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Functional Cement-Based Composites Materials for
Future Applications

Jonathan Oti

School of Engineering, Faculty of Computing, Engineering and Science, University of South Wales,
Pontypridd CF37 1DL, UK; jonathan.oti@southwales.ac.uk

1. Introduction

The global demand for cement-based materials continues to rise, particularly in
emerging economies where infrastructure and housing development are accelerating.
Cement remains one of the most widely used materials in the built environment, and its
production is expected to grow despite increasing environmental regulations aimed at
reducing carbon emissions [1-5]. Cement production alone contributes approximately 8%
of global CO; emissions, primarily due to the calcination of limestone and the energy-
intensive nature of the process [6,7].

In response to these challenges, the construction industry is undergoing a transforma-
tion toward sustainability. This Special Issue brings together innovative and economically
viable materials derived from alternative cement replacement strategies. It highlights
interdisciplinary approaches to developing functional cement-based composites with re-
duced environmental impact. These include the use of waste plastic as coarse aggregate
in geopolymer concrete, granite powder as partial cement replacement, and ground glass
powder as a supplementary cementitious material.

Recent advancements have demonstrated the potential of geopolymer concrete (GPC)
as a sustainable alternative to traditional Portland cement [8,9]. GPC offers superior me-
chanical properties, high thermal resistance, and up to 80% reduction in CO;, emissions [10].
Innovations such as nanomaterial integration, hybrid binder systems, and 3D printing are
expanding its applications and performance [11]. Moreover, recycled cement technolo-
gies have shown promise in reducing emissions by up to around 61% while maintaining
strength comparable to conventional cement [12].

These developments underscore the importance of continued research and collab-
oration across academia, industry, and policy. The papers in this Special Issue provide
valuable insights for civil engineers, material scientists, and sustainability practitioners
seeking advanced techniques and alternative approaches to low-carbon construction. By
integrating performance-based assessments, life cycle analysis, and digital optimization
tools, the industry can move toward net-zero emissions while maintaining the durability
and versatility of cement-based materials [13]

2. An Overview of Published Articles

Huang et al. [14] presents an experimental study on dovetail profiled steel concrete
composite shear walls (DPSCWs) connected using self-tapping screws, aiming to improve
seismic resilience and construction efficiency. Traditional welded connections in thin-walled
steel structures often suffer from deformation and are unsuitable for prefabrication. By
introducing self-tapping screws, the study fills a gap in functional cement-based composites
by offering a reliable, flexible, and damage-resistant connection method. The research

Materials 2025, 18, 5610 https://doi.org/10.3390/mal8245610
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evaluates hysteretic behavior, failure modes, ductility, and energy dissipation, and proposes
a design method based on effective strip theory. The findings demonstrate that screw-
connected DPSCWs meet seismic design standards, enhance deformation capacity, and
simplify construction, contributing to the development of intelligent, resilient structural
systems in civil engineering. The study concludes that self-tapping screw-connected
DPSCWs show reliable seismic performance, meeting code requirements. Increasing screw
quantity improves ductility and energy dissipation, while higher axial compression boosts
stiffness but reduces deformability.

The article by Rogojsz and Rudnicki [15] explores the impact of various mineral
additives, such as white and compacted microsilica, limestone flour, glass flour, basalt dust,
and glass granulate, on the alkaline reactivity of aggregates in cement-based composites.
The study addresses an important gap in civil engineering: the limited usability of reactive
aggregates in concrete due to alkali-silica reactions (ASR), which compromise durability.
By replacing 10% and 20% of cement with these additives, the authors demonstrate that
certain materials, especially white microsilica, can significantly reduce ASR, enabling the
use of lower-grade aggregates in infrastructure applications. This contributes to sustainable
construction by expanding aggregate sources and reducing cement usage, aligning with
environmental goals. The findings offer practical solutions for enhancing the performance
and longevity of functional cement-based composites in road and bridge engineering. The
work concludes that white microsilica significantly reduces aggregate reactivity, enabling
use of reactive materials in road concrete. Other additives like glass flour and limestone
also help. Compacted microsilica, however, increases reactivity and is unsuitable.

The third article is from Rudnicki [16], the study introduces a novel method for
designing self-compacting concrete (SCC) with reduced cement content by optimizing
aggregate packing. It addresses important gaps in functional cement-based composites for
civil engineering by proposing a simplified, performance-driven design approach that min-
imizes voids and enhances durability. The study systematically evaluates 36 mix designs
using the blocking method to achieve optimal aggregate proportions, reducing cement
from 500 to 350 kg/m?® without compromising strength or freeze-thaw resistance. This
contributes to sustainable construction by improving material efficiency, reducing environ-
mental impact, and expanding SCC applicability in complex structural designs. The study
concludes that optimizing aggregate packing in SCC design enables reduced cement use
while maintaining strength and durability. The blocking method proves effective, offering
sustainable, high-performance concrete with minimal voids and enhanced flow properties.

The fourth text published in this Special Issue is Zhang et al. [17], the study presents
a novel approach to enhancing vegetation concrete, a cement-based composite used in
ecological slope protection, by incorporating plant protein foaming agents. Traditional
vegetation concrete suffers from consolidation, limiting root growth and nutrient uptake.
The study fills this gap by introducing foam to improve porosity and reduce weight, while
maintaining sufficient mechanical strength. Through physical, mechanical, and biological
tests, the authors demonstrate that a foam volume of 20-30% optimizes plant growth and
structural integrity. This innovation advances functional cement composites by balancing
ecological performance with engineering requirements, offering a sustainable, lightweight,
and porous solution for slope stabilization. It contributes to civil engineering by integrating
environmental functionality into structural materials, addressing both ecological restoration
and material efficiency. The study concludes that foamed vegetation concrete with 20-30%
plant protein foam improves porosity, reduces weight, and supports plant growth while
maintaining strength for slope protection. It offers a sustainable, efficient solution for
ecological restoration.
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Costafreda et al. [18] study, investigates a newly discovered natural zeolite-rich tuff in
the Los Frailes Caldera, focusing on its mineralogical, chemical, and pozzolanic proper-
ties. Through advanced characterization techniques (XRD, SEM, XRF, TGA), the authors
demonstrate that the material—rich in mordenite—exhibits high reactivity and mechanical
strength when blended with Portland cement. The research addresses an important gap
in sustainable civil engineering by offering a locally sourced, high-performance supple-
mentary cementitious material (SCM) that enhances durability and reduces CO, emissions.
Unlike conventional SCMs, this zeolite-rich tuff shows superior purity and pozzolanicity,
contributing to long-term strength gains in mortars and concretes. The findings support
its use in functional cement-based composites, promoting eco-efficient construction and
extending the life of existing mineral reserves. The main conclusions were that newly
discovered zeolite-rich tuff shows excellent pozzolanic properties, high silica content, and
strong mechanical performance, making it a viable supplementary cementitious material
and promising for expanding Spain’s industrial reserves.

The work by Rudnicki and Stalowski [19] investigates on the performance of cement
concrete pavements using low-emission cements (CEM 11, III, V) to address environmental
and durability challenges in civil engineering. It fills a key gap in functional cement-
based composites by demonstrating that multi-component cements not only reduce carbon
footprint—up to 39%—but also meet or exceed mechanical and durability standards re-
quired for road infrastructure. Through comprehensive testing (strength, frost resistance,
water penetration, and air void analysis), the study confirms that these sustainable mixes
are viable alternatives to traditional CEM I cement, offering enhanced functionality for
modern, eco-conscious civil engineering applications. The study concludes that low-clinker
cements (CEM II, 1II, V) significantly reduce concrete’s carbon footprint—up to 39%—while
meeting strength and durability standards. These eco-friendly mixes are viable for sustain-
able road infrastructure and heavy traffic applications.

Bouchikhi et al. [20] explores the use of ground glass powder (GP) as a supplementary
cementitious material to enhance the functional performance of cement-based composites,
specifically for zinc (Zn) stabilization. It addresses an important gap in civil engineering
materials research: the limited understanding of how SCMs like GP contribute to the
immobilization of heavy metals in cement matrices. By comparing a 30% GP-70% Portland
cement blend with a conventional 100% cement binder, the study demonstrates that GP
significantly improves Zn immobilization over time, especially after 90 days of curing.
Through microstructural, mechanical, and chemical analyses, the study reveals new fixation
mechanisms involving GP, such as Zn-5i and Zn-C-S-H interactions, offering insights
into designing more durable, sustainable, and pollution-resistant cement composites for
infrastructure applications. The work concludes that glass powder enhances zinc stabi-
lization in cement binders after 90 days, forming stable Zn—Ca phases. Though Zn delays
hydration, GP promotes long-term immobilization, making it a viable solution for heavy
metal remediation in concrete.

Rafieizonooz et al. [21] focuses on the integration of Carbon Nanotubes (CNTs) into
Ultra-High-Performance Concrete (UHPC) to enhance its mechanical properties, chloride
resistance, and service life. It addresses important gaps in functional cement-based com-
posites by exploring how nanoscale reinforcement via CNTs can improve durability and
structural performance, especially under aggressive environmental conditions. The study
fills a research void by evaluating CNT compatibility with other advanced materials like ar-
tificial lightweight aggregates and micro hollow spheres, and by analyzing microstructure
through SEM, XRD, and chloride diffusion tests. It also incorporates life service prediction
modeling, offering practical insights for long-term infrastructure resilience in civil engi-
neering. The study concludes that CNTs at 0.025-0.05% improved UHPC’s compressive



Materials 2025, 18, 5610

strength, chloride resistance, and service life. CNT3 showed reduced performance due to
poor dispersion. CNT1 and CNT2 mixes offered optimal durability and structural benefits.
Sanjudn et al. [22] investigates the carbonation resistance of ternary Portland cements
incorporating silica fume and limestone, addressing key gaps in sustainable cement-based
composites for civil engineering. Traditional Portland cement contributes significantly to
CO, emissions, and while blended cements offer environmental benefits, their carbona-
tion resistance has been a concern. This study fills that gap by evaluating the long-term
performance of ternary mixes under natural carbonation conditions. It demonstrates that
with proper curing, these cements meet durability standards and enhance CO, uptake,
offering a viable, low-carbon alternative for structural applications. The findings support
performance-based design approaches for future sustainable infrastructure. The work
concludes that ternary cements with silica fume and limestone show better-than-expected
carbonation resistance. With proper curing, they meet durability standards and enhance
CO;, uptake, supporting their role in sustainable, low-carbon concrete solutions.
Suarez-Navarro et al. [23] study evaluates the radioactive content in ashes from re-
cycled fuels used in cement production, ensuring safety in co-processing practices. It
addresses an important gap in civil engineering by linking chemical composition to radio-
logical behavior, enabling safer integration of recycled materials into functional cement-
based composites. By using gamma spectrometry and principal component analysis, the
study identifies correlations between radionuclide concentrations and metal oxides like
Fe; O3, supporting predictive assessments. The findings confirm low radiation exposure
for workers and promote sustainable, circular economy practices in cement manufactur-
ing, advancing the development of safe, eco-friendly construction materials. The work
concludes that co-processing recycled waste in cement production poses no radiological
risk. Sewage sludge showed the highest natural radionuclide levels, but worker exposure
remained below safety limits. Future studies should explore radionuclide leaching.
Huang et al. [24] study explores the incorporation of granite powder (GP), a byproduct
of stone processing, into mass-manufactured sand concrete as a partial cement replacement.
Replacing 5-10% of cement with GP enhanced 28-day compressive (up to +17.6%) and
flexural strength (+20.9%), reduced autogenous shrinkage (—19.7%), and lowered hydration
heat (—7.2%), mitigating thermal cracking risks in mass concrete. Microstructural analyses
(SEM, XRD, MIP) revealed that GP improved pore structure and acted as nucleation sites
without altering hydration products. The study addresses important gaps in functional
cement-based composites by promoting sustainable reuse of industrial waste, optimizing
GP dosage for performance, and providing mechanistic insights into GP’s role in enhancing
durability and mechanical properties—critical for large-scale civil engineering applications.
The work concludes that granite powder enhances mass-manufactured sand concrete by
improving strength, reducing shrinkage and hydration heat, and refining microstructure.
Optimal benefits occur at 5-10% replacement, beyond which performance may decline.
Adeleke et al. [25] study addresses an important gap in the development of functional
cement-based composites for civil engineering by exploring the under-researched potential
of using polylactic acid (PLA) waste plastic as a coarse aggregate in geopolymer concrete.
While previous studies have focused on plastic as fine aggregates or fibers in ordinary
Portland cement (OPC) concrete, this research uniquely investigates the performance of
geopolymer concrete incorporating coarse recycled plastic aggregates. It evaluates both
mechanical and microstructural properties, demonstrating that geopolymer concrete with
up to 70% plastic replacement maintains superior strength compared to OPC mixes. The
study also highlights improved interfacial bonding and reduced porosity in geopolymer
matrices, offering a sustainable, high-performance alternative to traditional concrete. The
work concludes that using waste plastic as coarse aggregate in geopolymer concrete,
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will potentially achieve notable strength and sustainability benefits. It supports greener
alternatives in construction.

Abbey et al. [26] study investigates the durability and microstructural behavior of ex-
pansive subgrade soils treated with sustainable cementitious waste materials—specifically
ground granulated blast furnace slag (GGBS) and brick dust waste (BDW). Through wetting—
drying cycle tests, California Bearing Ratio (CBR) evaluations, and microstructural analyses
(SEM and EDX), the study demonstrates that combining GGBS and BDW enhances the
strength, durability, and resilience of treated subgrades under cyclic environmental stress.
The formation of calcium silicate hydrate (CSH) gels and increased alumina/silica content
from BDW contribute to improved interparticle bonding and reduced mass loss. The
study addresses an important gap in civil engineering: the limited durability of cement-
based composites under fluctuating moisture conditions. Traditional binders like cement
and lime, while effective in strength enhancement, often degrade under cyclic wetting
and drying. By introducing BDW—a highly pozzolanic and sustainable material—the
study offers a viable alternative that not only improves mechanical performance but also
aligns with environmental sustainability goals. The work concludes that Expansive sub-
grades treated with GGBS and BDW demonstrated enhanced durability and strength under
wet—dry cycles. The pozzolanic synergy between these materials reduced mass loss and
improved microstructural integrity, making them sustainable alternatives for resilient road
construction in fluctuating environmental conditions.

The fourteenth text published in this Special Issue is a review by Li and Cao [27] on the
recent developments on the effects of micro- and nano-limestone on the hydration process,
products, and kinetics of cement. The study presents a comprehensive review of the role
of limestone-based materials in cement hydration. The authors focus on three distinct
forms of calcium carbonate—limestone powder (LP), calcium carbonate whiskers (CWs),
and nano-calcium carbonate (NC)—and examine their effects on hydration mechanisms,
product formation, and kinetics. This work is particularly relevant to the development
of functional cement-based composites in civil engineering, where performance, sustain-
ability, and durability are critical. The study begins by acknowledging the environmental
challenges associated with cement production, notably its high carbon footprint and energy
consumption. In response, researchers have explored supplementary cementitious materi-
als (SCMs) to partially replace cement in concrete. Among these, limestone has emerged as
a promising candidate due to its chemical compatibility, abundance, and cost-effectiveness.
However, the mechanisms by which limestone influences hydration—especially at micro
and nano scales—have not been fully understood or quantified. This study addresses that
gap by systematically analyzing the physical and chemical effects of limestone on cement
hydration. The work concludes that micro- and nano-limestone improve cement hydration
via nucleation and chemical effects, while larger particles mainly dilute. Their use enhances
strength, reduces CO, emissions, and supports sustainable concrete development.

3. Conclusions

This Special Issue showcases a diverse and forward-thinking collection of research
that advances the development of functional cement-based composites for civil engineering.
Each contribution addresses critical gaps in sustainability, durability, and performance,
offering innovative solutions that align with global efforts to reduce carbon emissions
and promote eco-efficient construction. From the integration of recycled materials and
nanotechnology to the optimization of mix designs and the use of alternative binders, the
studies collectively highlight the transformative potential of interdisciplinary approaches
in cement science [28,29].
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The findings underscore the importance of leveraging locally available resources,
enhancing material efficiency, and adopting performance-based design strategies. Whether
through the use of geopolymer concrete, low-emission cements, or supplementary ce-
mentitious materials like glass powder and zeolite-rich tuff, the research demonstrates
that sustainable construction is not only feasible but also capable of meeting stringent
engineering requirements [10,29,30].

As the civil engineering sector continues to evolve in response to environmental and
societal demands, the innovations presented here provide a roadmap for future research,
policy development, and industrial application. By embracing these advancements, stake-
holders can contribute to a resilient, low-carbon built environment that supports both
infrastructure growth and ecological stewardship [31].

Future research should compare self-tapping screw and welded connections in DP-
SCWs under seismic conditions, optimize screw layouts for ductility, and refine design via
parametric FE studies. Studies on cement composites with mineral additives like white
microsilica should assess long-term durability, shrinkage, and mechanical performance.
SCC design using crushed aggregates (basalt, granite) and fillers (slag, limestone flour)
needs expanded testing and mix model refinement. Foamed vegetation concrete should
be tested in varied climates and soils to validate field performance. Zeolite-cement ratios
beyond 25% and scalability for industrial use warrant exploration. Low-emission concrete
research should focus on field performance, recycled aggregates, and rapid construction
mix optimization. GP—cement composites need durability studies, pollutant-specific GP
content optimization, and multi-metal stabilization. CNT dispersion, durability beyond
90 days, smart sensing, and economic feasibility require attention. Carbonation models
for ternary cements need refinement under diverse conditions. Radionuclide leaching
from Fe,O3-rich ashes and predictive modeling should be studied. Granite powder con-
crete’s durability, structural applications, and synergy with other SCMs should be explored.
Geopolymer concrete with waste plastic needs admixture optimization and durability
studies. BDW-GGBS blends require field validation, mix optimization, life cycle analysis,
and modeling. Micro/nano-limestone research should quantify nucleation area, optimize
dispersion, and study hydration kinetics.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: To achieve the assembled connection between dovetail profiled steel sheets and
the boundary members in dovetail profiled steel concrete composite shear walls (DPSCWs),
self-tapping screws were employed. Three DPSCW specimens connected with self-tapping
screws were tested under combined axial and cyclic lateral loads to evaluate their hysteretic
response, focusing on the influence of the number of self-tapping screws and the axial
compression ratio. The self-tapping screw-connected DPSCWs exhibited a mixed failure
mode, characterized by shear failure of the profiled steel sheets and compression-bending
failure of multiple wall limbs divided by ribs on the web concrete. Except for slight
deformation at the screw holes located on the profiled sheets at the corners of the wall,
the connections exhibited minimal visible damage. The yield drift ratio of the DPSCW
specimens in the test ranged from 1/286 to 1/225, and the ultimate drift ratio ranged from
1/63 to 1/94, both meeting the relevant deformation standards specified in the “Code for
Seismic Design of Buildings. Increasing the number of self-tapping screws enhanced the
development of local tensile fields on the profiled steel sheets, thereby improving the wall’s
load-carrying, deformation, and energy dissipation capacities. However, increasing the
axial compression ratio improved the initial stiffness of DPSCWs but reduced their load
bearing and deformation capacity. Moreover, a design method for the self-tapping screw
connections in DPSCWs was proposed.

Keywords: composite shear wall; dovetail profiled steel sheet; seismic performance; self-
tapping screw connection; design method

1. Introduction

Dovetail profiled steel concrete composite shear walls (DPSCWs) are an innovative
form of composite shear wall, comprising double layers of dovetail profiled steel sheets
filled with concrete (Figure 1). The unique form of the ribs of the profiled steel sheets enables
the sheets to work together with concrete without additional shear connectors, avoiding
the welding or hole-opening associated with the installation of additional shear connectors
in traditional double plate concrete shear walls. Meanwhile, the vertical concealed slits
formed by the dovetailed ribs in the web concrete can prevent the penetration of diagonal
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cracks in the web concrete, thus avoiding the occurrence of brittle shear damage in the
web concrete and improving the deformation capacity of the shear wall. Additionally,
the dovetail profiled steel sheet has greater out-of-plane stiffness compared with the flat
steel plate, which can improve the out-of-plane stability of the dovetail profiled steel sheet
under the action of vertical force and reciprocating horizontal load, significantly improve
the flexural bearing capacity of the dovetail profiled steel sheet, but also ensures that,
during the construction of the shear wall, only a small amount of support can be set up to
meet the requirements, which reduces the difficulty of construction. Additionally, profiled
steel sheets exhibit significantly higher out-of-plane stiffness than flat steel sheets. This
increased stiffness improves their stable load-bearing capacity under vertical and cyclic
lateral forces. Furthermore, it enables shear wall construction to achieve out-of-plane
stability with minimal support, simplifying the construction process. Therefore, DPSCWs
with superior mechanical properties, simple structure, and efficient construction have good
application prospects as a lateral force-resisting member in low- and mid-rise buildings.

Infilled concrete

Profile steel sheet with
dovetailed ribs

web concrete formed
by dovetailed ribs

Figure 1. Dovetailed profiled steel concrete composite wall.

