuded by the
generalized data were compatible with those of the original data, subsuming that the
TGAN model successfully replicated the disposition or variability present in the dataset.
The examination of the minimum and maximum values of each feature further revealed
that the range spread by the synthetic data aligned well with that of the original data,
ensuring that the synthetic data does not contain any unrealistic outliers or values outside
the valid range. Furthermore, skewness, a measure of asymmetry in the distributions, was
highly similar between the two datasets, indicating that the TGAN model retained the
shape characteristics of the original data distributions. The fact that the mean, standard
deviation, minimum, maximum, and skewness values of the features in the synthetic data
are effectively the same as those of the original data suggests that the generated data points
capture the key statistical properties and patterns present in the real dataset.

Table 5. Comparison of original and synthetic datasets.

Mean STD Min Max Skewness
Symbol Unit . - . . s - . - . .
Original Synthetic ~ Original Synthetic ~ Original Synthetic ~ Original Synthetic ~ Original Synthetic
FA kg/m® 246.72 238.01 159.99 150.28 0.00 0.00 620.00 546.91 —0.34 —0.20
GGBS kg/m® 176.27 188.92 177.38 172.51 0.00 0.00 560.00 560.00 0.48 0.40
SS kg/m® 117.56 119.44 36.08 36.01 32.00 33.11 205.50 203.66 0.23 0.23
SH kg/m’ 44.78 48.60 22.51 23.93 0.00 3.26 108.00 108.00 0.12 0.09
SP kg/m?> 1.52 1.69 2.57 2.54 0.00 0.00 9.00 8.33 1.35 1.13
fag kg/m® 656.26 656.37 81.65 80.66 495.00 496.07 887.00 859.69 0.31 0.18
cag kg/m?3 1082.58 1063.82 239.87 246.23 525.40 528.40 1381.35 1351.08 —1.31 —1.08
w kg/m® 64.72 70.93 62.10 60.39 0.00 0.00 216.00 21241 047 0.29
CT °C 48.16 49.90 28.21 28.09 19.00 19.00 100 100.00 0.50 0.41
cp days 21.76 22.54 14.99 14.44 1.00 1.00 56 56.00 0.62 0.63
Ccs MPa 38.45 35.05 14.95 16.48 125 0.00 80.51 80.51 0.13 0.12

Figure 6 presents a t-SNE plot comparing the original data and the synthetic data
generated by the TGAN model. The t-SNE algorithm is a dimensionality reduction tech-
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nique that projects high-dimensional data into a lower-dimensional space (in this case, a
2D plane) while preserving the local structure and relationships between data points [11].
In the t-SNE plot, each data point is represented as a colored dot, with the original data
points shown in one color (e.g., blue) and the synthetic data points generated by the TGAN
model shown in another color (e.g., orange). The proximity of the data points in the plot
indicates their similarity in the high-dimensional feature space. The t-SNE plot shows that
the synthetic data points generated by the TGAN model are well-distributed and inter-
mixed with the original data points. This suggests that the TGAN model has successfully
captured the underlying patterns and distributions present in the original data, and the
generated synthetic data points share similar characteristics and relationships with the real
data points.

The ability of the TGAN model to generate high-quality synthetic data is crucial
for data augmentation techniques, as it can help increase the size and diversity of the
training dataset without introducing unrealistic or inconsistent data points. By generating
1000 additional data points using the TGAN model, the total training dataset size has been
increased, potentially improving the performance and generalization capabilities of the ML
models trained on this augmented dataset.
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Figure 6. t-SNE visualization of the synthetic and original data.

4.4. Performance of Models after Data Augmentation

The data augmentation approach using the tabular GAN to generate synthetic sam-
ples led to substantial improvements in the predictive performance of all three models,
as evidenced by Figure 7. The scatter plots show that the data points representing the
predicted versus observed compressive strength values lie much closer to the ideal line
after augmentation, indicating a stronger agreement between predictions and observations
across the entire data range. The LightGBM and SVM models also exhibit improved perfor-
mance with reduced scatter compared to their pre-augmentation results; their predictions
still deviate more from the ideal line, particularly for higher strength values. For the CFNN
model, the augmented data enabled the model to learn more robust patterns. This suggests
that the CFNN model benefited more from the augmented data in capturing the underlying
complexities and nuances of the problem.

The tendency plots in Figure 7d—f further corroborate these observations. For the
CFNN, the predicted values closely track the actual observed values across the entire test
set, with minimal discrepancies on a sample-by-sample basis. In contrast, the LightGBM
and SVM models, while improved, still exhibit noticeable fluctuations and deviations from
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Figure 7. Model performance after data augmentation.

Also, the performance of the models is demonstrated in more detail in Table 6. Overall,
the models achieved better performance after data augmentation. The CFNN model
exhibited substantial improvements across all metrics after data augmentation. The R?
increased from 0.902 to 0.956 on the training set and 0.842 to 0.942 on the test set, indicating
better explained variance and goodness of fit. The MAE decreased from 2.973 to 1.037 MPa
on the training set and 3.940 to 1.546 MPa on the test set, representing reductions of 65.12%
and 60.74% respectively. Similarly, the RMSE dropped from 3.348 to 2.982 MPa on the
training set (10.9% reduction) and 6.442 to 3.836 MPa on the test set (40.5% reduction). The
MAPE saw a notable decrease from 6.00% to 18.10% on the training set, though it improved
from 18.00% to 5.283% on the test set. The RSR also reduced from 0.227 to 0.181 on the
training set and 0.411 to 0.194 on the test set, indicating smaller errors relative to data
variability. Overall, the CFNN demonstrated consistent and substantial improvements
across all metrics after augmentation.

For LightGBM, the R? increased from 0.819 to 0.913 on the training set and 0.805 to
0.877 on the test set after augmentation. The MAE decreased from 4.357 to 3.004 MPa (31.1%
reduction) on the training set and 5.593 to 3.366 MPa (39.9% reduction) on the test set. The
RMSE also saw improvements, dropping from 6.287 to 4.676 MPa (25.7% reduction) on the
training set and 7.240 to 4.657 MPa (35.6% reduction) on the test set. The MAPE decreased
from 0.175% to 0.1% on the training set and 0.201% to 0.10% on the test set. Lastly, the RSR
improved from 0.409 to 0.282 on the training set and 0.600 to 0.413 on the test set. While
LightGBM showed improvements across all metrics, the magnitude of improvement was
generally smaller compared to the CFNN model.

The SVM model also benefited from data augmentation, with the R? increasing from
0.893 to 0.922 on the training set and 0.783 to 0.863 on the test set. The MAE improved
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from 3.945 to 1.373 MPa (39.9% reduction) on the training set and 4.918 to 2.897 MPa (41.1%
reduction) on the test set. The RMSE decreased from 5.277 to 3.256 MPa (38.2% reduction)
on the training set and 7.309 to 5.61 MPa (23.2% reduction) on the test set. The MAPE
remained relatively unchanged at 0.06% on the training set but improved from 0.18% to
0.21% on the test set. Finally, the RSR saw improvements, decreasing from 0.333 to 0.281 on
the training set and 0.411 to 0.399 on the test set.

Table 6. Model performance.

Model Dataset R? MAE RMSE MAPE RSR WMAPE
LightGBM Train 0.913 3.004 4.676 10.00% 0.282 7.679%
Test 0.877 3.366 4.657 10.32% 0.413 9.413%
SVM Train 0.922 2.373 4.256 12.00% 0.281 4.323%
Test 0.863 2.897 4.61 21.00% 0.399 5.757%
CENN Train 0.956 1.037 2.982 18.10% 0.181 2.717%
Test 0.942 1.546 3.836 22.83% 0.194 3.265%

4.5. Discussion and Limitations

The comparison of model performance before and after data augmentation is visu-
alized in Figure 8. The findings align with relevant studies that have utilized synthetic
data for ML models in predicting the compressive strength of concrete [11,13]. Research
conducted by Chen et al. (2022) [11] highlights the effectiveness of integrating synthetic
data, showcasing a significant improvement in the accuracy of deep learning models (i.e.,
CNNs), compared to traditional ML models. Similarly, this study underscores the efficacy
of data augmentation methods in enhancing model predictive capabilities, particularly for
CFNNSs, despite the inherent variability in precursor chemicals. Additionally, the results
suggest that the implementation of data augmentation techniques for SVMs leads to more
substantial improvements compared to tree-based models, although the distinction may not
be immediately apparent. While the use of synthetic data has proven effective in enhancing
the performance of the LightGBM and CFNN models, as evidenced by the improvements
in metrics such as MAE, RMSE, RSR, and WMAPE, its impact on the MAPE of the SVM
model remains limited. This can be attributed to the inherent sensitivity of SVM models to
the presence of outliers in the dataset [63]. Consequently, the outliers observed in the coarse
aggregate and fine aggregate features may have adversely influenced the SVM model’s
performance relative to the LightGBM and CFNN models.
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Figure 8. Comparison of R? and error indices of the models before and after data augmentation.

Notwithstanding the observed enhancements in model performance, it is crucial
to acknowledge that the generation of synthetic data in this study does not necessarily
augment the generalizability of the models. As demonstrated in Table 5, the minimum,
maximum, and skewness values of the synthetic data are either reduced or maintained at
the same level as the original dataset. However, it is worth noting that generating data
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with broader coverage may potentially introduce model uncertainty due to extrapolation,
thus necessitating further investigation to assess the trade-offs between model performance
and generalizability.

Despite the high performance in the test set, it should be noted that the test set and
training set in this study are constructed using the same dataset obtained from open litera-
ture. This can cause overoptimistic performance estimates because the data distribution
in both sets is identical. Additionally, it is important to consider that data sourced from
previous studies may not always be reliable and the presence of measurement biases among
multiple studies further adds to the uncertainty of prediction outcomes. Moreover, the data
collected in this study is confined to specific countries and regions, notably China, India,
Iran, and Australia, where geopolymer research has received considerable attention. Con-
sequently, the dataset lacks comprehensive international representation, thereby limiting
its scope and exhaustiveness.

To interpret the developed model effectively, permutation feature importance and
SHapley Additive exPlanations (SHAP) were adopted, shedding light on the intricate
interplay between input features and their influence on compressive strength. These two in-
terpretability techniques were conducted within CFNNSs, recognized as the most promising
model. Permutation feature importance evaluates the variation in prediction error result-
ing from the permutation of feature values. If prediction error remains unchanged after
shuffling values, the feature is considered "unimportant,” signifying the model’s disregard
for it in prediction. This approach offers a concise, comprehensive understanding of the
model’s behavior. SHAP, grounded in coalitional game theory, conceptualize prediction as
a game, with features akin to players. The SHAP value assigned to each feature delineates
its average marginal contribution across all conceivable coalitions, thereby elucidating its
impact on attaining a heightened or diminished final prediction outcome.

Figure 9 presents the overall importance of the features. The most influential features
for predicting compressive strength are the specimen age and curing temperature, with
permutation importance of 0.38 and 0.35, respectively. Similar results were observed in the
SHAP analysis, with slight discrepancies in the influence of slag and fine aggregate content
between the two analyses. SHAP analysis presents that higher slag content generally
results in increased compressive strength, denoted by the prominent red coloring on
the right side of the slag feature. Conversely, higher fly ash content tends to have a
detrimental effect on compressive strength, as evidenced by the pink coloring on the right
side of the fly ash feature. The impact of fine aggregate content is more nuanced, with
both positive and negative effects depending on the specific value of the feature. Other
features, such as sodium hydroxide, water content, coarse aggregate, and sodium silicate,
exhibit relatively smaller impacts on compressive strength prediction, as indicated by their
narrower ranges of SHAP values and lower permutation importance. Superplasticizer
content demonstrates a significantly smaller influence compared to the other features
(permutation importance = 0.02).

It can be observed that that variables of specimen age and curing temperature are
the most important features in the decision making of the CFNN model. These factors are
expressed in integers and have a high frequency of repetition according to the curing regime.
Therefore, the TGAN model can capture features and generate better data. Meanwhile,
factors with many outliers such as superplasticizer and coarse aggregate are the least
influential features. These may be the reasons why the CFNN model benefits a lot from
synthetic data. Additionally, a study conducted by Rahmati et al. (2022) [64] highlights the
impact of curing time and curing method (i.e., oven, steam) on the prediction of ML models.
However, these factors were not considered in the current study due to the problem of high
dimensionality associated with the complexity of the dataset. Incorporating these factors
with larger datasets can improve the accuracy of the prediction model.

Considering model characteristics and limitations, a process for deploying and enhanc-
ing models was proposed in Figure 10. The developed TGAN and predictive models can
be refined using real data from users labeled with the prediction results. The effectiveness
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of using the results of the ML model to further improve the model is demonstrated in the
research of Ford et al. (2022) [61]. This ongoing learning process ensures that the deployed
models can enhance generalization and mitigate temporal and measurement uncertainties,

ultimately improving their performance and reliability over time.
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Figure 10. Schematic diagram of model deployment and improvement process.

5. Conclusions and Future Works

This study examines the impact of using synthetic data on ML models that predict the
compressive strength of geopolymer concrete. For this purpose, 930 data points were col-
lected from the open literature. The TGAN method was employed to generate geopolymer
mixture and compressive strength data. The ML model consists of LightGBM, SVM, and
CENN algorithms, representing tree-based, support vector, and neural network algorithms,
respectively. These models were trained using the generated data and subsequently evalu-
ated using the real dataset. A comparison was made with the corresponding model using
the original dataset. Based on the obtained results, the following conclusions can be drawn:

¢ TGAN proves capable of generating mixture and compressive strength data for
geopolymer concrete. The synthetic data significantly improves the performance
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of ML models, as evident from the increased R? values and reduced error indices such
as MAE, RMSE, MAPE, RSR, and WMAPE. The CFENN model exhibited the most
improvement, followed by LightGBM and SVM.

®  The enhanced performance of the models indicates that the heterogeneity in the type
or quality of precursors in the collected data does not significantly affect the data
generation ability and performance of ML models.

° Due to the presence of numerous outliers and skewed characteristics of the data, the
SVM model was greatly impacted in both the original and synthetic datasets.

®  The generated data statistics demonstrate that the characteristics of the data are quite
similar to the original data. This indicates that the TGAN model generated reliable
data. However, it is important to note that using such data merely improves accuracy
without enhancing the generalization capabilities of the models.

e Inaddition, this study demonstrates limitations concerning the generalizability of the
model, the scope of inputs, the absence of validation with actual experimental data,
and regional bias within the dataset.

Several avenues for future research can be pursued to address the limitations identified
in this study. Firstly, prioritizing exploration of generator architectures within GANs or
employing of bounded GANs could enable better control over the range of generated data.
Furthermore, the generalization capability of the models can be enhanced through the
implementation of regularization techniques (e.g., dropout, and L1 and L2 regularization),
cross-validation, and the adaptation of open-source algorithms tailored to the characteris-
tics of the data. Instead of solely relying on integration algorithms, future research should
focus on enhancing existing algorithms to better align with the characteristics of data. To as-
sess practical effectiveness, the developed TGAN and predictive models necessitate further
verification through experimental data or real-world project implementation. Moreover,
expanding the scope of input variables, such as the chemical and physical composition of
precursors, curing duration, and methodologies, could potentially improve the predictive
accuracy of the models. Expanding the dataset to include geopolymer research across di-
verse regions and countries also serves to enhance the internationality and generalizability
of the model. The aggregation of a comprehensive dataset holds promise for broadening the
scope of output variables to encompass additional mechanical properties, including tensile
strength, flexural strength, durability, and the effects of aging on geopolymer concrete.
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Abstract: Carbon steel and bentonite are materials selected as engineered barriers for high-level
radioactive waste confinement. Their long-term interaction must be evaluated to confirm the barrier’s
stability. Three laboratory experiments of the carbon steel—Mg-bentonite interaction were conducted
for 1, 6, and 22 months under a hydrothermal gradient. Changes in bentonite’s water content,
specific surface area, and cation exchange capacity were measured. Mineralogy was studied by
X-ray diffraction and scanning electron microscopy. The redistribution of aqueous species and
the redox state of iron were determined across the bentonite columns. Results indicated water
saturation after 22 months. The specific surface area of bentonite was reduced near contact with the
steel, while the cation exchange capacity mostly decreased at 3-6 mm from the steel interface. The
corrosion rate decreased with time and bentonite enriched in Fe in the first 1.5 mm from the steel
contact. The formation of new Fe-bearing minerals, such as di-tri ferri-sudoite, magnetite, hematite,
maghemite, lepidocrocite, siderite and ankerite was observed. Aqueous species redistributed in
the porewater of bentonite with decreasing concentrations of Fe and Cl as a function of time and
increasing concentrations of Na, Ca and SO after 22 months. This occurs under conditions where
the bentonite is saturated with Mg, which conditioned the formation and nature of iron clay minerals
with time.

Keywords: Mg-montmorillonite; carbon steel; bentonite; hydrothermal gradient

1. Introduction

Bentonite is a clay material proposed for use as an engineered barrier in deep geologi-
cal repositories (DGRs). Deep geological disposal consists of isolating high-level radioactive
waste (HLRW) from the biosphere by keeping it in underground galleries, normally at a
depth of 300 to 1000 m depending on the specific location, within stable host geological
formations. The low solubility and solid form of the waste is considered a barrier itself. The
waste is encapsulated in a metallic container, a second barrier, that depending on each DGR
concept can be made of copper—copper alloys (e.g., Swedish and Finnish concept) or carbon
steel (e.g., as considered in Switzerland, the United Kingdom, France or Germany) [1].
The canisters are placed within the galleries and surrounded by barriers of compacted
clay, typically composed of bentonite, until all of the galleries are completely sealed. In
clayey formations, it is essential to insert a concrete barrier between the bentonite layer and
the geological formation to provide structural support for the galleries” construction. The
combination of mechanical and physicochemical protection is referred to as the engineering
barrier (third barrier), while the natural geological formation or bedrock is considered a
natural barrier (fourth barrier). Ensuring safety requires ongoing and proper long-term
maintenance, along with vigilant monitoring of the installation [2-6].

Carbon steel is the metal chosen by countries, such as Spain, Switzerland, Japan or
Belgium to manufacture the canister that insulates the HLRW [2,7-9]. This material has
been studied, showing good properties for use in DGRs, such as a low corrosion rate or a
long lifetime [10,11].
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Bentonite is a clay rock frequently produced by the hydrothermal alteration or diagene-
sis of acidic-to-intermediate chemistry volcanic glass [12]. Under these conditions, montmo-
rillonite is the main clay mineral, a phyllosilicate belonging to the smectite group [13]. Due
to the properties of smectite, such as high swelling capacity, high cation exchange capacity
and high chemical stability, bentonite is a competitive material used as an engineered
barrier in HLRW management in DGRs [7,14,15].

HLRW will generate heat due to the decay of radionuclides. This heat will be trans-
ferred to the container for decades. The temperature is expected to rise to 100 °C at the
surface of the canisters, although higher temperatures have recently been considered to
reduce galleries spacing [16,17]. Due to the elevated temperature, geochemical interactions
between the metal vessel and the bentonite will occur [10,18].

The canister should keep its structural integrity without cracks for at least 1000 years.
The corrosion of the canister will depend on the environmental conditions. Temperature,
groundwater, bentonite’s porewater chemistry, especially the pH and the concentrations
of chlorides, sulfur species and carbonates, the redox conditions, including the effect of
gamma radiation, microbial activity and the degree of bentonite saturation are factors that
will influence the formation of corrosion products as well as the corrosion rate [1,14].

The bentonite barrier will be subjected to hydration conditions in contact with the
bedrock. Therefore, the location of the DRG is also a variable to consider, since the hy-
drogeochemical conditions of the host rock will affect the bentonite barrier, providing
hydration with variable salt content. Low saline host rocks (e.g., Grimsel granite forma-
tions in Switzerland), high saline rocks (e.g., clay formations in Switzerland, France or
Spain) or even marine-type porewater formations (e.g., granite formations in the Forsmark
area, Sweden) have been studied [19-22].

It is predictable that full saturation of the bentonite barrier will be reached before
dissipation of the thermal gradient, which will take place between 100 and 1000 years
after deposition, depending on the particular characteristics of the repository [7,23-27]. In
addition, the water vapor produced in the hot part of the bentonite, close to the canister,
could recondense in cooler areas, influencing the redistribution of aqueous species in
bentonite’s porewater [28]. The saturation of the bentonite barrier involves a swelling
process that redistributes the mass, changing the dry density, and as a consequence, the
porewater chemistry, that is in equilibrium with the mineralogy [29,30]. Also, changes
in the water content and chemistry mainly modify the exchangeable cation distribution
and, in general, aqueous ion concentrations like Cl—, SO4%2~, Na*, K*, Ca%*, Mg2+ or
Fe2+/3+ [31,32].

Due to the interaction between the steel and bentonite, redox reactions will occur
on the surface of the steel and resulting soluble species and Eh/pH conditions will be
transferred to the bentonite, generating potential mineral changes. Due to the variabil-
ity of the existing candidate bentonites, with different mineralogies and exchangeable
cation distributions [6,32-35], and the particular geochemical conditions that may occur
depending on the design of the DGR, steel-bentonite interactions may produce different
effects [36].