Uy and Wright et al. [1,2] conducted early experimental studies on the axial com-
pression and compression-bending performance of DPSCWs and performed a theoretical
analysis of the compressive buckling behavior of the profiled steel sheets. Based on this,
a compression bending capacity calculation formula was proposed considering the post-
buckling strength of profiled steel sheet. Tong et al. [3,4] further investigated the overall
axial compressive stability, out-of-plane bending, and in-plane eccentric compression per-
formance of DPSCWs using the finite element method based on the experimental data in
the above studies, which supplemented and improved the corresponding design methods
for closed dovetail profiled steel sheets concrete combined shear walls. Accordingly, the
corresponding design method of DPSCWs was supplemented and optimized. Xu et al. [5]
conducted experimental research on the seismic performance of DPSCWs with dovetailed
ribs arranged in a staggered pattern. The effects of parameters such as axial compression
ratio, concrete strength, steel sheet thickness and reinforced connection structure on the
seismic performance of DPSCWs were studied. Consequently, the shear bearing capac-
ity calculation formula for the shear wall was developed. Huang and Zhang et al. [6-9]
conducted experimental research on the axial compression and hysteretic performance of
DPSCWs. The results showed that the composite action between profiled steel sheets and
web concrete can be achieved under the anchorage action provided by the dovetailed rib
embedded in the concrete. Combined with finite element analysis, the axial compression
and seismic failure mechanism of DPSCWs were revealed, along with the effects of pa-
rameters such as thickness ratio, shear span ratio, and axial compression ratio on lateral
performance. A simplified calculation method and design recommendations for the axial
compression and lateral bearing capacity of DPSCWs were provided.
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In the above-mentioned study, the dovetail profiled steel sheets in DPSCWs were
welded to the boundary members, and the results confirmed that this welding method
provided a reliable connection. However, because the dovetail profiled steel sheets are
thin-walled steel sheets with a thickness range of 0.7-2.0 mm, welding operations often
cause obvious residual welding deformation near the welded area. Additionally, on-site
welding is unsuitable for the requirements of prefabricated construction. Self-tapping
screws, known for their high stiffness, bearing capacity, and deformation capability, offer
advantages such as flexible installation, ease of operation, and low precision requirements,
making them a preferred connection method for thin-walled steel plates [10-21]. This
paper proposes using self-tapping screws to connect dovetail profiled steel sheets to the
boundary members (Figure 2), providing an assembled and effective connection approach
for DPSCW. This method addresses the residual deformation issues caused by welding in
thin-walled structures and enhances construction flexibility.

Infilled concrete

Profile steel sheet

Boundary

Fishplat
member 1shprate

Self-tapping E
SCIeWs )

Self-tapping screw connection detail

Figure 2. Self-tapping screw-connected DPSCWs.

Currently, many scholars have conducted studies on the mechanical properties of
self-tapping screw connections [10-16] and thin-walled steel components connected by
self-tapping screws [17-21], analyzing the force mechanisms involved and proposing
design methods for these connections. However, no research has been conducted on the
mechanical performance of DPSCWs connected by self-tapping screws, and their failure
mechanism has not yet been clarified, especially the failure characteristics of self-tapping
screw connections between thin sheets and thick substrates. Consequently, three DPSCW
specimens connected by self-tapping screws were designed and fabricated for quasi-static
tests. The influence of the number of self-tapping screws and the axial compression ratio on
the failure mode, bearing capacity, strength and stiffness degradation, energy consumption,
and deformation capacity of DPSCWs connected by self-tapping screws was analyzed to
provide a reference for the seismic design of self-tapping screw-connected DPSCWs.

2. Test Program
2.1. Specimen Design

To ensure that the profiled steel sheets of the shear wall experienced shear failure,
which would be the most unfavorable condition for testing the reliability of the self-tapping
screw connections, three low shear-span ratio DPSCW with self-tapping screw-connected
specimens, labelled DPSCW-5-1~DPSCW-S-3, were designed and tested to examine the
cyclic behavior of DPSCW under combined axial and cyclic lateral loads. The parameters
studied were the number of self-tapping screws and the axial compression ratio of the wall
(Table 1). Figure 3 illustrates the specimen geometry and sectional details. All specimens
had the same overall geometry, and each specimen had a barbell-shaped cross-section with
an overall width of 1350 mm, which included a 1050 mm wide wall panel composed of
double DPSs and concrete infill, as well as two 150 mm x 200 mm rectangular boundary
concrete-filled steel tubes (CFSTs). It should be noted that the specimen dimensions

10



Materials 2025, 18, 49

were determined with consideration of the capacity of the loading equipment. The wall
thickness was set at 160 mm, with 8 mm diameter U-shaped bars welded to the boundary
steel tubes to facilitate shear transfer along the interface between the boundary CFSTs and
the web concrete, ensuring coordinated deformation and preventing premature failure of
the connections. In addition, three HRB400 longitudinal rebars (28 mm in diameter) were
placed on each side near the outer web of the boundary CFSTs to enhance the bending
capacity of the wall and to ensure that the boundary members did not fail before the
wall web.

Table 1. Details of specimens.

Design Axial

Specimen Number of Comupression Applied Axial Force
P Self-Tapping Screws pre N (kN)
Ratio
DPSCW-5-1 56 (2 rows) 0.20 2000
DPSCW-5-1 78 (3 rows) 0.20 2000
DPSCW-5-3 78 (3 rows) 0.50 5000
1600 A 350
Loading beam | — <
Boundary member -
4 2
— (=
U-shaped steel bar| -
1500 |, 1050 J 150 ;160
2 2
Foundation beam © =
2700 700
LA A-A

(a)
D28 longitudinal bar
D8@100 U-shaped steel bar

1.
s L oA, AT A el
. & 2 Q. < 4 < B (=
3 qoo \oq : ’ Aa S . 5
= B @ — ? P | RS
=Y Y e e Y Y

YXB40-185-740 [20b Channel

Detail of self-tapping screw
connection

(b)

Figure 3. Configurations of specimen. (a) Overall Dimensions Schematic. (b) Cross-section.
(unit: mm).

In the specimens, commercially available YXB40-185-740 (Xinshijie Coloured Steel
Products Co., Wuxi, China) profiled steel sheets with a plate thickness of 1.2 mm (Figure 4)
were selected and connected to the 3-mm-thick fishtail plates welded to the boundary
members using ST4.8 self-drilling self-tapping screws (Figure 5). It is worth noting that
these screws were carefully selected through precise design to ensure they would not fail
before the connected steel plates. The technical specifications provided by the manufacturer
for the ST4.8 screws are as follows: a diameter of 4.8 mm, a tensile strength of >550 MPa,
a yield strength of >400 MPa, and a hardness range of HRC 20 to 28. The ST4.8 screws
are suitable for connecting steel plates with a thickness of up to 3 mm and are available
in various lengths to meet specific application requirements. The number of self-tapping
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screws (56 on one side) for specimen DPSCW-S-1 was determined based on the shear
capacity of the profiled steel sheet according to in-plane shear yielding, as shown in
Equation (1). These screws were arranged in two rows in accordance with the relevant
placement requirements (Figure 5a). Considering the self-tapping screws are also subjected
to a certain amount of tensile force after the profiled steel sheets buckling, the number of
self-tapping screws of specimen DPSCW-5-1 is increased by approximately 1.4 times and
are arranged in three rows according to the plum-shaped arrangement, thus obtaining the
arrangement scheme (78 on one side) of specimens DPSCW-S-2 and DPSCW-S-3 (Figure 5b).

n = teplafup/ N} 1)

where, t5p denotes the thickness of the profiled steel sheet; fy}, denotes the shear strength of
the profiled steel sheet; I3 indicates the width of wall web; 0.8 is the reduction factor applied
to self-tapping screws when connecting the ends of the profiled steel sheets to supporting
members; and Nf presents the shear strength for individual self-tapping screws, which can
be calculated according to Equation (2) with reference to the “Technical Specification for
Cold-Formed Thin-Walled Steel Structures” [22].

NE = 0.8 x 2.4tpdfyp 2)

where d denotes the self-tapping screw diameter and f.;,, denotes the tensile strength of the
profiled steel sheet.

- A0 6
C Y % NS [ g[ﬁjﬁqu
| 185 | 185 | 1185 | 185 | ~
| | | | | A 13

1 740 |
(a) (b)

Figure 4. Details of YXB40-185-740 profiled steel sheet and self-tapping screw. (a) YXB40-185-740
profiled steel sheet. (b) Self-tapping screw. (unit: mm).

Fishplate Profile steel sheet

Fishplate Pprofile steel sheet

Self-tapping

185

(a) (b)

Figure 5. Layout of self-tapping screws. (a) Two rows of self-tapping screws. (b) Three rows of

self-tapping screws. (unit: mm).

The designed axial compression ratio of 0.2 and 0.5 was adopted in this study. The
relationship between the applied compression load in test and designed axial compression
ratio can be seen in Equation (3):

B 0.8 X 2.4tspd fup
B chc/1-4 + (fypAp,eff +fytAst =+ fyrAsr>/1-11

®)

ng
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where n4 represents the design axial load ratio, f. denotes the compressive strength of
infilled concrete, and fyp, fyt, and fy indicate the yield strengths of the profiled steel sheet,
boundary steel tube, and longitudinal rebars placed in the boundary members, respectively.
Ac, Ast, and A correspond to the cross-sectional areas of the concrete, boundary steel
tubes, and longitudinal rebars, respectively, and Ay, of refers to the effective cross-sectional
area of the profiled steel sheets after considering the post-buckling strength, which can
be determined using the formula provided in Ref. [7]. Finally, 1.4 and 1.11 are the partial
safety factors for concrete and steel materials, respectively.

A reinforced concrete foundation beam with a cross-section of 750 mm x 600 mm
was cast integrally with the wall, securing the specimen to the reaction floor. A reinforced
concrete loading beam, measuring 400 mm x 350 mm, was also cast to apply vertical and
lateral loads to the wall. The effective height (H) of the lateral force application point from
the top of the foundation beam (Figure 3a) was 1250 mm. Consequently, the shear-span
ratio (A) of these specimens was 0.93, defined as the ratio of the specimen’s effective height
to the section width [23,24].

2.2. Specimen Fabrication

The fabrication steps for the specimens are as follows: (1) Weld U-shaped steel bars
and fishtail plates onto the side of the boundary steel tube that connects to the profiled steel
sheets. Position and assemble welded U-bars and fishtail plate boundary steel tubes with
profiled steel plates. Then, secure the profiled steel sheets to the fishtail plates welded to the
boundary steel tubes using self-tapping screws, thereby completing the steel component of
the wall. (Figure 6a). (2) Tie the reinforcement cages for the loading and foundation beams,
and weld sufficient studs onto the sections of the steel wall components embedded within
the loading and foundation beams to prevent pull-out. Subsequently, position the steel
components within the reinforcement cages and secure them in place (Figure 6b). (3) Pour
commercial concrete in the wall after formwork support of the load beams and foundation
beams (Figure 6¢c). The concrete for all specimens was poured in layers during a single
session, with a vibrating rod used during the process to ensure proper compaction and
density. After pouring, the specimens were cured outdoors under natural conditions. The
completed specimens are shown in Figure 6d.

2.3. Material Properties

The specimens were made of commercial concrete with a strength grade of C30.
During concrete casting, three cubic specimens (150 mm side length) and three prismatic
specimens (150 mm x 150 mm x 300 mm) were reserved for each specimen. In accordance
with the Chinese standard GB/T 50081-2019 [25], these concrete specimens were tested
simultaneously with the main specimen using a 200-ton press. The concrete cubic strength
(fcu), prism strength (f.), concrete modulus of elasticity (E¢), and Poisson’s ratio (vc)
of each specimen were measured and are listed in Table 2. It should be noted that the
measured strength of concrete is lower than the nominal strength due to factors such as
low winter temperatures during concrete curing.

Table 2. Concrete properties.

Specimen feu (MPa) fep (MPa) E. (GPa) Ve
DSCW-5-1 28.25 26.33 27.9 0.19
DSCW-S-2 30.07 28.87 29.8 0.20
DSCW-S-3 27.11 22.63 26.9 0.20
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Reinforcement
cage for loading
beam

1
[}
L

Reinforcement cage
for foundation beam

(b)

(d)

Figure 6. Layout of self-tapping screws. (a) Fabrication of steel components. (b) Specimen assembly.

(c) Formwork support and concrete pouring. (d) Completed specimens.

Three standard tensile coupons were prepared for the profiled steel sheet, fishplate,
channel steel, and rebar used in the DPSCW specimens, and the main mechanical property
indexes of steel were measured in accordance with the provisions of “Tensile Test of Metallic
Materials Part 1: Room Temperature Test Methods” (GB/T228.1-2010) [26]. The average
measured results of thickness or diameter, yield strength (fy), yield strain (ey), ultimate
strength (f), Young’s modulus (Es), and Poisson’s ratio (vs) of these coupons are presented
in Table 3.

Table 3. Mechanical properties of steel elements.

Measured Thickness or fy
Components Diameter (mm) (MPa) gy fu MPa) Es (GPa) Vs
YXB40-185-740 1.17 331 0.0018 382 200 0.28
Fishplate 2.96 325 0.0017 372 195 0.29
Channel steel 8.95 341 0.0018 490 199 0.26
Longitudinal 27.40 467 00023 648 182 -
rebar

2.4. Test Set-Up and Instrumentation

The test loading was performed on a multifunctional loading device at the Structural
Engineering Laboratory of Harbin Institute of Technology (Figure 7). The device had
a vertical loading capacity of 30,000 kN and a lateral loading capacity of 3000 kN. The
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specimen’s foundation beam was anchored to the test platform with ground anchor bolts,
and two hydraulic jacks were placed at both ends to prevent sliding. The specimen loading
beam was connected to the 300 t horizontal actuator via end plates and lead screws. To
ensure uniform distribution of the vertical load across the wall section, a rigid steel beam
was positioned between the specimen’s loading beam and the vertical actuators. The
vertical actuator, connected to the reaction frame with polytetrafluoroethylene (PTFE) slide
plates, was free to move horizontally to accommodate the specimen’s lateral displacement.

Girder

PTFE slide plates

Hydraulic actuator

Distribution |
beam

Distribution beam

Lead screw Extending beam

Column

Shear key dydraulic jack|

Foundation beam

(a) (b)

Figure 7. Test setup. (a) Schematic of the loading device. (b) Photo of loading device.

The measurement system was designed to capture the structural responses of the
specimens during the whole loading process (Figure 8). The VIC-3D 8 non-contact full-field
strain measurement system, produced by Correlated Solutions, Inc. (CSI), Columbia, SC,
USA, was employed for full-field observations of strains and displacements, allowing for
the analysis of buckling development in the profiled steel plate. As shown in Figure 8a, the
entire front steel surface of the specimens was painted white to enhance the contrast, with
random black dots speckled on the steel surface. Linear variable differential transformers
(LVDTs) were used to measure displacements at key locations. As displayed in Figure 8b,
four LVDTs labeled as H1~H4 were positioned at different heights of the specimens to
measure their lateral displacements. Additionally, four LVDTs, labeled as V1~V4, were
placed on the loading beam and foundation beam to detect the rotation of the specimens.
Strain gauges were installed at important positions to measure the strain development of
the steel plate.

Lateral load Lateral load
l— P HI1

Random spec}{les for DIC

PO
(=]
(SN

&
" I vor
< 1 Strain
¥
H4lL L
[ ]l N — g =l
& A
Side A Side B Lateral side
(a) (b)

Figure 8. Measurement scheme. (a) VIC-3D measurement system. (b) Displacement and strain
gauges arrangement. (unit: mm).
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2.5. Loading Scheme

The loading process followed the Chinese specification JGJ /T 101-2015 [27]. Preload-
ing was first carried out to verify the proper functioning of the loading systems. Com-
pression loads were then applied, beginning at 50% of the expected forces and gradually
increasing to 100% in accordance with the axial compression ratio. The compression load
was maintained at a constant level during the subsequent lateral cyclic loading phase. The
initial loading cycle was force-controlled, with a lateral load of 200 kN. Once the drift ratio
reached approximately 1/400, the control mode switched to displacement control. The
yield deformation of the specimen was taken as the step length, and each subsequent step
consisted of three cycles until the actuator force decreased to 85% of the peak load.

3. Test Results and Discussion
3.1. Experimental Phenomenon

The specimens exhibited similar failure characteristics under both push and pull load-
ing directions. For clarity, the failure phenomena described here are based on experimental
observations during positive loading, when the actuator was pushed to the left (Figure 7).

For the specimen DPSCW-5-1 with two rows of self-tapping screws, no significant
changes were observed during the axial compression phase or the initial stage of lateral
loading (lateral drift ratio 6 less than 1/500). When the lateral load P reached approximately
1000 kN (0.58 Pr,, where Pp, is the peak lateral load), the VIC-3D system captured slight
shear buckling on the strip of the steel sheets (Figure 9a), and the sound of bond-slip
between the concrete and profiled steel sheets was heard. At this point, the angle between
the buckling wave and the loading direction currently is about 45°~50°; after unloading, the
buckling wave deformation mostly recovered. As the load increased, new buckling waves
continuously formed, the original buckling wavelength extended, and the height of the
waves grew. At a lateral load of 1474 kN (0.86 Pr,, 0 = 1/254), 2-3 buckling waves appeared
on most strips, except for the third strip from the left. Additionally, slight warping of the
steel plate was observed between the two self-tapping screws at the upper right corner of
the wall. When the load was reduced to zero, visible residual deformations were observed
on the plate strips (Figure 9b), indicating that the specimen had entered a distinct elastic-
plastic stage. At 1709 kN (6 = 1/170), the specimen reached the peak lateral load, and the
previously formed buckling wave extended into a tensile band, with the angle between the
tensile band and the loading direction increasing to 60-65°. Meanwhile, slight warping was
observed on the profiled steel sheet between the two self-tapping screws in the upper left
corner (Figure 9c). After the peak load, the cyclic lateral load caused further damage and
plastic deformation, leading to a gradual reduction in the specimen’s bearing capacity. The
tension fields extended and the gaps between the dovetailed ribs widened as the drift ratio
increased, but the inclination angle remained stable. Additionally, warping of the profiled
steel sheets between the screws at the lower right corner was noted (Figure 9d). During the
whole test, the specimen experienced a progression of failure from local shear buckling of
the profiled steel sheet strips, followed by the development of tension fields bounded by
the ribs embedded in the concrete, no disengagement or shearing of the self-tapping screws
was observed, and no loosening was detected when the screws were twisted by hand.

The failure processes of specimen DPSCW-5-2 and specimen DPSCW-5-3 were similar
to that of specimen DPSCW-5-1 and will not be repeated here. Notably, the shear buckling
of the profiled steel sheets for specimen DPSCW-5-3 was captured by VIC-3D at the load
level of 800 kN, indicating that higher axial compression ratio causes the profiled steel
sheets of DPSCW to experience shear buckling earlier. In addition, tearing was observed at
the turning point of the local tensile field in specimen DPSCW-S-2 and DPSCW-S-3 during
the load decrease period.
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Figure 9. Experimental observations of specimen DPSCW-5-1. (a) Initial buckling of DPS. (b) Obvious
residual deformation. (c) Peak load. (d) Ultimate displacement.

3.2. Failure Mode

The overall failure modes of the three specimens are shown in Figure 10. Obvious
residual localized tension fields deformation was observed on profiled steel sheets for each
specimen, exhibiting significant shear damage. Warping of the steel sheet between the two
self-tapping screws was observed around the whole steel sheet, especially at the corners.
The warping of the specimen DPSCW-5-1 with two rows of self-tapping screws was more
serious than that of the specimens DPSCW-5-2 and DPSCW-5-3 with three rows of self-
tapping screws. Additionally, tearing occurred at the turning points of the local tension
fields in specimen DPSCW-S-2 and DPSCW-5-3. Apart from the localized warping of the
profiled steel sheets between the self-tapping screws, the failure modes of the self-tapping
screw-connected profiled steel plates were generally consistent with the failure modes
of welded profiled steel plates reported in the existing literature [9]. After removing the
steel sheets, there were small, inclined cracks in the concrete column between the ribs, but
these inclined cracks were not continuous and did not form a diagonal crack, and concrete
crushing was observed at the upper and lower ends of each concrete column between the
two ribs. Upon removing the self-tapping screws, it was discovered that the nail holes
in the profiled steel near the areas of warping were slightly enlarged, while the holes in
the fishtail plate showed no significant deformation. The removed self-tapping screws
remained intact.
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Figure 10. Cont.
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Figure 10. Specimen failure mode. (a) Specimen DPSCW-S-1. (b) Specimen DPSCW-S-2. (c) Specimen
DPSCW-S-3.

3.3. Lateral Load-Displacement Hysteretic Response

The lateral load-displacement hysteresis curves of the specimens generally exhibit a
reverse “S” shape (Figure 11), with some pinching observed, and the positive and negative
loading curves were basically symmetrical. The characteristic points of the first buckling
of the DPS, the overall yield of the specimen, the peak load of the specimen, and the
yield of the boundary CFSTs for each specimen were pointed at their skeleton curves,
where the definition of specimen yielding point is determined from equivalent elastoplastic
energy method [28,29]. Before the shear buckling of profiled steel sheets were generated
and observed, the specimens showed the linear deformation characteristics, for which
the lateral load-displacement curves of loading and unloading were coincident basically
with few energy dissipations. With the generation and development of the shear buckling
of profiled steel sheets, accompanied by the increases of lateral load, the stiffness of the
three specimens decreased obviously, the residual deformation increases, and the area
of the hysteresis loop gradually increases. As the horizontal load continued to increase,
numerous shear buckling waves were generated and developed on the strips, indicating
that the profiled steel sheets exhibit the profound shear deformation under combined
axial compression and lateral cyclic loads. Besides, due to the development and closure of
concrete cracks under lateral reciprocating loads and the flattening of the buckling wave
during unloading and reverse reloading, the hysteresis curve gradually exhibits pinching.
After reaching the peak load points, all specimens exhibited a gradual decline in lateral
bearing capacity as lateral displacement increased, indicating good deformation capacity.

19



Materials 2025, 18, 49

6 (%) 6 (%)
2.0 1.0 00 1.0 2.0
2 1 1 2 .
2062 0 00 0 o) 1.0 00 1.0 20 2000
1000 1000 1000
Z o /// v Z A Z o
N 7/ /44 . 7 i 8
/ /////, ADPS‘bucklmg ) Q* /#77)) ADPS buckling
-1000 /2/4’///////' [ Specimen yielding| -1000 ///ﬂ [OSpecimen yielding| -1000
VA OPeak load /) IO Peak load OPeak load
2000 ® Ultimate point 2000 ® Ultimate point 2000 ® Ultimate point
2250 <125 00 125 250 250 -125 00 125 250 U250 125 00 125 250
A (mm) A (mm) A(mm)
(a) (b) (c)
Figure 11. Hysteresis curves. (a) Specimen DPSCW-5-1. (b) Specimen DPSCW-5-2. (c) Specimen
DPSCW-S-3.

By connecting the peak points of the first cycle at each increment, the skeleton curves
for the hysteresis curves were established (Figure 12). The skeleton curves of each specimen
are basically symmetric under different loading directions, with the load differences under
push and pull loading being at the same displacement level within 5%. Comparative
analysis of the envelope curves of specimens DPSCW-5-1 and DPSCW-5-2 showed that
the lateral load capacity of DPSCW-5-2 with more self-tapping screws increased from
1695 kN to 1843 kN, which is an increase of 9%, compared to DPSCW-5-1 with fewer
screws. However, their initial stiffnesses were similar at 1044 kN/mm and 1066 kN /mm,
respectively. For specimens DPSCW-2 and DPSCW-3, which had the same number of
self-tapping screws, the axial compression ratios were 0.2 and 0.5, respectively. Increasing
the axial compression ratio from 0.2 to 0.5 raised the initial stiffness of the shear wall from
1066 kN/mm to 1289 kN/mm, a 21% increase. However, the load capacity decreased from
1843 kN to 1581 kN, and the load capacity decreased more quickly after the peak load.
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Figure 12. Skeleton curves.

3.4. Ductility

The ductility of specimens can be evaluated by the displacement ductility ratio (i),
which can be calculated through y = Ay/Ay; Ay represents the lateral displacement
of yielding and Ay represents the lateral displacement at which the lateral resistance of
specimens decreases by 85% of the peak load. Table 4 lists the horizontal load, drift ratios,
and displacement ductility coefficients corresponding to the three characteristic points of
yield point, peak point, and limit point of each specimen. The deformation capacity of the
self-tapping screw-connected specimen is slightly worse than that of the welded specimen.
The average yield drift ratios for specimens DPSCW-S-1, DPSCW-5-2, and DPSCW-5-3 are
1/257,1/225, and 1/286, respectively, and the average ultimate drift ratios are 1/78,1/63,
and 1/94, respectively. These values exceed the requirements specified in the “Code for
Seismic Design of Buildings” (GB 50010-2010) [30], which states that the elastic inter-story
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drift angle for shear walls should not exceed 1/1000, and the inelastic inter-story drift angle
should not exceed 1/120. The ductility coefficients for specimens DPSCW-S-1, DPSCW-S-2,
and DPSCW-S-3 are 3.31, 3.51, and 3.09, respectively, all greater than 2, meeting the criteria
for moderate ductility failure as defined in the literature [31].

Table 4. Comparison of experimental results.

Initial . Ultimate Ductility
Specimen D'Loat(‘i Stiffness Yield of DPSCW Peak Lateral Load Displacement Coefficient
irection

Ko/(kN/mm) Py/kN Aymm Oy Po/kN Ap/mm O PykN Aymm 6y p=AulAy
Puch 1063 1454 4.80 1/263 1709 7.30 1/172 1453 16.18  1/78 3.38
DPSCW-S-1 Pull 1025 1438 494 1/250 1680 7.52 1/167 1428 1597 1/78 3.23
Average 1044 1446 4.87 1/257 1695 7.41 1/170 1441 16.07 1/78 3.31
Puch 1072 1617 5.48 1/227 1876 9.94 1/125 1628 1952 1/64 3.56
DPSCW-5-2 Pull 1061 1507 5.89 1/213 1810 12.62 1/99 1587 2035 1/61 3.45
Average 1066 1562 5.69 1/225 1843 1128 1/111 1608 1994 1/63 3.51
Puch 1340 1385 4.14 1/294 1627 7.5 1/167 1391 13.05 1/94 3.15
DPSCW-S-3 Pull 1238 1355 4.49 1/278 1535 7.09 1/175 1348 13.58  1/93 3.02
Average 1289 1370 4.32 1/286 1581 7.30 1/167 1369 13.32  1/94 3.09

Increasing the number of self-tapping screws by 40% led to a 14% increase in elastic
drift ratio and a 23% increase in inelastic drift ratio, with the ductility coefficient rising from
3.31 to 3.51, suggesting improved deformation capacity and ductility with more screws.
However, increasing the axial compression ratio from 0.2 to 0.5 decreased the elastic drift
ratio by 22%, the inelastic drift ratio by 33%, and the ductility coefficient from 3.51 to 3.09,
reflecting diminished deformation capacity. Although the load-bearing capacity of the
unconnected specimens did not significantly decrease, its deformation capacity failed to
meet the relevant code requirements.

3.5. Stiffness and Strength Degradation

The development of cracks as well as the accumulation of inelastic deformations due
to the development of local tensile fields in the profiled steel sheet under cyclic loading can
result in the gradual deterioration of stiffness and strength, which can assess the damage
degree of the DPSCWs connected by self-tapping screws. Referring to Chinese code JGJ/T
101-2015 [27], the secant stiffness K;, which is defined in Equation (4), is used to depict
stiffness degradation (Figure 13). At the initial loading stage, all specimens experienced
significant stiffness reduction, which followed an exponential distribution as lateral dis-
placement increased. After yielding, the stiffness degradation of each specimen gradually
slowed and stabilized. Under the same axial compression ratio, the stiffness degradation
curves of specimen DPSCW-S-2, with more self-tapping screws, nearly coincided with
those of specimen DPSCW-S-1, which had fewer screws, up to the peak load. Beyond
the peak load, DPSCW-5-2 exhibited a slower rate of stiffness degradation compared to
DPSCW-5-1. With a higher axial compression ratio, the initial stiffness of specimen DPSCW-
S-3 increased from 1066 kN/mm to 1289 kN/mm, a 21% improvement. However, the cyclic
stiffness degradation rate was faster and more pronounced in specimens with a higher
axial compression ratio.

_ [+B[+ -5

= 4)
P Ay 4[4y

where +P; and —P; represent the peak lateral loads at jy, loading level under push and
pull loading, respectively; +A; and —A; represent the corresponding lateral displacement
associated with +P; and —P}, respectively.
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Figure 13. Stiffness degradation curves. (a) Specimen DPSCW-5-1. (b) Specimen DPSCW-5-2.

Referring to Chinese code JGJ/T 101-2015 [27], determination of the strength degrada-
tion ratio A; can be calculated using Equation (5), where a lower coefficient value indicates
greater strength loss. As shown in Figure 14, before peak load, the strength degradation
index of all specimens gradually decreased from 0.97-1.0 to approximately 0.84-0.88. After
the peak load, the strength degradation index exhibits fluctuations but all larger than 0.9.
This indicates that the load-bearing capacity of self-tapping screw-connected DPSCWs
is generally stable, and that the self-tapping screw connections can ensure cooperative
performance between the profiled steel sheets and boundary members. Additionally, it was
observed that the strength degradation index during the third cycle of repeated loading
was higher than that during the second cycle, indicating that the damage caused by the
third loading cycle was less severe than that of the second at the same drift angle.

i+1
P

] P'i
J

©)

where Pji represents the peak lateral load of iy, load cycle under the jy, load level and Pji*!
is the peak lateral load of (i + 1)y, load cycle under the jy, load level.
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Figure 14. Strength degradation curve. (a) Specimen DPSCW-5-1. (b) Specimen DPSCW-S-2.
(c) Specimen DPSCW-S-3.

Overall, the DPSCW specimens connected by self-tapping screws show relatively
stable strength and stiffness degradation behavior, indicating that the self-tapping screw
connection ensures effective cooperation between the profiled steel plate and the boundary
members under seismic loads. The reliability of the self-tapping screw connection has
been validated.

3.6. Energy Dissipation

The enclosed area (Eji) of hysteresis curves can be used to evaluate the energy dissi-
pation of DPSCWs under cyclic loadings. Specifically, at the same deformation level, the
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. n .
larger the area enclosed by the average single-cycle hysteresis curve (Ej' = ‘Zl Ej'/n), the
1=
greater the energy dissipated per cycle, indicating higher energy dissipation efficiency. The

greater the total area of all hysteresis loops (1 Ej = é ié Eji) of the specimen before failure,
the larger the total energy dissipated, reflecting the] specimen’s stronger energy dissipation
capacity. Higher energy dissipation efficiency and capacity are beneficial for improving the
seismic performance of self-tapping screw-connected DPSCWs. Figure 15 illustrates the av-
erage energy dissipation per cycle (E;) and the cumulative energy dissipation(}_ E;) at each
displacement level of the test specimens. Initially, both the average energy dissipation per
cycle and cumulative energy dissipation of the specimen are small. As the local buckling of
the profiled steel plate occurred, the specimens entered the elastoplastic stage, significantly
increasing energy dissipation. At the same displacement level, DPSCW-5-2, with three
rows of self-tapping screws, exhibited 55% higher cumulative energy dissipation (2486
kN-mm) compared to DPSCW-5-1, which had two rows (1605 kN-mm). This indicates
that increasing the number of self-tapping screws around the profiled steel sheet enhances
the restraining effect of the screws on the sheet, leading to more fully developed localized
tension filed along the sheet strips, and the deformation of the specimen and the ability
to dissipate energy were improved. Specimen DPSCW-S-3, which had a higher axial com-
pression ratio, exhibited greater average and cumulative energy dissipation than specimen
DPSCW-S-2, which had a lower axial compression ratio, at the same displacement level.
However, due to the poorer deformability of specimen DPSCW-S-3 with a larger axial
compression ratio than that of specimen DPSCW-S-2, the final cumulative total energy
dissipation of DPSCW-5-3 (1399 kN-mm) is 44% less than that of specimen DPSCW-S-2
(2486 kN-mm). This suggests that although increasing the axial compression ratio enhances
per-cycle energy dissipation, it diminishes overall deformability, resulting in lower total
cumulative energy dissipation. Therefore, the axial force applied to concrete composite
shear walls with self-tapping screw-connected dovetail profiled steel sheets should be
carefully managed.
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Figure 15. Energy dissipation curve. (a) Dissipated energy per load cycle. (b) Cumulative dissipated
energy.

4. Design Method for the Self-Tapping Screw Connections in DPSCWs

Based on the test analysis results of DPSCWs connected using self-tapping screws,
the failure mode of specimen DPSCW-5-1, designed according to the shear capacity of the
profiled steel sheet, was similar to that of specimen DPSCW-S-2, in which the number of
self-tapping screws was increased by approximately 1.4 times compared to DPSCW-5-1 and
arranged in a plum blossom pattern across three rows. However, the deformation of the self-
tapping screw holes on the profiled steel sheet of the specimen DPSCW-5-1 is more obvious,
and the ribs of the sheet are partially detached. Furthermore, the load-bearing capacity
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and deformation ability of specimen DPSCW-S-1 were both inferior to those of specimen
DPSCW-S-2. This indicates that the number of self-tapping screws calculated using the
design method adopted during the specimen design should be insufficient. Therefore, the
design method for the lateral resistance and connections of self-tapping screw-connected
profiled steel plates in DPSCWs should be developed based on their failure mechanisms.
Experimental studies on DPSCWs with self-tapping screw connections showed that
failure of the dovetail profiled steel sheets is characterized by local buckling and the
development of extended tension fields on the strips. Additionally, within the studied
range of axial compression ratios, calculations based on the von Mises yield criterion show
that the influence of axial stress on the shear capacity of the profiled steel sheets is less
than 5.2%. Therefore, the effect of axial stress on the profiled steel sheets is negligible, and
the overall shear capacity of the profiled steel sheets can be approximated as the shear
response of multiple independent strips. Due to the periodic occurrence of buckling waves
along the length of the profiled steel strips, the shear behavior of each strip can further be
approximated as the shear response of a single tension band segment (Figure 16).

3

by

Profiled steel sheet Strip  Buckling wave segment

Figure 16. Simplified analytical model for profile steel sheet.

Referring to the North American specification AISI S400-15 [32,33], the effective
strip method was employed to calculate the shear capacity of the tension band segment.
Figure 17a illustrates the effective strip method model for a single tension band segment.
In Figure 17a, a represents the height of a single tension band segment on the profiled
steel sheet’s strip and b denotes the width of the tension band segment; the length a is
twice the width b, as determined from the local tension bands observed in the test. The
angle «, defined as the angle between the lateral and diagonal directions of the tension
band segment, is given by « = arctan(a/b). Ty represents the load carrying capacity of
the effective strips. We denotes the width of the effective strips, which can be calculated
according to the following formula [34,35]:

Winax, A < 0.0819
We=g Tmev 0= ©)
oWinax A > 0.0819
_ 1-055(A —0.08)%"
- 2012 @)
1.7
_ 360(12062 (8)
B1B2B3"

where Wax represents the maximum effective strip width, calculated as b/sinx. p is
the discount factor of effective strip width. A is the correction factor that accounts for
component thickness, material properties, self-tapping screw spacing, aspect ratio, and
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other factors of the profiled steel sheet. ay, &, are the correction factors considering the
difference of materials, a1 = fup/310.3, a2 = f4/310.3, with fy,p and f,;s being the ultimate
tensile strength of the material of the profiled steel sheet and the fishtail plate, respectively.
B1, B2 are the correction coefficients considering the difference in the thickness of the
members, defined as B = t5,/0.457, By = ts/0.457, with ty being the thicknesses of the
fishtail plate; B3 is the correction coefficient considering the spacing and rows of the tapping
screws, given by B3 = (2R x s)/152.4, where R and s are the rows and self-tapping screw
spacing of the self-tapping screws, respectively; 1 represents the height-to-width ratio of
individual tension strip segments.

/\@ I/s;m:slrip )‘l;" Vs,e-strip )-L-‘

Vs, strip
—

. Dty Py
b P e
(a) (b) (0)

Figure 17. Simplified analytical model for self-tapping screw connections of profile steel sheets.
(a) Effective strip method model. (b) Self-tapping screw force analysis in middle strip. (c) Self-
tapping screw force analysis in edge strip.

Based on the effective strip model for the single tension band segment, the analyti-
cal model of the self-tapping screw force within the effective strip width on the middle
strips and edge strips was given in Figure 17b,c, so that the shear bearing capacity of the
intermediate and edge strips can be obtained as:

Vs,mfstrip = Tym X cosw )

Vse—strip = Tu,e X cOsa (10)

where Ty m and Ty e are the bearing capacity of the effective strip for the middle and edge
strips, respectively, as calculated in Equations (11) and (12):

. W, W,

Tum = min(Pym, T‘ftsp fyp) + T‘ftsp fyp (11)
) W,

Tue = min(Pppe, ftsp fyp) (12)

where Pp m and Pp, e represent the shear bearing capacities of the self-tapping screws within
the effective strip width of the middle and edge strips, respectively.

Based on the arrangement and stress analysis of self-tapping screws within the ef-
fective strip width presented in Figure 17, the formulas for calculating the shear bearing
capacities Ppm and Pp e of these self-tapping screws in the tension band sections on the
intermediate and edge strips are as follows:

We f
Pam = R—¢&)N 1
v (25 sin w SN 13)
_(We p_ o/ We »_=nf f
Pre = (G R = ONoy + Groog g R = NGy 11Ny (14)
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where NZ’; , i the shear bearing capacity of a single self-tapping screw, which can be
calculated using Equation (2); ¢ is equal to 0 when the self-tapping screws are arranged
side by side, and 1 when arranged in plum blossom shape; 1. represents the number of
self-tapping screws at the corners of the edge strips with the effective strips.

Adopting Equations (9)—(14), the formula for calculating the shear capacity of self-
tapping screw-connected profiled steel sheets in DPSCWs can be obtained:

Vs = 2Vs,e—strip + mvs,m—strip (15)

where m is the number of middle strips.

The shear capacity of the profiled steel sheets for the test specimen can be determined
by subtracting the loads carried by the web concrete and boundary members from the total
wall capacity obtained from the test. The lateral resistance of the web concrete (V) is
calculated using the simplified model shown in Figure 18, as described in reference [8], and
is given by Equations (16)—(18).

Veib Verb
Ve=2 CZ C4m C';l o (16)
Vie = 0.15ftiph 17)
Ven = 0.15fctyiplg + 0.13N (18)

where V. is the shear strength of the connecting concrete; & is the height of the wall; be and
bm are the widths of the middle and edge concrete wall limbs divided by dovetailed ribs,
respectively; and t,y, is the thickness of the rib-area-concrete. N is the compressive axial
load applied to the wall, which should be less than 0.2 f.A,, and A, is the cross-sectional
area of the wall.

Figure 18. Analytical model for web concrete.

For the boundary members in shear walls, which primarily resist the overturning
moment of the wall [8], their lateral resistance is mainly provided by the boundary mem-
ber on the compressive side, as specified in Code for Design of Composite Structures
(JGJ 138-2016) [36]:

Vb = 0.5ftlbtbw + 0-4fystAst (19)

where ft and fyst is the tensile strength of the concrete and the yield strength of the bound-
ary tube, respectively, [, and ty,, are the width and thickness of the boundary member,
respectively, and Ag; signifies the cross-sectional area of a single boundary steel tube.
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In summary, the shear capacity of the profiled steel sheets for the test specimen can be
calculated using the following formula:

Vsexp = P — 0.15fctiplq — 0.13N — 4f, y Iyt (20)

The shear capacity V., of the profiled steel sheets was calculated for each specimen
using Equation (19) and is presented in Table 5, along with the test shear capacity values
Vs,exp obtained from Equation (16). The error between the calculated and test results is
within 12%, demonstrating that the proposed calculation method effectively predicts the
shear capacity of profiled steel sheets in the DPSCWs connected by self-tapping screws.

Table 5. Comparison between the calculated and tested shear capacity of profiled steel sheets.

Tested Lateral Tested Shear Capacity Calculated Shear
Specimen Load Py (kN) of Profiled Steel Sheets Capacity of Profiled Steel Vi .1/ Vs exp
m Vs,exp (KN) Sheets V; ¢, (kN)
DPSCW-5-1 1695 359 331 0.92
DPSCW-S-2 1843 437 389 0.89
DPSCW-5-3 1581 346 389 1.12
Average 0.98

Based on the above analysis, to ensure a reliable connection of the profiled steel sheets,
the number of self-tapping screws within the effective strip width of the middle and edge
strips must satisfy the following requirements:

W, t
Mm —strip > %fspfyp (21)
2N,
W, t
ey = emxteplyp @)
Nv,h

Based on the calculated number of self-tapping screws needed within the effective
strip width, the screws should be arranged within the effective width range (as shown
in the It and /s ranges in Figure 16) according to the relevant requirements. For design
purposes, the arrangement of self-tapping screws outside the effective width range should
be consistent with the arrangement within the effective width range.

5. Conclusions

This study experimentally investigated the seismic behavior of self-tapping screw-
connected DPSCWs, focusing on the effects of varying the number of self-tapping screws
and axial compression ratios. The following conclusions were drawn:

(1)  The self-tapping screw-connected DPSCW specimens exhibited a failure progression
starting with local shear buckling of the strips, followed by inclined tension fields
anchored by the concrete-embedded ribs. The wall concrete experienced compression-
bending failure in several concrete columns, while the self-tapping screw connections
remained intact with no significant damage.

(2) The specimens achieved yield drift ratios of 1/286 to 1/225, ultimate drift ratios of
1/63 to 1/94, and ductility coefficients of 3.09 to 3.51, all meeting the deformation
capacity requirements in the “Code for Seismic Design of Buildings”. This confirms
the effectiveness of self-tapping screw connections in ensuring reliable force transfer
between the profiled steel plates and boundary members.
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(3) Increasing the number of self-tapping screws by 40% slightly increased peak load
capacity by 9.5%, ultimate drift ratio by 23%, and ductility factor by 6%, with minimal
impact on initial stiffness.

(4) Increasing the axial compression ratio from 0.2 to 0.5 resulted in a 13% increase in
initial stiffness. However, the peak load capacity, ultimate drift ratio, and ductility
coefficient decreased by 14%, 33%, and 12%, respectively.

(5) An analytical model for the shear capacity of profiled steel sheets connected by self-
tapping screws in DPSCWs was developed based on the effective strip method, with
the error between the calculated and experimental results within 12%.