The interaction between steel and bentonite can lead to alteration processes like dis-
solution or re-precipitation of accessory minerals, i.e., short-term dissolution of CaCOj3
followed by precipitation of magnesium or iron carbonates due to cation exchange, where
Mg or Fe ions replace Ca cations [37]. In addition, accessory silica minerals such as
cristobalite and quartz, as well as montmorillonite, can undergo dissolution processes,
contributing to the formation of iron silicates, such as nontronite or ferric chlorite [38].
Pignatelli et al. [39] reported the formation of iron-rich T-O phyllosilicates like greenalite
and cronstedtite, in addition to magnetite, illite and chlorite, in an experiment in which
Callovo-Oxfordian clay was mixed with metallic iron and iron powder, kept at 90 °C for
6 months, and then the temperature gradually reduced by 10 °C monthly until reaching
40 °C. The variety of Fe-bearing minerals that could be formed depends on Fe/Si and Al/Si
ratios and pH but also could be mediated by silica dissolution and carbonates [39-41].
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Experimental investigations have shown the accumulation of Mg in the hotter zone of
bentonite, near the canister surface, regarding FEBEX in situ experiments [18]. The same
trend was also found in several bentonite analyses in the ABM-II experiment explained by
the increase in exchangeable Mg near the hot steel-bentonite interface [41,42] and by the
precipitation of MgSOy in evaporation surfaces near this interface [36]. This accumulation,
displacing cations such as Ca?*, promotes the formation of 2:1 magnesium silicate mineral.
Fernandez et al. [43] reported the formation of trioctahedral saponite and chlorite phases or
brucite-like sheet phases from montmorillonite modification mediated by high Mg and Fe
content in porewater. Svensson [44] also observed saponite formation at the iron—-bentonite
interface in in situ experiments performed at the hard rock laboratory in Asps, Sweden.
A modeling simulation of the iron-bentonite interaction provided by Savage et al. [45]
suggested a sequence of predominancy of Fe-bearing minerals over time, with magnetite
prevailing at the first stage. The magnetite led to cronstedtite (kaolinite-serpentine group)
with a general formula (Fe?*,Fe3*)3(Si,Fe®*),05(OH), that dominated the corrosion prod-
ucts for the first 500 years. The next Fe-bearing minerals transformation was reported to
form berthierine and, in some cases, chlorite. Wilson et al. [46] reported the formation of
iron-rich saponite or 1:1 minerals at <150 °C through geochemical modeling. Other studies
reported the formation of chlorite or non-swelling minerals in hydrothermal systems and
consequently, the reduction of the swelling capacity of smectite [47,48]. The formation of
magnetite and siderite as corrosion products was also predicted by a carbon steel-bentonite
interaction model [48].

It is accepted that reservoir conditions will evolve with time, with temperatures at
the canister-bentonite interface expected to increase to ~100 °C for the first 10-100 years
after DGR post-closure [1]. This temperature is estimated to be maintained for up to
1000 years [49], after which the temperature is estimated to gradually decrease to 80-50 °C,
over a period of 1000 to 10,000 years [37]. Numerous studies, performed either at laboratory
scale or long-term in situ experiments and geochemical modeling, reported the migration
of Mg in the bentonite to the hottest zones near the canister surface [18]. That caused
the enrichment in Mg at the canister—bentonite interface, allowing interaction with ions
in solution like Fe?*, Fe*, Na*, K* or Ca2*, and forming minerals like saponite, chlorite
group or ankerite (Ca(Fe?*,Mg)(CO3),) [37,44,50]. Mg enrichment in bentonite has also
been observed by diffusion towards the alkaline interface of cement-based materials used
as engineered barriers in some DGR concepts [6,51,52]. Despite all these studies, the
interaction between magnesium bentonite and carbon steel under conditions of saturated
and depleted Mg DGR is not well known.

This research aims to improve the understanding of the interaction between carbon
steel and Mg-bentonite under hydrothermal conditions at an evolved scenario in a DGR,
where Mg-montmorillonite is assumed to be the dominant mineral. The research employed
compacted bentonites that were hydrated with a saline solution and heated at 100 °C from
a steel plate, creating a hydrothermal gradient in opposite directions (heat and hydration).
Laboratory-scale experiments were conducted for periods of 1, 6 and 22 months using
FEBEX Mg-bentonite, pretreated with MgCl,, with the objective to examine the behavior of
this bentonite and the development of corrosion products at the steel plate surface.

2. Materials and Methods
2.1. Experimental Setup

Cylindrical bentonite blocks were created using homogeneous bentonite powder with
its natural moisture content. The blocks were 21 mm in height and 50 mm in diameter and
were compressed uniaxially within a steel mold to a dry density of 1.65 g-cm 3. Each block
of 77.5 g was weighed before placing it in the cell. This mass was determined considering a
14 wt.% of bentonite’s natural moisture content stored in the laboratory.

The experiments were performed using hydrothermal cells of in-house design (Figure 1),
as described in Mota-Heredia et al. [53]. The cells were maintained in a glove box under Nj
atmosphere during the whole experimental time to prevent oxidation in case of a potential
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leakage in the system and to favor dismantling under anoxic conditions. A thermal gradient
was established by setting constant temperatures of 100 °C at the heater (lower bentonite
column end) and 40 °C at the hydration zone (upper bentonite column end). Three cells
were studied after reaction for 1, 6 and 22 months.
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0
OOOO - OOOO )

ODOOv 0”0
00709 o0 0

Saline
Solution

Manometer
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—

50 mm
21] D =1.65g/cm?
m Bentonite

4
Heater 100 °C

[ | — ] M —p

D Stainless Steel

DTeﬂon 25% Glass Fiber

Figure 1. (a) Scheme of a hydrothermal cell, and (b) photograph of the experimental setup showing
two cells and the electronic temperature controls at the back.

2.2. Materials

To simulate hydration from the clayey host rock, a synthetic saline solution of domi-
nant Na-CI-SOy-type water, described in Mota-Heredia et al. [53] was used.

In this study, FEBEX bentonite from Cortijo de Archidona, Serrata de Nijar, Almeria,
Spain [54,55], considered the standard buffer material for radioactive waste storage in
Spain [56], was pre-treated to produce Mg-bentonite. Natural bentonite contains
85 £ 10 wt.% montmorillonite [57], and accessory minerals, such as quartz, cristobalite,
calcite and feldspars. It also contains traces of Fe minerals such as magnetite and goethite.
The exchangeable complex of montmorillonite is composed of approximately 1/3 Ca%*-
1/3 Na*- and 1/3 Mg?*-mol fractions. In this study, FEBEX bentonite was pre-treated
with MgCl, with the objective to replace exchangeable Ca?*, Na* and K* with Mg?*. The
pre-treatment process was described in detail in Fernandez et al. [52].

TStE 355 carbon steel discs were used to simulate the canister surface. The dimensions
were 50 mm in diameter and 4 mm thick. Before settling in the cells, the c-steel discs were
cleaned with ethanol and sonicated. Fe is present at more than 97 wt.% but small amounts
of C, Cr, Mo and Mn are present in the steel composition.
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2.3. Sample Segmentation

The three cells were dismantled after 1, 6 and 22 months. The steel-bentonite columns
were embedded with a low-viscosity epoxy resin Araldite 2020™ to avoid the deformation
and dehydration of bentonite and to keep the samples away from atmospheric oxygen. The
embedded samples were cured at room temperature in the glove box until resin hardening
was achieved. Samples were then suitable for cutting and segmentation.

A Struers™ (Champigny sur Marne, France) Secotom-6 saw machine was used to cut
the cells using a cooling oil that covered the external bentonite surface while cutting. This oil
did not chemically interact with bentonite but prevented exposure to atmospheric oxygen.
Longitudinal cuts, parallel to the steel-bentonite interface, were performed in cylindrical
bentonite samples with the Secotom-6 saw, while a cutter was used for cross-sections, per-
pendicular to the interface. To analyze reactivity along the hydrothermal gradient, samples
were cut to ensure that sufficient material was available for each characterization technique,
in agreement with the sampling method previously used by Mota-Heredia et al. [53].

2.4. Analytical Methods

The water content was calculated by mass difference of samples before and after
heating to a constant weight at 105 °C. The specific surface area (SSA) was determined by
nitrogen adsorption using a Gemini V analyzer from Micrometrics Corporate (Norcross,
GA, USA) and calculated by the BET method. The samples were ground and dried
at 90 °C for 24 h. Subsequently, the samples were degassed at 90 °C for at least two
hours using a nitrogen gas stream and analyzed using the 5-point isotherm method as in
Cuevas et al. [51].

The cation exchange capacity (CEC) was determined using the Cu-trien method [58],
with modifications made for clays as in Ammann et al. [59]. The absorbance was measured
at 577 nm using the UV-Visible Spectrophotometer Genesys 150 from Thermoscientific
(Thermo Fisher Scientific, Waltham, MA, USA).

Analysis of major ions including Na*, K*, Ca?*, Mg?*, C1~ and SO4>~ was performed
using a Metrohm 802™ compact IC plus (from Metrohm, Herisau, Switzerland) through
ion chromatography. A 0.15 solid /liquid ratio was used to mix the samples with deionized
water in order to obtain the aqueous extracts. The samples were then subjected to 24 h of
interaction with water on a shaker, followed by centrifugation for 30 min at 10,000 rpm.
Finally, the aqueous extracts were filtered using syringe filters with a pore size < 0.45 um.

Longitudinal thin section samples were prepared for scanning electron microscopy
(SEM) and energy-dispersive X-ray (EDX) analyses. Each sample was dried by immersion
in liquid nitrogen inside a vacuum chamber. After that, the samples were embedded
and polished. The procedure is detailed in Mota-Heredia et al. [53]. A Q150T-S Quorum
sputter coater system from Quorum Technologies (Lewes, UK) was used to coat the samples
with Au.

Surface and morphology images were captured using a Hitachi S-3000N SEM (Hitachi,
Japan) that was coupled with an EDX XFlash® 6130 Bruker detector (Bruker Corporation,
Billerica, MA, USA) for semi-quantification analyses of chemical composition. Internal
standard quantitative analyses were used for EDX quantification. The equipment operated
under high vacuum conditions with an accelerating voltage of 20 keV, a lifetime of 40 s, a
working distance of 15.0 to 18.5 mm and a beam current of 300 mA.

A study was conducted to determine the chemical composition in a longitudinal
profile of bentonite, in the direction from the heater to the hydration zone. The images
were largely magnified at the hottest zone where chemical variations were expected to
be more significant. About 20 analyses were conducted over a thickness of 2 mm at the
steel-bentonite interface, 15 analyses over a thickness of 3 mm at the hydration zone and
60 analyses at the intermedium zone over a thickness of 16 mm, although the number
of analyses and thicknesses may vary slightly from sample to sample. EDX analyses
were used to observe the diffusion of Fe along the bentonite and concentration changes
of elements such as Mg, Ca, Na, K, Cl, S and Fe. The data were processed by removing
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C and O from the concentrations and recalculating the rest of the elements to achieve
100 wt.%. The mineralogy of bentonite was also analyzed on fresh fractured samples to
observe the morphologies of the reaction products. Small samples that either fell apart or
were manually separated were used for this study.

To compare the redox state of Fe along the bentonite block in the longest experiment
(after 22 months), the 1,10-phenanthroline photochemical method was used [60,61]. This
method allowed for discrimination between ferrous and total iron in mineral samples. The
Fe®* was calculated by the difference between total Fe and Fe?*

To study the mineralogical changes in the bentonite block and at the steel interface,
X-ray diffraction (XRD) was conducted using a Bruker D8 Discover diffractometer with
a Ge monochromator and a lynxeye XE-T fast detector (Bruker Corporation, Billerica,
MA, USA). The patterns were measured within a 3-70° 6/20 range, with 0.02° angular
increments and 1 s times. The device was set at 40 kV and 40 mA. Bentonite mineralogy
was studied over five sections, sampled with respect to the distance to the carbon steel. The
samples were ground and XRD powder was measured.

To study the corrosion product crusts at the carbon steel-bentonite interfaces, the
crusts were studied without grinding and additional extra samples of the bentonites in
contact with the corrosion crusts were ground and analyzed. To prevent the oxidation of
possible reduced compounds during the sampling and XRD analyses, the low background
airtight Bruker holder A100B138-B141 was used for the sections closest to the crust to
analyze the powder and non-ground crust.

3. Results

Physical-Chemical Characterization

The bentonite’s water content after 1 and 6 months of reaction remained similar to the
initial 15 wt.% (Figure 2a) but after 22 months increased to 31-33 wt.% along the whole
column. A strong decrease in the bentonite’s SSA (Figure 2b) was observed in the sections
close to the heater, decreasing from 79 m?/g to 4.6-11.1 m?/g at the contact with the
steel (a SSA reduction of 75-88%). The SSA trend in the three experiments was similar,
decreasing towards both ends of the bentonite column but more intensely near the heater.
The SSA values after 1 month were lower than those after 6 and 22 months, respectively,
but considering the standard deviation of the measurements, this might not be relevant.
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Figure 2. Cont.
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Figure 2. Evolution of physical-chemical properties along the bentonite blocks after 1, 6 and
22 months: (a) water content (wt.%); (b) specific surface area (m?2/ g); (c) cation exchange capacity
(cmol(+)/kg).

Independently of the reaction time, the bentonite’s CEC remained close to the initial
reference value (83 £ 5 cmol(+)/kg) except in the section at 3-6 mm from the heater,
where a relevant decrease was observed after 6 and 22 months, achieving values of 55 and
71 cmol(+) /kg, respectively (Figure 2c).

The corrosion rate calculated by measurements of corrosion thickness at the steel discs
by SEM-EDX (Figure 3) indicated certain passivation with time. The measurements of the
corrosion thickness considered the gray compact rim formed at the bright steel surface
(Figure 3). A corrosion rate of 39.6 pm/year was calculated after 1 month of reaction,
20.0 um/year after 6 months and 4.8 um/year after 22 months (Figure 3).
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Figure 3. Backscattered electron image of FEBEX-Mg after 22 months, distinguishing four altered
zones from the steel left part) and confirmed by the EDX composition shown below the image. The
atomic % of each zone is given to differentiate the observed materials.

The concentration of the major elements in bentonite (Fe, Al and Si), determined
by EDX analyses, remained stable over time, but a remarkable decrease in Al and Si, in
agreement with an increase in Fe, was observed at 1-2 mm from the interface with the
steel. Specifically, the increase in iron reached 1 mm from the interface after 1 month,
1.25 mm after 6 months and 1.5 mm after 22 months (Figure 4a,b). Quantitatively, Fe
increased from an averaged 7.2 + 0.7 wt.% to values > in a range 10-30 wt.% in a thickness
of 0-5-1.5 mm from the interface, and values >80 wt.% at a very short distance from the
interface (<0.2 mm).
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Figure 4. EDX chemical profiles in bentonite, expressed in wt.%: (a) Fe, Al and Si after 1, 6 and
22 months; (b) detail of (a) showing the first 6 mm from the steel interface; (c) Na, Mg and Ca after 1,
6 and 22 months; (d) detail of (c) showing the first 6 mm from the steel interface. Reference values
represented by dash lines.

The evolution of Ca and Na, on the contrary, decreased over the first 1.5 mm from
the interface, averaged values of 1.7 and 0.2%, respectively, from the original reference
bentonite value. Inversely, Mg concentrated at this region and remained at relatively stable
values beyond 1.5 mm from the interface (Figure 4c,d).

SEM images and EDX analyses performed on fresh fractured bentonite samples close
to the steel interface showed incorporation of Fe into the smectite. Figure 5 shows the
aspect of clay aggregates presumably produced during bentonite alteration and oxides
found attached to the steel plate after 1, 6 and 22 months, which had evidence of formation
of new Fe-rich silicates. Secondary mineral phases, with different morphologies, formed
on the smectite surface (Figure 5a). EDX analyses expressed in atomic percentage showed
that laminar morphologies (analysis 1) contained approximately 79% Fe and 21% Cl, while
small micrometric spheres contained 95% Fe and 5% Cl. Both phases were attributed to
the precipitation of iron oxides with variable amounts of chloride. After 6 months, iron
oxide with additional chloride was observed (analysis 3), nucleating on aggregates with
multidirectional micrometer fibers (Figure 5b). The altered clay shown by the morphologies
observed in analyses 4, 5 and 6 presented high Fe content (>40%) and a Si/Fe ratio close
to 1. Considering the atomic concentrations obtained by EDX, structural formulas were
calculated using the model of a di-trioctahedral chlorite (i.e., [62]) structure, assuming the
possibility of hydroxide precipitation in a previous dioctahedral smectite interlayer. They
were calculated based on the anionic base (—O19(OH)g), distributing Al in the tetrahedral
layer (T2 sites) [62,63] and in the octahedral layer (M1, M2 sites). Likewise, Fe was assigned
as Fe?* in the trioctahedral brucitic layer (M3, M4); assuming that the charge compensating
the sum of the charges generated in T2 and M1, M2 must be produced due to the existence
of a certain proportion of Fe>* in the brucitic layer. Mg and part of the Fe and Al, not
assignable to T2, M3 and M4, were assigned to the octahedral layer (M1, M2).
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Analysis 4: (Fe>*( 33Fe?"(,67)(OH)2) 5(Alg.22Mgo a0Fe 51)2(SizAly )1010(OH),
Analysis 5: (Fe>*( 34Fe?") 66)(OH)2)3(Alg 25Mg.92Feq 09)2(Siz 12Al0 88)4010(OH),
Analysis 6: (Fe>*( 37Fe?"( 63(OH)2)3(Aly sMgo 6Feg 6)2(Siz 5Al) 5)4010(OH),

The calculation reasonably corresponds to the intercalation of iron hydroxide into a
smectite structure, although the iron proportions slightly exceed those present in the orig-
inal octahedral sheet of FEBEX montmorillonite (Ca*? homoionised: (Ko.04_0.01Cao.24 0.06
(Fep.00Al1 41Mg050)Si3.94Al0,05(010(OH),) [64]. The substitution of aluminum in the tetrahe-
dral sheet significantly increased compared to the average montmorillonite, while octahe-
dral Mg remained in similar proportions as in the reference FEBEX.

Analyses on fresh fractured bentonite samples close to the interface after 22 months
revealed a larger coating of smectite aggregates (Figure 5c), with a high content of Fe and
Mg. The Si/Fe ratio calculated for analyses shown in Figure 5c exceeded 4, except for
analysis 7, and differentiated by a single aggregate of brighter color that was 0.75. The struc-
tural formula calculated for analysis 7 was (Fe3+ol425Fe2+0.575(OH)2)3(A10,43Mg0.61Fe1,02)2
(Siz3Al1)4O19(OH),, compatible again with the di-trioctahedral chlorite structure used to
simulate an iron (II, IIT) hydroxide interlayer simulation. The iron proportion increased
over the expected for intercalation. Some mixing of iron oxides and formation of new iron
silicates could not be discarded.

Analyses 8-11 showed phyllosilicates rich in Mg and Fe and Si/Fe ratios higher than
4, revealing the necessary presence of iron oxides in the mixture.
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Figure 5. SEM images of details taken in fresh fractures close to the steel plate interface: (a) 1 month;
(b) 6 months; (c) 22 months. (al,b1,c1) include the composition of the zones marked in the respective
subfigures. Data presented in atomic %. —: data below detection limits.

Figure 6 shows the concentrations of Fe?*, Fe®* and Feyyyy along the bentonite col-
umn after 22 months. An increase in Fe?*, Fe3* and Fe,; was observed in a thickness of
2 mm from the interface with steel, compared to the reference concentrations in FEBEX-Mg-
bentonite. A similar trend was observed for Fe** and Fe>* over the whole bentonite column.
At the hydration zone, 12-21 mm from the interface with steel, the concentrations decreased
slightly below the reference values. Most of the increase in iron was presumably related
to the presence of iron (III) oxides as there was an increase in Fe?* from 0.13 + 0.05 wt.%
to 0.26 & 0.08 wt.% in the section closest to the heater (0-1 mm). Fe3* also increased in
contact with the steel, from 3.0 & 0.4 wt.% determined in the reference Mg-bentonite to
4.03 £ 0.04 wt.%. In the following section (1-2 mm), Fe?* and Fe3* concentrations de-
creased by 0.17 £ 0.01 wt.% and 3.85 £ 0.6 wt.%, respectively. At the 2-3 mm section from
the heater, the Fe?" and Fe3* values remained in the order of the reference Mg-bentonite.
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Figure 6. Concentrations of Fe?*, Fe®>* and Fey., along the bentonite column after 22 months. Units
expressed in wt.%, referred to dry mass of solid sample.

The mineralogy of FEBEX-Mg-bentonite experienced minor changes over time
(Figure S1, Supplementary Materials) considering the whole thickness of the bentonite
disc. The main FEBEX-Mg-smectite XRD reflections were detected at 14.8 A (001),4.45 A
(020), 2.58 A (110), 1.70 A (210) and 1.50 A (060). The reference material also presented
quartz (4.25, 3.34 A), cristobalite (4.04 A), calcite (3.0 A), and traces of magnetite (2.53 A)
and maghemite (2.52 A), (Figure 7). The main mineralogical changes were observed near
the steel interface (<3 mm). After 1 month, no minerals other than those present in the
reference bentonite were detected, except ankerite, a Ca,FeH,Mg—carbonate (2.90 A) in the
section <3 mm from the steel interface. After 6 months, also in the section <3 mm from
the steel interface, low-intensity reflections of ankerite and maghemite were also detected.
After 22 months, the presence of a 7.05 A reflection and the enhancement of a 4.8-4.7 A
band supported some evidence of di-tri ferric chlorite presence, presumably ferri-sudoite-
like (in agreement with the SEM-EDX data). It is known that the 14 A reflection of ferric
(hydroxide layer) aluminous (octahedral layer) chlorite displayed a very small intensity
compared to 7 and 4.74 A reflections (i.e., [65]). The 14.8-14.6 A basal spacing reflection
predominant in most DRX patterns could contain smectite and the minor chlorite reflec-
tion. Ankerite (2.90 A) was detected close to the steel interface (<3 mm). In the section at
3-6 mm, lepidocrocite (y-Fe**O(OH)) (6.25 A) and hematite (Fe,O03) (2.70 A) were detected.
Lepidocrocite was also detected in the section at 6-15 mm (Figure 7). Accessory minerals
like muscovite (illite) and albite (plagioclases), present in the reference Mg-bentonite raw
material, were randomly detected due to their heterogeneous distribution in bentonite.
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Figure 7. XRD on FEBEX-Mg sections from the steel interface after 22 months. (a) section at 3-6 mm
(green upper diffractogram); section at 0-3 mm (red middle diffractogram); reference FEBEX-Mg
(black bottom diffractogram); (b) zoom of the 2944 26 range.

The XRD patterns corresponding to the corrosion crusts that formed at the steel-
bentonite interface were measured on both sides, the contact with steel (colored in fuchsia)
and the contact with the bentonite (colored in orange) (Figure 8). Several intense reflections,
observed at 6.40, 5.35, 4.84 and 3.52 A, identified after 1 month, were not related to any
mineral alteration but attributed to the adhesive used to fix the corrosion crust on the
airtight holder. In addition, hematite (2.70 A, 251 A)and maghemite (2.94 A, 252 A) were
detected, and siderite at a low intensity (2.79 A). At the contact with the bentonite side, low-
intensity reflections of ankerite (2.90 A) and hematite (2.70 A) were identified as corrosion
products at the corrosion crust. The ferric chlorite phase (ferri-sudoite) (7 and 4.8 A) was
barely identified with other compatible reflections at 2.65 A and 2.44 A. Low-intensity
reflections of magnetite/ maghemite were observed.