In future studies, a comparative analysis will be conducted on the seismic performance
of self-tapping screw-connected DPSCWs and welded-connected DPSCWs to evaluate the
adaptability and applicability of different connection methods. Additionally, finite element
analyses will be performed on the mechanical behavior of self-tapping screw-connected
DPSCWs, accompanied by systematic parametric studies. Based on the results of the finite
element analyses, the proposed design methodology will be refined to enhance its accuracy
and reliability.
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Abstract: In this article, the authors present the results of their research on assessing the
effect of selected mineral additives on the alkaline reactivity of aggregates. The main
objective of this research was to check whether the reactivity of aggregates that do not
meet the standard requirements can be reduced. Due to the decreasing availability of
crushed aggregates and the decreasing resources of sand used for cement concrete road
surfaces, solutions should be sought that allow the use of lower-grade aggregates. Among
the available mineral additives, dense microsilica, white microsilica, limestone flour, glass
flour, basalt flour, and glass granulate were selected. Laboratory tests were carried out in
accordance with the requirements for testing the alkaline reactivity of road aggregates in
NaOH solution applicable in Poland. The tests included the use of mineral additives in the
amounts of 10% and 20%. Based on the research conducted, it was observed that the most
beneficial effect was obtained with the addition of white microsilica, for which a decrease
in aggregate reactivity was observed by 76.7% for 10% of the additive and 95.8% for 20%
of the content. The least beneficial effect, on the other hand, was the use of compacted
microsilica, for which an increase in alkaline reactivity was observed by 9.3% for 10% of
the additive and 20.9% for 20% of the additive. The research conducted shows that the
alkaline reactivity of the aggregate can be reduced, due to which it is possible to use reactive
aggregates for the construction of road surfaces made of cement concrete.

Keywords: mineral additives; alkaline reactivity; standard mortar

1. Introduction

Mineral additives, which are common by-products of various industries, can have
a significant impact on the alkaline reactivity of concrete, especially in the context of the
so-called alkaline—silica reaction (ASR). This reaction is a chemical process between alkaline
ions (e.g., sodium and potassium ions) from cement and reactive silica species present
in some aggregates [1-6]. The reaction results in the formation of products that swell in
the presence of moisture, leading to serious damage to the concrete, such as micro-cracks,
structural weakening, and loss of strength [7-12]. Fly ash and blast furnace slag have a
very significant impact, reducing the risk of alkaline-silica reactions (ASRs) due to the
reaction of alkaline ions from cement and reactive silica in the aggregate, causing swelling
and damage to the concrete [13-15]. Mineral additives containing aluminum and silicon
compounds (e.g., fly ash, blast furnace slag) can react with alkaline ions, binding them into
insoluble phases. This leads to a decrease in the pH of the pore solution, which slows down
the ASR. Mineral additives such as fly ash, metakaolin, colloidal silica, or granulated blast
furnace slag can significantly reduce the alkaline reactivity of concrete [16]. An interesting
phenomenon described in the literature is the dilution effect, i.e., mineral additives reduce
the total clinker content in cement, which reduces the amount of alkali. As a result, concrete
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is less susceptible to alkali-silica reactions because the concentration of alkali responsible
for initiating this reaction is reduced [17-20]. In addition, we dealt with a modification
of the chemical composition of cement phases. Mineral additives can also modify the
chemical composition of cement phases, limiting the formation of minerals with high
alkaline reactivity. Another mechanism of action of mineral additives is to lower the pH of
the pore solution. This prompted us to look for other available mineral additives to reduce
the reactivity of mortars containing potentially reactive aggregates.

Analyzing the literature, we can find studies on the effect of fly ash in specific concrete
applications [21] (in terms of strength and durability) and economic aspects (in terms
of reuse of waste materials from industrial processes). A significant part of mineral ad-
ditives also enters the pozzolanic reaction. In the case of fly ash and other pozzolanic
additives, the pozzolanic reaction occurs, consisting of the binding of calcium hydrox-
ide (Ca(OH),), one of the products of cement hydration, to insoluble silicon and calcium
compounds [22-25]. This reaction reduces the availability of Ca(OH),, which indirectly
reduces alkaline reactivity because the calcium ion stabilizes the alkaline—silica reaction.

Mineral additives also have a significant effect on the properties of the mortar, im-
proving its durability, strength, and resistance to external factors. The main aspects of the
action of these additives include, above all, increasing compressive strength. Additives
such as colloidal silica, fly ash, or blast furnace slag enter into pozzolanic reactions, creating
additional hydration products that improve the structure of the mortar. The influence
of mineral additives also improves durability by sealing the mortar and increasing its
resistance to moisture and aggressive ions (e.g., chlorides and sulfates). As a result, the
mortar becomes more resistant to environmental factors and chemical degradation, which
extends its service life. This proves that selected additives can have an impact on increasing
compressive strength [26-32]. Another area of action of additives is the reduction in mortar
and concrete shrinkage by reducing the amount of heat generated during cement hydration,
which reduces the risk of plastic shrinkage and cracking. This also increases the adhesion
and cohesion of the cement matrix [33-37].

Some additives, such as colloidal silica, improve the rheological properties of the
mortar, which makes it easier to lay and increases adhesion to the substrate. Mortar
with such additives is less susceptible to the segregation of components and is more
homogeneous. Increased resistance to water and penetration of aggressive ions: mineral
additives reduce the porosity of concrete, which limits the permeability of water and
chemical compounds (e.g., chlorides and sulfates), which can accelerate the corrosion
of reinforcement and damage to the concrete structure. The less permeable structure of
concrete means that it is more resistant to corrosion and frost cracking. The positive effect
of additives can also be observed through an increased resistance to high temperatures.
Additives such as metakaolin can improve the resistance of mortar to high temperatures.
Metakaolin is less susceptible to thermal degradation than standard clinker, which makes
the mortar more resistant to fire and variable thermal conditions [38]. The last element
of the impact of additives on mortar and cement concrete is undoubtedly a significant
improvement in aesthetics: mineral additives affect the appearance of the mortar and can
give it a more uniform and lighter color, which is desirable in prefabricated elements and
in finishing works.

In summary, the use of appropriate mineral additives is one of the key methods of
reducing the alkaline reactivity of concrete and improving its durability. Properly selected
additives lower the pH of the pore solution, bind alkaline ions, reduce the number of
capillary pores, and reduce the clinker content, which significantly reduces the risk of
alkali-silica reactions. Additionally, they have a beneficial effect on the mortar in terms of
strength, durability, aesthetics, and resistance to various external factors. The appropriate
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selection of mineral additives can, therefore, significantly improve the properties of the
mortar, increasing its quality and suitability for various construction applications.

2. Materials and Methods
2.1. Materials

In order to assess the effect of mineral additives on the alkaline reactivity of the ag-
gregate, river sand with a grain size of 0/2 mm was used. Since the natural grain size of
the sand did not meet the requirements specified in [39], it was fractionated into individ-
ual fractions (Figure 1) and then mixed in accordance with the grain size requirements
presented in Table 1.

Figure 1. Fractionated sand at 0/2 mm.

Table 1. Required sand grain size for alkali reactivity testing.

Fraction [mm] Contents [%]
2-4 10
1-2 25
0.5-1 25
0.25-0.5 25
0.125-0.25 15

The cement class CEM I 42.5 R, hereinafter referred to as CEM I, was used to prepare
the samples, with the parameters presented in Table 2.

The mineral additives used were compacted microsilica (MkZ) from Mikrosilika Trade
in the form of silica dust generated in arc furnaces during the production of metallic silicon
and ferrosilicon alloys, and white microsilica (MkB), which is a by-product of zirconium
silicate production. Another additive was limestone flour (MW), which is used as a filler for
mineral-asphalt mixtures created by drying and grinding limestone, the main component
of which is calcium carbonate. The influence of glass waste generated on the basis of
construction glass with a hardness of 6-7 on the Mosh scale in the form of glass flour (MS)
and glass granulate (GS) was also examined. Another additive analyzed was basalt dust
(PB), also called basalt flour, which is waste generated during the processing of aggregate
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for the production of mineral-asphalt mines. The chemical composition of the individual
additives is presented in Table 3, and the additives are shown in Figures 2 and 3.

Table 2. Properties of cement CEM 1 42.5 R.

Parameter Unit Value
Specific surface area cm?/g 4124
Start of setting time Min 184
End of setting time Min 242

Change in volume Mm 1.0

Compressive strength

After 2 days MPa 30.1
After 28 days MPa 60.2
Content of SO3 % 2.95
Content of CI % 0.089
Insoluble residue % 0.57
Loss of ignition % 3.33

Figure 2. Microscopic photos of mineral additives: (a) compacted microsilica, (b) white microsilica,
(c) limestone flour, (d) glass flour, (e) basalt dust, and (f) glass granulate.
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Table 3. Chemical composition of the additives used.

Component Unit MkZ MkB MW MS PB GS
Si0, % >80.0 >94.0 3.5 >65.0 38.2 >65.0
CaO % <3.5 <1.0 >8.0 15.2 >8.0
ZrO, % <4.0

CaCOs % 93.0
FeO3 % <1.0 0.3 <0.2 15.9 <0.2
MgO % 0.7 <0.4 7.7 <0.4
503 % <4.0 0.2
Na,O % <8.0 >14.0 29 >14.0
Al,O3 % <1.0 2.0 12.7 2.0
Cl~ % <1.8 <0.3 0.07

Figure 3. Mineral additives: (a) compacted microsilica, (b) white microsilica, (c) glass powder,

(d) glass granulate, (e) limestone powder, and (f) basalt dust.

Compacted microsilica and white microsilica are characterized by a homogeneous
structure in the form of spherical grains with a maximum size below 0.003 mm. Compacted
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microsilica in loose form creates clusters of grains of 0.1-0.2 mm in size, as visible in
Figure 1, created by the agglomeration of small particles, which immediately disintegrate
after contact with water. Limestone flour consists of non-homogeneous grains, mainly
below 0.06 mm in size, which do not interconnect with each other, creating a loose material
in the form of dust, as shown in Figure 2c. In contrast to limestone flour, glass flour
is characterized by a very homogeneous structure, with grains below 0.06 mm in size
(Figure 2d). Basalt dust, like limestone flour, is formed by non-homogeneous grains of
crushed aggregate with a size below 0.08 mm (Figure 2e). Glass granulate is composed of
irregular grains up to 0.5 mm in size, as shown in Figure 2f.

2.2. Methods

Samples for laboratory tests were prepared in accordance with the procedure described
in the instructions [39] in the form of bars with dimensions of 25 mm x 25 mm x 285 mm,
with 3 pieces for each additive. In the first stage of the tests, 10% of the cement content was
replaced with a mineral additive, and in the second stage, 20% of the cement content was
replaced with a mineral additive. In order to compare the effect of individual additives
on the alkaline reactivity of the sand used in the tests, reference samples without mineral
additives were also prepared. The composition of the individual mixes for stages 1 and
2 is presented in Table 4, and the description of the symbols of the test samples used is
presented in Table 5.

Table 4. Recipes.

Aggregate Content Cement Content Contents of the Additive =~ Water Content
Research Stage

[g] [g] [g] [g]
Control mix 792 352 0 165.44
Stage 1
10% additives 792 316.8 35.2 165.44
Stage 2
20% additions 792 281.6 70.4 165.44

Table 5. Symbols of research samples.

Mineral Supplement Additive Content 10% Additive Content 20%
No add-on CEM100
Compacted microsilica MkZ10 MkZ20
White microsilica MkB10 MkB20
Limestone flour MW10 MW?20
Glass flour MS10 MS20
Basalt dust PB10 PB20
Glass granulates GS10 GS20

After preparation, the test samples were conditioned in a humidity chamber at a
temperature of 20 + 1 °C and a humidity of no less than 90% for a period of 24 + 2 h.
After this time, the samples were unmolded, and the length of the samples was measured,
constituting a dimensional base with an accuracy of 0.001 mm. After the initial measure-
ment, the test samples were placed in a container filled with distilled water and placed
in a thermostatic chamber at a temperature of 80 & 2 °C for a period of 24 h. After this
time, a zero measurement was performed, and the test samples were placed in a container
containing a 1 molar NaOH solution at a temperature of 80 & 2 °C. The length of the
samples was measured after 1,7, 10, 14, and 16 days of storage in the NaOH solution at a
temperature of 80 & 2 °C. The measurement procedure used was based on the instruction
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PB-1-18 [40] developed by the General Directorate for National Roads and Motorways in
Poland. The evaluation of the effect of mineral additives on the reactivity of the aggregate
was carried out based on the results of the average change in the length of the mortar
samples after 14 days of storage in 1 molar NaOH solution, as shown in Table 6.

Table 6. Reactivity categories.

Aggregate Reactivity Category Descriptive Term 14-day Sample Length Change [%]
RO Non-reactive <0.15
R1 Moderately reactive >0.15; <0.30
R2 Highly reactive >0.30; <0.45
R3 Very strongly reactive >0.45
3. Results

3.1. Determination of the Reactivity of the Mortar for Stage 1 (10% Addition)

The difference between the zero measurements of the sample length and the measure-
ment of the length at each storage period was calculated with an accuracy of 0.001% for the
effective distance between the ends of the plugs placed in the mortar. The change in the
length of the sample tested was calculated using the following equation:

Change in sample length [%] =100 x (L, — Lg)/G @)

where

L,—sample length after “n days” [mm], where n is the number of days from the
zero measurement;

Lo—zero sample length [mm];

G—distance between the inner ends of the plugs in the mortar samples [mm] with an
accuracy of 0.1 mm

The results of the percentage change in the length of the samples for Stage 1 are
presented in Table 7, and the average values are presented in Figure 4.

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10

0.05 /

0.00

Percentage change in sample length

LO L1 L4 L7 L10 L14 L16

=8—CEM100 «=—#—=PBl0 ==@==MS]10) =8=GS10 =@=MkB10) ==@=MW10 e=t==MkZ10

Figure 4. Average percentage change in length of samples for Stage 1.
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Table 7. Percentage change in length of samples for Stage 1.

Sample L1 L4 L7 L10 L14 L16

CEM100 P1 0.0139 0.1010 0.1847 0.2866 0.3290 0.3861
CEM100 P2 0.0154 0.0998 0.1733 0.2820 0.3340 0.3879
CEM100 P3 0.0143 0.0102 0.1798 0.2877 0.3301 0.3841

PB10 P1 0.0158 0.0939 0.1497 0.2162 0.2520 0.2939
PB10 P2 0.0158 0.0949 0.1475 0.2067 0.2513 0.2905
PB10 P3 0.0152 0.0944 0.1395 0.2094 0.2531 0.2919
MS10 P1 0.0046 0.0773 0.1211 0.1765 0.2134 0.2519
MS10 P2 0.0139 0.0789 0.1131 0.1801 0.2174 0.2544
MS10 P3 0.0099 0.0781 0.1205 0.1792 0.2184 0.2551
GS10P1 0.0081 0.0737 0.1627 0.2099 0.2495 0.2959
GS10 P2 0.0138 0.0796 0.1419 0.2100 0.2492 0.2996
GS10P3 0.0124 0.0762 0.1554 0.2105 0.2509 0.2967
MkB10 P1 0.0038 0.0162 0.0139 0.0289 0.0500 0.0851
MkB10 P2 0.0046 0.0158 0.0204 0.0324 0.0574 0.0944
MkB10 P3 0.0040 0.0166 0.0184 0.0304 0.0541 0.0911
MW10P1 0.0197 0.0779 0.1384 0.2112 0.2386 0.2837
MW10 P2 0.0196 0.0834 0.1415 0.2126 0.2422 0.2888
MW10 P3 0.0184 0.0845 0.1378 0.2100 0.2377 0.2856
MkZ10 P1 0.0539 0.2674 0.3035 0.3551 0.3778 0.4216
MkZ10 P2 0.0639 0.2854 0.3100 0.3612 0.3809 0.4240
MkZ10 P3 0.0601 0.2771 0.3065 0.3593 0.3812 0.4221

Since the observed measurement error was less than 0.005% of the increase in THE
sample length, it is not plotted on the graph below.

Analyzing the obtained results, it should be stated that mineral additives have a
significant influence on the results of potential alkaline reactivity. The study analyzed the
effectiveness of the influence of mineral additives on the change in the length of the tested
samples. All analyzed additives, except for compacted microsilica, had a positive effect on
the change in the length of the samples compared to the control mixture without additives.
The most beneficial was the use of white microsilica, which reduced the percentage increase
in the length of the samples by 76.6%. Therefore, the use of white microsilica (MkB10)
reduced the alkaline reactivity category of the aggregate used from R2 to R0. The least
beneficial effect was the use of compacted microsilica (MkZ10) because it increased the
percentage increase in the length of the samples by 9.5% without affecting the change in
the reactivity category of the aggregate. The remaining mineral additives in the form of
limestone flour (MW10), glass flour (MS10), glass grit (GS10), and basalt dust (PB10) had
a similar effect on the reduction in the percentage increase in the length of the samples,
limiting their increase by 25.7%, 34.2%, 22.9%, and 24.3%, respectively, which allowed the
reactivity class to be changed from R2 to R1.

3.2. Determination of Mortar Reactivity for Stage 2 (20% Addition)

As in the case of Stage 1, for samples with 20% mineral additives, the difference
between the zero measurements of the sample length and the measurements of the length
at each storage period was calculated to the nearest 0.001% of the effective distance between
the ends of the plugs placed in the mortar, according to Equation (1). The results of the
percentage change in the length of the samples for Stage 2 are presented in Table 8, and the
average values are shown in Figure 5.
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Table 8. Percentage change in length of samples for Stage 2.

Sample L1 L4 L7 L10 L14 L16

CEM100 P1 0.0139 0.1010 0.1847 0.2866 0.3290 0.3861
CEM100 P2 0.0154 0.0998 0.1733 0.2820 0.3340 0.3879
CEM100 P3 0.0143 0.0102 0.1798 0.2877 0.3301 0.3841

PB20 P1 0.0088 0.0719 0.1100 0.1496 0.1888 0.2122
PB20 P2 0.0058 0.0642 0.1011 0.1457 0.1822 0.2064
PB20 P3 0.0074 0.0699 0.1085 0.1421 0.1723 0.2044
MS20 P1 0.0092 0.0488 0.0757 0.1096 0.1299 0.1703
MS20 P2 0.0100 0.0458 0.0673 0.0989 0.1208 0.1546
MS20 P3 0.0110 0.0399 0.0686 0.1160 0.1235 0.1599
GS20 P1 0.0119 0.0651 0.0924 0.1414 0.1645 0.2011
GS20 P2 0.0062 0.0620 0.0905 0.1432 0.1644 0.2002
GS20 P3 0.0091 0.0701 0.0899 0.1451 0.1654 0.2023
MKkB20 P1 0.0004 0.0027 -0.0058 0.0058 0.0069 0.0166
MKkB20 P2 0.0008 0.0015 -0.0042 0.0027 0.0046 0.0154
MkB20 P3 0.0005 0.0021 -0.0056 0.0047 0.0051 0.0171
MW?20 P1 0.0100 0.0758 0.1340 0.1848 0.2136 0.2514
MW?20 P2 0.0108 0.0819 0.1416 0.1946 0.2254 0.2573
MW?20 P3 0.0116 0.0901 0.1399 0.1908 0.2213 0.2605
MkZ20 P1 0.0169 0.1047 0.2341 0.2868 0.3465 0.4224
MkZ20 P2 0.0196 0.0943 0.3290 0.3979 0.4518 0.5149
MkZ20 P3 0.0184 0.1005 0.2667 0.3658 0.4298 0.4654
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Figure 5. Average percentage change in length of samples for Stage 2.

Since the observed measurement error was less than 0.005% of the increase in the
sample length, it is not plotted on the graph below.

Analyzing the presented results, it should be noted that the 20% content of mineral
additives also had a significant influence on aggregate alkaline reactivity. Similarly to
the previous case, the most beneficial influence on limiting the percentage increase in the
sample length was that of white microsilica (MkB20). Increasing its share in the mixture
allowed us to practically eliminate the phenomenon of a sample length increase. Limiting
the percentage increase in the sample length by 95.7% also allowed us, in this case, to
change the alkaline reactivity class from R2 to R0. The use of compacted microsilica caused
a percentage increase in the sample length of 21.1% to the value of 0.4094%. This change
did not adversely affect the decrease in the alkaline reactivity category of the aggregate.
However, it should be noted that in the case of testing the length increase after 16 days, it
was already 0.4679%, which allowed us to classify the aggregate as very strongly reactive
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with category R3. For the 20% additive content, in the case of the length increase test after
14 days, the use of glass flour (MS20) also allowed us to reduce the reactivity category from
R2 to RO, and the limitation of the percentage increase in the sample length was 67.7%;
however, considering the results after 16 days, the limitation of the percentage increase in
the sample length was 58.1%, which allowed us to change the aggregate reactivity class
from R2 to R1. Basalt dust (PB20) and glass granulate (GS20) have almost the same effect
on the limitation of the percentage length of the sample by 46.2% and 47.9%, respectively.
Also, in this case, we dealt with a change in the alkaline reactivity category of the aggregate
from R2 to R1. The mineral additive in the form of limestone flour limits the percentage
increase in the length of the samples to the lowest extent, only by 33.6%, which allowed us
to change the alkaline reactivity category of the aggregate used from R2 to R1.

Figure 6 presents the results of the average percentage change in the length of the
samples for each mineral additive, comparing the 10% and 20% contents of additives.
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Figure 6. Summary of the average percentage change in sample length for Stages 1 and 2: (a) basalt
dust, (b) glass powder, (c) glass granulate, (d) white microsilica, (e) limestone powder, and (f) com-
pacted microsilica.

Comparing the use of 10% and 20% mineral additives, it should be noted that in the
case of basalt dust, glass flour, glass grit, and white microsilica, increasing the content of the
additive had a significant beneficial effect on limiting the percentage increase in the sample
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length, which increased by about 0.1%. In the case of limestone flour, doubling its share
in the mixture did not cause significant differences in the final results of the percentage
increase in the length of the samples, which was only 0.03%. Increasing the content of the
additive in the form of compacted microsilica in the initial phase of the study had a more
beneficial effect on the increase in the length of the samples; however, after the 10th day
of conditioning, greater increases in the length of the samples occurred than in the case of
10% compacted microsilica additive. The difference in the obtained results was similar to
that for limestone flour and was less than 0.05%.