After 6 months, reflections attributed to green rust (7.5 A, 3.75 A), maghemite and
magnetite (2.96-95 A and 2.53-2.51 A) and siderite (low-intensity reflections at 2.79 A)
were observed in the corrosion crust at the contact with steel. Smectite, albite and quartz,
already present in the original bentonite were detected. Ferri-sudoite was detected by the
reflections at 7.05 A, 4.80, 2.80 and 2.44. At the bentonite side, ferri-sudoite was detected
too. Ankerite (2.90 A), hematite (2.70 A) and a maghemite/magnetite mix were identified
as corrosion products. Siderite was not identified on this side.
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After 22 months, more clear and intense reflections were observed regarding the
altered products. The crust analyzed in contact with steel showed a main composition of
siderite (2.79 A). Smectite, ferri-sudoite and albite were detected as minor minerals. On
the bentonite side, the main reflections were associated with ferri-sudoite (7.05 A, 4.80A,
3.53 A, 244 A, 2.14 A and 1.55 A) and green rust (7.5 A and 3.76 A), but low-intensity
reflections at 2.90 A and 2.51 A were attributed to ankerite and maghemite, respectively.

(c) 22 months

(a) 1 month (b) 6 months
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Figure 8. XRD of corrosion crusts examined from the contact with steel (fuchsia) and with bentonite
(orange) after (a) 1 month; (b) 6 months; and (c) 22 months. Ab: albite; Ank: ankerite; Crs: cristobalite;
GR: green rust; Hem: hematite; Mag: magnetite; Mgh: maghemite; Qz: quartz; Sd: siderite; Sme:
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Aqueous extracts were analyzed to study the redistribution of aqueous species in the
bentonite porewater (Figure 9). After 1 month Cl™ varied within a range between 395 and
483 mM, similar to the reference FEBEX-Mg (455 + 2 mM), concentrating at the middle
of the bentonite column (6-15 mm). The same tendency was observed after 6 months but
within a lower concentration range (220-280 mM). After 22 months, CI~ decreased to lower
concentrations, within a range of 54-58 mM. Mg?* maintained concentrations close to the
reference FEBEX-Mg (130 £ 6 mM), within a range between 100 and 166 mM after 1 and
6 months, but after 22 months Mg?* concentrations decreased within a narrow range of
28-36 mM along the bentonite column. The rest of the ions analyzed (Na*, Ca?*, S04 and
K*) were in a lower concentration range (3-58 mM). A general decrease of concentrations
was observed with the increasing reaction time. After 22 months, Na* was determined to
be within a range between 36 and 40 mM, while the reference Na* concentration was 15
+ 9 mM; Ca?* increased up to 11-16 mM from the initial reference of 9 & 2 mM; SO,2~
increased to 9-12 mM from the reference of 5 + 1 mM, and K* decreased from 10 &= 1 mM
to 4 mM.
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Figure 9. Jonic concentrations of aqueous extracts in bentonite sections parallel to the steel interface.
(a) Mg?* and C1~; (b) Na*, K*, Ca?* and SO, . References values represented by dotted lines.

4. Discussion

The experimental design provided data after 1, 6 and 22 months, allowing for the
study of the temporal evolution of steel-bentonite interactions. The temporal evolution
described how the progressive passivation of the steel surface occurred, visibly decreasing
the corrosion rate with time. The longest experiment, performed for 22 months, unusually
for this type of laboratory experiment, permitted the formation of a well-defined cemented
crust at the steel-bentonite interface due to the precipitation of iron corrosion products that
could be analyzed from both faces.

Due to the hydrothermal gradient, the bentonite’s physical-chemical properties were
modified. A rather homogeneous increase in water content was observed after 22 months
(close to 30 wt.%) without apparent water content decrease as a function of distance to
the heat contact. Similar experiments using natural FEBEX bentonite showed a slightly
higher water content range (20-25 wt.%), achieved during a short time in the whole column
(1 and 6 months) [53]. Since the pressure of water injection was relatively low (0.15 MPa)
and the swelling properties of the Mg-saturated bentonite were homogeneous, hydration
progressed very slow. The material was previously wetted and reprocessed to be Mg-
saturated, so final mineral grains and grain size were artificially homogenized to <1 mm
compared to natural FEBEX bentonite, which usually provided grains <5 mm with a
visible heterogeneity of grain colors and different altered rock preserved grains (i.e., [66]).
The great homogeneity, at small time lapses, could produce resistance to hydration at
the swelling interface. There was no evidence of water loss associated with the thermal
treatment or gradient in the short term that would have resulted in the dehydration of the
bentonite near the heater, a phenomenon that was not detected, with values close to the
initial moisture level being maintained. On the other hand, hydration was completed after
22 months, allowing for comparison of the short term (1 and 6 months) with the long-term
(22 months), once the hydration front progressed. The bentonite’s SSA remained in a range
close to the initial reference values, except near the steel interface, due to the presence of
corrosion products and modifications on the smectite, as observed by SEM-EDX and XRD,
where minerals identified to be of the chlorite group and iron-rich were detected, mixed
with the smectite matrix. Chlorite minerals were detected in a FEBEX in situ experiment by
Wersin et al. [49] at a temperature of 50 °C and were synthesized at 300 °C in the presence of
metallic Fe powder facing MX-80 bentonite [67], showing compositions and XRD powder
patterns similar to those shown in this study:.

The composition of materials corresponding to iron silicates, seeking locations free of
chloride and analyzed by SEM-EDX, is compatible with ferric chlorites. Their elemental
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proportions are consistent with the predominance of a di-octahedral character in the
octahedral layer and tri-octahedral character with partially oxidized Fe?* in the brucitic
layer. Assuming the already described distribution model, the presence of typical reflections
of ferric chlorites outlining a main reflection at 7 A could be explained with a composition
characteristic of ferri-sudoite (Figure 7).

The CEC remained within a range similar to the reference bentonite, except in the
section at 3-6 mm from the steel interface that decreased after 6 and 22 months. This phe-
nomenon is typically connected to the dissolution of montmorillonite and the neoformation
of other non-swelling minerals such as chlorite or iron oxides. Fe** predominated over Fe?*,
which increased slightly by approximately 0.2 wt.% over the first 1.5 mm of bentonite from
the steel interface. This was in agreement with the presence of tri-(Fe?"),di-(A1**)-chlorite
mineral in minor amounts, coexisting with Fe(IlI) oxides, evidenced by the presence of
hematite on the bentonite side and Fe>* /Fe?* oxides, mainly magnetite, within the steel
corrosion products. The decline in CEC observed in the present study was attributed to the
formation of mixed iron oxides in the material rather than montmorillonite dissolution, as
no peak broadening XRD evidence supported such dissolution (Figure S1).

After being exposed to a carbon-steel heater at 100 °C for 18 years in the in situ
FEBEX experiment, a reduction in CEC was also observed in FEBEX bentonite [43]. That
decrease was attributed to one of the following factors: an increase in the smectite layer
charge, the reduction of Fe!'-bearing smectite, which induced the collapse of clay particles
(not observed in the present research), or the shrinkage of lamellar particles induced by
high salinity. In FEBEX bentonite, the salinity was nearly constant at each reaction time,
except in the section closest to the hydration zone. Therefore, the decrease in CEC could
not be ascribed to higher salinity resulting from direct contact with the saline solution.
Dohrmann et al. [68] proposed that the potential decrease in CEC could be attributed to
the increased experimental temperature and/or the development of corrosion products
within the bentonite matrix. In the current set of experiments, it was noted that smectite
aggregates at the steel-bentonite interface were coated with iron oxides, as illustrated in
Figure 5, in agreement with the interpretation by Dohrman et al. [68].

The characterization of aqueous extracts from the bentonite porewater showed a
decrease in K* concentrations after 22 months. It could have occurred due to a fixation
of K* in the interlayer during the initial stages of illitization, as suggested by Kumar
et al. [68,69], although the low general K* concentration provided no visible evidence
for this, extracted from the XRD patterns. Another explanation for the general salinity
reduction involving the remaining ions over the long term could be attributed to the
formation of iron oxides, wherein ions subsequently associated to form complex minerals,
such as green rust, producing an overall reduction of ions (chloride) in solution, as observed
after 22 months of reaction.

Fe-silicates and Fe-Cl corrosion products were detected, evidencing chloritization
processes, as confirmed by XRD after 22 months of reaction. The formation of Fe-spicules or
fibrous Fe-silicates was reported by Kaufhold et al. [70] in their SEM study on Fe-bentonite
interactions. Previous experiments with MX-80 and FEBEX bentonite conducted for 1
and 6 months under the same experimental conditions showed similar precipitation of
iron oxides in the corrosion layer at the steel-bentonite contact. The authors reported the
formation of magnetite, maghemite and goethite after 1 and 6 months [53].

The increase in Fe content within the montmorillonite structure could be elucidated
through various mechanisms, such as adsorption within the interlayer via cation exchange,
adsorption at the edge sites of montmorillonite or association with corrosion products [36].
Additionally, redox reactions may have occurred, leading to the precipitation of Fe!'-oxides
or mixed Fell/Fell-oxides and Fell-carbonates like ankerite and siderite. Soluble Fe2*
migrated into the bentonite as oxygen from the bentonite pores diffused to the steel surface.
The interaction of iron with oxygen could have resulted in oxidation and subsequent
precipitation on montmorillonite surfaces, forming iron (hydr)oxides like lepidocrocite.
The calculated corrosion rate showed a reduction with increasing time, in agreement with
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other studies [71-74]. Wersin et al. [75] reviewed the corrosion rates of four different in situ
experiments, the FEBEX in situ experiment being one of them. A range of corrosion rates
between 6 and 11 um/year were calculated for this experiment, conducted for 18 years
at 70 °C, using carbon steel and FEBEX bentonite. In the present research at 100 °C and
over the short term, compared to the FEBEX in situ experiment, the final corrosion rate
was nearly in the same range or even lower but within the same order of magnitude as
observed after 18 years. The Mg-saturated bentonite could enhance passivation, which will
presumably be confirmed by ongoing longer-term experiments.

Taking into account the mineralogical observations, a scheme showing the reaction
products at the steel-bentonite interface after at the three experimental times (1, 6 and
22 months) is presented in Figure 10. This scheme is based on those presented by Wersin
et al. [75] and Hadi et al. [73]. Wersin et al. [75] studied corrosion in eight bentonites
pre-saturated with Asp6 groundwater heated to 130 °C in the ABM2 in situ experiment.
Hadi et al. [73] studied the steel-bentonite interactions in the FEBEX in situ experiment,
in which carbon steel, in contact with FEBEX bentonite, was heated at 100 °C for 18 years.
The proposed scheme tries to visualize the different mineral phases detected after 1, 6
(presumably under unsaturated water vapor migration conditions) and 22 months (under
water saturated conditions at the end of the experiment). The alteration thicknesses are
not presented at scale but indicate the transformation of some phases into others. The
increase of siderite with time as well as the presence of Fe>*-silicates in a wider region
after 22 months than after 1 and 6 months were observed by XRD. Although each zone
is represented by solid colors, a mixture of minerals was observed at the interfaces of

each zone.
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Figure 10. Proposed mineral phase evolution scheme for steel-FEBEX-Mg interface after 1, 6 and
22 months. Mag: magnetite; Mgh: maghemite; Hem: hematite; Sd: siderite; GR: green rust; Ank:
ankerite; Lpc: lepidocrocite; using similar scheme and colors as in Hadi et al. [73].
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Determinations on the iron redox state in bentonite, analyzed after 22 months of
reaction, showed an increase of Fe?* and Fe* near the steel interface (<2 mm), presumably
affecting a larger thickness compared to less humid and earlier times (1 and 6 months under
the same conditions). Magnetite formed as the main steel corrosion mineral, as observed in
several water-saturated environments under reducing conditions (i.e., Schelegel et al. [76]).
The determination of redox potential in the clay-metal-iron interface in a transient oxic to
anoxic state is complex and ambiguous as many Fe** and Fe?* minerals are involved and
present in small quantities, making them difficult to identify.

Robinson et al. [77] established the presence of magnetite/ maghemite-coupled minerals
mainly controlling the Fe?* redox solution equilibrium at pH 6.5-8.5, exhibiting more negative
potential than the corresponding lepidocrocite and hematite at progressively less negative
potentials. The expansion of the reducing front towards the bentonite may have led to the
presence of these Fe>* iron oxides in regions relatively far (up to 2 mm) from the interface
where Fe** predominated. The potential intercalation of Fe?* ions as hydroxide in a chloritic
structure added complexity and probably further enhanced the transport of Fe?* to the clay
material. Wersin et al. [18] mostly identified the iron in the zone closest to the heater as Fe3*,
which was consistent with the detection of hematite, magnetite, maghemite and lepidocrocite
in this zone. Fe?" was oxidated partially to Fe** in the middle sections of the bentonite
column, coexisting both species, although concentrations of Fe** were higher than Fe?*.

5. Conclusions

Bentonite was slightly altered after 1 and 6 months, but the main alterations were
observed after 22 months of reaction and well-defined mineralogical changes could be
identified. The formation of secondary minerals coating the smectite were argued to explain
the bentonite-specific surface area decreases at the steel interface. The enrichment in Fe
in the bentonite was detected over the first 3 mm from the steel interface. However, the
corrosion rate decreased to <5 um/year with the reaction time up to 22 months. Minor
changes were noticed along the bentonite column beyond the first 3 mm from the steel
interface, maintaining its original properties. The iron-bentonite interactions allowed
the formation of corrosion products, several iron oxides like magnetite, maghemite or
hematite, and iron carbonates like siderite, ankerite and green rust (containing chloride) to
be identified. The geochemical evolution of bentonite promoted the formation of a chlorite
phase of ferri-sudoite-like composition through the montmorillonite modification. The use
of X-ray diffraction, the photochemical method with 1,10-phenanthroline and scanning
electron microscopy analyses allowed the identification of these minerals.

The main mineralogical changes were found at the steel-bentonite interface, where
the bentonite properties studied were modified by the precipitation of corrosion prod-
ucts, forming a low-porosity layer that could potentially clog bentonite pores and affect
subsequent reactivity. Negligible smectite alteration was found in previous experiments
of the Fe-bentonite interaction at low liquid/solid ratios, leading to uncertainties over
the Fe-phyllosilicates that could form in such systems. However, the use of a bentonite
containing Mg-smectite has favored the identification of bentonite mineral alteration, pro-
ducing chlorite-type minerals that should be considered in future geochemical modeling of
Fe-bentonite systems.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app14031259/s1: Figure S1: XRD of sections from the steel interface:
(a) 1 month; (b) 6 months; (c) 22 months.
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Abstract: This investigation is centered around the application of warm mix asphalt (WMA) tech-
nologies to address workability concerns linked to rubberized asphalt binders. The primary aim of
incorporating crumb rubber (CR) and WMA additives is to establish a robust paving method that
fosters energy conservation, efficient waste management, noise reduction, and improved overall
performance. The current study aims to comprehensively characterize and differentiate the phys-
ical attributes of rubberized asphalt binders by employing three distinct WMA additives: Sasobit,
Cecabase RT and Rediset WMX. These additives are introduced into eight unique asphalt binders.
Laboratory assessments are carried out to evaluate the workability and physical properties of these
binders. The evaluation encompasses penetration, softening point, penetration index, penetration
viscosity number, storage stability, ductility, viscosity, and stiffness modulus analyses. The findings
indicate that the rubberized asphalt binder enhanced with Sasobit demonstrates the highest levels of
both hardness and softening point in comparison to asphalt binders supplemented with alternative
WMA additives. The evaluation of storage stability underscores the satisfactory stability across
all modified asphalt binders. Both the unmodified and modified binders meet the requirements
stipulated by the ductility test; the rubberized asphalt binder modified with Rediset falls short. The
rubberized asphalt binder improved with Sasobit displays the most notable enhancement in workabil-
ity. Furthermore, the blend of crumb rubber and Sasobit binder reveals the highest stiffness modulus
values under conditions of intermediate and high temperatures with 1.88 and 0.46 MPa, respectively.
In summation, the rubberized asphalt binder incorporating crumb rubber with Sasobit showcases
superior improvements in both stiffness and workability compared to counterparts modified with
Cecabase RT and Rediset WMX.

Keywords: warm mix asphalt (WMA); crumb rubber (CR); WMA additives; physical properties;
workability; stiffness modulus

1. Introduction

Authorities across the globe are dealing with limited budgets for constructing and
maintaining infrastructures by implementing cost-saving strategies that utilize recycled
materials [1,2]. Pavement researchers are still looking for cost-effective solutions that reduce
project expenditures by incorporating waste material into road pavements [3]. Several
studies have examined the performances of pavements modified with waste materials,
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including recycled asphalt shingles (RAS), reclaimed asphalt pavement (RAP), glass, steel
slag, waste frying oil (WFO), waste engine oil (WEO), and crumb rubber (CR) [4-7].

The rapid growth of the automotive sector and the number of vehicles on the road
each year has increased the demand for tires. Globally, 1.5 billion tires are produced,
and 4.0 billion tires are disposed of annually [8]. The decomposition of discarded tires,
sometimes known as black pollution, could be worse than plastic or white pollution. The
thermosetting nature of natural and synthetic rubbers, which seldom degrade in typical
climate conditions, makes scrap tire disposal challenging. The conventional methods
for disposing of waste tires are landfilling and burning. The landfilling of scrap tires
poses health risks and can cause unintentional fires, while burning scrap tires pollutes
the environment. In short, waste tire dumping causes environmental, economic, health,
and social issues [9]. Recycling scrap tires in asphalt pavements is a cost-effective and
environmentally responsible approach to disposing of these waste materials [10,11]. The
usage of crumb rubber (CR) is advantageous for environmental reasons (i.e., noise isolation).
The exposure to emissions in asphalt-rubber production was the same as in traditional
asphalt production. Moreover, in comparison to the influence of other factors, the effect of
CRM on emissions may be minimal. The dryer’s fueling rate, mix temperature, asphalt
throughput rate, and binder content are some of those factors [12].

The wet and dry methods exist for integrating crumb rubber into asphalt pave-
ments [13,14]. Wet bitumen modification techniques involve blending the asphalt binder
and CR at temperatures between 160 °C and 200 °C, adhering to specific shear rates and
durations [15]. At these elevated temperatures, crumb rubber particles rapidly expand due
to the absorption of the lighter components of the bitumen during mixing [16]. The incor-
poration of crumb rubber into asphalt binders significantly enhances the characteristics
of the modified binder. Various factors, including raw material properties and interaction
conditions, exert an influence on the properties of rubberized binders. Researchers have
extensively employed CR to ameliorate the performance of rubberized asphalt pavements
while upholding environmental considerations [17]. CR-modified asphalt binders exhibit
augmented viscosity, heightened resistance to rutting, cracking, and moisture suscepti-
bility, as well as elevated manufacturing and laying temperatures (approximately 10 °C)
in comparison to conventional blends [18]. However, challenges associated with CR-
modified asphalt pavements encompass reduced workability and heightened temperature
prerequisites at asphalt manufacturing facilities [19]. Recent studies have concentrated on
mitigating production and laying temperatures and enhancing workability. On the other
hand, the absence of a universally standardized warm mix asphalt (WMA) mix design
underscores the necessity to comprehend the fundamental mechanisms through which
additives operate within the mixture. The insufficiency of information concerning the
capabilities and dynamics of WMA, prevalent in various global regions, is attributed to
factors such as the variation in WMA additives, suggested quantities, and technological
approaches. This knowledge gap can be attributed in part to the limited understanding
of WMA additives, which impedes the cultivation of expertise in WMA practices among
industry professionals [20].

In recent years, warm mix asphalt has been gaining popularity due to its benefits,
including reduced fossil fuel consumption, reduced greenhouse gas emissions, lower man-
ufacturing, and laying temperatures [20]. Many studies and field cases have demonstrated
the eco-friendliness, superior performance, and economic benefits of WMA technologies,
such as improved compaction and mixing temperatures, longer hauling distances, and
paving workability [18,21], which contributed to the rapid increase of its market share. In
the United States, WMA asphalt made up about 38.9% of the total paving, the equivalent
of 147.4 million tons in 2017 [22]. There was a 26% increase in WMA output between 2016
and 2017. The production in Europe, Japan, Canada, and South Africa is still insufficient.
The data from the European Asphalt Pavement Association showed that, between 2013
and 2017, several European countries allowed the use of WMA, which leads to increasing
use of WMA technology year after year [18].
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In recent studies, three distinct WMA techniques have been devised: (a) utilization of
foaming additives, (b) incorporation of chemical additives (surfactants), and (c) inclusion of
non-foaming additives. Recent examinations conducted in both laboratory settings and in
the field have demonstrated that pavements constructed using WMA exhibit equivalent or
improved performance compared to those constructed using hot mix asphalt (HMA) [23].
Researchers have observed that the introduction of additives for WMA into asphalt blends
leads to a notable reduction in the temperatures required for mixing and compaction, with
temperature decreases ranging between 20 °C and 40 °C [19,24]. WMA technologies that
employ fluidifying additives to lower the viscosity of bitumen during mixture production
temperatures, while upholding bitumen functionality, offer a potential resolution to chal-
lenges linked with crumb rubber-modified (CRM) binders. Incorporating WMA additives
into CR asphalt binders has shown the potential to decrease mixing and compaction temper-
atures by 15 to 30 °C [25,26]. Numerous WMA additives have demonstrated the capacity to
lower the production temperature of rubberized binder mixtures by reducing viscosity and
enhancing the workability of the rubberized binder [27,28]. A sustainable paving approach
has been developed by researchers, involving the use of WMA asphalt to modify rubber-
ized asphalt binders, thereby contributing to environmental preservation and performance
enhancement [29]. The integration of Sasobit into the rubberized binder leads to a decrease
in the high-temperature viscosity and low-temperature ductility of rubber asphalt, while
also resulting in an increase in the softening point. This combination of effects is beneficial
for enhancing workability and promoting high-temperature stability [30]. In a prior inves-
tigation conducted by Sesay et al. [31], a comparative analysis was carried out involving
three distinct WMA additives: Sasobit, Rediset, and Alube. These additives were intro-
duced into the rubberized asphalt binder to assess their influence on high and intermediate
temperature performance. The study revealed that the rubberized asphalt binder incor-
porating Sasobit exhibited superior high-temperature performance in comparison to the
rubberized asphalt binder with Alube. Conversely, concerning intermediate-temperature
performance, the rubberized asphalt binder with Rediset displayed the most favorable
outcomes.

The available literature reveals a dearth of investigations concerning the collective
impact of various CR asphalt binders modified with optimal quantities of WMA additives.
Addressing this gap, the present study aims to investigate the physical attributes of diverse
CR binders, each modified with Sasobit, Rediset, and Cecabase. The aim of this investiga-
tion is to identify a suitable WMA additive that enhances the workability of the rubberized
binder while maintaining a stiffness value higher than that of the original asphalt binder.

2. Material and Methods
2.1. Asphalt Binder

The bitumen binder employed in this research possesses a 60/70 penetration grade
and is supplied by the Kemaman Bitumen Company Sdn. Bhd, Selangor, Malaysia. This
binder boasts a flash point of 240 °C and a density of 1.02 gm/cm?3.

2.2. Crumb Rubber

The Malaysian supplier, Miroad Rubber Industries Sdn Bhd, furnishes crumb rubber
powder with a mesh size of 20 (passing 0.15 mm). The crumb rubber modifier (CRM) is
manufactured through a process of mechanical shredding followed by grinding at ambient
temperature.

2.3. WMA Additives

This research used three warm mix additives, an organic additive (Sasobit), and two
chemical additives (Rediset WMX and Cacebase). The dosage of the WMA additives
followed the recommendations of previous studies [32-34]. Figure 1 shows all warm
mix asphalt additives and crumb rubber used in this study. Table 1 shows the physical
characteristics of the warm mix asphalt additives used in this research.
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Figure 1. The additives used in this research. (a) Crumb rubber. (b) Sasobit. (c) Rediset WMX. (d) Cecabase.

Table 1. Properties of the WMA additives.

Properties Sasobit Cecabase RT 975 Rediset WMX
Appearance at 25 °C Pastille flakes Liquid Pastilles
Density at 25 °C (g/cm3) 0.9 0.997 0.55
Color Off-white Dark amber liquid Light brown
Melting point (°C) 100-120 - 80-90
Flash point (°C) 285 >200 253

2.3.1. Sasobit

Sasobit, among the pioneering WMA additives, was introduced for pavement produc-
tion. Its inaugural field trial occurred in Hamburg, Germany in 1997. Sasobit, a synthetic
paraffin wax, is synthesized using the Fischer—Tropsch technique, involving the combina-
tion of heated coal and natural gas with steam and a catalyst [18]. Its viscosity surpasses
that of the binder below its melting point. The manufacturer recommends a dosage range
of 0.8% to 3% by weight of the binder [35].

2.3.2. Cecabase RT 975

Cecabase RT 975 is a chemical additive produced by the Arkema Group in France. It is
liquid at 25 °C and can reduce the asphalt mixing and laydown temperatures by 2040 °C.
Cecabase RT 975 is one of the most popular liquid WMA additives with a recommended
dose of 0.2-0.5% and does not require curing in the mixing process. It is pumped directly
into the asphalt mixture or mixed with the asphalt binder [36].

2.3.3. Rediset WMX

Rediset WMX is a blend of organic additives and surface-active chemicals produced
by a Dutch firm, Akzo Nobel. Rediset WMX was first proposed in 2007 to resolve the
reported flaws in the warm mix asphalts, including the effects of water on warm asphalt
mixes and their lower hardness compared to hot mixes, and the unpredictability of their
low-temperature characteristics. Rediset WMX is mixed with the asphalt binder or mixture
at a dosage of 0.5 to 2.5% by weight of the asphalt binder [34].

2.4. Preparation of the CR Binders Containing the WMA Additives

The virgin asphalt binders were placed in a container and heated in a 110 °C oven
for 60 min. The asphalt binder was added with 5% CR for 30 min at 700 rpm and 177 °C.
Then, the hot plate was left for five minutes to reach the desired temperature before the
next addition, which adjusted the temperature to 120 °C [32]. The required amounts of the
WMA additives were added at 1000 rpm and 120 °C for 10 min to ensure that the asphalt
binders were sufficiently fluid, uniform, and consistent [37]. The modified binders were
placed in the containers for investigation. Table 2 presents the composition of all asphalt
binders, and Figure 2 shows the high-shear mixer used to mix the modified asphalt binders.
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Table 2. Composition of the modified and virgin asphalt binders.

Binder D Aspha(l(;o;?under Clét;:?b Warm M(lo)/i )Addltlve
Virgin 60/70 Vv 100 - -
Crumb rubber CR 100 5 -
Sasobit SA 100 - 1.5
Cecabase CE 100 - 0.44
Rediset RE 100 - 1.5
Sasobit + crumb rubber SECR 100 5 1.5
Cecabase + crumb rubber CECR 100 5 0.44
Rediset + crumb rubber RECR 100 5 1.5

Figure 2. The high-shear mixer for blending the modified asphalt binders.

2.5. Testing Program

Table 3 summarizes the penetration, softening point, penetration index, storage stabil-
ity, ductility, loss on heating, and viscosity tests performed in this research to determine the
properties of the conventional asphalt binder. The softening point and penetration values
were used to compute the penetration index (PI) using Formula (1).

py — 1952 —500l0glog PEN — 20SP
~ 50loglog PEN — SP — 120

/ )

where PI is the penetration index, PEN is the penetration value (0.1 mm), and SP is the
softening point value (°C). The viscosity and penetration values were used to compute the
penetration viscosity number (PVN) using Formula (2).

4.258 — 0.7967 log P — loglog V

PVN =
(0.795 — 0.1858 log P)

@

where PVN is the penetration viscosity number, V is the viscosity in centistokes measured
at 135 °C (cp), and P is the penetration value at 25 °C (0.1 mm).
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Table 3. The physical properties tests conducted in this research.

Asphalt Binder Test (Unit) Test Standard Specification
Penetration at 25 °C (0.1 mm) ASTM D5 60-70
Softening point (°C) ASTM D36 48-52
Penetration index - —2to2

Penetration viscosity number - -

Storage stability (°C) ASTM D5892 <22
Ductility at 25 °C (cm) ASTM D113 Min. 100
Loss on heating (%) AASHTO T240 Max. 1.00
Viscosity at 120 and 135 °C (cp) ASTM D4402 -

Stiffness modulus (MPa) - -

Van der Poel [38] introduced the concept of stiffness modulus, which represents the
ratio between a consistent uniaxial stress and the resultant uniaxial strain at a specified time.
By examining the outcomes of tests conducted on 47 bitumens, Van der Poel constructed
a graphical tool, known as a nomograph, designed to ascertain the stiffness of asphalt
binder, accounting for temperature and loading time (or frequency), given knowledge
of the softening temperature and penetration. For the practical determination of binder
stiffness, the BitProps program is a useful tool. This program utilizes a digitized version
of Van der Poel’s nomograph, developed by G. Rowe and M. Sharrock [39], facilitating
the ease of calculation. The study evaluated the stiffness characteristics of eight distinct
asphalt binders, both unmodified and modified, across varying temperature conditions:
low, intermediate, and high. This assessment employed five distinct loading scenarios,
considering outcomes from penetration and softening point tests. The selected temperatures
for this investigation corresponded to the low, intermediate, and high temperature ranges
observed in Kuala Lumpur, Malaysia. Figure 3 shows the flowchart of the research.

Wet method

Virgin asphalt

. > Asphalt rubberized
binder 60/70 grade 5% crumb rubber

A 4

Wet method

Wet method

y A4

Asphalt binder tests

| |

Cecabase

Physical characteristics Stiffness modulus at
. different loading time and
1- Penetration
2- Softening point temperatures

3- Penetration index
4- Penetration viscosity number

4- Ductility 4

5- Viscosity »  Results and discussions
6- Loss on Heating

7- Bleeding

8- Storage Stability

Figure 3. The flowchart of the study.
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3. Results and Discussion
3.1. Penetration

The assessment of asphalt binder characteristics involves multiple tests to determine
their properties. Figure 4 illustrates the penetration values of various asphalt binders at
25 °C, which serve as an indicator of their hardness or softness. A lower penetration value
in CR asphalt binders corresponds to increased hardness. Previous research [40] high-
lighted that introducing crumb rubber into asphalt binders led to a significant reduction in
penetration values, contingent on CR content. Among WMA additives, Cecabase exhibited
minimal impact on asphalt binder hardness, with the modified binder’s penetration value
aligning closely with that of the virgin binder. This was confirmed by Awazhar et al. [41],
who noted Cecabase’s limited influence on penetration values. In contrast, Sasobit and
Rediset exerted more substantial effects on asphalt binder hardness than Cecabase. The
liquid form of Cecabase had minimal impact on the hardness of the CECR asphalt binder.
The SECR asphalt binder demonstrated the lowest penetration value due to the combined
influence of Sasobit and crumb rubber, which augmented the binder’s hardness. Bilema
et al. [37] reported comparable findings regarding the combined effect of crumb rubber and
Sasobit on penetration values, consistent with our current study.

75

70

65
60
55
50
45
40

SECR  CECR RECR

Penetration (0.1mm)

Figure 4. The penetration of the asphalt binders.

3.2. Softening Point

The outcome of the softening point test, presented in Figure 5, reveals the temperature
at which asphalt binders transition from semi-solid to soft states. Higher softening points
are preferable for greater resilience in warm conditions. CR-modified asphalt binders
exhibited higher penetration values, aligning with previous research [42]. Among WMA
additives, Cecabase demonstrated the lowest softening point (47.5 °C), while Sasobit exhib-
ited the highest (50.5 °C). The CECR asphalt binder displayed a relatively low softening
point, whereas the SECR binder exhibited the highest value (54 °C), attributed to the
combined influence of crumb rubber and Sasobit, resulting in higher melting temperatures.
Kok et al. [43] obtained similar results, concluding that Sasobit enhanced softening points.
In a preceding study undertaken by Akpolat [44], it was determined that the incorporation
of Sasobit additive in combination with CR leads to an elevation in the value of softening
points. This concurs with the findings observed in the current research.
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Figure 5. The softening point result of the asphalt binders.

3.3. Viscosity

The Brookfield rotational viscosity test gauges asphalt binder workability at temper-
atures of 120 and 135 °C, determining their capacity to withstand shear forces. Figure 6
displays viscosities for virgin and modified asphalt binders. At the higher test temperature
of 135 °C, asphalt binders demonstrated reduced viscosity values. CR asphalt binders
exhibited the highest viscosity values at both temperatures, attributed to crumb rubber par-
ticle behavior. Elevated viscosity of aged binders can decline asphalt mixture workability,
causing reduced adhesion between aggregates and binders [45]. Higher viscosity demands
elevated laying, compaction, and mixing temperatures, consuming more energy, as noted
by Sengoz and Isikyakar [46]. WMA additives lowered viscosities across asphalt binders.
Sasobit had the most significant influence on binder workability, whereas Rediset had a
limited effect. Viscosity in all asphalt binders, with crumb rubber and WMA additives, was
akin to virgin asphalt binders. SECR asphalt binder exhibited the lowest viscosity values at
both temperatures due to Sasobit’s substantial workability enhancement, consistent with
Veeraiah and Nagabhushanarao’s findings [47].
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Figure 6. The viscosity of the asphalt binders at 120 and 135 °C.
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3.4. Temperature Susceptibility

Temperature susceptibility of modified asphalt binders was assessed using the penetra-
tion index (PI) and penetration viscosity number (PVN) based on penetration and softening
point at 25 °C and viscosity at 135 °C. Higher PI and PVN values indicated reduced
temperature susceptibility. PI classified asphalt binder type and suitability for highway
construction, while PVN gauged temperature susceptibility. The findings in Table 4 in-
dicate that both PI and PVN values increased with crumb rubber addition, signifying
lower temperature susceptibility in CR asphalt binders. Except for Sasobit, WMA additives
displayed similar behavior in raising temperature susceptibility values. Asphalt binders
modified with WMA additives and crumb rubber exhibited temperature susceptibility akin
to virgin asphalt binders. The utilization of Sasobit in the rubberized asphalt binder leads
to an elevation in the PI value, accompanied by a reduction in the PVN value. This aligns
with the outcomes observed in the present study [48]. Table 4 shows the outcome of the
PVN and PI of all asphalt binders in the study:.

Table 4. The PI and PVN for all asphalt binders.

ID PI PVN
A% —0.54 —0.06
CR 0.04 0.39
SA —0.49 —-0.92
CE -1.17 —0.69
RE —0.83 —0.59
SECR —0.02 0.004
CECR —0.48 0.23
RECR —0.62 0.07

3.5. Storage Stability

The storage stability test, depicted in Figure 7, was conducted to assess the success of
binder modification and its stability during storage. Acceptable storage stability demands
a minimal temperature difference between sample top and bottom. All asphalt binders
showed adequate stability without significant separation, owing to slight variations in
softening points within 2.2 °C. Virgin and WMA-modified asphalt binders exhibited lower
storage stability, with a 0.5 °C difference. RECR asphalt binder exhibited the highest storage
asphalt due to the crumb rubber’s contribution. Elevated crumb rubber content decreased
modified binder stability, aligning with prior studies [21].

3.6. Ductility

The outcome of the ductility test, depicted in Figure 8, illustrates the evaluation of
asphalt binder flexibility and deformation. The figure indicates that the inclusion of CR
resulted in a decrease in asphalt binder ductility. This reduction in ductility was attributed
to the absorption of the asphalt binder’s oily components by the rubber powder, leading to
an increase in the mass of rubber particles. Consequently, the CR asphalt binder exhibited
a greater thickness compared to unmodified asphalt binder samples, aligning with the
observations made by Mashaan et al. [49]. Across all asphalt binders, the introduction
of WMA additives brought about a reduction in ductility. Sasobit had a minimal effect
on asphalt binder ductility, while Rediset produced the highest difference in the ductility
values. Sedaghat et al. [50] reported that Sasobit reduced the ductility value, which is
consistent with the result of this research. The 109 and 101 cm ductility values of the SECR
and CECR asphalt binder fulfilled the ductility test requirement. However, the RECR
asphalt binder did not meet the ductility test requirement of 98 cm.
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Figure 7. The storage stability of the asphalt binders.
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Figure 8. The ductility of the asphalt binders.

3.7. Loss on Heating

This research conducted the Rolling Thin Film Oven (RTFO) test to determine the
mass loss on heating when the samples were exposed to high temperatures and pressures.
The impurities and particles in the asphalt binders became volatile and escaped into the
air at high temperatures, causing the asphalt binder to lose some mass. Loss on heating is
a critical factor since a considerable loss on heating can cause problems with the asphalt
binder’s workability. The loss on heating typically ranges from 0.05 to 0.5%, and the
maximum loss on heating is 1.0%. Figure 9 presents the loss on heating for all asphalt
binders. All asphalt binders in this study fulfilled the 0.05 to 0.5% requirement for the
loss on heating test and showed a lower loss on heating than the virgin asphalt binder
since the blending process exposed them to a high temperature for a particular period. In a
prior investigation conducted by Li et al. [48], it was determined that various dosages of
rubberized asphalt binder and Sasobit yielded comparable outcomes to the original asphalt
binder, as the percentages fell within the designated test range. These findings correspond
harmoniously with the results observed in the current study.
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Figure 9. The loss on heating for the asphalt binders.

3.8. Stiffness Modulus

Table 5 presents two predominant patterns: as test temperatures rise, stiffness values
decline, whereas stiffness values increase as loading time decreases. Notably, at a loading
time of 10 s, the SECR exhibits the most elevated stiffness modulus figures under interme-
diate and low temperatures, measuring 0.07 and 0.49 MPa, respectively. Conversely, the
CE displays the least stiffness among all unmodified and modified asphalt binders at inter-
mediate temperatures, registering 0.03 MPa. Similar trends in stiffness modulus emerge at
loading times of 5, 1, and 0.5 s, mirroring the observations at a 10 s loading time. At the
lowest loading times and temperatures explored in this study, modified asphalt binders
manifest distinct behavior. Specifically, the RECR demonstrates the highest stiffness values
at low temperatures, reaching 11.31 MPa. Among the warm mix asphalt additives without
crumb rubber, Sasobit records the highest stiffness values across all temperatures and
loading times, except at low temperatures and loading times of 0.5 and 0.1 s, where stiffness
values for CE measure 3.23 and 9.93 MPa, respectively. Comparable stiffness values are
observed between RECR and SECR. The influence of loading time on stiffness values is
evident from the data in Table 5, revealing a notable impact. Reducing the loading time
enables a deeper exploration of asphalt binder stiffness behavior. The presence of crumb
rubber yields higher stiffness values compared to warm mix asphalt additives, attributed
to the combination of low penetration and elevated softening point values. Table 5 shows
stiffness modulus values for virgin and modified asphalt binders at different loading times
and temperatures.

Table 5. The stiffness modulus for unmodified and modified asphalt binders.

Stiffness (MPa) at Loading Time: 10 (s)

Asphalt ID
High Temperature Intermediate Temperature Low Temperature

A% 0.01 0.04 0.31

CR 0.01 0.06 0.43

SA 0.01 0.05 0.36

CE 0.00 0.03 0.31

RE 0.01 0.04 0.34
SECR 0.01 0.07 0.49
CECR 0.01 0.05 0.39
RECR 0.01 0.06 0.44
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Table 5. Cont.

Stiffness (MPa) at Loading Time 5 (s)

Asphalt ID
High Temperature Intermediate Temperature Low Temperature
\% 0.01 0.07 0.47
CR 0.02 0.11 0.7
SA 0.01 0.08 0.54
CE 0.01 0.06 0.48
RE 0.01 0.07 0.5
SECR 0.02 0.13 0.83
CECR 0.01 0.09 0.61
RECR 0.02 0.1 0.73
Asphalt ID Stiffness (MPa) at Loading Time: 1 (s)
High Temperature Intermediate Temperature Low Temperature
\% 0.05 0.32 1.48
CR 0.07 0.37 1.93
SA 0.05 0.31 1.71
CE 0.04 0.24 17
RE 0.05 0.28 171
SECR 0.08 0.42 2.51
CECR 0.06 0.34 1.87
RECR 0.07 0.38 2.35
Asphalt ID Stiffness (MPa) at Loading Time: 0.5 (s)
High Temperature Intermediate Temperature Low Temperature
\% 0.08 0.42 2.58
CR 0.13 0.56 3.48
SA 0.09 0.47 3.09
CE 0.07 04 3.23
RE 0.08 043 3.16
SECR 0.15 0.67 417
CECR 0.1 0.49 3.45
RECR 011 0.58 411
Asphalt ID Stiffness (MPa) at Loading Time: 0.1 (s)
High Temperature Intermediate Temperature Low Temperature
\% 0.3 1.23 7.81
CR 0.42 1.64 9.24
SA 0.35 1.44 8.67
CE 0.26 131 9.93
RE 0.3 1.39 9.43
SECR 0.46 1.88 11.04
CECR 0.37 157 9.17
RECR 0.41 18 11.31

4. Conclusions

This research investigated the effects of three warm mix additives on the physical
properties of rubberized asphalt binder by performing physical tests, namely the penetra-
tion, softening point, penetration index, penetration viscosity number, storage stability,
ductility, viscosity test, and stiffness modulus. Based on the research results, the researchers
draw the following conclusions.
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Abstract: Soil stabilization is vital in construction to enhance soil strength and durability.
While conventional stabilizers like cement and lime improve soil properties, they con-
tribute to significant carbon emissions. Given their widespread use, exploring eco-friendly
alternatives is crucial. This review examines rice husk ash (RHA) and lime sludge (LS) as
sustainable substitutes. Previous studies have evaluated their effectiveness in stabilizing
clay soil, but a more application-focused approach, along with a detailed cost and sus-
tainability evaluation, is needed. Standard Proctor compaction, California Bearing Ratio,
and unconfined compression strength tests were analyzed from the existing literature to
determine the optimal ratio of these additives for maximum soil strength. The results were
compared to determine the most effective quantities of RHA and LS, either separately or
combined, and inferences about their influences on clay soil attributes were drawn. Addi-
tionally, comprehensive life cycle assessment (LCA) and cost evaluation were reviewed.
Finally, it was concluded that increasing the amounts of RHA and LS and combining them
enhanced the strength of clay soil. Moreover, using RHA and LS for soil stabilization
proved to be a cost-effective alternative to traditional methods, providing economic and
environmental advantages.

Keywords: clay soil stabilization; sustainability; rice husk ash; lime sludge; strength test

1. Introduction

Soil stabilization is a process used to improve the engineering characteristics of the
soil to make it more suitable for construction purposes [1]. It involves various techniques
and materials applied to the soil to enhance its strength, durability, and load-bearing
capacity [2]. The main goal of soil stabilization is to create a stable surface to support
structures and prevent undesirable settlement or failure [3].

1.1. Stabilization History

Soil stabilization has been used for centuries, demonstrating its longstanding history.
Humans have been using various techniques to enhance the strength and stability of soil for
construction purposes and to prevent soil erosion [4,5]. Around 2500 BCE, the Egyptians
used soil stabilization techniques to construct buildings and monuments. They mixed
mud with straw to strengthen the soil properties and create more durable structures [6].
Ancient Greeks and Romans used lime and pozzolanic materials such as volcanic ash to
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stabilize the soil and enhance its strength and durability [7]. In ancient China, rammed
earth construction was widely used, where soil was compacted in layers with wooden
frames, creating durable structures like the Great Wall. They also mixed lime and clay to
improve soil strength [8]. In ancient India, stabilization methods that included using lime,
ash, and organic materials to strengthen soil were prevalent [9]. During the Middle Ages,
lime stabilization became popular in Europe to improve the soil properties [10]. With the
advent of the Industrial Revolution in the 18th century, new methods and materials for
soil stabilization emerged [11]. Cement was produced on a larger scale and started to be
used to stabilize soil, while lime also remained in use [12,13]. In the early 20th century,
engineers began experimenting with chemical additives for soil stabilization [14,15]. Mate-
rials, including bitumen and asphalt emulsions, were deployed to improve soil properties
and make them appropriate for road construction [16-18]. In the mid-20th century, the
development of geotextiles and geosynthetics provided new opportunities for soil stabi-
lization [19]. These materials, typically made of synthetic fibers, were utilized to reinforce
soil [20]. In recent years, soil stabilization techniques have made significant strides in
their development. Innovations such as using polymer additives, cementitious binders,
and a range of chemical agents have emerged to improve soil properties [21-23]. Today,
the soil stabilization process is an essential aspect of construction and civil engineering
projects [24].