The unfavorable effect of compacted microsilica on the tested samples was also ob-
served in the form of cracks and scratches appearing on the samples, as shown in Figure 7.

Figure 7. Cracks in samples with 20% addition of compacted microsilica.

4. Discussion

As mentioned at the beginning of this article, the course of the alkaline reactiv-
ity phenomenon is influenced by many factors, and three basic alkaline reactions can
be distinguished:
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- The reaction between amorphous silica (a component of aggregates) and alkalis:
SiO; + 2NaOH — NaZSiO3 + H,0

- The reaction between alkalis and carbonates (mainly in the case of aggregates from
carbonate rocks—limestones and dolomites):

CaMg(C03)2 +,NaOH™ — Mg(OH)z + CaC03 + N32CO3
NazCO3 + Ca(OH)2 — 2NaOH + CaCO3

- The reaction between alkali and poorly crystallized forms of silicates.

As a result of the alkali-aggregate reaction, gel shells are formed around the aggregate
grain, which swells under the influence of water, causing stress in the concrete. These
stresses can cause scratches or cracks.

Analyzing the reactions presented above, it can be concluded that mixtures with an
increased content of silica or calcium carbonate should be more susceptible to alkaline reac-
tivity. Among the analyzed mineral additives, compacted microsilica and white microsilica
are characterized by a SiO, content above 80% and 95%, respectively.

In the case of the compacted microsilica additive at the amount of both 10% and 20%,
an increase in alkaline reactivity was obtained, which was observed at 9.3% and 20.9%,
respectively. The authors of the work [41] using microsilica at the amount of 10% and 20%
achieved a reduction in sample expansion by about 50%; however, this is mainly due to the
use of slag as an additive at the amount of 60% and 70%. For the additive in the form of
white microsilica, which has the highest SiO, content, a decrease in alkaline reactivity was
observed, amounting to 76.7% for the content of 10% white microsilica and 95.8% for the
content of 20%.

Also, in the case of the mineral additive in the form of limestone flour, which is
characterized by the highest CaCOj; content of over 93%, a decrease in alkaline reactivity
was observed for both 10% and 20% of the additive, which was obtained at 25.8% and
33.7%, respectively, and was also confirmed in the experimental studies carried out by the
authors of these works [42,43].

The total content of alkalis in concrete also affects alkaline reactivity. It should, there-
fore, be assumed that mortars with a higher Na,Oeq content should be characterized by a
higher alkaline reactivity. In the experimental studies conducted, the highest Na,O content,
exceeding 14%, was characterized by glass flour and glass granulates. However, for both
additives, a decrease in the alkaline reactivity of the aggregate was obtained. For the
content of additives at the amount of 10%, it was 34.4% for glass flour and 26.1% for glass
grit. On the other hand, for the content of additives at the amount of 20%, the decrease
in alkaline reactivity was 58.2% for glass flour and 47.9% for glass grit. It can, therefore,
be stated that the increase in the alkali content in the mixture contributed to the decrease
in the alkaline reactivity of the aggregate. According to the authors of the work [16], the
additives that affect the decrease in the alkaline reactivity of aggregates are mainly zeolites,
fly ash, or lithium compounds.

5. Conclusions

Based on the tests conducted involving the introduction of mineral additives at the
amount of 10% and 20% to the standard mortar as a cement substitute, the following
conclusions can be drawn:

(1) Compacted microsilica, which is a material commonly used in UHPC concretes,
increases the alkaline reactivity of aggregates. In the discussed tests, the reactivity was
9.3% for the 10% additive content and 20.9% for the 20% additive content, respectively.
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It should, therefore, be stated that compacted microsilica is not suitable for reducing
the alkaline reactivity of aggregates intended for road surfaces.

(2) The addition of white microsilica at the amounts of 10% and 20% caused a decrease
in the alkaline reactivity of the aggregate by 76.7% and 95.8%, respectively, which
contributed to reducing the aggregate reactivity class from R2 to RO. This is very
beneficial because reactive aggregates can be used to build road surfaces made of ce-
ment concrete. This directly contributes to the possibility of using aggregates for road
construction, which until now has not met the standard requirements. Nevertheless,
there is a risk of increased shrinkage of the concrete mix, which will also constitute a
further stage of the authors’ research.

(3) A very positive effect can be observed after adding limestone flour, which is character-
ized by the highest CaCOj3 content of over 93%, and an additive in the form of glass
flour and glass granulate, characterized by an increased NayOeq content. The research
conducted shows that the use of the above additives also has a beneficial effect on
reducing alkaline reactivity and aggregates from carbonate rocks and will not neces-
sarily enter into a reaction between alkalis and carbonates. It is, therefore, possible
to use limestone aggregates mainly in the form of limestone flour as a substitute for
cement in order to reduce the alkaline reactivity of the aggregate.

(4) The results obtained in the research constitute an important direction in the scope
of the possibilities of using mineral additives to minimize the alkaline reactivity
of aggregates, and additionally, as was confirmed in the results presented in the
work [32], by using mineral additives, it is possible to reduce the cement content in
the mortar, which also has a positive effect due to environmental aspects and reducing
carbon footprint.

(5) InPoland, over 70% of sand mines are characterized by alkaline reactivity at the level
of R1 or R2; therefore, due to the use of the above-mentioned additives, this level can
be significantly reduced, and the amount of sand used in the construction of roads
and bridges can be increased.
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Abstract: This article presents the procedure for designing self-compacting cement con-
crete characterized by minimal free space and a maximally compacted mineral skeleton.
Such a designed mix allows for lower cement consumption and an increased amount
of mineral additives. The paper presents a broad analysis of the influence of different
aggregate proportions (36 recipes) and verification of the properties of the concrete mix
using CEM 142.5 R cements and fly ash. As a result of the appropriately compacted mineral
skeleton, only 17% free space was obtained, which will allow the amount of cement to
be reduced from 500 kg/m? to 350 kg/m?> while fully maintaining the properties of the
mix and hardened concrete. After 90 days of curing, SCC concrete was characterized by
a compressive strength above 68 MPa and a small 2.1% decrease in compressive strength
after 100 freeze—thaw cycles.

Keywords: SCC; concrete durability; fly ash

1. Introduction

Self-compacting concrete (SCC) is an innovative type of special concrete. It is charac-
terized by specific rheological properties of a fluid concrete mix due to the precise selection
of ingredients and their mutual proportions [1]. These properties constitute the criterion
for identifying a self-compacting mix. A mix with a fluid consistency is able to tightly
fill the formwork and envelop and fill dense reinforcement while maintaining a uniform
composition and minimal porosity, and what is more, it compacts and deaerates under the
influence of its own weight [2,3]. The fluid consistency of the mix is achieved thanks to a
large amount of binder and the addition of an appropriate superplasticizer based on poly-
carboxylates and polyethers in an increased amount (2—4%). Their presence allows us to
obtain a uniform structure, enabling the efficient use of cement and additives. Low porosity
is achieved by reducing the amount of water added to the concrete and the presence of
fine-grained mineral additives (fine fractions tightly fill the air gaps between cement grains).
Formwork filling occurs without segregation of components and bleeding (leakage of water
from the mixture). After laying, it self-levels, which results in an even and smooth surface.
In addition, the process of mechanical vibration and noise, which is a negative factor for
health, is eliminated. The lack of mechanical compaction results in a reduction in the
thickness of the contact zone, which is usually characterized by much greater porosity than
deeper layers of grout [4]. Self-compacting concrete is characterized by a reduced number
of air pores by up to 25%. The phenomenon of spontaneous deaeration of the mixture is
also considered to be one of the basic rheological properties. The need for layered dosing
of the mixture disappears, which, together with the high efficiency of self-compacting
concrete, results in a reduction in work time [5] and a reduction in labor input by up to 30%.
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This concrete undoubtedly improves the technological process, because the mixture does
not change its consistency during transport and laying, for up to 3 h. It becomes possible
to concrete structures with complex, atypical shapes and high-quality surfaces. The struc-
ture of the concrete is homogeneous, which results from the continuous process of laying
the mixture and eliminating differences in the degree of compaction of individual layers.
The exceptional durability and strength of hardened concrete means that self-compacting
concretes are usually also high-quality concretes. When it comes to the technical param-
eters of SCC concrete, a certain analogy can be seen to ordinary concretes. The main,
leading value defining the suitability of concrete for a specific application is compressive
strength. It influences other technical features, which in the case of compatibility of the
compressive strength of these two types of concrete are also similar. The strength range of
self-compacting concretes oscillates around 30-100 MPa, while obtaining concretes of lower
classes is often problematic. It turns out that, for concretes of classes lower than C30/37,
hardened self-compacting concrete after 28 days is characterized by strength 40-80% higher
than originally assumed. This is undoubtedly influenced by the high cement content and
the presence of mineral additives, sealing the structure of concrete, affecting the increase
in strength and durability. One feature that highlights ambiguities is the resistance of
concrete to creep. On the one hand, a larger amount of grout contributes to the increase
in creep, and on the other hand, lower porosity limits this phenomenon and concrete is
more durable. This issue still requires numerous studies and analyses, as the obtained
results indicate that the increase in creep is closely related to the high cement content in the
mixture. The situation is similar with shrinkage; it was found that the standard procedures
have absolutely no practical application in the case of SCC concretes. A larger amount of
grout promotes the phenomenon of shrinkage, while a tight structure and a low w/c ratio
limit it [3,4]. Numerous studies show that the issue of adhesion of self-compacting concrete
to reinforcement is also more favorable than in the case of ordinary concretes [1-5]. This is
mainly due to the homogeneous structure of the self-compacting mixture and the lack of
differences in the degree of its compaction [4-6]. Lower porosity in the contact zone of the
grout with the reinforcement causes tight and precise covering of the bars, for both ordinary
and prestressing tendons. Greater strength, uniformity, and tightness of concrete does
not always have a 100% positive connotation—in the event of fire, it causes more spalling
than in the case of ordinary concrete, and additionally, flaking of the surface layer. One
method may be the use of propylene fibers, which, by melting in fire conditions, increase
the number of pores in the concrete and loosen its structure, increasing permeability and
allowing water vapor to escape. When it comes to greater durability of concrete, it results
mainly from the tight structure and low content of micropores [7,8]. In this matter, the issue
of the appropriate degree of aeration of the mixture becomes important, which is influ-
enced by both air-entraining admixtures and superplasticizer. This requires strict control of
their effect on the properties of the mixture with simultaneous verification of the effects
of their action and mutual cooperation. The small number of air pores in SCC concretes
and the presence of mineral additives, together with a low w/c ratio, additionally seal and
strengthen the microstructure. The phenomenon of absorption and diffusion of gases and
liquids occurs much slower in SCC concrete. The carbonation process, which deprives
concrete of protective properties towards steel and is initiated by the presence of carbon
dioxide, is not more aggressive than in the case of ordinary concretes due to the low value
of the diffusion coefficient. Reduced diffusion of chloride ions ensures greater durability
and protection of reinforcing steel. The main research objective presented in the article is to
present the procedure for designing self-compacting concretes by properly selecting the
proportions of aggregates (sand and gravel) in order to obtain the minimum free space
(vacuum) [2,5]. Concrete designed in this way will be characterized by a minimum amount
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of cement and water needed to fill the free spaces. The excess binder necessary for the
flow of the concrete mix was obtained by increasing the amount of mineral additives, such
as limestone flour or fly ash [7]. A new element in the context of design methods is the
presented simplified procedure for designing a mineral skeleton characterized by minimal
free space. Additionally, a blocking factor for the mineral aggregate mix was introduced
into the calculations [8-10].

2. Materials and Methods

The research work used:

- CEM142.5 R cement in accordance with PN-EN 197-1 [11];

- Natural aggregate of fractions 2/8 mm and 8/16 mm, with a density of 2.65 g/cm?
and water absorption of 1.60% and natural sand of fraction 0/2 density of 2.65 g/cm?;

- Inorder to increase the viscosity of the concrete mix and reduce the amount of cement,
a mineral additive in the form of fly ash with a density of 2.50 g/cm? was used;

- A third-generation high-range/strong water-reducing admixture SP and VMA vis-
cosity regulators complying with NP EN 934-1 [12] and PN-EN 934-2 [13] (amodified
polycarboxylic high-range water-reducing admixture in liquid form with a density of
1.02t0 1.07 g/ cm3)—tap water in accordance with PN-EN 1008 [14].

2.1. Methods

The concept behind the method of blocking aggregate in concrete is as follows. The
appropriate selection of fractions and determination of the proportions of coarse aggregate
and sand is the key to designing a tight crushed pile [15-17]. Such a designed mineral
mixture provides the desired consistency and workability, while the resulting minimum
free space allows the amount of cement to be limited to the minimum amount neces-
sary to obtain compressive strength. From the experience of the authors of the blocking
method [6,15,18], coarse aggregates should be avoided because they are characterized by a
larger specific surface area compared to natural gravel aggregates. Excessive filling of the
mixture with grout, including both filling empty spaces and surrounding the aggregate
surface with grout, can result in increased water demand.

Elimination of the phenomenon of blocking coarse aggregate grains between reinforc-
ing bars and ensuring their correct encapsulation is only possible in the case of correct
encapsulation of grains with grout while maintaining appropriate distances between them,
which translates into determining the optimal content in the mixture. Van B.K. and S.
Tangtermsirikul (Bangkok 1995) [18], in their research on the blocking criterion, considered
the influence of both the shape and the size of the grains on the blocking coefficient, taking
into consideration natural river aggregate of 0-8 mm and crushed limestone of 8-16 mm.
Based on the graph, a formula was developed to determine the possibility of aggregate
grains getting blocked in the mixture:

Ee)-Efg] s o

i—1 \Mabi

where:

V,i—volume of a given aggregate fraction;
Vapi—blocking index for a given aggregate fraction (value < 1).

Moreover, the use of crushed aggregates is an important issue. They are characterized
by a larger specific surface area and, at the same time, a larger friction surface, which
requires the use of a larger content of cement paste [19,20]. Assuming a constant amount
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of cement in the case of natural and crushed aggregate, increasing the amount of paste
involves the need to use a large amount of filler (in extreme cases, its amount in concrete
on crushed aggregate can be over 230 kg/m?).

The voidness criterion determines the optimal content of coarse aggregate (gravel
8-16 mm), or more precisely, its ratio to the total aggregate in the Nga mixture, at which the
content of voids will be the smallest. The Nga (content of voids in the coarse aggregate in
relation to the total aggregate) coefficient also determines the required amount of cement
paste [21-25]. The correct design of the mixture composition is realized in the case of the
amount of paste greater than the volume of voids in the crushed pile—only then will we
obtain the required consistency of the mixture due to fluidity, and consequently the free
filling of the formwork with the mixture. Based on analyses and experience, correlations
were developed between the minimum required amount of paste in relation to the share
of coarse aggregate content. They show that the smallest value of the required amount
of paste (in L/m?) can be used in the case of 40-60% coarse aggregate content. The most
unfavorable cases occur with a complete lack of 8-16 mm gravel (at the same time, obtaining
a self-compacting mixture without the presence of this fraction is often impossible) or with
excessive overfilling of the crushed pile with coarse aggregate (when the Nga ratio changes
by +/— 0.7, even to a value of 1). The void criterion is usually of secondary importance, but
it plays an important role in concreting with a narrow stream, in the case of, for example,
building walls.

2.2. Functional Design Stages

When analyzing the mechanism of self-compacting concrete, it can be assumed, in
accordance with the assumptions of the physicochemical mechanics of dispersion sys-
tems, that it is a dispersion system consisting of a dispersed phase (mineral skeleton
above 0.25 mm) and a liquid phase (water, cement, filler, superplasticizer, and fine sand
< 0.25 mm) [9,15]. The assumptions of the functional method for designing self-compacting
concrete are based on Professor Paszkowski’s method, the so-called double-envelopment
method, i.e., it was assumed that the coarse aggregate grains are covered with a layer of
cement mortar, while the sand grains are covered with cement paste. It was assumed that
the functional method consists of 4 stages, each of which is responsible for the selection of
a different component, and the final verification of properties takes place at the stage of
trial mixing [9]. The stages of the functional method are presented in Table 1:

Table 1. Design stages for SCC [9].

Stage Description Stage Objective
Stage I Determination of w/c, type of cement, type of =~ Achieving the project requirements contained
& mineral additives and chemical admixture in the technical specifications
Stage I Selection of grain size of the mineral mixture = Obtaining a mineral mixture with minimal
& by the blocking method free space
Calculation of the specific surface area of the
aggregate pile and assumption of the Determining the minimum amount of grout
Stage III thickness of the aggregate grain coveringin  that will allow the concrete mix to flow
order to separate the grains by the film without blocking the aggregate grains
distance, b
. . Verification of SCC properties (L-box,
Stage IV Preparation of a test batch, testing of the V-funnel, Abrams inverted cone, strength and

concrete mix and hardened concrete durability tests)
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2.3. Designing the Mineral Composition of Concrete

The first stage of design consisted of selecting the components of the concrete mix in
order to meet the requirements included in the technical design in terms of compressive
strength and exposure class. In the second stage, an analysis was carried out in terms of
determining the proportions of mineral aggregate fractions 0/2, 2/8, and 8/16 using the
blocking method in order to obtain a mineral mix characterized by minimal free space, i.e.,
the best packing. The proportions of the 36 analyzed mixes are included in Table 2:

Table 2. Analyzed proportions of the mineral mixture (%).

Recipes 1 2 3 4 5 6
Gravel 8/16 50 50 50 50 50 50
Gravel 2/8 50 40 30 20 10 0

Sand 0/2 0 10 20 30 40 50
Gravel 8/16 40 40 40 40 40 40
Gravel 2/8 50 40 30 20 10 0

Sand 0/2 10 20 30 40 50 60
Gravel 8/16 30 30 30 30 30 30
Gravel 2/8 50 40 30 20 10 0
Sand 0/2 20 30 40 50 60 70
Gravel 8/16 20 20 20 20 20 20
Gravel 2/8 60 50 40 30 20 10
Sand 0/2 20 30 40 50 60 70
Gravel 8/16 10 10 10 10 10 10
Gravel 2/8 60 50 40 30 20 10
Sand 0/2 30 40 50 60 70 80
Gravel 8/16 0 0 0 0 0 0
Gravel 2/8 70 60 50 40 30 20
Sand 0/2 30 40 50 60 70 80

The third stage of design consists of calculating the specific surface area of the aggre-
gate pile and assuming the thickness of the aggregate grain cover in order to separate the
grains by the film distance, b. The aim of this stage is to determine the minimum amount
of grout that will allow the concrete mix to flow without blocking the aggregate grains [9].
Calculation of the minimum amount of cement grout, Z.,;,, that will allow the concrete to
flow based on the determined free space in the mineral mix and the specific surface area of
the aggregate pile was performed according to Formula (2):

Zcmin = Zl + Z2 (2)

The minimum amount of grout filling the free space between aggregate grains is
calculated using Formula (3) and the minimum amount of grout causing the aggregate
grains to be separated by a distance, b, is calculated using Formula (4) and is designated Zj:

Ppin: pwz
00 max

7, = 3)

where Z; is the minimum amount of grout filling the free space in the mineral mixture,

32/8k; Pyin—is the minimum free space in the mixture determined experimentally, %; and
Puwz is the density of the cement paste, g/cm?.
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where Z; is the minimum amount of grout causing overfilling of free spaces in the mineral
mixture, g /gx; Py is the specific aggregate surface area, cm?/g; and b is the thickness of
the film on the aggregate, cm.

Finally, the requirement for the minimum amount of cement paste [9] enabling the
concrete to flow is determined according to Formula (5):

P . .
Zemin = < min’ Pz + Py -b- sz) (5)
00 max
The minimum amount of cement paste, determined according to the assumptions of
this method, should allow the desired fluidity of the designed concrete. The final amount
of paste (liquid phase) was determined using Formula (6):

Z = Zcmin ‘K (6)

where Z is the final amount of grout in the concrete mix, kg/ m3, and K is the amount of
fine and coarse aggregate, kg/m?>.
According to Formula (7), for absolute volume:
Z K
— + — = 1000 (7)
Pwz Pk
where py is the aggregate density, g/cm?.
The final amount of aggregate in the concrete mix can be calculated using Formula (8):
1000

K=7—— ®)
Zemin + 1

Pwz Pk

In order to check the correctness of the calculations of all the components of the
concrete mix, the so-called absolute volume equation (or tightness condition) should be
used, which has the following form [26]:

L S A R )

Pc Ok Pp Od Ow Om
where c is the amount of cement, kg/m3; k is the amount of coarse aggregate, kg/m?3; p is the
amount of sand, kg/ m?3; d is the amount of the chemical admixture (the superplasticizer),
kg/ m3; w is the amount of water, kg/ m3; pc is the density of the cement, kg/ dm3; Ok is the
density of the aggregate, kg/dm?; pp is the density of the sand, kg/ dm?; p, is the density
of the chemical admixture (superplasticizer), kg/ dm3; Pw is the density of water, kg/ dm3;
m is the amount of limestone dust, kg/ m?; and Pm is the density of the limestone dust,
kg/ dm?.

The last stage of the design consists of making a trial batch and testing the concrete
mix and hardened concrete to verify the SCC properties (L-box, V-funnel, inverted Abrams
cone). As part of the work, compressive strength tests and determination of concrete
durability were performed.

3. Results

In the first stage, analyzing the project requirements, it was determined that the SCC
concrete mix should be characterized by strength class C30/37, consistency class SF2, VS1,
VF1 and frost resistance F100. In the second stage, a mineral mix was designed using the
blocking method and the results are included in Tables 1 and 2. Further in the text, Table 3
presents sample calculations for one of the regulations, SCC C2. The aim of this stage was
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to obtain a mix characterized by minimum free space and maximum density. A summary
of the obtained results is presented in Table 4.

In the third stage, the specific surface area was calculated for 36 different aggregate
mixes with variable proportions of the content of individual fractions, which allows for
the analysis of their impact on the remaining parameters in the design. It was assumed
that each of the aggregates must be covered with a paste with a film thickness, b, equal to
0.1 mm for aggregates from 2 to 31.5 mm and 0.02 mm for aggregates below 2 mm.

At this stage, the minimum amount of cement paste, Z.,,i;, Zcnin, Was determined,
which will allow filling the free spaces, defined as Z; and Z;, which is responsible for
moving the aggregate grains apart by a distance, b, without blocking the grains during the
flow of the concrete mix. A summary of the obtained results of the minimum amount of
cement paste is presented in Table 5. The next step in the design is to determine the amount
of aggregate using Formula (8) for the total volume of all components and to determine the
amount of filler in the form of fly ash.

In order to verify the values of individual components adopted at the design stage,
included in Tables 6-8, the final design stage was carried out, i.e., preparation of a batch
in the laboratory and determination of the properties of the concrete mix. In terms of the
concrete mix, the ability of the mix to flow was determined as the degree of fluidity of the
concrete mix using the cone flow method. In parallel, the time t5p) was determined using
this method, measured from the moment the cone was lifted until the mixture flowed out
to a diameter of 500 mm (mix viscosity). The time of flow of the concrete mix from the
V-funnel was also measured [27-29]. The measurement of viscosity using the V-funnel
method allowed for the assessment of the viscosity and ability of the self-compacting mix
to fill the mold. Both tests described above are helpful in confirming the homogeneity
of self-compacting concrete for different proportions of aggregate and the amount of ash
added. Flowability was also determined, i.e., the ability of the concrete mixture to flow,
without losing its homogeneity or blocking, through limited spaces and narrow gaps, such
as densely reinforced areas in the L-box device. The obtained results of the properties of
self-compacting concrete mixtures are presented in Table 9 and in Table 10 are presented
the results of the strength properties and durability of concrete. Below in Table 3 are sample
calculations for one of the regulations, SCC C2:

Table 3. Recipe ingredients for SCC C2.

Designing Self-Compacting Concrete by the Aggregate Locking Method

Recipe Composition SCC C2 [%] [kg/m?] Density [kg/m®]
Aggregate
30% Gravel 8/16 mm 23.68 576 2.65
40% Gravel 2/8 mm 31.57 768 2.65
30% Sand 0/2 mm 23.68 576 2.64
Filer Fly ash FA 0.00 0 2.66
Cement CEMI425R 6.47 350 3.10
Water 291 157 1.00
Admixture ViscoCrete 0.22 5.24 1.05
- 100.0 2431
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Table 4. Calculations of aggregate grain size and volume in m3.

C =34 mm

Recipe Ingredients in [%] Volume [L/m3] Sum:
o Do omar S O S e Twe Cane
31.500 - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16.000 27.625 1.231 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.000 14.000 2.429 0.00 1.00 71.00 0.00 2.90 154.23 157.13
4.000 7.000 4.857 0.00 43.00 26.00 0.00 124.55 56.48 181.03
2.000 3.500 9.714 0.00 46.50 3.00 0.00 134.68 6.52 141.20
1.000 1.750 19.429 9.00 9.50 0.00 19.62 27.55 0.00 47.14
0.500 0.875 38.857 36.00 0.00 0.00 78.50 0.00 0.00 78.50
0.250 0.438 77.714 24.00 0.00 0.00 52.33 0.00 0.00 52.33
0.125 0.219 155.429 23.50 0.00 0.00 51.24 0.00 0.00 51.24
0.075 0.113 302.222 2.50 0.00 0.00 5.24 0.00 0.00 5.45
0.000 0.056 604.444 5.00 0.00 0.00 10.90 0.00 0.00 10.90

For the designed aggregate proportions of 30% 8/16 gravel, 40% 2/8 gravel and 30%
0/2 mm sand, the following good grain size distribution curve was obtained, as shown in
Figure 1:
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r 80.0
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Figure 1. Grain size diagram of the designed mineral mixture.

Values qomqyx and P,;,, which are necessary to determine the minimum amount of
grout, were determined experimentally. The following values of the maximum bulk density,
Jomax, and free space in the designed mix, P,;,, for case C2 were obtained:

0 max = 2.098 g/cm3

Pyin = 20.83% = 0.2083 g/cm?®
which is why:

~0.2083-1.81
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Assuming the density of the cement paste is equal to 1.81 g/cm?3.

Table 5. Calculation of the blocking index, BL, for a given aggregate composition, C2.

Blocking for a Given Type of Aggregate

for Natural for Crushed Sum

Sieve Daf C/Daf Aggregate Aggregate Volume Blocking
[mm] [L/m®] [L/m3] [L/m3]
31.500 - - - - -
16.000  27.625 1.231 80 60 0.000
8.000 14.000  2.429 508 408 0.326
4.000 7.000 4.857 622 522 0.254
2.000 3.500 9.714 724 670 0.138
1.000 1.750 19.429 840 840 0.050
0.500 0.875 38.857 840 840 0.108
0.250 0.438 77.714 840 840 0.080
0.125 0.219  155.429 840 840 0.087
0.075 0.113  302.222 840 840 0.014
0.000 0.056  604.444 840 840 0.028

1.088

Based on the calculated specific surface area, the demand for grout, Z5, is determined
according to the calculations according to the adopted calculation model:

Zy =0.1932 g,/ gk

Table 6. Determination of the demand for Z, grout based on the determined specific surface area
and the thickness of the grout film for recipe SCC C2.

SCCC2
Calculated Specific Wrap Radius P b Grout Demand for
Surface Area Py, b “ Density Leaven Z,
[em?/g] [cm] [em3/g] [g/m3] [g-/gx]
0.00 0.01 0.0000 1.81 0.0000
0.00 0.01 0.0000 1.81 0.0000
0.54 0.01 0.0054 1.81 0.0098
1.25 0.01 0.0125 1.81 0.0226
1.95 0.01 0.0195 1.81 0.0353
1.30 0.002 0.0026 1.81 0.0047
432 0.002 0.0086 1.81 0.0156
5.76 0.002 0.0115 1.81 0.0209
11.28 0.002 0.0226 1.81 0.0408
2.40 0.002 0.0048 1.81 0.0087
9.60 0.002 0.0192 1.81 0.0348
38.40 0.1067 1.81 0.1932

The calculated amount of grout needed to fill the empty spaces in the mixture is given
by Z1 =0.1797 g,/ g, while the amount of leaven, Z,, due to the specific surface area and
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film thickness b for this composition is 0.1932 g,/ gx. The blocking factor for this case is
1.09. In summary, the total slurry requirement (liquid phase) for the SCC C2 recipe is:

Zemin = 0.1797 4 0.1932 = 0.3729 g./g;

With the above values at our disposal, we calculate the amount of aggregate needed:

1000

— _ 3
K= 43— = 1712.89 kg/m

181 T 26470
Therefore, the final amount of cement paste (liquid phase) is as follows:

Z =0.3729 - 1712.89 = 638.74 kg/m3

The amount of grout (cement + water) is known and assumed in the recipe; it is as
follows: cement 350 kg and water 157.5 kg, i.e., together, 507.5 kg/m>. We have obtained
the amount of necessary grout of 638.74 kg/m?. This means that the remaining amount
(131.24 kg/m?>) must be supplemented with a filler, e.g., fly ash, so that the concrete can
flow freely (is self-compacting) by spreading the aggregate with the grout. The amount of
superplasticizer added, 1.5%, to the cement mass is 5.25 kg/m?.

Final summary of all grout quantity results, Z1, Z,, and Z,;,,, for each of the 36

analyzed compositions are presented in Table 7:

Table 7. Calculation of the minimum amount of grout and the aggregate blocking index.

Recipe Gravel Gravel Sand qomax Pin Juz 7 P, V4 Z cinin BIO?king
8/16 [%] 2/8 [%] 0/2 [%] [g/cm?®] [%] [g/em®] [g2/gx] [g/cm?] [g2/gx] [kg/m®]  Indicator

Al 50 50 0 1.648 37.81 1.81 0.4153 6.1 0.0957 0.511 1.218
A2 50 40 10 1.724 34.94 1.81 0.3668 16.5 0.1236 0.490 1.197
A3 50 30 20 1.789 32.49 1.81 0.3287 26.9 0.1515 0.480 1.177
A4 50 20 30 1.855 30.00 1.81 0.2927 37.3 0.1793 0.472 1.157
A5 50 10 40 1.962 25.96 1.81 0.2395 47.8 0.2072 0.447 1.137
A6 50 0 50 2.078 21.58 1.81 0.1880 58.2 0.2351 0.423 1.117
B1 40 50 10 2.172 18.04 1.81 0.1503 17.0 0.1305 0.281 1.169
B2 40 40 20 2.186 17.51 1.81 0.1450 27.4 0.1584 0.303 1.149
B3 40 30 30 2.196 17.13 1.81 0.1412 379 0.1863 0.327 1.128
B4 40 20 40 2.199 17.02 1.81 0.1401 48.3 0.2141 0.354 1.108
B5 40 10 50 2.205 16.79 1.81 0.1378 58.7 0.242 0.380 1.088
B6 40 0 60 2214 16.45 1.81 0.1345 69.2 0.2699 0.404 1.068
C1 30 50 20 2.065 22.08 1.81 0.1935 28.0 0.1653 0.359 1.12
C2 30 40 30 2.098 20.83 1.81 0.1797 38.4 0.1932 0.373 1.1

C3 30 30 40 2.135 19.43 1.81 0.1647 48.8 0.2211 0.386 1.08
C4 30 20 50 2.186 17.51 1.81 0.1450 59.3 0.2489 0.394 1.059
C5 30 10 60 2.199 17.02 1.81 0.1401 69.7 0.2768 0.417 1.039
Co6 30 0 70 2211 16.57 1.81 0.1356 80.1 0.3047 0.440 1.019
D1 20 60 20 2.096 20.91 1.81 0.1806 28.5 0.1723 0.353 1.091
D2 20 50 30 2.119 20.04 1.81 0.1712 38.9 0.2001 0.371 1.071
D3 20 40 40 2.127 19.74 1.81 0.1680 49.4 0.228 0.396 1.051
D4 20 30 50 2.145 19.06 1.81 0.1608 59.8 0.2559 0.417 1.031
D5 20 20 60 2.167 18.23 1.81 0.1523 70.2 0.2837 0.436 1.011
D6 20 10 70 2.185 17.55 1.81 0.1454 80.6 0.3116 0.457 0.991
El 10 60 30 2.115 20.19 1.81 0.1728 39.5 0.2071 0.380 1.043
E2 10 50 40 2.128 19.70 1.81 0.1676 499 0.2349 0.402 1.022
E3 10 40 50 2.142 19.17 1.81 0.1620 60.3 0.2628 0.425 1.002
E4 10 30 60 2.158 18.57 1.81 0.1558 70.8 0.2907 0.446 0.982
E5 10 20 70 2.162 18.42 1.81 0.1542 812 0.3185 0.473 0.962
E6 10 10 80 2.181 17.70 1.81 0.1469 91.6 0.3464 0.493 0.942
F1 0 70 30 2.189 17.40 1.81 0.1439 40.0 0.2214 0.358 1.014
F2 0 60 40 2.207 16.72 1.81 0.1371 50.4 0.2419 0.379 0.994
F3 0 50 50 2.244 15.32 1.81 0.1236 60.9 0.2697 0.393 0.974
F4 0 40 60 2.265 14.53 1.81 0.1161 713 0.2976 0.414 0.954
F5 0 30 70 2.279 14.00 1.81 0.1112 81.7 0.3255 0.437 0.933
F6 0 20 80 2.286 13.74 1.81 0.1088 92.1 0.3533 0.462 0.913
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Knowing the minimum amount of grout, Z.,;,,, the remaining components of the
concrete mix can be determined from Formulas (5)—(8). The final compositions of the
recipes, together with the determination of the minimum amount of fly ash (FA) [29], are
presented in Table 8. The calculation of the amount of FA to meet the demand for the Z
paste was made assuming that we have a constant amount of cement, C 350 kg/m3 and
w/c 0.45.

Table 8. Composition calculations for the analyzed recipes differing in the amount of individual
aggregate fractions and the demand for fly ash FA.

Cement

Recipe Gravel Gravel Sand Pin Py, Blocking Aggregate Grout Cement Water FA
8/16 [%] 2/8 [%] 0/2 [%] [%] [g/lem?]  Indicator  [kg/m®] [kg/m’] [kg/m?3] [kg/m3] [kg/m3]
Al 50 50 0 37.81 6.1 1.218 1514 773.8 350 157.5 266.3
A2 50 40 10 34.94 16.5 1.197 1541 755.6 350 157.5 248.1
A3 50 30 20 32.49 26.9 1177 1554 746.4 350 157.5 238.9
A4 50 20 30 30.00 37.3 1.157 1565 738.9 350 157.5 231.4
A5 50 10 40 25.96 47.8 1.137 1600 714.9 350 157.5 207.4
A6 50 0 50 21.58 58.2 1.117 1634 691.5 350 157.5 184.0
Bl 40 50 10 18.04 17.0 1.169 1875 526.7 350 157.5 19.2
B2 40 40 20 17.51 274 1.149 1833 556.0 350 157.5 48.5
B3 40 30 30 17.13 37.9 1.128 1789 585.8 350 157.5 78.3
B4 40 20 40 17.02 48.3 1.108 1743 617.3 350 157.5 109.8
B5 40 10 50 16.79 58.7 1.088 1701 646.0 350 157.5 138.5
B6 40 0 60 16.45 69.2 1.068 1663 672.3 350 157.5 164.8
C1 30 50 20 22.08 28.0 1.12 1735 622.6 350 157.5 115.1
C2 30 40 30 20.83 38.4 11 1712 638.4 350 157.5 130.9
c3 30 30 40 19.43 48.8 1.08 1691 652.6 350 157.5 145.1
C4 30 20 50 17.51 59.3 1.059 1679 661.2 350 157.5 153.7
C5 30 10 60 17.02 69.7 1.039 1644 685.2 350 157.5 177.7
Co6 30 0 70 16.57 80.1 1.019 1609 708.7 350 157.5 201.2
D1 20 60 20 20.91 28.5 1.091 1745 615.8 350 157.5 108.3
D2 20 50 30 20.04 38.9 1.071 1715 636.6 350 157.5 129.1
D3 20 40 40 19.74 49.4 1.051 1675 663.5 350 157.5 156.0
D4 20 30 50 19.06 59.8 1.031 1644 685.1 350 157.5 177.6
D5 20 20 60 18.23 70.2 1.011 1616 704.4 350 157.5 196.9
D6 20 10 70 17.55 80.6 0.991 1586 724.7 350 157.5 217.2
El 10 60 30 20.19 39.5 1.043 1701 646.1 350 157.5 138.6
E2 10 50 40 19.70 499 1.022 1665 670.3 350 157.5 162.8
E3 10 40 50 19.17 60.3 1.002 1632 693.2 350 157.5 185.7
E4 10 30 60 18.57 70.8 0.982 1601 714.6 350 157.5 207.1
E5 10 20 70 18.42 81.2 0.962 1564 739.5 350 157.5 232.0
E6 10 10 80 17.70 91.6 0.942 1537 758.2 350 157.5 250.7
F1 0 70 30 17.40 40.0 1.014 1737 621.5 350 157.5 114.0
F2 0 60 40 16.72 50.4 0.994 1702 645.2 350 157.5 137.7
F3 0 50 50 15.32 60.9 0.974 1680 660.6 350 157.5 153.1
F4 0 40 60 14.53 71.3 0.954 1648 682.0 350 157.5 174.5
F5 0 30 70 14.00 81.7 0.933 1615 705.1 350 157.5 197.6
Fe 0 20 80 13.74 92.1 0.913 1579 729.6 350 157.5 2221

The last stage of the design is the experimental verification of the properties of the con-
crete mix and the strength and durability characteristics of the cement concrete. Analyzing
the results of the free space size, blocking index, and specific surface area of the designed
aggregate and the resulting demand for the amount of cement paste, the following formula
compositions were selected for further tests: B2, B3, B4, B5, C2, C3, C4, C5, D3, and D4.
During the preparation of laboratory batches, the properties of the concrete mix were
determined in terms of the ability of the mix to flow. The fluidity of the concrete mix was
determined according to the cone flow method, in addition to the flow time, t509, measured
from the moment of lifting the cone to the moment of the mix flowing to a diameter of
500 mm [29-33]. The time of the concrete mix flowing out of the V-funnel was also mea-
sured, as well as the ability of the concrete mix to flow without losing its homogeneity or
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blocking in the L-box device. The obtained results of the properties of self-compacting

concrete mixes are presented in Table 9.

Table 9. Properties of the analyzed self-compacting concrete mixtures.

Redi Gravel Gravel Sand Cement Water FA SP SF \'A) VF L-Box
€IPe  gr161%]  2/8[%]  0/2[%]  [kg/m®l  [kg/m®]  [kg/m®l  [kg/m®]l  [mm] ts00 [s] [s] >0.80
B2 40 40 20 350 157.5 48.5 4.90 490 44 12.1 0.77
B3 40 30 30 350 157.5 78.3 525 540 4.0 9.3 0.79
B4 40 20 40 350 157.5 109.8 525 630 3.3 10.1 0.81
B5 40 10 50 350 157.5 138.5 4.90 640 3.1 8.4 0.84
C2 30 40 30 350 157.5 130.9 5.60 650 2.6 7.5 0.83
C3 30 30 40 350 157.5 145.1 5.60 670 1.8 6.6 0.85
C4 30 20 50 350 157.5 153.7 5.95 710 1.4 6.9 0.86
(€3) 30 10 60 350 157.5 177.7 5.60 730 15 59 0.87
D3 20 40 40 350 157.5 156.0 5.60 750 1.6 55 0.86
D4 20 30 50 350 157.5 177.6 5,25 730 1.3 5.7 0.88
The last stage of experimental verification of the design of SCC concrete with reduced
cement content was a series of strength tests and durability tests for the selected recipes.
The results of compressive strength performed after 7, 28, and 90 days are presented in
Figure 2 below:
Compressive strength after 28, 56 and 90 days
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Figure 2. Compressive strength results after 7, 28, and 90 days.
The full results of determining the compressive strength, frost resistance, F100, and
the air entrainment structure of concrete are presented in Table 10:
Table 10. Determination of compressive strength, frost resistance, F100, and air entrainment structure
of SCC concrete.
. Gravel Gravel Sand .
Recipe 8/16 28 02 Cement Water FA Compressive Strength F100 Azoo L
[%] [%] [%] [kg/m3] [kg/m®] [kg/m3] [MPa] [MPa] [MPa] [MPa] [%] [mm]
After 7 After After
Davs 28 90
4 Days Days
B2 40 40 20 350 157.5 48.5 40.5 514 60.2 -31 1.96 0.27
B3 40 30 30 350 157.5 78.3 42.1 57.2 63.5 -1.9 2.05 0.24
B4 40 20 40 350 157.5 109.8 40.6 60.3 68.3 -3.8 1.91 0.22
B5 40 10 50 350 157.5 138.5 43.3 55.7 64.2 -7.7 2.56 0.17
C2 30 40 30 350 157.5 130.9 47.7 61.6 68.3 0.8 251 0.20
C3 30 30 40 350 157.5 145.1 50.8 60.3 67.4 —21 2.90 0.15
C4 30 20 50 350 157.5 153.7 48.4 61.4 69.8 0.9 3.31 0.09
C5 30 10 60 350 157.5 177.7 41.8 63.7 72.5 —4.1 2.29 0.16
D3 20 40 40 350 157.5 156.0 44.5 58.9 68.6 -3.0 2.36 0.21
D4 20 30 50 350 157.5 177.6 425 56.4 66.7 —8.9 1.88 0.26
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4. Discussion

The presented research work presented a procedure for designing self-compacting
concretes using a reduced amount of cement by designing a composition of the aggregate
mixture that will be characterized by the smallest vacuum. Although the design of self-
compacting concrete is a much more complicated process and requires increased control
and knowledge of innovative concretes, it allows obtaining a mixture without the need
for vibration. Hardened SCC concrete surpasses ordinary concretes in its properties and
technical parameters; it provides new possibilities and a spectrum of applications and
could revolutionize the approach to design and execution in construction. Despite the lack
of unambiguous design methods in Poland, it is worth using the available achievements
of European countries, where self-compacting concrete technology is widely used. The
emerging methods are based on recommendations regarding SCC and are still being
developed; an example is the blocking method, according to which the composition of the
concrete mixture was designed. For 36 designed mineral aggregate formulas, the grain
size distribution curve, specific surface area, minimum value of the demand for grout,
and the blocking index of the aggregate composition were calculated. A large number of
the considered mixture compositions allowed for a broad analysis of the obtained results
and the drawing of conclusions. It should be stated that the obtained results confirmed
compliance with the theoretical assumptions regarding the composition of SCC mixtures.
From among the analyzed cases, several compositions were selected that were optimal
in terms of free spaces and the blocking index. Of course, this is not the only correct
composition of the mixture, but when selecting it all parameters were taken into account
and an attempt was made to select the most advantageous variant in terms of technology
and economy. Further experimental research and continuous expansion of knowledge in
the field of SCC concretes is extremely important and will certainly contribute in the future
to the free use of self-compacting concrete technology, which is increasingly commonly
used in special and architectural concretes in Poland. In further studies, the research will
be extended to include studies involving crushed aggregates (basalt, granite) and other
additives, such as blast furnace slag or limestone flour.