1.2. Stabilization Methods

The specific soil stabilization technique deployed in every project depends on the soil’s
characteristics and the project’s requirements. Mechanical, chemical, and geosynthetic sta-
bilization and soil mixing are the most common soil stabilization methods [25,26]. Different
types of soils require specific soil stabilization techniques to address their unique properties
and challenges. Some common soil stabilization techniques for different soil types are
reviewed: clay soils can be stabilized using chemical additives such as lime, cement, or fly
ash [27]. These additives react with the clay particles, reducing their plasticity, improving
their strength, and increasing their stability [28]. Sandy soils can be stabilized through
chemical additives, like cement, and mechanical methods, such as compaction or densifi-
cation [29]. Compaction increases soil density, while techniques like vibro-compaction or
dynamic compaction can enhance load-bearing capacity [30]. Also, geosynthetic materials,
such as geotextiles or geogrids, can reinforce sandy soils, improving their stability, prevent-
ing erosion, and enhancing slope stability [31]. Like clay soils, silty soils can be stabilized
using chemical additives like lime or cement, improving their strength and reducing their
compressibility [32]. Soil mixing with additives can also be efficient for silty soils to gen-
erate a more stable and homogenous soil mixture [33]. For organic soils, preloading and
surcharging can be deployed: preloading with the placement of temporary surcharges
can be used to consolidate and improve strength over time. The weight of the surcharge
compresses the soil and expels water, reducing settlement potential [34]. Geosynthetic
materials can also be used in organic soils to provide reinforcement and prevent excessive
deformations [35]. Expansive soils, which are prone to swell and shrink with moisture
changes, can be treated with chemical additives like lime, cement, or fly ash to reduce
their volume change potential [36]. Proper moisture control techniques, such as drainage
systems or moisture barriers, can be implemented to minimize moisture fluctuations in
expansive soils [37].

1.3. Conventional Stabilizers

In construction projects, Ordinary Portland Cement (OPC) is primarily utilized as a
binding agent in producing concrete, mortar, and grout. It is mixed with aggregates and
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water to create a paste that hardens and develops strength over time. OPC-based concrete
structures are widely utilized for building structural elements [38]. In the soil stabilization
process, OPC can be deployed as an additive to improve the engineering properties of
the soil. Adding OPC to the soil can enhance mechanical characteristics [39]. The process
typically involves thoroughly mixing the OPC with the soil, forming a cementitious matrix
that binds the soil particles together. This improves soil cohesion and increases its resistance
to erosion [40]. The effectiveness of OPC as a soil stabilizer depends on factors such as the
soil type, moisture content, and the desired outcome of the stabilization. It is commonly

used for stabilizing cohesive soils such as clay or silt [41].

Calcium silicate hydrate (CSH) is the main product of the hydration of Portland
cement [42]. CSH is the primary binder and the main component responsible for the
strength and durability of cement-based materials [43]. It forms through a chemical reaction
between cementitious materials such as Portland cement and water. CSH is responsible
for developing the hardened cement paste’s strength. It reacts with water and the soil
particles, improving cohesion, increasing strength, reducing permeability, and improving
stability. It helps to bind the soil particles together and create a more stable and compacted
soil matrix [44]. Calcium aluminum silicate hydrate (CASH) is another hydrated mineral
compound formed in cementitious materials. CASH is a specific type of calcium silicate
hydrate that contains additional alumina (Al,O3) in its structure [45]. It forms when cement
containing alumina-rich materials, such as fly ash or slag, undergoes hydration. It is the
primary product of the chemical reaction between cementitious materials, such as Portland
cement and water, during hydration [46]. It is responsible for developing the strength
and durability of hardened cement paste. CASH is an amorphous material composed of
calcium, aluminum, silicon, and oxygen atoms, with water molecules trapped within its
structure [47]. It forms a gel-like substance that fills the spaces between cement particles,
providing cohesiveness and strength to the cement matrix. While both CSH and CASH
contribute to the strength and durability of cementitious materials, CASH can exhibit
different properties compared to traditional CSH due to the presence of alumina [48]. The
addition of alumina can affect the structure and mechanical properties of the hydrated
phases, influencing the overall performance of the cementitious material [49].

Conventional stabilizers, including cement, are widely used in construction but con-
tribute significantly to carbon emissions, raising serious environmental concerns. As
sustainability becomes a priority, finding eco-friendly alternatives is essential to reduce
the environmental impact of such materials. Consequently, efforts are being made within
the cement industry to reduce its carbon footprint and mitigate carbon dioxide (COy)
emissions by:

(1) Using alternative fuels, such as biomass or waste-derived fuels, which can help lower
CO; emissions. Additionally, using alternative raw materials, such as industrial
byproducts, can reduce the need for limestone extraction and decrease associated
emissions [50,51].

(2) Implementing energy-efficient technologies and practices can reduce the overall
energy consumption and emissions from cement production. This includes optimizing
kiln operations, improving heat recovery systems, and employing more efficient
grinding processes [52].

(3) Carbon capture and storage (CCS) technologies aim to capture CO, emissions from
cement plants, store them underground, or utilize them in other industrial processes.
CCSis still in the early stages of deployment in the cement industry but holds promise
for significant emissions reduction [53].

(4) Development efforts are underway to develop and promote low-carbon or carbon-
neutral cement alternatives. These include cement made from supplementary ce-
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mentitious materials like fly ash, blast furnace slag, or pozzolanic materials [54]. By
implementing these measures, the cement industry can reduce its carbon footprint
and contribute to global efforts to mitigate climate change.

1.4. Sustainable Stabilizers

Byproduct materials, such as rice husk ash (RHA) and lime sludge (LS), can play a
significant role in soil stabilization applications. These materials provide several benefits,
including environmental sustainability, cost-effectiveness, and improved engineering prop-
erties of the stabilized soil [55]. RHA contains high amounts of amorphous silica (5iO;),
contributing to its pozzolanic properties. RHA can be used in soil stabilization as an addi-
tive to improve soil properties, including strength, durability, and permeability. It reacts
with calcium hydroxide, a byproduct of lime, to form additional calcium silicate hydrates
(CSH) gel. This pozzolanic reaction improves cementitious properties, such as increased
strength and reduced permeability [56]. Utilizing RHA as a sustainable utilization in soil
stabilization provides an environmentally friendly solution by recycling agricultural waste
material to reduce waste generation and promote sustainable practices [57].

Lime sludge (LS), also known as lime waste or lime byproduct, possesses cementitious
properties that make it suitable for soil stabilization. LS is rich in calcium hydroxide
(Ca(OH);), which is the main compound responsible for its cementitious properties [58].
Calcium hydroxide is an alkaline compound that reacts with silicates and other compounds
to form cementitious products. LS exhibits pozzolanic activity, which refers to its ability to
react with calcium hydroxide and water to form additional cementitious compounds. This
reaction, known as the pozzolanic reaction, produces calcium silicate hydrates (CSH) gel,
which contributes to the strength of the stabilized soil. LS interacts with clay minerals in
soils, causing chemical and physical changes to the soil structure. This reaction decreases
the plasticity of the clay minerals while enhancing their stability [59]. This reaction enhances
the soil characteristics, including strength, workability, and load-bearing capacity. LS can
be utilized as a stabilizing agent to enhance soil properties, mainly clayey or cohesive soils.
When LS is added to these soils, it reacts with the clay minerals, resulting in improved
compaction characteristics, reduced soil plasticity, increased strength, reduced swell-shrink
behavior, and enhanced load-bearing capacity [60]. Lime sludge can be self-cement or self-
harden when mixed with water. This property allows it to bind and stabilize soil particles,
improving cohesion and strength within the stabilized soil or construction material [61].
Utilizing lime sludge in soil stabilization as a waste management solution provides a
means of repurposing a waste material that might otherwise pose disposal challenges.
It offers an opportunity for sustainable waste management practices and reduces the
demand for traditional construction materials. When RHA and LS are used together, LS
provides the calcium needed for stabilizing clay, while RHA increases the soil’s strength
and durability by contributing additional pozzolanic reactions. This combination reduces
soil plasticity, minimizes shrink-swell behavior, and improves compaction, making it
suitable for infrastructure projects in areas with clay soils. The process involves blending
appropriate amounts of LS and RHA with the soil and allowing time for curing to achieve
optimal soil stabilization [62].

The produced waste of rice husk ash and lime sludge can have detrimental envi-
ronmental effects [63]. Proper management and disposal of RHA and LS byproducts are
essential. Inadequate disposal methods, such as open dumping or uncontrolled release,
can lead to soil and water pollution, posing ecosystem risks [64]. Both RHA and LS can
have environmental implications if not properly managed. RHA may contain heavy metals,
such as lead, cadmium, arsenic, and mercury; if not properly managed, these metals can
leach into the soil or water bodies, posing a risk to ecosystems and human health. RHA
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contains amorphous silica, and if fine RHA particles become airborne during handling
or mixing, there is potential for inhalation. Prolonged inhalation of silica dust may pose
health risks, such as respiratory issues or lung disease, caused by silica exposure. There-
fore, wearing protective masks, using dust suppression techniques, and handling RHA in
controlled environments can minimize health risks [65]. RHA contains a high percentage of
silica, which can be released as airborne particulate matter during handling or processing.
Inhalation of silica dust can cause respiratory issues, including lung damage. It may also
contain organic contaminants, such as polycyclic aromatic hydrocarbons (PAHs) or volatile
organic compounds (VOCs), which can harm the environment and human health [66].

LS can contain heavy metals like chromium, lead, cadmium, and nickel, so improper
disposal or release of LS into the environment can contaminate soil and water bodies. Lime
in LS is mildly caustic, and direct skin or eye contact can cause irritation or burns. Proper
safety measures, such as wearing gloves, goggles, and protective clothing, should be in
place for workers handling lime sludge. Additionally, the fine particles of LS can become
airborne during handling, potentially causing respiratory irritation if inhaled. However,
proper dust control and protective equipment can manage these risks effectively [67]. Lime
sludge has high alkalinity due to its calcium hydroxide content. Discharging untreated
lime sludge into water bodies can increase pH levels, affecting aquatic organisms and
disrupting the ecosystem’s natural balance [68]. LS often contains elevated levels of
nutrients, particularly phosphorus. When released into water bodies, it can contribute
to eutrophication, leading to excessive algae growth, oxygen depletion, and harm to
aquatic life [69].

Proper management practices should be followed to mitigate the potential environ-
mental impact of RHA and LS. This includes appropriate storage, transportation, and
disposal methods to prevent the release of impurities into the environment. Addition-
ally, environmental regulations should be followed, and treatment techniques should be
employed to minimize the impact on ecosystems and human health.

Past studies have explored the effectiveness of clay soil stabilization using eco-friendly
alternative materials, including RHA and LS [70]. However, this review bridges research
gaps by comprehensively analyzing laboratory test results (UCS, CBR, Mr, and Proctor
tests) on RHA and LS as soil stabilizers to promote the reuse of agricultural and industrial
byproducts. By identifying optimal proportions for specific applications like structural
foundations and roadways, we provide engineers and researchers with precise data to
enhance stabilization solutions tailored to project needs. Additionally, it provides an in-
depth evaluation of sustainability and cost factors, highlighting its unique contribution to
promoting sustainable practices in civil engineering to support the shift toward greener
construction. By evaluating lifecycle factors, such as energy use and waste reduction, along
with cost savings from locally sourced byproducts, valuable insights for policymakers and
stakeholders are provided. This study provides a strong foundation for future studies by
offering precise guidelines and test result analyses. It encourages further exploration of
RHA and LS in combination with other additives and supports regional case studies that
address local soil and waste availability, paving the way for more tailored and effective soil
stabilization strategies.

To conclude, this review aims to assess the efficacy of clay soil stabilization using rice
husk ash (RHA) and lime sludge (LS) to determine the optimum quantity of RHA and LS to
be used based on comprehensive geotechnical tests, as well as research on cost-effectiveness
and sustainability.
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2. Materials

Disposing of waste materials, such as rice husk ash and lime sludge, resulting from
industrial processes poses environmental concerns when deposited in landfills. However,
these materials can be repurposed and utilized beneficially, particularly in geotechnical and
other engineering projects [71,72]. This review focuses on applying RHA and LS in clay
soil stabilization, exploring their properties, and investigating their chemical composition,
as documented by various researchers who worked in the field of using green alternative
materials for clay stabilization. Results of laboratory tests, including standard Proctor
compaction, unconfined compression strength (UCS), and California Bearing Ratio (CBR)
related to soil samples with various mixed proportions of admixtures among different
papers, are discussed.

2.1. Rice Husk Ash (RHA)

Rice husk ash is a byproduct obtained from the combustion or incineration of rice
husks [73]. Rice husks are the protective coverings of rice grains and are generated during
the rice milling process. It constitutes around 20-23% of the total weight of the rice
grain [74]. Rice husks are agricultural trash that accounts for nearly one-fifth of the world’s
yearly gross rice production of 545 million metric tons [75]. Due to the high calorific power
of rice husk (approximately 16,720 kJ /kg), it is increasingly used as a fuel source for heat
generation in rice drying [76]. Rice husk ash is mainly produced by burning rice husks at
around 450-700 °C for 1-3 h under controlled conditions [77]. During high-temperature
combustion, the organic components of rice husk, including cellulose, hemicellulose, and
lignin, are more effectively burned, leaving behind a higher percentage of silica-rich ash [78].
In contrast, during lower-temperature combustion, the combustion may be less efficient,
and a more significant fraction of the organic matter may remain in the RHA, leading to
higher carbon content [79].

Based on the requirements, the collected RHA may undergo additional processing
steps, including grinding or sieving, to achieve the desired particle size distribution and
remove impurities. The resulting RHA is a fine, light powder with high silica content
(60 to 90%) [80]. RHA primarily consists of amorphous silica (5iO,) and is chemically
reactive. It contains a high percentage of siliceous elements, indicating its potential for
exhibiting pozzolanic characteristics [81]. RHA does not possess inherent cementitious
qualities; therefore, it is not used alone for soil stabilization and is commonly utilized
as supplementary material in soil stabilization processes [82]. The addition of RHA can
significantly influence macro aggregate production, while it has been observed that the
addition of RHA decreases the fraction of micro aggregates smaller than 0.25 mm in size.
The aggregation of clay particles with RHA can create larger pores, known as macropores,
which help to drain the soil better, while it might not significantly impact the smallest-sized
pores, known as crytopores [83]. To sum up, rice husk ash, as agricultural waste, shows
remarkable potential for stabilizing clay soils.

To determine the elemental composition of rice husk ash, the results of the various
chemical analyses of RHA performed by X-ray fluorescence (XRF) tests are given in Table 1.
Furthermore, the mean and standard deviation (SD) were calculated to determine the
average chemical composition and measure the variability of the data for RHA.
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Table 1. Chemical composition of RHA obtained by XRF (in percent).

Source CaO SiO, Na,O MgO Al,O3 Fe, O3 K,O TiO, LOI
[84] 0.578 96.235 0.054 0.269 0.281 1.366 0.454 - -
[85] 0.82 80.82 0.96 - 0.25 0.38 1.25 - 12.70
[86] 0.37 87.49 0.01 0.01 0.05 0.04 0.8 0.01 11.21
[87] 0.62 89.69 1.02 0.57 1.01 0.23 0.81 4.06 -
[88] 0.82 80.02 0.01 0.74 1.81 0.79 1.01 0.43 10.62

Mean 0.6416 86.8508 0.4108 0.39725 0.6804 0.5612 0.8648 2.245 11.51
SD 0.1675 5.96 0.474 0.279 0.861 0.387 0.265 2.11 1.07

LOI = Loss on Ignition.

Extracted results indicate that Silica (S5iO;) is the major component of RHA, ranging
from 80% to 96%. Silica in RHA is highly reactive and can contribute to pozzolanic reactions
in cementitious materials. Potassium oxide (K,O) and sodium oxide (Na,O) are found
in small amounts, less than 2%. Calcium oxide (CaO) content can vary, but it has been
found in small quantities, less than 1%, contributing to the overall pozzolanic activity.
Iron oxide (Fe;O3) content can vary depending on the rice husk source and burning
conditions, below 2%. These percentages can vary based on the source of the rice husk,
the burning temperature, and the combustion conditions. XRF analysis quantitatively
measures these elements, helping to characterize RHA for its potential use in various
applications, especially in the construction industry [89,90].

2.2. Lime Sludge (LS)

Lime sludge is a byproduct produced in various industrial processes, mainly in the
paper industry and water treatment plants. In the pulp and paper industry, a significant
source of lime sludge, approximately 100-200 kg of LS, can be generated per ton of pulp
produced. Global pulp production is around 185 million tons annually, which could
imply around 18.5 to 37 million tons of lime sludge per year from this sector alone [91].
Lime sludge can vary in composition depending on the specific industrial process and
the impurities in the treated lime. However, it primarily contains calcium carbonate
(CaCO3) [92]. LS can have beneficial applications as a waste material, as adopted and
illustrated in Figure 1, particularly in soil stabilization and construction materials [93].

Lime sludge
L austisization process
Lime recovery
process
Caustisization
tank

Lime kiln
RCLLSL lime

Figure 1. Utilization possibilities of LS [93].

If lime recovery process is techno
economically not feasible

Alternative ways of lime

> sludge utilization

Utilization in construction materials }

V.oV

Use in mortar Use in cement Use in burnt
and concrete binder fabrication bricks

Lime sludge can be deployed as a stabilizing agent to amend the engineering proper-

ties of soil or as a raw material in the production of cementitious materials [94]. However,
proper waste management of lime sludge is necessary to prevent environmental pollution.
Lime sludge can be deployed to change the engineering properties of fine-grained soils and
the fine-grained fractions of granular soils [95]. It can reduce the plasticity of fine-grained
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soils, such as clay, resulting in reduced potential for shrinkage and swelling and improved
soil workability, strength, drainage, and permeability, making the soil more stable [96].
The lime sludge treatment effectively stabilizes plastic clays and other fine-grained soils
with high water storage capacity. Soils with higher plasticity or water content generally
require a higher lime sludge dosage for effective stabilization [97]. However, as a general
guideline, a lime sludge content of 3-10 percent by dry weight is sufficient to achieve
adequate stabilization [98]. The results of the chemical analysis of LS using the X-ray
fluorescence (XRF) test are given in Table 2.

Table 2. Chemical composition of LS obtained by XRF (in percent).

Source CaO SiO, Al,O3 Fe, O3 MgO So3 Na,O LOI
[99] 92.25 0.06 0.56 0.45 0.03 - 0.26 6.39
[100] 95.03 0 0.13 0.08 0.25 0.02 0.05 4.33
[101] 70.85 1.19 0.69 0.12 0.53 - 0.25 26.1
[102] 40.74 5.78 0.18 0.15 0.41 0.28 2.03 -
Mean 74.72 1.76 0.39 0.20 0.31 0.15 0.65 12.27
SD 25.10 2.74 0.28 0.17 0.22 0.18 0.93 12.02

LOI = Loss on Ignition.

The results obtained from different studies demonstrate that calcium oxide (CaO) is
a major component, reflecting the high calcium content derived from the lime used in
treatment processes. The concentration can vary widely but often ranges from 40% to
95% depending on how much lime was used and how completely it reacted. Silica (SiOy)
is present in varying amounts, from 0% to 5%. Iron oxide (Fe;Os) is present in smaller
quantities, less than 1%, and can come from various sources, including the treatment
process or impurities in the lime. Magnesium oxide (MgO) is found in smaller amounts,
less than 1%. It can come from the mineral composition of the lime or other additives
used in the treatment process. Sodium oxide (NayO) is in smaller amounts, less than 3%.
The exact composition of lime sludge can vary based on factors such as the source of the
water being treated, the type of lime used, and the specifics of the treatment process. XRF
provides a detailed elemental analysis that helps understand and manage lime sludge for
various applications or disposal methods [103,104].

3. Laboratory Tests

The success or failure of enhancing the geotechnical properties of soils using differ-
ent admixtures is typically determined through experimental or laboratory tests. These
tests provide a means to evaluate the effectiveness of the admixtures in improving soil
characteristics. The most widely used tests to evaluate the effectiveness of a soil improve-
ment procedure include the standard Proctor compaction test, the unconfined compressive
strength (UCS) test, and the California Bearing Ratio (CBR) test. In the present review,
these tests are used to assess the performance of RHA and LS in clay soil improvement.

3.1. Standard Proctor Compaction Test

Assessing the compaction characteristics of soils for stabilization purposes is com-
monly used in geotechnical engineering. Different studies were reviewed to determine
the Optimum Moisture Content (OMC) and Maximum Dry Density (MDD) of stabilized
soil samples using the standard Proctor compaction test [98,105-112]. The results from
the literature show that the OMC of soil samples increases and the MDD of soil samples
decreases as the LS and RHA content increases in soil stabilization processes. During the
pozzolanic reaction, the hydration of LS and RHA particles occurs, forming cementitious
compounds such as CSH and CASH gels. This reaction consumes water, necessitating a
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higher water content to maintain an appropriate moisture level for the reaction to take
place, leading to an increase in the OMC of the soil. Simultaneously, adding LS and RHA
also influences the soil particle arrangement. The cementitious compounds formed help to
fill void spaces and enhance the development of a more compacted soil structure, leading
to an increase in the MDD of the soil. The analyzed results show that increasing the LS
percentage in the soil sample from 5% to 10% resulted in a sudden decrease in the MDD
value. Deploying RHA alone as an admixture in clay soil samples results in an increase in
the OMC and a decrease in the MDD due to the lower density of rice husk ash compared
to the expansive soil. Similarly, incorporating LS as a binding material with RHA and the
soil sample also leads to an increase in the OMC and a decrease in the MDD value. In
this context, the decrease in the MDD value can be attributed to the lower density of lime
sludge compared to the expansive soil. To clarify the results obtained from the literature,
the variation in OMC and MDD based on different admixtures is shown in Figures 2-7.
Methodological differences can impact the findings when comparing different results
across different studies on clay soil stabilization using green alternative materials. These
differences, such as clay mineralogy, soil gradation, soil preparation, curing duration, and
environment, may influence the measured variations in results between studies. However,
for the sake of simplicity, when comparing the results, methodological differences are
not considered.
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Figure 2. Effect of RHA in OMC [105-107].
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Figure 3. Effect of LS in OMC [108-110].
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Figure 6. Effect of LS in MDD [108,109].
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Figure 7. Effect of RHA and LS in MDD [98,111].