5. Conclusions

Based on the calculations, tests, and analyses performed for 36 different formulations,
the following conclusions can be drawn:

1.  The increase in the specific surface area of the aggregate causes an increase in the
demand for cement paste, which significantly affects the increase in the amount of
cement.

2. The greatest demand for paste is characteristic for mixtures with a high sand frac-
tion content, above 40%, which confirms the theoretical assumption of the blocking
method, while mineral mixtures with the largest specific surface area are characterized
by the lowest blocking index.

3. Inmost cases, the grain size curve did not fit into the limit curves recommended for
road and bridge concretes; therefore, new limit curves should be determined for SCC.
The grain size curve for cases from group F did not fit into the limit curves, which
indicates that obtaining self-compacting concrete without a gravel fraction of 8/16 is
very difficult and does not guarantee obtaining the assumed strength parameters,

4. The analyzed recipes, in which the share of coarse aggregate was 60-70% and sand
was 30-40%, were characterized by the lowest demand for grout and were within the
limit curves. This was confirmed in the SCC tests.
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5. After analyzing 36 different mineral compositions of self-compacting concretes for
further analysis, the smallest free space and the lowest blocking index were found in
formulas from groups B2-B4, C2-C5, and D3-D4.

6.  The use of this method allows for a significant reduction in the content of voids and
the amount of cement in the SCC mixture without a significant decrease in the flow
properties and durability characteristics of concrete over time.
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Abstract: Vegetation concrete is one of the most widely used substrates in ecological slope protection,
but its practical application often limits the growth and nutrient uptake of plant roots due to consoli-
dation problems, which affects the effectiveness of slope protection. This paper proposed the use
of a plant protein foaming agent as a porous modifier to create a porous, lightweight treatment for
vegetation concrete. Physical performance tests, direct shear tests, plant growth tests, and scanning
electron microscopy experiments were conducted to compare and analyze the physical, mechanical,
microscopic characteristics, and phyto-capabilities of differently treated vegetation concrete. The
results showed that the higher the foam content, the more significant the porous and lightweight
properties of the vegetation concrete. When the foam volume was 50%, the porosity increased by
106.05% compared to the untreated sample, while the volume weight decreased by 20.53%. The
shear strength, cohesion, and internal friction angle of vegetation concrete all showed a decreasing
trend with increasing foaming agent content. Festuca arundinacea grew best under the 30% foam-
ing agent treatment, with germinative energy, germinative percentage, plant height, root length,
and underground biomass increasing by 6.31%, 13.22%, 8.57%, 18.71%, and 34.62%, respectively,
compared to the untreated sample. The scanning electron microscope observation showed that the
pore structure of vegetation concrete was optimized after foam incorporation. Adding plant protein
foaming agents to modify the pore structure of vegetation concrete is appropriate, with an optimal
foam volume ratio of 20-30%. This study provides new insights and references for slope ecological

restoration engineering.

Keywords: vegetation concrete; foaming agent; physical and mechanical properties; plant growth;
slope protection

1. Introduction

Large-scale infrastructure and urbanization projects have resulted in numerous ex-
posed slopes [1]. These slopes, when subjected to natural factors such as wind, sun
exposure, and rainfall, are prone to geological disasters like collapses, landslides, and
mudflows [2—4], posing severe threats to human life safety. Additionally, these events lead
to a reduction in biodiversity, damage to landscape features, and create visual pollution
due to their stark contrast with the surrounding natural scenery [5,6]. Traditional masonry
measures, such as shotcrete, retaining walls, and frame beams, often sacrifice ecological
functions and landscape structures without guaranteeing long-term protection [7-9]. With
the global increase in environmental concerns, ecological protection of slopes has become
increasingly important.

Vegetation concrete is a composite material that combines concrete with plant growth
technologies [10]. It is made from planting soil, cement, aggregates, additives, fertilizers,
water, and mixed green plant seeds [11]. This mixture is sprayed onto slopes using spe-
cial equipment and is widely used for the comprehensive management and ecological
restoration of exposed slopes, especially rocky ones. Vegetation concrete uses cement as
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a binder, and combined with common support materials such as anchors, dowels, and
protective nets, it can stabilize the slope. Once the seeds germinate and grow into turf,
the above-ground part of the vegetation can intercept rainfall, reduce splash erosion, and
inhibit runoff. The roots form a dense reinforcement and anchorage system that further
enhances slope stability [12,13]. However, in practical applications of slope ecological
protection, it has been observed that the addition of cement can lead to consolidation of
the vegetation concrete (Figure 1). This consolidation reduces the porosity and aeration of
the vegetation concrete, adversely affecting root growth and nutrient uptake of the slope
vegetation, ultimately hindering normal plant growth and compromising the effectiveness
of ecological slope protection [14,15].

Figure 1. Vegetation concrete: (a) Vegetation concrete, (b) Consolidation of Vegetation concrete
(Magnified view).

The consolidated vegetation concrete displays a reduction in porosity [16]. As the
spatial environment for the extension of vegetation roots, vegetation concrete pores affect
the growth of plant roots, determine the length and diameter of roots directly, and play an
important role in slope protection [17,18]. Many scholars have improved the pore structure
of vegetation concrete by adding plant fibers or residues. For example, Liu et al. [19]
enhanced the pore structure of ecological slope protection substrates by adding organic
materials such as rice husks, sawdust, corn, and distiller grains. Qiu et al. [20] increased the
porosity by incorporating straw into the ecological slope protection substrate. These studies
have improved the porosity of vegetation concrete; however, the plant fiber and plant
residue can lead to discontinuous cracks in the vegetation concrete. Liu et al. [21] found
that biochar could effectively increase the porosity of vegetation concrete. Currently, most
methods to improve the porosity of vegetation concrete involve adding solid materials,
which can increase the overall porosity. However, excessive amounts or uneven mixing can
lead to agglomeration or the formation of cracks.

Lightweight foam concrete is a typical porous material characterized by low cost,
lightweight, convenient construction, and green, low-carbon properties. It has been widely
used in civil and industrial construction projects [22,23]. Foam concrete is made by incorpo-
rating foam from a foaming agent into concrete. The foaming agent is the primary substance
that forms pores and can be divided into chemical and physical foaming agents [24,25].
Chemical foaming agents produce bubbles through chemical reactions, generating a large
amount of gas but are challenging to control during gas production [26], and some foam-
ing agents can produce harmful gases [27]. Physical foaming agents generate bubbles
through mechanical action, mainly including rosin-based, synthetic surfactants, protein-
based, and composite types [28], with more foam stability. Foaming agents are also used
in soil improvement. For example, Vazquez et al. [29] and Leon et al. [30] used sugar
foam as a soil amendment for planting vegetation, promoting crop growth; Chan et al. [31]
found that Hypucem foam could improve soil physical properties, aiding healthy plant
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growth; Gao et al. [32] incorporated foaming agents into municipal sludge, inventing an
artificial planting soil with a rich pore structure; Wang et al. [33] applied foaming agents in
the formulation of plant growth soil, preparing improved soil that promoted vegetation
growth. Currently, foaming agents are primarily used in the preparation of lightweight
foam concrete and soil improvement, with fewer applications in the field of slope ecologi-
cal protection.

To effectively reduce the consolidation of vegetation concrete and promote the growth
of slope-protecting plants, this study attempts to apply a foaming agent as a modifier
to vegetation concrete. Specifically, foam generated by the foaming agent is used to
improve the pore structure of vegetation concrete, forming a lightweight, porous foamed
vegetation concrete. Through experiments measuring volume weight and porosity, direct
shear tests, plant growth tests, and SEM (Scanning Electron Microscope) analysis, the
effects of incorporating foaming agents on the physical properties, mechanical properties,
plant growth performance, and microstructure of vegetation concrete were systematically
studied. Additionally, the mechanisms by which foaming agents influence the performance
of vegetation concrete and slope ecological protection were also explored. This research
provides new insights and references for slope ecological restoration projects.

2. Materials and Methods
2.1. Materials

This study was conducted based on the vegetation concrete developed by our research
group [11,34]. The primary materials involved included planting soil, cement, aggregates,
green additives, ecological magnetic slow-release fertilizers, plant fibers, and water. The
planting soil is red-layer clay from the Sichuan Basin in China, sourced locally. It was
cleaned of debris such as stones and dead branches, air-dried, and then sifted through a
2 mm sieve for use, with its basic physical properties shown in Table 1. The cement used is
P-O 42.5R ordinary Portland cement produced in Sichuan. The aggregate consists of gravel
and sand with a mass ratio of 2:1. A single-size grade is used, with the gravel particle size
being less than 12 mm and the sand particle size being less than 4.75 mm. Green additives
mainly include superabsorbent polymer (PAM), carboxymethylcellulose (CMC) as a binder,
and plant residue as a pH regulator.

Table 1. Basic physical properties of soil samples.

Specific Dry Density Void Ratio Liquid Plastic Permeability
Gravity Gs (g/cm?®) Limit (%)  Limit (%)  Coefficient k (cm/s)
2.68 1.59 0.82 49 23 2.7 x 1076

2.2. Experimental Design

Protein foaming agents exhibit rapid foaming speed, uniform bubble size, and re-
markably stable foam with superior foaming performance [35]. These agents can be
classified into plant protein foaming agents and animal protein foaming agents [25]. The
study used a plant protein foaming agent, which is characterized by its resistance to
external factors such as temperature and pH, widespread production and applications,
low cost, and environmental friendliness. The foaming agent was diluted with water
at a ratio of 1:60 and then stirred using a high-speed mixer to produce foam, as shown
in Figure 2. Six cases were established for the amount of foam added, corresponding to
foam volume percentages of 0%, 10%, 20%, 30%, 40%, and 50% relative to the volume
of vegetation concrete. The mix proportions of the vegetation concrete components are
shown in Table 2.
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1000
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Figure 2. Foam made by high-speed mixer: (a) High-speed mixer, (b) Foam.

Table 2. Vegetation concrete proportioning.

Green Additive (kg/m®) i i
. 3 Aggregate Cement & Ecological Magnetic Plant Fibers Water
Soil (kg/m>) (kg/m®) (kg/m?) pH Slow-Release (kg/m®) (kg/m®)
PAM CMC Regulator Fertilizer (kg/m3)
1500 400 70 4.5 5.5 8 15 15 500

2.3. Sample Preparation

According to the designed mix ratio, the components of vegetation concrete were
weighed and mixed. First, powdered admixtures were thoroughly blended, followed
by the addition of water to create a mixed slurry. The foaming agent was diluted with
water and stirred to produce foam, which was then added to the mixed slurry according
to the mix ratio and stirred until uniform. Subsequently, aggregates and plant fibers,
which are larger-particle admixtures, were added and mixed evenly. The process of
preparing the sample is shown in Figure 3. Specimens were prepared using a 60 cm?
cutting ring (diameter 61.8 mm x height 20 mm), wrapped in cling film immediately after
preparation, and placed in a standard curing room (humidity above 95%, temperature
20 £ 2 °C) for curing. For the planting test, pots with a diameter of 15 cm and a height
of 11.5 cm were used, with 50 Festuca arundinacea seeds sown in each pot. Watering was
performed appropriately according to weather conditions to ensure consistent watering
amounts per pot, and the germination and seedling growth of Festuca arundinacea seeds
were monitored.
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Figure 3. Sample preparation: (a) Add powdered components and stir; (b) Add water and stir;
(c) Add foam. (d) Stirring, (e) Add larger granular components and stir; (f) Foam vegetation concrete.

2.4. Experimental Methods
2.4.1. Porosity

Three replicates were randomly selected from each treatment group, as described
above. The porosity of vegetation concrete was measured using the mass method [36].
Porosity was calculated based on the apparent volume of the vegetation concrete specimen,
the mass of the specimen when saturated in water, and the dry mass of the specimen, and
the calculation formula is shown in Formula (1):

P= (1 - u> x 100% 1)

In the formula, P is the porosity of the sample (%); V is the apparent volume of the
specimen (cm®3); My is the mass of the saturated specimen in water (g); M1 is the mass of
the dried specimen (g).

2.4.2. Volume Weight

Volume weight was measured using the drying and weighing method, and the calcu-
lation formula is shown in Formula (2):

M-M
P—V—1 )

In the formula, p is the bulk weight of the test sample (g/cm?), M is the mass of the
cutting ring plus the dried soil sample (g), M’ is the mass of the cutting ring (g), and Vj is
the volume of the cutting ring (cm?).

2.4.3. Mechanical Properties

The direct shear test was conducted using a DZ]-4 multifunction direct shear apparatus,
applying vertical pressures of 50 kPa, 100 kPa, 150 kPa, and 200 kPa, respectively. The
shearing speed was controlled at 0.8 mm/min, and the test stopped when the displacement
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reached 10 mm. The peak shear stress from the test was used as the shear strength value.
A graph of shear strength versus vertical pressure was plotted, with the angle of the line
representing the internal friction angle and the intercept on the vertical axis representing
the cohesion.

2.4.4. Planting Performance

The germinative energy and germinative percentage of Festuca arundinacea were as-
sessed at 7 and 10 days post-sowing, employing the method of dividing the total number
of germinated seeds. Subsequently, plant height and underground biomass were measured
28 days after emergence. For each treatment, a random selection of 10 plants was made
for measurement using a ruler. The underground portion was passed through a sieve and
washed with water to determine the length of the primary root. Following this, the root
was subjected to degreening in an oven at 105 °C for one hour before being dried at 80 °C
until reaching constant mass; this dry weight represented the underground biomass.

2.4.5. SEM

SEM testing was conducted using a FEI Nano SEM450 scanning electron microscope (FEI,
Hillsboro, OR, USA) Specimens were cut into samples measuring 2 mm x 2 mm x 2 mm, and
the surfaces of the specimens were coated with gold before observing the microstructure.

3. Results
3.1. Volume Weight and Porosity

Figure 4 shows the visual representation of vegetation concrete samples with different
foam volumes after 28 days of curing. The samples with 0%, 10%, and 20% foam volume,
shown in Figure 4a, Figure 4b, and Figure 4c, respectively, exhibit no significant changes in
appearance. In contrast, the 30%, 40%, and 50% foamed specimens, shown in Figure 4d,
Figure 4e, and Figure 4f, respectively, display a significant increase in surface porosity,
with the 50% foamed specimen being the loosest. As the foam volume increases, the
vegetation concrete becomes increasingly loose and porous. During sample preparation,
it was found that adding foam caused the mixture to expand in volume and increase in
porosity (Figure 3b,d). In addition, mixing became easier after the addition of foam.

(d) (e) (f)

Figure 4. Vegetation concrete samples with different foam volumes: (a) 0%, (b) 10%, (c) 20%, (d) 30%,
(e) 40%, (f) 50%.

The results of volume weight and porosity measured after 28 days of curing for
vegetation concrete with different treatments are shown in Figure 5. It can be seen that
with the increase in foam, the volume weight of vegetation concrete significantly decreased,
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while the porosity significantly increased. As a result, the characteristics of vegetation
concrete, which are its porosity and lightweight nature, become increasingly evident. The
volume weight of vegetation concrete with 50% foam volume was reduced by 20.53%
compared to that without foam, while the porosity increased by 106.05%. When the foam
volume was 40% and 50%, the difference in volume weight and porosity of vegetation
concrete was only 0.04 g/cm? and 5.21%, respectively, showing a tendency towards stability.
The incorporation of foam cannot infinitely affect the volume weight and porosity of
vegetation concrete; there is a threshold. Within a reasonable range, the porous and
lightweight properties of vegetation concrete can reduce slope load, increase ventilation,
improve drainage, and benefit slope stability, and lightweight vegetation concrete is more
straightforward to construct and transport, helping to improve construction efficiency and
reduce construction costs [37,38].
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Figure 5. Change in volume weight and porosity of vegetation concrete with added foam volume.

3.2. Shear Strength

Slope superficial layer failures are mostly shear failures [39]. The shear strength of
vegetation concrete determines the shear stress and bearing capacity of slope vegetation
concrete, which is one of the important mechanical properties affecting the stability of
slope ecological protection [40]. The shear strength of vegetation concrete changes with
age. Vegetation concrete with different treatments was selected for curing 3d, 7 d, 14 d,
and 28 d, and its shear strength under a vertical pressure of 200 kPa was measured. The
results are shown in Figure 6.

Figure 6 shows the shear strength of vegetation concrete at different curing ages. It
can be seen that with the extension of the curing age, the shear strength of vegetation
concrete with different foam volumes continuously increases, with a rapid increase in the
early stage, and the growth rate slows down from 14 days to 28 days. Using vegetation
concrete with 30% foam volume as an example, the shear strength at 7 days increased by
24 kPa compared to 3 days, an increase of 17.02%. The shear strength at 14 days increased
by 16 kPa compared to 7 days, an increase of 9.70%. The shear strength at 28 days increased
by 6 kPa compared to 14 days, an increase of 3.31%. Within the studied range of foam
volume, as the foam volume increases, the shear strength of vegetation concrete at the same
curing age shows a downward trend, with the decreasing rate gradually increasing. At
7 days, when the foam volume ratio is 10%, 20%, 30%, 40%, and 50%, the shear strength of
vegetation concrete is 178 kPa, 173 kPa, 165 kPa, 153 kPa, and 136 kPa, respectively, which
is a decrease of 1.66%, 4.42%, 8.84%, 15.47%, and 24.86% compared to vegetation concrete
without foam additives.
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Figure 6. Shear strength of vegetation concrete at different ages.

Draw the relationship curve between the shear strength of vegetation concrete at
28 days under different treatments and vertical pressure and obtain its cohesion and
internal friction angle, as shown in Figure 7. As the foam volume increases, the cohesion
and internal friction angle of vegetation concrete decrease significantly, with the maximum
decrease in cohesion being 17 kPa and the maximum decrease in internal friction angle

being 6.8°.
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Figure 7. Influence of foam volume on cohesion and angle of internal friction of vegetated concrete.

3.3. Planting Properties of Festuca Arundinacea

Festuca arundinacea is a common grass species in the slope areas of Southwest China,
characterized by its perennial growth habit, well-developed root system, rapid growth
rate, and strong adaptability. The growth conditions of Festuca arundinacea on vegetation
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concrete with different treatments are shown in Figure 8.
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(a) (b) © @ (e) ®

Figure 8. The growth conditions of Festuca arundinacea on vegetation concrete with different treat-
ments: (a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, (f) 50%.

Figure 9 illustrates the effect of foaming agent dosage on the biomass of Festuca arundi-
nacea. The figure demonstrates that germinative energy (Figure 9a), germinative percentage
(Figure 9b), plant height (Figure 9c), root length (Figure 9d), and underground biomass
(Figure 9e) all show a trend of increasing before decreasing as the foaming volumes increase.
At foam volumes of 10%, 20%, and 30%, all growth indicators for Festuca arundinacea were
higher than those of the blank control group. At a foam volume of 40%, the plant height
was lower than that of the blank control group, while other indicators were higher or equal
to the blank control group. At a foam volume of 50%, all growth indicators for Festuca
arundinacea were lower than those of the blank control group. In the 30% foam treatment,
Festuca arundinacea grew best, with germinative energy, germinative percentage, plant
height, root length, and underground biomass increasing by 6.31%, 13.22%, 8.57%, 18.71%,
and 34.62%, respectively, compared to the treatment without foaming agent.
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Figure 9. Influence of foam volume on the biomass of Festuca arundinacea.

3.4. Microstructure

To further investigate the changes in the internal structure of vegetation concrete
upon the addition of a foaming agent, scanning electron microscopy (SEM) tests were
conducted on samples that had been cured for 28 days. The findings are presented in
Figures 10 and 11. Specifically, Figure 10 displays the SEM images of vegetation concrete
with varying foaming agent concentrations, magnified to 2000 x. Additionally, Figure 11
illustrates the SEM images of vegetation concrete with 0% and 50% foam volume content,
magnified to 5000 x.

From Figure 10, it is evident that the microstructures of the vegetation concrete vary
based on the foaming agent dosage. The unfoamed sample (Figure 10a) exhibits a dense
structure with larger particles and fewer pores. With the introduction of the foaming agent,
both the number of pores and the fineness of the particles in the vegetation concrete increase.
As the foaming agent content rises, the pore structure of the vegetation concrete becomes
finer, and the distribution and proportion of pores become more uniform. Figure 1la
illustrates that without any foam, the vegetation concrete has fewer internal pores, and
some microcracks are present. However, when the foam volume content reaches 50%
(Figure 11b), there is a significant increase in the number of pores, and the internal structure
undergoes substantial changes.
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(d) | ' (e) ‘ B ‘ ()

Figure 10. SEM images of vegetation concrete samples at x2000 magnification: (a) 0%, (b) 10%,
(c) 20%, (d) 30%, (e) 40%, (f) 50%.

(@) )

Figure 11. SEM images of vegetation concrete with 0% and 50% foam volume at x5000 magnification:
(@) 0%, (b) 50%.

4. Discussion
4.1. The Effect of Foaming Agents on the Physical Properties and Plant Growth Performance of
Vegetation Concrete

The incorporation of foam not only creates pores within the vegetation concrete,
thereby increasing its porosity but also reduces the volume of the mixture per unit of space,
which consequently lowers the volume weight of the vegetation concrete. Consequently,
the resulting vegetation concrete exhibits a lightweight and porous characteristic. Volume
weight and porosity are important parameters for evaluating soil structure [41], represent-
ing the physical properties of the soil. High volume weight and low porosity indicate
compacted soil with poor structural integrity. Conversely, a low volume weight and high
porosity indicate good soil structure [42]. A reduction in volume weight and an increase in
porosity generally signify improved vegetation concrete structure. This is corroborated by
Figures 10 and 11, which illustrate that the foaming agent significantly enhances the pore
structure within the vegetation concrete, leading to a more homogeneous distribution of
pores throughout the cement-soil matrix.