The results of the analysis of the drawn graphs from the standard Proctor compaction
tests are provided below. Figure 2 demonstrates that with the increase in the percentage of
RHA content added to the clay soil samples, the OMC of the soil increases. This increase
in OMC with higher RHA content is due to RHA’s porous and lightweight nature, which
absorbs more water and requires higher moisture for compaction. Moreover, adding
10-20% of RHA content significantly increases the OMC of the soil samples. Figure 3
shows that by increasing the amount of LS content, the OMC of the soil increases due to
the water-absorbing capacity of the admixtures. Additionally, it is evident that adding
10-15% of LS content escalates the OMC value in soil samples, and by adding more than
15% of LS content, a sudden drop in OMC value is observed. This is because, beyond a
certain threshold of LS content (more than 15%), the soil structure becomes overly rigid,
reducing its ability to retain moisture, thereby leading to a lower OMC since less water
is required for compaction. Figure 4 reveals that incorporating RHA and LS into the soil
samples enhances the OMC. It is observed that OMC increases progressively with the
higher amount of admixtures added due to the high water absorption capacity of both
materials, which increases the overall water demand for proper compaction. Additionally,
the pozzolanic reaction between RHA, LS, and clay soil minerals consumes water, further
increasing OMC. Figures 5-7 demonstrate a decrease in the MDD of the soil samples as
the percentage of RHA and LS content increases. This reduction in MDD can be attributed
to the lower specific gravity of the admixtures, which is less than the natural soil [113].
Additionally, reduced MDD indicates less strength of the matrix, which is compensated
by the binding effect of the RHA and/or LS, increasing cohesion. The MDD decreases
when RHA and LS are incorporated because both materials increase the void spaces within
the soil matrix, making it less compact and requiring more water for lubrication, further
reducing dry density. The pozzolanic reaction between RHA, LS, and clay soil also leads
to the formation of cementitious compounds, which create a more open, flocculated soil
structure, contributing to the reduction in MDD.

3.2. Unconfined Compressive Strength (UICS)

The unconfined compressive strength test is a laboratory test to determine improved
soil strength and load-bearing capacity. The UCS test is commonly performed on cylindrical
soil specimens under axial compression without lateral confinement. Different references
were reviewed to present the relationships between the UCS values of different mixtures
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and varying amounts of RHA and LS content added to the soil samples [111,114-118]. The
review of the extracted results is shown in Figures 8-10.
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Figure 8. Effect of RHA in UCS [116,117].

60

50 A

N
o

UCS (kN/m?)
w
S

20
—@— Harichane et al., 2011
10 —e—Linetal,, 2007
o —@— Sabat, 2012

0 1 2 3 4 5 6 7 8 9
LS content (%)
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Figure 10. Effect of RHA and LS in UCS [118].

The results of the analysis of the drawn graphs from the UCS tests are provided
below. Figure 8 shows the variation of the UCS value with respect to the RHA content. It
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demonstrates that the UCS value of the soil samples shows an increase with the addition
of RHA up to 10%. However, beyond this threshold, it is seen that the UCS of the clay
soil starts to decline due to the reduction of cohesion and internal friction of the soil,
consequently leading to a decrease in the soil’s ability to resist deformation and load. When
the amount of RHA exceeds the optimal level, there might be too much binder relative
to the amount of soil available for the reaction. The extra RHA particles can start to act
as a filler rather than a reactive component, leading to a reduction in the overall strength
of the mixture. Additionally, excess RHA can increase the porosity of the mixture due to
its lightweight and relatively high specific surface area. Higher porosity can reduce the
density and, consequently, the strength of the soil. Figure 9 shows the variation of the UCS
value with respect to the LS content. It indicates that an increase in the LS content increases
the UCS value of the soil samples due to better bonding of soil and lime. Adding LS content
up to 4% can increase the UCS value. Figure 10 shows the variation of the UCS value with
respect to the combined RHA and LS content. The combined use of RHA and LS can have
a significant influence, leading to a notable increase in the UCS value of the soil. However,
it is indicated that above 6% RHA content, the strength decreases independently of LS
content, which seems to be an upper threshold for RHA. Also, it can be seen that the higher
the LS, the higher the strength, which conforms with the Figure 9 analysis. Figure 8 shows
an optimized value of RHA of 10%, but when mixed with LS, this threshold is clearly lower.

3.3. California Bearing Ratio (CBR)

California Bearing Ratio is a laboratory test to evaluate the strength and load-bearing
capacity of soils commonly used in geotechnical engineering, particularly in road con-
struction. The compaction process uses a specific compaction effort to achieve the desired
density and moisture content representative of the in-situ conditions. Proper compaction at
the OMC ensures that the soil is compacted to its optimum condition for bearing capacity
and strength, which is crucial for the design and construction of roads, embankments,
and other civil engineering structures. The curing period, another significant governing
parameter in the CBR test, directly impacts the CBR value obtained. CBR values increase
with increasing curing periods, resulting in more accurate representations of the soil per-
formance under the applied loads [119]. The CBR values, as shown in Figure 11, were
determined by analyzing the results obtained from different references [109,120,121].
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Figure 11. Effect of RHA and LS in CBR [109,120,121].

The results of the analysis of the drawn graph from the CBR tests are provided below.
Figure 11 illustrates the results of various studies related to the impact of RHA plus LS on
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the CBR parameters of soil samples. The results indicate that 4% of LS plus RHA content
increases the CBR value compared to 8%. It is clear that there is a decrease in the CBR value
after increasing the percentage of RHA content above 15%. However, by incorporating
both RHA and LS content, the CBR value was increased overall. Higher amounts of LS aim
to improve soil properties by increasing CBR, enhancing soil strength and load-bearing
capacity, and reducing plasticity, but excessive use of LS can potentially lead to adverse
effects if not properly managed.

The UCS and CBR are both indicators of the strength and load-bearing capacity of
soils, but they measure different properties and are deployed for various purposes. CBR
is usually more focused on pavement or roadway purposes, while UCS is generally more
precise and relevant for clay soils, giving a more fundamental measure of compressive
strength for structural purposes such as foundations or slope stability. Hence, the choice
depends on the type of project.

Furthermore, the resilient modulus (M) is a critical parameter in road and pavement
applications, as it directly reflects the elastic behavior of soil under repeated loading, which
is more representative of the stresses experienced in actual pavement conditions. The CBR
test indicates the soil’s strength under a static load, making it less suitable compared to
Mr for evaluating materials for dynamic conditions like roads. Summarized results from
various studies are provided in Table 3.

Table 3. Resilient modulus (M;) parameter for non-stabilized and stabilized clay soil.

Parameters M; Values Notes Source
Unstabilized clay 20-60 MPa Baseline values before stabilization [122]
Stabilized clay 100-200 MPa Significant improvement duc to
. . pozzolanic reactions; values depend [123]
(RHA + Lime) (7 days curing) . .
on dosage and curing time
150-300 MPa Long-term curing increases M, due [124]
(28 days curing) to continued reaction
>300 MPa (optimized Observed in some studies with [125]
mix, extended curing) well-optimized RHA-lime mixes

The resilient modulus of stabilized clay soils is significantly higher than non-stabilized
clay due to the improved soil structure and enhanced bonding mechanisms. In non-
stabilized clay, M; values are typically low because of the soil’s high plasticity, poor particle
interlocking, and susceptibility to deformation under repeated loads. Stabilization using
materials like RHA and LS initiates pozzolanic reactions, forming CSH, which binds soil
particles together and reduces plasticity, leading to a denser, more cohesive matrix with
greater resistance to deformation under cyclic loads. Studies have shown that stabilized
clay can achieve M, values two to five times higher than non-stabilized clay, with values
increasing further over time as the curing process continues. This improvement makes
stabilized clay more suitable for subgrade applications in road construction.

4. Cost and Sustainability Evaluation
4.1. Cost Evaluation

Several researchers have conducted cost evaluations comparing the use of RHA and
LS with traditional stabilizers, like lime and OPC, for clay soil stabilization worldwide.
Conducting an extensive cost analysis for the stabilization process involves several factors,
including material, transportation, application, performance, and environmental and regu-
latory costs. RHA and LS are often byproduct materials and can be sourced at low cost in
some areas, but lime and OPC are commercially produced, with generally higher raw ma-
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terials and production costs. RHA and LS may require less transport cost if sourced locally
from agricultural or industrial facilities, but lime and OPC often require transport from
production plants, potentially increasing costs, especially for remote sites. The application
process for all stabilizers is similar, involving mixing, compaction, and curing. Labor costs
are unlikely to vary significantly. RHA and LS may require higher quantities compared to
lime and OPC to achieve similar performance, impacting total costs. Additionally, waste
material use (RHA and LS) can reduce environmental costs and long-term maintenance.
Utilizing RHA and LS supports waste recycling, reduces disposal costs, and potentially
qualifies for subsidies or incentives, while OPC production has a high carbon footprint,
potentially incurring environmental compliance costs. Summarized cost comparison results
from various studies are provided in Table 4.

Table 4. Cost evaluation for clay stabilization using RHA and LS versus traditional stabilizers.

Materials Cost Savings Findings Source
17% reduction in earthwork RHA with 2% NL effectively
RHA + Natural Lime (NL)  costs, 39% savings in subgrade  stabilized clay soils, offering lower [126]
construction costs costs than traditional techniques
RHA as an agricultural waste
RHA + Lime Reduced cost com.p-arele to OPC prov-l(.ied-econpml-c. and sustamable [127]
or lime stabilization stabilization, significantly lowering
material expenses
. . Higher performance with
0,
RHA + Lime Estimated 25% cost reduction RHA-lime mixture, utilizing [72]
compared to OPC . .
industrial waste at lower costs
Optimal mix of 8% RHA and 5%
. Approximately 30% cheaper lime reduced costs due to local
RHA + Lime than using OPC availability of RHA and less [128]
lime requirement
o . RHA and LS provided sustainable
Significantly lower material alternatives with good performance
RHA + LS costs compared to OPC or & p [129]

characteristics at lower

LS stabilization cost thresholds

These studies demonstrate that using RHA and LS for clay soil stabilization
can be a cost-effective alternative to traditional methods, offering both economic and
environmental benefits.

4.2. Sustainability Evaluation

Life cycle assessment (LCA) is a comprehensive method to evaluate the environmental
impacts of all stages of a product’s life and plays a vital role in assessing sustainability.
Conducting a comprehensive LCA for stabilizing clay soils using RHA and LS involves
evaluating environmental impacts across various stages, including material extraction,
processing, transportation, application, and end-of-life scenarios. Existing studies provide
insights into their environmental benefits compared to traditional stabilizers like OPC and
lime. Summarized results from various studies are provided in Table 5.
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Table 5. Life cycle assessment for clay stabilization using RHA and LS.

RHA +LS Traditional Stabilizers N
LCA Aspect Stabilization (Lime/OPC) Findings Source
RHA and LS are
30-50% reduction High emissions from bypr(e)illizzisozétgliiigglble
~ a o .
Carbon Emissions ~ compared to OPC production production, compared to [72]
e (~800-1000 kg CO, /ton ) .
stabilization for OPC) OPC and lime, which
involve energy-intensive
processes like calcination
RHA and LS use energy
only during minimal
processing or
Energy ~60% lower than High energy transportation, compared to [130]
Consumption lime or OPC (~4-5 GJ /ton for OPC) lime and OPC, which
require extensive energy for
raw material extraction and
processing
100% reuse of RHA and LS reduce waste
o . .
o agricultural (RHA) disposal needs gnd landfill
Waste Utilization and industrial (LS) Zero waste reuse usage, making the [126]
bvproducts stabilization process
yp sustainable
RHA and LS sourced locally
Transportation a;ci);:‘tfill(i)tc alin Moderate to high ernrilirslgg;zse f:/irlllsf gli;fét 1a?rr:d
por . Hy (dependent on . ’ . [129]
Emissions rice/agriculture L lime often require transport
. production site distance) ) :
regions) over long distances, adding
to the carbon footprint
By utilizing RHA and LS,
waste that would typically
. Significant reduction go to landfills is
Landfill . a1 s .
Reduction in waste sent to No landfill impact repurposed, reducing the [131]
landfills environmental impact of
disposal and the need for
landfill space
RHA and LS are low-cost or
free byproducts, whereas
Cost of ~25-50% lower than  High (cost of production lime and OPC involve [128]
Stabilization lime or OPC and transport) substantial production costs

that increase overall project
expenses

emissions factors.

rials such as rice husk ash and lime sludge, despite offering substantial environmental
and economic benefits, is often constrained not by their quality or performance but by
shortcomings in legislative frameworks at both national and EU levels. These materials
are frequently classified as waste rather than valuable raw materials, subjecting them to
restrictive regulations that limit their potential for reuse and valorization. Additionally,
the absence of specific standards tailored to their properties and applications creates un-
certainty, making it difficult for industries to incorporate them into industrial applications
confidently. Lengthy and inconsistent regulatory approval processes further compound
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these challenges, creating barriers to innovation and increasing adoption costs. To ad-
dress these issues, transparent and harmonized end-of-waste criteria must be established,
allowing rice husk ash and lime sludge to be officially recognized as resources rather
than waste. Developing EU-wide standards and certification processes tailored to these
materials would ensure consistent quality and streamline their integration into industrial
applications. Furthermore, legislative incentives, such as subsidies, tax benefits, and grants,
could encourage industries to adopt these sustainable materials, driving the transition
toward a circular economy. By resolving these legislative challenges, policymakers can
unlock the full potential of rice husk ash and lime sludge, reducing waste, promoting
resource efficiency, and advancing sustainability goals across multiple sectors.

5. Results and Discussion

Rice husk ash and lime sludge offer unique advantages and disadvantages in clay
soil stabilization. RHA, rich in amorphous silica, provides excellent pozzolanic properties,
enhancing soil properties while promoting environmental sustainability by recycling agri-
cultural waste. Similarly, LS, high in calcium hydroxide, improves soil properties and offers
a cost-effective stabilization solution by repurposing industrial byproducts. However, both
materials have drawbacks. RHA can release airborne silica particles, posing health risks if
improperly handled, and LS may contain heavy metals or cause pH imbalances in water
bodies if not managed responsibly.

This section presents the findings from the investigation into the stabilization of clay
soil using RHA and LS. The results of standard Proctor compaction tests, unconfined
compressive strength (UCS) tests, and California Bearing Ratio (CBR) tests are analyzed to
evaluate the effects of varying proportions of RHA and LS on the clay soil characteristics.
The discussion highlights the optimal proportions of RHA and LS for effective stabilization
and their combined impact on improving clay soil performance.

The standard Proctor compaction test results reveal significant impacts of adding
RHA and LS on the OMC and MDD of clay soils. The addition of RHA increases the
OMC of the clay soil, with a notable rise when 10-20% RHA is added due to the water-
absorbing capacity of RHA particles. Similarly, including LS results in increased OMC
values, with optimal performance observed up to 15% LS. Beyond this threshold, the OMC
declines as the clay soil matrix becomes overly rigid, reducing water retention capacity.
The combined addition of RHA and LS further enhances the OMC progressively with
increasing amounts of admixtures. An inverse relationship is observed between MDD
and the content of RHA and LS. The reduction in MDD is linked to the lower specific
gravity of the admixtures compared to natural soil, resulting in less dense compacted
samples. Although the reduction in MDD could indicate decreased matrix strength, this is
compensated by improved cohesion and binding effects due to RHA and LS.

The UCS tests show varied results based on the type and proportion of admixtures.
Adding up to 4% LS enhances the UCS value, reflecting improved bonding between clay
soil particles and lime. UCS increases with up to 10% RHA but decreases beyond this
threshold. This decline is linked to a reduction in cohesion and internal friction, excess
porosity, and unreactive RHA particles acting as fillers. The combination of RHA and LS
has a synergistic effect, significantly improving UCS. However, the maximum UCS value is
achieved with up to 6% RHA, indicating a lower optimal threshold when combined with
LS. Higher LS proportions correlate with increased UCS, showcasing the stabilizing and
strengthening potential of LS.

The CBR test results highlight the influence of RHA and LS on the load-bearing
capacity of clay soil samples. The addition of 4% LS and RHA leads to increased CBR
values, while excessive RHA (>15%) results in decreased CBR, attributed to increased
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porosity and reduced cohesive strength. Combining RHA and LS significantly enhances
the CBR values overall, improving clay soil load-bearing capacity and reducing plasticity.
While both RHA and LS improve CBR values, excessive usage (above optimal thresholds)
can have adverse effects, emphasizing the need for precise mix proportions.

The extracted results underscore the effectiveness of RHA and LS as stabilizing agents
for clay soils. While each admixture has its independent impact, their combined use yields
enhanced mechanical properties, including higher UCS and CBR values. However, the
performance depends on maintaining optimal proportions to avoid adverse effects on clay
soil strength.

Regarding cost evaluation, RHA and LS are consistently more cost-effective alter-
natives to OPC and lime, as they are readily available byproducts from industrial and
agricultural processes. Depending on the method and application, cost savings range from
17% to 39%. Moreover, their use contributes to environmental sustainability, enhancing
their overall value in various applications.

Regarding LCA analysis, RHA and LS offer notable environmental benefits by sig-
nificantly reducing carbon emissions, energy consumption, and waste, aligning with
sustainable practices. Their cost efficiency, driven by reduced expenses and easier environ-
mental compliance, positions them as economically viable alternatives to OPC and lime.
Additionally, their local availability, particularly in agricultural and industrial regions,
enhances their practicality and supports regional development.

6. Conclusions

This comprehensive review aimed to assess the efficacy of clay soil stabilization using
green materials, including RHA and LS, to determine the optimum quantity of RHA and
LS. Adopting alternative green materials for clay stabilization offers a win-win solution,
benefiting both the environment and the construction industry. The construction sector
plays a crucial role in promoting sustainability by reducing carbon emissions, preserving
natural resources, and decreasing reliance on chemical stabilizers. Based on the analyzed
studies, an increase in the content of RHA and LS led to an increase in the OMC of clay
soil and a corresponding reduction in its MDD. Adding RHA up to 10% improved the
UCS and CBR values, after which a decline was observed. Similarly, using LS content
of up to 8% for structural purposes and up to 4% for roadway and pavement purposes
enhanced the UCS and CBR values. Moreover, the combined use of RHA and LS resulted
in a significant increase in UCS and CBR values. For optimal stabilization, a combination of
6% RHA and 7% LS is recommended for structural purposes, while 10% RHA and 4% LS
are ideal for roadway and pavement applications. Finally, future studies can focus on
conducting a comprehensive review of the mechanical characteristics of various soil types
treated with RHA and LS, including an in-depth analysis of stabilization effectiveness, vari-
ations in strength parameters, and the long-term durability of treated soils under diverse
environmental conditions. Such research can provide valuable insights into optimizing
application methods, understanding soil-behavior interactions, and expanding the practical
applications of RHA and LS in sustainable geotechnical engineering.
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Abstract: The mining industry generates vast quantities of mine tailings on an annual basis. However,
due to their limited economic value, a significant portion of these tailings are deposited close to mining
sites, often underwater. The principal environmental apprehensions associated with mine tailings
revolve around their elevated levels of heavy metals and sulfidic minerals. The oxidation of these
sulfidic minerals can lead to the formation of acid mine drainage, which in turn releases heavy metals
into nearby water systems. The effective management of tailing dams requires substantial financial
investments for their construction and meticulous control. Consequently, a pressing need exists
for stable, sustainable, and economically viable management approaches. One promising method
for addressing mine tailings is through alkali activation, a technique that serves as a stabilization
process. This approach yields robust, concrete-like structures by utilizing raw materials abundant in
aluminum and silicon, which conveniently constitute the primary components of mining residues.
This comprehensive review outlines the research on utilizing alkali activation for mine tailings. It
delves into the reactivity and chemical attributes of diverse minerals. Numerous mine tailings exhibit
an inadequate level of reactivity under alkaline conditions, so various pre-treatment methodologies
and their impacts on mineralogy are meticulously explored.

Keywords: mine tailings; sustainability; alkali activation; mechanical activation; thermal treatment;
alkaline fusion

1. Introduction

Construction is indispensable for the growth, development, and well-being of societies.
It shapes their physical, economic, and social landscapes, leaving a lasting impact on
generations to come [1]. In recent years, there has been a growing focus on recycling and
repurposing waste materials to mitigate environmental impacts and promote sustainable
practices within the construction industry [2,3]. Mine tailings are the waste materials left
over after valuable minerals and metals have been extracted from mined ore through
various processes. These tailings are composed of finely ground rock, water, and leftover
chemicals used in the extraction and processing of minerals and are typically disposed of
in tailing storage facilities or tailing dams [4].

During the mining process, rocks and minerals are excavated from the Earth’s crust,
often containing valuable minerals and metals, such as gold, copper, silver, or iron [5].
They undergo processing to separate the valuable components from the surrounding waste
rock by crushing, grinding, chemical treatments, and other methods to extract the desired
minerals [6]. The leftover materials that remain after the valuable minerals have been
extracted are known as mine tailings. A substantial portion of the materials (estimated to
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range from 97 wt% to 99 wt%) extracted from mining operations end up as mine tailings [7].
This percentage can vary depending on the type of mining, the ore being extracted, and
the efficiency of the extraction process. The mentioned estimate indicates that only a tiny
fraction of the original material is converted into valuable minerals. The rest, making up
the majority of the material, becomes waste in the form of tailings. The estimated annual
solid mine waste production is 20-35 billion tons, which includes 7-14 billion tons of mine
tailings, underscoring the scale of the waste produced by mining operations worldwide [8].

The composition of mine tailings can vary widely depending on the type of ore being
mined and the extraction methods used. Tailings can contain minerals, heavy metals, and
processing chemicals. The size of the particles can range from fine silt to larger gravel-sized
particles [9]. The Earth’s crust is primarily composed of a few abundant elements like
silicon, aluminum, calcium iron, sodium, and potassium, making mine tailings theoretically
suitable as a raw material for construction purposes [10].

The poor reactivity of minerals within tailings can make it difficult to extract valuable
components or repurpose the tailings effectively. Mine tailings often consist of minerals
undergoing extensive processing during mining operations. This processing can alter the
minerals’ original crystalline structures and chemical compositions, making them less reac-
tive to traditional extraction or reprocessing methods [11]. Moreover, the valuable minerals
in mine tailings are usually present in low concentrations, which further compounds the
challenge. Even if the minerals are reactive, their low abundance might not make extraction
or recovery economically viable [12].

The fine particle size of tailings can affect their reactivity. Smaller particles can be
harder to process due to issues such as agglomeration, handling difficulties, and challenges
in separating minerals from one another. Furthermore, the processing chemicals used
during the initial extraction can sometimes lead to changes in the mineralogy of tailings,
resulting in the formation of new minerals or mineral phases that are less amenable to
extraction [13].

Many mine tailings can contain high concentrations of sulfur, heavy metals, and
metalloids since the valuable metals extracted from ores are frequently found within
sulfidic minerals. Sulfidic minerals are minerals that contain sulfur combined with other
elements, often including valuable metals such as copper, zinc, lead, and nickel [14].
These metals are chemically bonded to the sulfur within the minerals. In addition to
sulfur, mine tailings can contain elevated levels of heavy metals, such as lead, copper,
zinc, and cadmium, and metalloids such as arsenic. When the tailings are exposed to
the environment, these elements can leach out and contaminate soil and water, posing
serious environmental and health risks [15,16]. The sulfur in sulfidic minerals becomes
concentrated in the resulting mine tailings. When these tailings are exposed to air and
water, sulfur-containing compounds can undergo oxidation reactions, producing sulfuric
acid and contributing to acid mine drainage (AMD), which is a critical environmental
issue associated with mine tailing management and poses significant challenges during the
active mining phase and after a mine has been closed [17].

The presence of sulfidic minerals and high concentrations of heavy metals in mine tail-
ings can hinder their recycling potential, and the effective safety management of hazardous
mine tailings is essential. Improper handling or inadequate containment can result in safety
risks to surrounding communities. Tailings dams, if not constructed and appropriately
managed, can pose significant risks and can lead to catastrophic events. Researchers ac-
tively seek innovative solutions to mitigate the challenges associated with sulfidic minerals,
heavy metals, and tailing management by developing materials and processes that can
safely immobilize or utilize these components [18].

Mine tailings are typically stored in tailing storage facilities, which have specially
designed areas to contain and manage these waste materials. Tailing dams are constructed
to hold the tailings in place, and they are often built using earthen embankments and
containment structures. Since certain mine tailings are not considered hazardous waste,
the option of reusing or recycling them stands out as an appealing alternative to disposing
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of them in landfills [19]. Using mine tailings as a component of backfilling operations is
a common approach in the mining industry. Backfilling is a technique used in mining in
which voids or underground spaces created by mining activities are filled with suitable
materials. This serves various purposes, providing stability to underground workings
and preventing subsidence [20]. Tailings, which are often already in a slurry form due to
the processing methods used during mineral extraction, can be mixed with other binding
materials, such as cement, to create a paste-like substance that can be used as a backfill
material in underground mining operations [21]. The final properties of paste backfill
material in mining operations are influenced by a combination of factors, including the
physical, chemical, and mineralogical characteristics of the tailings, the properties of the
co-binder, such as cement or other binding agents, and the water content [22]. The particle
size distribution, particle shape, and density of the tailings play a role in determining
the overall stability and strength of the paste. Moreover, the chemical composition of the
tailings, especially the presence of sulfides and heavy metals, can affect the reactivity and
potential environmental impacts of the paste [23]. The types of minerals present in the
tailings influence the overall behavior of the paste, including its strength, reactivity, and
long-term stability. Furthermore, the choice of co-binder, often cement, affects the setting
and hardening of the paste, and the amount of co-binder used in the mixture influences the
mechanical properties and setting time of the paste [24]. Also, the ratio of water to solid
components in the paste affects its workability, setting time, and strength when aiming to
achieve the desired consistency and performance [25].

Within paste backfill technology and the stabilization of mine tailings, the prevalent
choice for a binding agent is Portland cement (including cement, lime, and other calcium-
containing materials) [26,27]. Nevertheless, the production of Portland cement results in
significant CO, emissions, making it suboptimal for employment in paste backfilling [28].
Furthermore, in cases in which mine tailings possess the potential to generate acid, utilizing
cement-based paste backfilling is not appropriate due to the adverse impact of the resulting
acid on the formed matrix. On the other hand, the utilization of pozzolanic products
in paste backfill technology is a notable approach that can enhance the properties and
sustainability of the backfill material. Pozzolanic materials, such as blast furnace slag
or fly ash, react with calcium hydroxide in the presence of water to form cementitious
compounds, adding to the strength and durability of the mixture and offering enhanced
acid resistance [29].

Since cement-based stabilization may not always be the optimal approach for mine tail-
ings, an alternative strategy for repurposing mining waste is to utilize the tailings as a raw
material in alkali activation to create an environmentally friendly construction material for
subsequent use [30]. Alkali activation is a stabilization method that is particularly effective
with raw materials rich in silicon and aluminum and relies on the reaction between alkaline
solutions (often sodium or potassium hydroxide) and source materials containing silicon
and aluminum. These elements are essential for the formation of the three-dimensional net-
work of linked mineral compounds known as geopolymers. The raw material, which is rich
in silicon and aluminum, is mixed with an alkaline solution, typically containing sodium
hydroxide (NaOH) or potassium hydroxide (KOH), serving as an activator for the reaction
and raising the pH of the mixture, making it highly alkaline [31]. The high-pH environment
triggers the dissolution of silicon (Si) and aluminum (Al) components from the raw material.
These elements are released as ions into the solution, undergo a complex series of chemical
reactions, and combine with hydroxide ions from the alkaline solution to form new com-
pounds, such as aluminosilicate gel, which is the basis of the three-dimensional network
structure of the geopolymer [32]. In the newly formed aluminosilicate gel, the silicon and
aluminum atoms are linked together through shared oxygen atoms, similar to how cement
particles in traditional concrete are connected through calcium silicate hydrate (C-S-H)
bonds [33]. Materials activated through alkali processes exhibit enhanced mechanical
properties, a robust level of durability, and resistance to acids and thermal fluctuations [34].
Alkali-activated material shows the ability to immobilize hazardous components such as
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heavy metals within their structure, significantly contributing to environmental protection
and the safe management of waste materials [35].

Mine tailings, especially those generated from the extraction of metal ores, have
gained significant attention as potential precursors in alkali activation due to their abun-
dant content of silicon and aluminum, which are essential elements for the formation of the
geopolymeric structure through the alkali activation process [36-38]. One critical challenge
associated with using mine tailings in alkali activation processes is the low reactivity of
these materials, and it can vary depending on factors such as mineralogical composition,
particle size distribution, pre-treatment, and chemical characteristics [39]. Mine tailings
with poor reactivity can still be valuable as a filler material when paired with the ap-
propriate co-binder. This approach allows for the utilization of tailings in construction
applications while addressing their reactivity limitations. To deploy mine tailings as a
reactive material in alkali activation, enhancing the reactivity of the minerals contained
within them is essential [40]. Mechanical activation methods, such as grinding, thermal
treatment (calcination), and alkaline fusion, are effective in increasing the reactivity of
minerals, including those found in mine tailings [41]. These processes modify their mineral
structure and composition, making them more amenable to subsequent chemical reactions,
such as alkali activation or the formation of geopolymers. Within alkali activation technolo-
gies, the resulting materials have versatile applications, including use in paste backfilling,
as construction materials at mining sites, or for designing dry landfill alternatives, rather
than being discarded in tailing dams [42].

This paper aims to provide a comprehensive review of recent research focused on the
alkali activation of mine tailings. Since mine tailings are considered waste, and waste-based
materials typically face limitations in large-scale applications, it is necessary to establish
laws and policies that facilitate the integration of tailings into construction industries.
However, before such policies can be enacted, it is crucial to accumulate sufficient data
regarding the practical utilization of mine tailings in construction.

2. Mineralogy of Mine Tailings

The mineralogy of mine tailings can vary widely depending on the type of ore being
mined, the processing methods used, and the geological characteristics of the deposit [43].
The mineral phases in mine tailings can be categorized into two main groups: primary
phases (reacted and unreacted) and secondary phases (precipitated and weathered). These
distinctions are crucial for understanding the mineralogical evolution of mine tailings
and their potential environmental impact, as shown in Figure 1. Unreacted primary
phases are the mineral phases that originally existed in the ore or rock being mined [44].
These minerals remain largely unchanged during the milling and processing of the ore.
Examples include quartz, feldspar, and primary sulfide minerals like pyrite, chalcopyrite,
and sphalerite. Reacted primary phases are mineral phases that have undergone some
degree of alteration or reaction during the mining and milling process, such as sulfide
minerals that may oxidize to form secondary sulfate minerals like jarosite or goethite due
to air and water exposure [45]. During precipitated secondary phases, these secondary
mineral phases form after the deposition of tailings into the environment. They often
result from chemical reactions between tailings, water, and other environmental factors.
Examples include the precipitation of iron or aluminum hydroxides (e.g., ferrihydrite and
gibbsite) due to changes in pH conditions. Furthermore, weathered secondary phases can
alter tailings over time. For example, exposure to rainwater and temperature fluctuations
can lead to the leaching of soluble components, the transformation of minerals, and the
formation of new weathering products, like clay minerals or iron oxides.
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Mine tailings health and
environmental impacts
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Figure 1. Health and environmental impacts of mine tailings [46].

The comprehensive characterization of fresh and weathered mine tailing materials is
essential for thoroughly understanding their material properties and behavior. In order
to develop an effective waste management plan, it is essential to study the mineralogy,
chemical composition, and potential behavior of the tailings under various environmental
conditions [47]. The chemical compositions of various mine tailings are demonstrated in
Table 1.

The variability in the elemental composition of mine tailings from different mining
sites presents a significant challenge for their standardized use in the construction indus-
try. A multifaceted approach can be implemented to address this issue by focusing on
characterization, classification, treatment, and regulatory guidelines. X-ray fluorescence
(XRF) and X-ray diffraction (XRD) tests could be conducted to determine the exact com-
position of the tailings. Developing a classification system based on the chemical and
physical properties of tailings can categorize them into different types, each suitable for
specific construction applications. In some cases, thermal treatments can alter the physical
and chemical properties of tailings, making them more suitable for use in construction.
Regulatory guidelines and standards for using mine tailings in construction will help to
ensure their safety and performance. By implementing these strategies, the variability in
the elemental composition of mine tailings can be managed, allowing for their standardized
and safe use in construction applications.

Minerals are fundamental components of the Earth’s crust, and they play a vital role
in geological processes, the formation of rocks, and the development of natural resources.
They are naturally occurring, inorganic solids that possess specific chemical compositions
and atomic arrangements, leading to unique crystal structures.
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In the Earth’s crust, minerals are classified into four major classes based on their
chemical composition [66]. (1) Silicate minerals are the most abundant class of minerals
in the Earth’s crust and are composed primarily of silicon (Si) and oxygen (O) atoms
combined with various cations (positively charged ions), such as aluminum (Al), iron
(Fe), magnesium (Mg), and others. Silicate minerals include feldspars, quartz, micas,
amphiboles, and pyroxenes [67]. (2) Carbonate minerals are characterized by the carbonate
ion (CO327) as a fundamental building block. They are primarily composed of carbon,
oxygen, and various cations. Common carbonate minerals include calcite and dolomite [68].
(3) Oxide minerals are primarily composed of oxygen (O) combined with metal cations.
These minerals often form as a result of the weathering of other minerals. Oxide minerals
include magnetite, hematite, and cassiterite. (4) Sulfide minerals are composed of sulfur (S)
combined with metal cations. These minerals often form in hydrothermal environments
and are associated with ore deposits [69]. Common sulfide minerals include pyrite, galena,
and chalcopyrite.

Valuable metals, including gold (Au), copper (Cu), lead (Pb), and zinc (Zn), are
commonly found in sulfide minerals. The mining industry extracts these valuable metals
from sulfide ores, and as a result, a significant portion of mine tailings generated in mining
operations are sulfur-rich [70]. However, this also poses environmental challenges. When
sulfide minerals are exposed to air and water during mining operations or in tailing
storage facilities, they can oxidize, producing sulfuric acid and releasing metals into the
environment [71]. Pyrite, often called “fool’s gold”, is one of the most common sulfide
minerals found on Earth and is widely distributed in various geological environments. The
oxidation of pyrite (iron disulfide, FeS;) involves the reaction of pyrite with oxygen (Oy)
and water (H,O) to produce sulfuric acid (H,SO4) and iron oxide (Fe;O3). The chemical
reaction is represented by Equation (1) as follows:

4F882 + 1402 + 4H20 — 4F82(OH)6 + 8H2504 (1)

In this reaction, pyrite (FeS;) reacts with oxygen (O) from the air and water (H,O) and
produces iron hydroxide (Fe;(OH)g) as a solid product and sulfuric acid (H2SO;4) as a
solution in water. This process produces acid mine drainage (AMD) when pyrite-containing
rocks are exposed to air and water during mining operations [72].

The bioavailability of hazardous components in mine tailings is influenced by a
complex interplay of factors, including the oxidation state of elements, mineralogy of
tailings, grain size and surface area, morphology, chemical composition, environmental
conditions, microbial activity, and hydraulic conditions [73]. When the leaching of harmful
components from mine tailings surpasses the legally defined limits for waste, these tailings
are classified as hazardous. When such tailings are disposed of in tailing ponds, extensive
landfill spaces, along with meticulous construction and ongoing maintenance, are necessary,
even after the closure of the mining operation.

Carbonates (e.g., calcite and dolomite) and silicates (e.g., feldspars and olivine) are
minerals that can neutralize acidic conditions in tailing ponds and should be characterized
to understand the environmental behavior of mine tailings. They are used as neutralizing
agents to mitigate the effects of acid mine drainage (AMD) [74]. Calcite (calcium carbonate,
CaCQOs) is highly effective in neutralizing acid due to its reaction with acidic water. The
reaction can be represented by Equation (2) as follows:

CaCO3 + H2804 — CaSO4 + C02 + HzO (2)

The above reaction represents the neutralization of sulfuric acid (HSO4) by calcium car-
bonate (CaCQO3), resulting in the formation of gypsum (CaSO;), carbon dioxide (CO;), and
water (H>O). Dolomite (calcium magnesium carbonate, CaMg(CQO3),) is similar to calcite
but contains calcium and magnesium ions, providing a buffering capacity [75].

Feldspars are aluminosilicate minerals that can react with acidic solutions. The alu-
minum (Al) and silicon (Si) in their structure can neutralize acidic conditions. Olivine
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(magnesium iron silicate, (Mg, Fe),5iO4) is another silicate mineral that can neutralize acid;
the reaction involves the release of magnesium and iron ions, which can help buffer against
acid [76].

Carbonates can provide the short-term neutralization of acidic conditions by decreas-
ing the acidity of water by raising the pH and decreasing the concentration of hydrogen
ions (H*), while silicates are considered more long-lasting neutralization minerals [77,78].
These minerals, when present in tailings or added as amendments, can help to reduce the
risk of environmental damage associated with acid mine drainage [79].

3. Alkali Activation

Alkali activation creates new construction materials from silicon- and aluminum-rich
raw materials by mixing these raw materials with a highly alkaline solution. This solution,
typically an alkali hydroxide or silicate, serves as an activator. It increases the pH of
the mixture and facilitates the formation of a new 3D concrete-like structure. Various
elements like iron (Fe), magnesium (Mg), and calcium (Ca) can also play crucial roles in the
reaction. These elements contribute to the formation of calcium—(sodium) aluminosilicate
hydrate (C(N)ASH), which is a complex amorphous gel-like structure with cementitious
properties, similar to the products of cement hydration in ordinary Portland cement and
Mg-Al-layered double hydroxide, which can contribute to the mechanical properties and
stability of the resulting material. Alkali-activated mine tailing concrete and mortar show
a promising level of durability against aggressive ions such as chlorides and sulfates.
The durability of these materials can be influenced by the type of activator used, the mix
design, and the curing conditions [80]. In terms of chloride resistance, the high alumina
and silica content in mine tailings, when activated, can form a dense and chemically
stable matrix, reducing the permeability of the concrete or mortar and limiting chloride
ingress. The choice of activator (e.g., sodium hydroxide or sodium silicate) affects the
pore structure and binding phases, producing more amorphous aluminosilicate gels that
tend to enhance chloride resistance. Moreover, proper curing is crucial for developing
a dense microstructure that improves chloride penetration resistance. Regarding sulfate
resistance, alkali-activated materials often exhibit better levels of resistance than ordinary
Portland cement (OPC) due to the absence of calcium hydroxide, which reacts with sulfates
to form expansive compounds like ettringite. Meanwhile, incorporating supplementary
materials, such as fly ash or slag, can further improve sulfate resistance by refining the
pore structure and reducing permeability [81]. When the calcium content is low in alkali-
activated materials (AAMs), they are called geopolymers. Geopolymers are a subset
of AAMs with distinct characteristics and are defined as inorganic, amorphous to semi-
crystalline aluminosilicate materials formed by the reaction of a source material rich in
silicon and aluminum with an alkaline activator. Geopolymers, like other AAMs, form a
three-dimensional structure through a process known as polycondensation. This results
in a network of linked silicon and aluminum atoms [82]. The resulting 3D structure of
geopolymers can vary in crystallinity. Some geopolymers may have a poorly crystalline
structure, while others may exhibit more crystalline characteristics, depending on the
specific raw materials and curing conditions used [83]. Geopolymers often possess excellent
mechanical properties, high levels of resistance to chemical attack, and good levels of
thermal stability. They also offer sustainability benefits similar to those of other AAMs,
including the use of industrial by-products and waste materials, reduced carbon emissions,
and lower energy consumption during production. These properties of alkali-activated
materials (AAMs) position them as a more sustainable alternative to traditional construction
materials like ordinary Portland cement (OPC) [84,85].

The choice of raw materials in alkali activation depends on their reactivity and
composition. Among the various aluminosilicate materials suitable for alkali activation,
metakaolin and blast furnace slag have received an extensive amount of attention and
research [86]. The properties of the alkaline activator play a crucial role in determining
the final structure and properties of alkali-activated materials (AAMs). A higher alkalinity
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promotes more robust reactions and leads to the formation of a denser and stronger struc-
ture, and higher concentration can accelerate the activation process, potentially leading to
faster setting times and higher early strength development [87]. The most common types
of alkaline reagents used as activators in alkali activation processes are hydroxides (e.g.,
sodium hydroxide and potassium hydroxide) and silicates (e.g., sodium silicate). Sodium
hydroxide (NaOH) is a strong alkaline compound, is highly soluble in water, and provides a
significant source of hydroxide ions (OH ™) for the activation process. Potassium hydroxide
(KOH) shares properties similar to NaOH, and like NaOH, KOH provides hydroxide ions
to drive activation reactions. Sodium silicate (Na,SiOy) is an alkaline compound derived
from the reaction of sodium carbonate and silica sand, providing both alkalinity and a
source of reactive silicon, making it a versatile activator for alkali-activated materials [88].

Alkali-activated materials (AAMs) can immobilize harmful components like heavy
metals due to their unique chemical and mechanical properties. AAMs have a robust
chemical structure formed through polycondensation reactions between silicon (Si) and
aluminum (Al) in the aluminosilicate raw materials. This structure is resistant to chemical
breakdown, providing a stable matrix for encapsulating heavy metals [89]. The reactive
sites within the AAMs’ 3D structure can undergo ion exchange reactions. Heavy metal ions
can bind to these sites, displacing other cations, and some heavy metals can be adsorbed
onto the surfaces of AAM particles. Moreover, during the activation process, chemical
reactions can lead to the formation of low-solubility phases. These phases can incorporate
heavy metal ions, effectively immobilizing them within the material [90]. AAMs have good
mechanical properties, so they can physically encapsulate heavy metal particles or ions
within their structure, preventing their release into the surrounding environment. Finally,
the chemical and physical properties of AAMs can reduce the leachability of heavy metals,
which means that even under conditions in which an AAM is exposed to water, the release
of heavy metals is minimized [91]. When different co-binder materials are introduced,
the immobilization mechanism becomes more complex because each co-binder material
may have its own chemical properties, which can lead to various interactions with heavy
metals. When multiple co-binders are used together, their synergistic effects can enhance
the immobilization process; the presence of multiple co-binders introduces heterogeneity
to the mixture, making it more challenging to predict and analyze the immobilization
process [92]. Co-binders can have different particle sizes and shapes, which affect their
accessibility to heavy metals and the overall immobilization efficiency. Furthermore, the
pH and redox conditions of the environment can influence how co-binders interact with
heavy metals. These conditions can vary depending on factors such as local geology,
water chemistry, and microbial activity [93-95]. Finally, alkali activation technology is a
promising alternative to traditional Portland cement, but its practical application faces the
following challenges: (1) The properties of alkali-activated materials are highly dependent
on the source and composition of raw materials, such as fly ash, slag, and other industrial
by-products, leading to inconsistent performance. (2) Design mixes for alkali-activated
materials are challenging due to the lack of standardized guidelines and the need for
the precise control of the activator concentration, water content, and curing conditions.
(3) Alkali-activated materials can have excellent levels of durability, but there are concerns
related to alkali-aggregate reactions, sulfate attack, and carbonation. More research is
needed to fully understand and mitigate these issues. (4) Alkaline activators, such as
sodium hydroxide and sodium silicate, are caustic and require careful handling. This
poses safety risks and requires specific storage and handling protocols. (5) The cost and
availability of suitable raw materials and activators can vary regionally. In some areas,
the raw materials needed for alkali activation might not be available or could be more
expensive than traditional materials. (6) Comprehensive life cycle assessments (LCAs)
and long-term performance data are needed to fully understand the sustainability and
durability of alkali-activated materials over extended periods.
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3.1. Alkali-Activated Mine Tailings

Mine tailings are a by-product of the mining industry, and their proper handling,
disposal, and reuse are essential aspects of responsible mining practices to obtain various
benefits, such as those shown in Figure 2. Testing the solubility of different elements in raw
materials for alkali activation is crucial to understanding their reactivity. This procedure is a
common method used to assess reactivity. After the reaction period, the solution is collected
and analyzed using inductively coupled plasma spectrometry (ICP), which is a highly
sensitive analytical method that can determine the concentrations of various elements in
a sample [96]. These data help us understand which elements are readily available for
reactions and incorporation into the final alkali-activated material. Elements that exhibit a
high level of solubility under alkaline conditions are considered more reactive [97].

Concrete
aggregate

Chemical Foamed
products ceramics

Turning mine tailings
(MT) into value

Glass wool Backfilling

Valuable
components

Figure 2. Benefits of recycling and reusing mine tailings [98].

Assessing the crystalline structure of a material through X-ray diffraction (XRD) and
scanning electron microscopy (SEM) is another crucial method for estimating its reactivity.
XRD provides information about the material’s crystalline phases and their relative abun-
dance, while SEM provides detailed images of the material’s microstructure and surface
morphology [99,100]. Despite the abundance of silicon and aluminum in most mine tail-
ings, their reactivity under alkaline conditions can be limited due to the highly crystalline
structure of many mine tailings. The minerals in mine tailings often have well-defined
crystalline structures. This means their atoms are arranged in a repeating pattern, which
can resist dissolution and chemical reactions. Moreover, in highly crystalline materials, the
surface atoms may be less chemically active compared to those in amorphous or poorly
crystalline phases, reducing the likelihood of reactions with the alkaline solution [101].
The capacity of highly crystalline materials for ion exchange and chemical interactions
with an activator may be limited and can hinder the dissolution of essential components
needed for the activation process [102]. The poor reactivity of mine tailings is a significant
challenge in their utilization for alkali-activated materials. Poorly reactive mine tailings
may contribute less to the strength and durability of alkali-activated materials and can
limit their usefulness as a primary component in construction. The slow reactivity of highly
crystalline mine tailings can result in slower activation kinetics and require longer curing
times or additional processing to achieve the desired properties [103]. Additional process-
ing steps like mechanical activation or thermal treatment may be necessary to enhance
the reactivity of mine tailings, adding complexity and cost to the recycling process. One
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way to enhance the reactivity of poorly reactive mine tailings is by combining them with a
reactive co-binder, such as metakaolin or blast furnace slag, in an alkali activation process.
This approach enhances the strengths of both materials to create a more effective and sus-
tainable material [104]. However, the reactivity of mine tailings can be enhanced through
various treatment methods aimed at modifying the physical and chemical properties of the
tailings to make them more suitable for the alkali activation process. Finally, the decision to
use mine tailings as a binder or inert filler should be made after carefully assessing their
reactivity. This reactivity, in turn, is influenced by the mineralogical composition of the
tailings and how they respond to various treatment processes.

3.2. Mine Tailings as a Filler Material in Alkali Activation

Using mine tailings as a filler material in alkali activation is a sustainable approach to
repurposing mining waste. Mine tailings with low levels of reactivity can find a valuable
role as inert fillers in alkali activation when combined with an appropriate co-binder mate-
rial [105]. This approach helps us use tailings that might otherwise have limited levels of
reactivity. Different studies demonstrate the potential of alkali activation as a stabilizing
method for a range of mine tailings, including those from base metal, coal, uranium, and
potash mining sites, and the crucial role of metakaolin as a co-binder [106-108]. Alkali
activation, as a versatile process, not only has a great capacity to immobilize hazardous
elements but also results in a final matrix with a robust mechanical performance, mak-
ing alkali activation a sustainable solution for repurposing mine tailings. Analyzing the
geochemistry of Kaltails tailings produced under different conditions is crucial before
utilizing them in alkali-activated materials, which provides critical insights into the chem-
ical composition, mineralogy, and potential reactivity of the tailings [109]. The material
composition, rich in Si (silicon), Al (aluminum), Mg (magnesium), Fe (iron), Na (sodium),
and SO; (sulfate), suggests a potentially reactive mixture when combined with fly ash
or blast furnace slag, demonstrates excellent mechanical properties, and good levels of
durability and permeability. Notably, these positive outcomes were achieved when the
mixture had a low proportion of tailings (less than 70 wt%), indicating that even with a
relatively low proportion of tailings, they could contribute to the desirable properties of
the final material significantly, demonstrating the potential for effectively utilizing mine
tailings as a valuable component in construction materials [110].

Studies provide valuable insights into the alkali activation of copper mine tailings,
which consist of minerals like quartz, albite, potassium aluminum silicate, and gypsum,
contributing to the reactivity of the tailings. Sodium hydroxide (NaOH) was employed as
the activator to initiate the polycondensation reactions necessary for forming a 3D structure
in a material [111,112]. Studies have also highlighted the essential role of a co-binder in
achieving good mechanical properties and levels of durability in the final material, sug-
gesting that the inherent reactivity of copper mine tailings alone may not be sufficient to
achieve the desired properties [113]. Adding fly ash to the mixture further enhanced the
final strength of the alkali-activated copper mine tailings. The successful alkali activation of
copper mine tailings and the essential role of co-binders underscore the potential for repur-
posing mining waste in sustainable construction materials [114]. Moreover, optimizing the
curing conditions can substantially impact the mechanical properties of alkali-activated ma-
terials. Specifically, a study demonstrated that better mechanical properties were achieved
by carefully controlling the curing conditions. This involved either controlling the pressure
or using an elevated curing temperature of 90 °C [115].

The composition of the mine tailings, including dolomite, kaolinite calcite, and quartz,
from the vanadium mining site in China provides insight into the potential reactivity and
properties of these materials. The tailings were used as a raw material in alkali activation,
with metakaolin as a co-binder and sodium silicate as an activator [116].

Another study used metakaolin, a thermally activated form of kaolinite clay, as a co-
binder for molybdenum mine tailings, with the potential for the use of mining waste. The
molybdenum mining site was rich in minerals like quartz and calcite and phases containing
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calcium, aluminum, and iron [117]. It was found that with a greater content of metakaolin,
there was a greater amount of tetrahedral silicon (Si) coordination in the geopolymer gel,
and the greater metakaolin content resulted in the final material having better mechanical
properties [118]. Furthermore, gold mine tailings that were rich in dolomite, quartz, sulfur,
and mullite were studied. The study highlighted the necessity of a suitable co-binder, such
as blast furnace slag or metakaolin, for the alkali activation process and suggested that
the gold mine tailings alone may not have been reactive enough to achieve the desired
hardening. A matrix is suitable for construction material was generated by incorporating
a higher co-binder content. However, employing a high concentration of NaOH (15 M)
led to a notable reduction in the workability of the resulting paste, potentially exerting a
substantial influence on the properties of the final material [119].

The use of alkali activation in paste backfill technology represents an intriguing avenue
in sustainable construction practices. An inverse relationship is observed when employing
alkali-activated blast furnace slag in conjunction with gold mine tailings containing quartz,
albite, mica, sanidine, and microcline for the production of paste backfill material; as
the compressive strength of the final matrix increases, the workability of the mixture
decreases [120]. The superior strength exhibited by the matrix, compared to Portland-
cement-based paste, under optimal curing conditions and with an ideal concentration of
the alkali activator (a blend of NaOH and Na,SiO3), affirms the appropriateness of alkali-
activated slag as a co-binder in paste backfill technology [121]. Alkali-activated fly ash can
serve as a co-binder for sulfidic-rich mine waste rocks, enabling the production of paste
backfill materials or construction materials. Utilizing sulfidic waste rock as the aggregate
significantly reduces the acid generation potential of the waste in landfills, resulting in the
production of environmentally acceptable materials. This stands as one of the foremost
advantages of employing alkali activation in paste backfill technology, as opposed to
ordinary Portland cement (OPC) [122].

Mine tailings, which may have a limited reactivity on their own, can contribute to the
final material when used as an inert filler when suitable co-binder materials, like metakaolin
or blast furnace slag, are chosen. Each type of mine tailing requires a meticulous study
of mix design due to the influence of mineralogy, chemical composition, and physical
properties on co-binder materials, alkali activators, and process conditions [123]. However,
the accessibility of a co-binder is equally crucial, as the mining site may not always be
in close proximity to the industry or manufacturing facility that produces a compatible
co-binder. The summarized results of relevant studies are shown in Table 2.

Table 2. Summary of studies using various mine tailings as filler materials in alkali activation.

. o1 Procedure Main . . .
Mine Tailings Parameters Elements Mineralogy Final Properties Ref.
Liquid toxic waste
Metal,. coal, mixed with a L e
uranium, High immobilization of heavy metals;
geopolymer - - . . [106-108]
and potash precursor; high mechanical performance
tailings curing at 60 °C
. Maximum mine tailing content of
Kaltails Fly ash as a ?\Z Fel’\]/:l; gg’ ) 70 wt%; [109,110]
tailings co-binder & SO’ stronger hardpan achieved with greater !
3 fly ash content
Fly ashas a . .
co-binder: Quartz, albite, Improved mechanical strength
Copper - 5 potassium with higher
s curing at 90 °C; - . - . . [111-115]
tailings ressure used in aluminum silicate, co-binder content and elevated curing
p and gypsum temperature

preparation stage
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Table 2. Cont.

Mine Tailings I?:;;C;‘ir;es Ell:[nel‘:lllts Mineralogy Final Properties Ref.
. Calcite, andradite,
Metakaolin as a .
Molybdenum co-binder: quartz, The improved strength of the
tailines curing at roc’)m - dolomite, and final material [116-118]
8 temgerature calcium with metakaolin
p aluminum silicate
Blast furnace slag . Metakaolin used for adjusting the scarce
and Dolomite, quartz, . .
. X Al content in the mixture;
Gold metakaolin as chlinoclore, .
- . A - . the effect of co-binder content on the [119]
tailings co-binders; muscovite, . X
. . mechanical properties of the
curing at room albite, and gypsum X .
temperature final material
Slag, gypsum, . .
Gold cement, lime, ) Qu:;;zi,daﬁllaeltea,nrglca, Appropriate material to utilize for paste [120,121]
tailings and silica fume as . i backfill technology !
co-binders microcline
Sulﬁdlc Flyashasa Chlorite, quartz, illite, Suitable to utilize sulfidic mining
mine waste co-binder - and pyrite waste rock [122]
rock Py as aggregate in alkali activation

4. Pre-Treatment Methods

Addressing the poor reactivity of mine tailings is a crucial aspect of their utilization in
alkali activation technology. Due to the observed low level of reactivity of mine tailings in
alkaline conditions, various pre-treatment methods have been explored to augment the
reactivity of distinct minerals. Mechanical activation, heat treatment or calcination, and
alkaline fusion have been the subject of extensive research in this context. This review
delves into a discussion of how each method impacts the reactivity of various minerals.

4.1. Mechanical Activation

Mechanical activation is a crucial pre-treatment step in maximizing the potential
of mine tailings for use in alkali activation technology. The primary goal of mechanical
activation is to enhance the reactivity of specific components within the mine tailings. This
is achieved by subjecting the material to grinding or milling processes, including reducing
the particle size, increasing the surface area, and disrupting crystalline structures [124]. The
increased reactivity observed after milling is attributed to the higher amorphous content of
the reactive elements. As the particle size of the mine tailings is reduced through milling,
the total surface area of the material increases significantly since smaller particles have a
more exposed surface area relative to their volume. This increased surface area means that
a larger proportion of the material is now available for chemical reactions, allowing for a
greater number of reactive sites to participate in the formation of the 3D structure [125].
The larger surface area facilitates faster reaction kinetics, meaning that chemical reactions
can occur more quickly, leading to a more efficient alkali activation process [126].

A study focused on investigating mechanical treatments with the aim of enhancing the
ultimate properties of alkali-activated mine tailings originating from a vanadium mining
site that were primarily composed of quartz, feldspar, diopside, mullite, and hematite.
After a 60 min grinding process, the particles exhibited a more uniform shape, and the
average particle size was reduced from 31 to 2 pm, resulting in a higher mechanical
strength in the final alkali-activated material [127]. Furthermore, the grinding process
led to the increased solubility of silicon (Si) and aluminum (Al) in the material [128]. The
ultimate alkali-activated materials were created by blending mine tailings, fly ash, and
solid sodium silicate powder. This dry mixture was subsequently combined with water,
exhibiting superior thermal resistance properties compared to those of composites made
with Portland cement [127,129].
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Copper mine tailings that were rich in quartz, albite, dolomite, and chlorite were
studied. After grinding copper mine tailings for 3 h, a remarkable increase in solubility was
observed. Specifically, there was a 93% higher solubility of aluminum (Al) and a 23% higher
solubility of silicon (Si) compared to a mine tailing material that was not ground [130].

Antigorite (Mg3Si;O5(OH)4)-rich mining waste was also mechanically activated. The
tailings were milled with a planetary mill (0.5-10 min). According to that study, the
process of dehydroxylation was evidently linked to the generation of a greater amount of
amorphous material during the milling process. Furthermore, there was a notable increase
in the solubility of silicon [131].

Phyllite-rich material was studied, and its cementitious properties were demonstrated
following the milling process. Phyllite is a type of metamorphic rock that forms from the
metamorphism of shale or mudstone, belonging to the category of foliated metamorphic
rocks, which means it has a layered or banded appearance due to the alignment of minerals
under heat and pressure. The decrease in muscovite and chamosite content was noticeably
evident, whereas the quantity of quartz remained unchanged, and the amorphous content
increased by mechanical activation [132]. The summarized results of relevant studies are
shown in Table 3.

Table 3. Summary of studies regarding mechanically activated mine tailings.

Mine Tailings Procedure Parameters Mineralogy Mineralogical Changes Ref.
Quartz, feldspar, Decreased ﬁ.m}cl)unt of }Clrys.talime quartz;
Vanadium 60 min grinding; 10:1 weight ratio diopside tgher mechanica
- A ! / strength of alkali-activated material obtained [127]
tailings of grinding ball to powder mullite, and with higher
hematite leaching of Al and Si and higher amorphous content
Copper 1-4 h grinding; 10:1 weight ratio Quarct}zliici)’:smlte, Decreased content of albite (lower crystalline [130]
tailings of grinding ball to powder and albite silica content)
Antigorite 600 s gl.'mc?lng; 6:1 weight ratio of Mg and Si minerals Cementitious pro.pertlejs. obtained in milled [131]
waste grinding ball to powder mine tailings
. . g Clay, quartz, Reduction in chamosite and muscovite; decreased
Phyllite waste 9-15 min grinding and albite albite content [132]

4.2. Heat Treatment

Conducting a preliminary heat treatment prior to alkali activation has displayed the
potential to augment the reactivity of mine tailings [133]. The heat treatment of mine tailings
is a process aimed at modifying their chemical and physical properties by subjecting them
to high temperatures to induce changes in their mineralogy and reactivity, improving their
suitability for various applications. One specific effect of this treatment is the removal or
alteration of hydroxyl groups, which are oxygen and hydrogen atom pairs (-OH) found in
minerals [134]. The specific temperature range used in heat treatments can vary depending
on the desired outcomes and the composition of the tailings. The high temperatures
applied during heat treatment can lead to the removal of hydroxyl groups from minerals
containing hydroxyl groups, such as clays and certain silicates present in the tailings, and
transform them into more stable phases with altered properties for the formation of a
3D structure [135]. Moreover, elevating the temperature can facilitate the dissolution of
aluminum and silicon units from the original material, heightening its reactivity in alkaline
conditions. When mine tailings are subjected to high temperatures during heat treatment,
the intense thermal energy causes the minerals to change, leading to the generation of
amorphous phases. The higher amorphous content means that a larger portion of the
material is now in a highly reactive state, crucial for subsequent processing steps, like alkali
activation [136].

A pioneering investigation used a thermal pre-treatment before alkali activation
to enhance the reactivity of tungsten mine tailings, which were notably abundant in
quartz and muscovite. The study revealed a substantial thermal resistance in quartz,

184



Appl. Sci. 2024, 14, 5127

whereas a portion of the muscovite (approximately 12%) remained unchanged even after
exposure to temperatures exceeding 950 °C [137]. Subsequent research indicated that boron
mine tailings, which included Ca and Mg minerals like colemanite and hydroboracite,
transformed into an amorphous state at 600 °C [138]. Illite, a mineral with properties akin
to those of muscovite, underwent decomposition at 800 °C, while albite decomposed only
at temperatures above 900 °C [139,140].

Another study delved into the utilization of heat-treated phosphate mine tailings as a
raw material in alkali activation in conjunction with fly ash and metakaolin. During alkali
activation, dolomite and calcite underwent a reduction process, whereas other phases,
like quartz, fluorapatite, and mullite, remained unaffected [141]. In the case of kaolinite
tailings, calcination at 750 °C emerged as the most efficient approach to enhance their
reactivity. This is attributed to the probable transformation of kaolinite into metakaolin
during decomposition [142]. It is crucial to note that optimizing the calcination temperature
is paramount, as metakaolin continues to react and produces crystalline and insoluble
mullite. This transformation becomes noticeable at temperatures surpassing 800 °C [143].
Moreover, copper tailings have displayed heightened levels of reactivity following calcina-
tion at 600 °C, coinciding with the observed decomposition of crystalline chloride [144].
The summarized results of relevant studies are shown in Table 4.

Table 4. Summary of studies regarding heat-treated mine tailings.

M{ne Main Minerals Calcination Mineralogy Changes Other Comments Ref.
Tailings Temperatures
Increased amount of
. . amorphous phase;
Tupgsten Muscovite and quartz 950 °C High thermal res.,lstance thermal behavior similar [137]
tailings for muscovite e
to that of phyllosilicate
minerals
Colemanite (CazBéc.)n SH20), Colemanite and hydroboracite . .
Boron hydroboracite 600, 700, . . Illite had similar
tailings (CaMgBOg(OH)4-3H,0O) and 800 °C turned into amorphous phase at 600 °C; roperties to muscovite [138]
& Eb6 -8 6> "2 illite and calcite decomposed at 800 °C prop
quartz, illite, and calcite
. ‘ Quartz, ﬂuo'rapatlte, and mullite High mechanical strength
Quartz, calcite, fluorapatite, remained constant; . .
Phosphate - . o . . achieved with
., dolomite, mullite, 750 °C (2 h) dolomite and calcite content was o - [141]
tailings . 50 wt% phosphate tailing
and feldspar reduced; feldspar content was . .
. in the mixture
eliminated
Possible recrystallization
Kaolinite Muscovite, kaolinite, o Kaolinite turned into amorphous of amorphous
o 750°C . . [142]
tailings and quartz metakaolin phase beyond optimum
temperature
C(.)Pper Quartz, albite, C.h lorite, 400-600 °C Crystalline chlorite was dissolved - [144]
tailings and dolomite

4.3. Alkaline Fusion

Alkaline fusion is a chemical process that involves heating a material, typically in the
presence of an alkaline substance like sodium hydroxide (NaOH) or potassium hydroxide
(KOH), to create a fusion or reaction. This process is used to alter the composition and
properties of the material and increase the reactivity of the material prior to alkali activa-
tion [145]. In the context of mine tailings, alkaline fusion refers to subjecting the tailings to
high temperatures in the presence of an alkaline substance. The high temperatures and
alkaline environment cause chemical reactions within the tailings, leading to the transfor-
mation of the minerals into different phases or forms. The process involves elevating the
temperature beyond the melting point of the alkali source present in the mixture. Following
this heat treatment, the processed material is subjected to alkali activation using an alkaline
solution. Alkaline fusion can facilitate the removal of impurities or unwanted components
from the tailings, making them more suitable for specific applications [146].
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A study investigated alkaline fusion in conjunction with poorly reactive volcanic
ash. This process resulted in a greater quantity of soluble aluminosilicates due to the
conversion of minerals like muscovite, anorthoclase, and diopside. Consequently, this led
to an enhancement in the reactivity of the ash [147].

Alkaline fusion has been explored as a method for treating gold mine tailings. In this
process, an Al,O3 additive was blended with the tailings at different concentrations, and
NaOH pellets were introduced to the mixture. The fusion process was carried out at 550 °C
for 1 h, with the temperature increasing at a rate of 10 °C per minute. Following the heating
process, the mixture was combined with Na,SiO3. It was observed that the primary factor
influencing the reactivity was the content of Al,O3 rather than the curing temperature [52].

A study on alkaline fusion with granite waste was also conducted, and it was found
that the crucial factor influencing the reactivity of the material was the quantity of alkaline
reagent applied [148]. Moreover, when alkaline fusion was employed with phosphate
tailings, notable changes were observed [149]. This included the decomposition of illite,
palygorskite, and dolomite phases alongside an augmentation in the content of Na-rich
crystalline phases [150].

5. Conclusions

Mine tailings constitute the largest volume of solid waste generated by the mining
industry. Unfortunately, due to their limited economic value, a significant portion of these
tailings are typically deposited in controlled landfills submerged underwater. The land-
filling of mine tailings has not always been viewed as a significant problem. However,
their environmental impacts, especially incidents like tailing dam failures leading to tailing
draining or flooding, have resulted in severe consequences, including a loss of life, leading
to the issue gaining critical attention. Consequently, stringent legislative regulations have
compelled the mining industry to explore alternative methods of disposal. The possibility
of employing mine tailings as a primary material in alkali activation has garnered signifi-
cant attention from researchers. Among the crucial factors for examination, the mineral
composition of mine tailings takes precedence. Predominantly, these tailings exhibit low
levels of reactivity under alkaline conditions based on their mineralogy. Therefore, using
them as a raw material in alkali activation proves to be challenging due to this inherent low
level of reactivity. Mine tailings can be effectively employed as an inert filler in alkali acti-
vation technology, especially when combined with a compatible co-binder, like metakaolin,
fly ash, or blast furnace slag. Factors such as curing conditions, the duration of curing,
the type and concentration of the alkali activator, and the choice of co-binder materials all
exert pivotal influences on this process. Sustainable high-performance building materials
can be created that leverage waste materials for environmental and economic benefits
and that can be tailored to specific requirements by adjusting the mix design and using
different types of aluminosilicate precursors. An alternative approach involves enhancing
the reactivity of the initial material through methods like thermal treatment, mechanical
activation, or alkaline fusion before subjecting it to alkali activation. Alkali-activated mine
tailings hold potential applications as construction materials and as recyclable paste backfill
materials. Furthermore, this method can serve as a stabilization approach before landfilling,
particularly for managing hazardous mine tailings. Finally, future studies on mine tailing
alkali-activated materials could focus on optimizing activation processes to enhance the
mechanical and durability properties of mine tailings. Moreover, performing life cycle
assessment (LCA) analyses to develop sustainable and efficient activation methods by
understanding the long-term environmental impact and stability of these materials should
be considered.
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