69



Materials 2024, 17, 6295

The germinative energy, germinative percentage, plant height, root length, and un-
derground biomass of Festuca arundinacea exhibit a trend of initial increase followed by a
decrease with the increasing dosage of foaming agents, reaching a maximum at 30% foam
volume. Beyond this point, the growth-promoting effect on Festuca arundinacea diminishes,
demonstrating that while the addition of foam promotes growth, more is not necessarily
better. The findings of Wang et al. [43] suggest that soil pores are of significant importance
in the context of soil water retention and fertility maintenance. The capacity of soil pores to
retain water, nutrients, and air directly impacts the soil’s ability to retain water, nutrients,
and air, which in turn affects soil fertility and the ecological status of vegetation [44,45].
An appropriate foam dosage leads to a favorable pore structure in vegetation concrete,
which is conducive to water retention and air circulation, providing the necessary con-
ditions of moisture and oxygen for the germination of Festuca arundinacea seeds and the
growth of their root systems. However, exceeding the optimal dosage leads to increased
porosity, weakening the water and nutrient retention capabilities of vegetation concrete
and inhibiting seed germination and seedling growth.

Vegetation plays a crucial role in slope ecological protection. It intercepts rainfall
and slows down water flow through its aboveground parts, protecting the soil surface
from wind and rain erosion. Additionally, vegetation stabilizes the soil through its roots,
strengthens soil structure, and improves soil chemical properties [46]. For Festuca arundi-
nacea, high germination percentage and energy are beneficial for protecting slope surfaces
at an early stage. An increase in plant height can significantly reduce surface runoff and
soil erosion [47]. An increase in underground biomass enlarges the contact area between
roots and soil, enhancing the friction between them. This enhances the interaction between
roots and soil, increasing the shear strength of the root-soil composite [48,49]. Overall, an
appropriate foam dosage is conducive to improving slope stability.

4.2. The Impact of Foaming Agents on the Strength of Vegetation Concrete

After treatment with cement, the planting soil in vegetation concrete transitions from
contact bonding to cementation bonding [50], thereby forming a cement-soil framework
structure composed of soil particles, cement particles, hydration products, and crystalline
products [51]. This enhances the structural strength of the soil. However, the introduction of
foam increases inner porosity, reducing the cementation effect and affecting the mechanical
properties of vegetation concrete itself. This observation is consistent with the study by
Ma et al. [52]. They noted that the strength of soil-based foamed concrete primarily depends
on the pore structure of the matrix and the bonding interface. When the foam content
increases, it enlarges the inner pores, significantly reducing the compressive strength
of concrete.

The cohesion of vegetation concrete primarily depends on the crystallization and
cementation between particles. As foam volume increases, the cement-soil particle frame-
work fills more pores, reducing the cementation force and making the overall structure
prone to damage, leading to decreased cohesion. The internal friction angle is related to
the sliding of soil particles and their rearrangement. With increasing foam volume, more
pores replace the connections between particles, reducing the direct contact area between
particles. Consequently, the internal friction angle also decreases.

Vegetation concrete must meet specific shear strength requirements to serve its purpose
in slope protection. Huang et al. [53] conducted research indicating that to prevent shear
slippage between vegetation concrete and the slope surface, the cohesion required to
maintain self-stability of vegetation concrete on a 70° slope should be no less than 15 kPa,
and the internal friction angle is generally maintained at around 30°. In this study, all
sample cohesions were greater than 15 kPa, except for samples with 40% and 50% foam
volume, where the rest had internal friction angles ranging between 28° and 32°, meeting
slope protection requirements.
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4.3. Suitable Foam Volumes

The introduction of foam into vegetation concrete enhances its lightweight and porous
characteristics, but it also leads to a decrease in strength, resulting in both positive and
negative effects. The positive effects of foam include increased porosity and reduced
volume weight, while the negative effect is a reduction in strength. By carefully selecting
the appropriate foam volume, it is possible to maximize the benefits of the foaming agent
while keeping the drawbacks within acceptable limits. A foam volume ratio of 20% to 30%
is considered optimal for achieving an excellent pore structure and suitable porosity in
vegetation concrete, which promotes seed germination and plant growth while ensuring
that shear strength and other performance indicators meet slope protection standards.

Additionally, when the incorporation volume ratio of foam is between 20% and 30%,
the reduction in volume weight ranges from 10.2% to 13.7%. This translates to a savings of
approximately 205 to 276 kg/m? in raw materials. Consequently, there is a decrease in the
use of sand, gravel aggregates, and cement, which contributes positively to environmental
protection and promotes the efficient use of global resources.

5. Conclusions

This paper demonstrates the use of plant protein foaming agents to create lightweight
vegetation concrete, enhance its pore structure, reduce consolidation, and promote the ger-
mination and growth of Festuca arundinacea seeds. A lightweight porous vegetation concrete
suitable for ecological slope protection was developed, leading to the following conclusions:

(1) Incorporating foam made from plant protein foaming agents into vegetation concrete
as a modifier effectively increased the porosity and reduced the volume weight. The
higher the dosage was, the more significant the lightweight and porous properties
of the vegetation concrete became. When the foam volume was 50%, the porosity
increased by 106.05% compared to the untreated sample, while the volume weight
decreased by 20.53%. The germinative energy, germinative percentage, plant height,
root length, and underground biomass of Festuca arundinacea exhibited a trend of
initial increase followed by a decrease. Festuca arundinacea grew best in the 30%
foaming agent treatment, with all phytoindicators higher than in the no foaming
agent treatment.

(2) As the foam dosage increased, the shear strength of vegetation concrete gradually
decreased. Additionally, both cohesion and internal friction angles exhibited a down-
ward trend. When the foam content is <30%, it can meet the requirements for slope
protection. However, at the same foam dosage, the shear strength of vegetation
concrete increased progressively with the curing age. Scanning electron microscopy
observations revealed that after incorporating plant protein foaming agent foam,
the pore structure of vegetation concrete became finer, and the proportion of pore
structures became more uniform, significantly improving the pore structure. The opti-
mum volume ratio for incorporation of plant protein foaming agent foam is 20-30%,
which ensures that the mechanical properties meet the requirements for slope stability
while maximally improving the physical properties and plant growth environment of
vegetation concrete.

(3) This research provides a new technical approach to ecological slope protection. Op-
timized lightweight porous vegetation concrete can reduce slope loading, improve
soil aeration and drainage, reduce consolidation, and promote the growth of slope
vegetation, which helps to improve slope stability and reduce construction costs. Our
study focused primarily on examining how a plant protein-based composite foaming
agent influences the performance characteristics of vegetation concrete; validation
was conducted mainly in controlled laboratory settings. To advance the field, future re-
search should investigate the adaptability of this newly developed foamed vegetation
concrete to different environmental conditions and assess its long-term durability.
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Abstract: The release of Neogene volcanism in the southeastern part of the Iberian Peninsula pro-
duced a series of volcanic structures in the form of stratovolcanoes and calderas; however, other
materials also accumulated such as large amounts of pyroclastic materials such as cinerites, ashes,
and lapilli, which were later altered to form deposits of zeolites and bentonites. This work has
focused on an area located on the northern flank of the San José-Los Escullos zeolite deposit, the only
one of its kind with industrial capacity in Spain. The main objective of this research is to characterize
the zeolite (SZ) of this new area from the mineral, chemical, and technical points of view and establish
its possible use as a natural pozzolan. In the first stage, a study of the mineralogical and chemical
composition of the selected samples was carried out using X-ray diffraction (XRD), scanning electron
microscopy (SEM), X-ray fluorescence (XRF), and thermogravimetric analysis (TGA); in the second
stage, chemical-qualitative and pozzolanicity technical tests were carried out at 8 and 15 days. In
addition, a chemical analysis was performed using XRF on the specimens of mortars made with a
standardized mixture of Portland cement (PC: 75%) and natural zeolite (SZ: 25%) at the ages of 7, 28,
and 90 days. The results of the mineralogical analyses indicated that the samples are made up mainly
of mordenite and subordinately by smectite, plagioclase, quartz, halloysite, illite, and muscovite.
Qualitative chemical assays indicated a high percentage of reactive silica and reactive CaO and also
negligible contents of insoluble residues. The results of the pozzolanicity test indicate that all the
samples analyzed behave like natural pozzolans of good quality, increasing their pozzolanic reactivity
from 8 to 15 days of testing. Chemical analyses of PC/SZ composite mortar specimens showed
how a significant part of SiO, and Al,O3 are released by zeolite while it absorbs a large part of the
SOj3 contained in the cement. The results presented in this research could be of great practical and
scientific importance as they indicate the continuation of zeolitic mineralization beyond the limits of
the San José-Los Escullos deposit, which would result in an increase in geological reserves and the
extension of the useful life of the deposit, which is of vital importance to the local mining industry.

Keywords: mordenite; smectite; SiO, reactive; CaO reactive; cement; mortars; pozzolanicity;
mechanical strength

1. Introduction

There are many studies in Spain where natural zeolites are mentioned in relation
to genetic and spatial bentonite formations of volcanic origin [1-5]. Authors such as
Mattei et al. [6], De la Fuente and Linares [7], and Lopez-Ruiz and Cebrid [8] explain in
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detail the formation processes of bentonites and highlight the affinity between clay minerals,
such as smectites and mordenite, assuring that their origin is typically hydrothermal and
related to the volcanism of southeastern Spain. Other researchers [9,10] mention the
association of zeolite with bentonite formations located in known deposits in southeastern
Spain, such as Morron de Mateo, Los Trancos, and the proximal surroundings of San
José and Los Escullos. De La Villa et al. [11] state that these zeolites may have been
formed during the alkaline reaction processes of bentonite. Deon et al. [12] detected zeolite
associated with layers of illite and smectite in their investigations in the Rodalquilar caldera
in the southeast of the Iberian Peninsula. In the report of the Geological Map of Spain [13],
zeolite is referred to as a residual material of the bentonitization process, along with other
minerals such as smectite (montmorillonite variety), quartz, plagioclase, calcite, amphibole,
mica, and tridymite. Despite the above, the most detailed and specific work on the study
of zeolite began in 2005 [14-16], with important contributions not only in mineralogical
characterization but also in heat treatment to improve its technological properties, which
was also stated by Suarez et al. [17]. However, despite the fact that zeolitic mineralization
is practically ubiquitous in the volcanic environment of the Neogene, some authors have
confirmed that the highest concentration of zeolite of the mordenite variety occurs in Los
Frailes caldera [18], where the only industrial zeolite deposit in Spain is found. In fact,
Martin et al. [19] have proven by electrical resistivity tomography (ERT) that the thickness of
the mineralized horizon of this deposit exceeds 40 m. The most recent applications of zeolite
from this region have been aimed at the chemical stabilization of wastewater from mining
and metallurgical processes where there is an abundant presence of heavy metals [20]. Uses
in the manufacture of waste-based compost for soil improvement are also reported due to
its effectiveness in retaining metals and ammonium [21]. Domene et al. [22] have effectively
restored vegetation in semi-desert areas of Almeria (Spain) through the standardized use of
organic compost prepared with a mixture of zeolite and greenhouse waste from that region.
Possibly the most widespread application of this zeolite in recent times is as a highly reactive
pozzolan for the improvement of cements, mortars, and concretes [23,24]. This is due to
the need to control and reduce CO, emissions into the atmosphere. In this sense, Byung-
Wan et al. [25] designed zeolite mortars using an alkaline activator (NaOH), obtaining a
mechanical strength of 43.5 MPa at 7 days. This is essentially due to the mineralogical
composition, texture, structure, physical, and mechanical properties of the zeolites [26].
Iswarya and Beulah M [27] carried out an extensive review on the specific use of zeolite
in the manufacture of high-strength concretes. The use of zeolite in the manufacture of
high-strength concrete is a common practice today, resulting in lighter structures that
are resistant to sulphate attack, seawater, and frost [28-30]. Finally, Boha¢ et al. [31]
and Vejmelkova et al. [32] have shown that in zeolite-containing cementitious pastes,
an acceleration of hydration occurs much faster than the time at which the peak of the
exothermic flow occurs.

The main objective of this work is the mineral, chemical, and technical characterization
of the natural zeolite-rich tuff from new evidence discovered in an unexplored area within
the Los Frailes caldera and to prove that it is sufficiently pozzolanic in capacity to be
used effectively as a reactive aggregate in mortars and concretes. The second objective is
to demonstrate that these materials have properties similar to those of the main deposit
known as San José-Los Escullos, located 655 m to the south (Figure 1), which would have a
positive impact on the expansion of the mining area and an increase in geological reserves.
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Figure 1. Location of the research area.

2. Materials and Methods
2.1. Materials

In this research, 6 natural zeolite-rich tuff samples weighing 20 kg each were used.
The specimens are made of a zeolite tuff of pale green, light gray, and white. It is usually
compact, although in parts it is friable and has a low density. It forms extensive outcrops
embedded in andesitic and dacitic rocks. All the samples were carefully crushed and sifted
to the particle size fraction of 63 pm. In addition, a Type I Portland cement was used, the
chemical composition of which is shown in Table 1.

Table 1. Chemical composition of Portland cement as determined by XRE.

% Oxides Weight
Materials SIOZ CaO Fe203 A1203 NaZO 503 MgO Kzo Ti02 P205 MnO PPC Total
pC! 17.45 64.04 3.35 5.59 0.091 4 0.641 1.37 0.326 0.072 0.094 243 99.454

1 Portland cement.

In the dosage of the mortar, normalized sand (NS) was used; this sand is made of
quartz of rounded grains, where the SiO; content is 98%. The granulometric distribution of
normalized sand (NS) is listed in Table 2.

Table 2. Granulometric distribution of the normalized sand (NS) used in this research.

Square Mesh Dimensions (mm) 2.0 1.60 1.00 0.5 0.16 0.08

Residue Retained on Sieves (%) 0.00 7+5 33£5 67 £5 87 5 9 +1

Table 3 shows details of the proportions of materials used in both the mixed mortar
specimens (PC/SZ) and the reference specimen (PCSR).
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Table 3. Formulation of Portland cement (PC:75%)/natural zeolite-rich tuff (52:25%) mix ratios in
mortar specimens.

Formulation Test Age
Sample Mortar Components () (Days)
PC/SZ-01!
PC/SZ-02 Portland cement Portland cement: 375 g
PC/SZ-03 Natural zeolite-rich tuff Natural zeolite-rich tuff: 125 g 7/28/90
PC/SZ-04 Normalized sand Distilled water: 225 g
PC/SZ-05 Distilled water Normalized sand: 1350 g
PC/SZ-06
Portland cement Portland cement: 450 g
PCSR 2 Normalized sand Distilled water: 225 g 7/28/90
Distilled water Normalized sand: 1350 g

1 PC/SZ-01 to 06: mortar specimens prepared with Portland cement and natural zeolite-rich tuff; 2 PCSR: mortar
specimens manufactured with Portland cement only as a reference element.

2.2. Methods

A study of the mineralogical phases in the samples was carried out by X-ray diffraction
(XRD) with the help of the Rigaku Miniflex-600 diffractometer of the Escuela Técnica
Superior de Ingenieros de Minas y Energia (Universidad Politécnica de Madrid, Madrid,
Spain). The study of the phases was performed in an interval of 4° to 60°, with a step of
0.01° and at every 5° intervals. A voltage of 40 kV and a current of 15 mA were applied.

A scanning electron microscopy (SEM) study was carried out to determine the mor-
phological properties of the minerals in the samples, such as the crystalline texture, species,
and size as well as surface characteristics and the presence of pores, cavities, and chan-
nels. A Hitachi S-570 electron microscope was used from the Centralized Laboratory of
the Escuela Técnica Superior de Ingenieros de Minas y Energia (Universidad Politécnica
de Madrid, Madrid, Spain). The microscope is equipped with a Kevex-1728 analyzer, a
BIORAD Polaron, a power supply for evaporation, and a Polaron SEM coating system. It
has a resolution of 3.5 nm and an amplification of 200 x 10°.

The chemical composition of the samples in their natural state was determined by
X-ray fluorescence (XRF). Compounds such as SiO,, Al,O3, CaO, NayO, K;O, MgO, Fe;03,
TiO,, and MnO were found. In addition, loss on ignition (LOI), Si/ Al ratio, and Si/ (Al + Fe)
ratio were determined. This test was also carried out on mixed mortar specimens (ce-
ment/natural zeolite-rich tuff) hardened at different ages (7, 28 and 90 days) to determine
the behavior of compounds over time. A Philips WDXRF spectrometer (PW1404) was used.
The intensity of the radiation ranged from 10 to 100 kV. This equipment belongs to the
Universidad Politécnica de Madrid (Madrid, Spain).

Thermogravimetric analysis was carried out to study the thermal behavior of the
samples and establish the main thermal events that take place until their definitive collapse.
The samples were analyzed by (TGA) with air atmosphere and at 20 °C/min. The heating
range was 25 °C to 950 °C. This analysis was carried out in the Laboratorio de Tamices
Moleculares of the Instituto de Catalisis y Petroleoquimica of the Centro de Investigaciones
Cientificas (CSIC) of Madrid (Madrid, Spain).

The pozzolan quality of the zeolite samples was determined by a qualitative-technological
chemical analysis, following the specifications of the Standard UNE-EN 196-2-2014 [33]. The
main objective of this test is to determine the percentages of reactive SiO, in relation to the
total SiO, present in the sample capable of reacting with Portland cement in the hydraulic
reaction process. Other compounds such as total-reactive CaO, MgO, Al,O3, Fe;O3, and SO3
were determined. The proportion of insoluble residue (IR) and loss on ignition (LOI) of each
sample were calculated. This study was carried out at the Laboratorio Oficial de Ensayos de
Materiales de Construccion (LOEMCO), Getafe (Spain).

The pozzolanic reactivity of the samples was calculated by chemical analysis of poz-
zolanicity. This test takes into account the reaction capacity of zeolite with the Ca(OH);
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present in a solution together with a certain amount of Portland cement. In total, 75% Portland
cement and 25% zeolite were mixed. The assay considers the variation in the concentration of
hydroxyl ions and calcium ions in solution over a period of 8 and 15 days [34].

A mechanical compressive strength test was carried out on specimens made with a
mixed mixture of Portland cement and natural zeolite-rich tuff. A type 1 Portland cement,
class 52.5 R, was chosen, whose characteristics are detailed in the Standard UNE-EN
197-1:2011 [35]. Standardized sand was used as a fine aggregate to produce the mixed
mortar specimens hardened to 7, 28, and 90 days in a cement to natural zeolite-rich tuff
ratio of 75:25% [36]. Distilled water was used in the dosing of the paste. The proportion
of materials in the cement/natural zeolite-rich tuff mortars was as follows: cement 375 g,
zeolite: 125 g, fine aggregate (standard sand Type CEN EN 196-1 [36]): 1350 g, and distilled
water: 225 g. In the reference mortars (Portland cement only), the formulation was PC:
450 g, fine aggregate: 1350 g, and distilled water: 225 g. The mortar specimens were placed
in a container with water in a humid chamber at a temperature of 20 °C £ 1 °C.

3. Results and Discussion
3.1. X-ray Diffraction (XRD)

The results of XRD analyses revealed a major presence of a crystalline phase consisting
of mordenite. The secondary phases were smectite (montmorillonite), illite, halloysite,
quartz, plagioclase, and muscovite (Figure 2).
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Figure 2. X-ray diffraction patterns of the samples of natural zeolite-rich tuff.
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The morphology and distribution of the various peaks of mordenite indicate a highly
developed degree of crystallinity in relation to the other phases.

The mentioned mineral phases have also been found in the main deposit (San José-Los
Escullos) by other researchers [18], who have established that the content of mordenite
in the natural zeolite-rich tuff formations of the deposit ranges from 47 to 95%. However,
they describe a wider variety of mineralogical phases not found in the study area, such as
orthoclase, sanidine, calcite, hematite, illite, chlorite, and pyrite. These same phases have
been located at 40 m depth in the Los Frailes caldera through the study of drill cores and
geophysical work by Martin et al. [19]. On the other hand, Stamatakis et al. [1] have found
opal and cristobalite, which they attribute to the action of residual fluids enriched in silica.

The newly discovered area could be considered an extension of the zeolitic mineraliza-
tion towards the northern flank of the deposit.

3.2. Scanning Electron Microscopy

The results obtained by SEM showed a major presence of mordenite crystals in relation
to smectite and halloysite (Figure 3a—f). From a morphological and textural point of view,
mordenite exhibits markedly idiomorphic textures. Its habits are preferably acicular, fibrous,
rhombohedral-hexagonal, and sometimes bacillary. The crystals crisscross each other to
form very compact radial aggregates. The spatial arrangement of aggregates often forms
cavities and intergranular voids.
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Figure 3. SEM micrographs (a—f) of the analyzed samples.

The crystals of mordenite are frequently intergrown with smectite; both species are
formed from the alteration of amorphous materials [18,19]. According to Stamatakis
et al. [1] the mordenite that appears in the main deposit in the form of fibrous crystals has
formed at the expense of glassy matter of volcanic origin.
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3.3. X-ray Fluorescence (XRF)

The data obtained from the XRF analysis showed high SiO, and Al,O3; contents
(Table 4). In addition, the contents of the alkaline compounds (Na,O and K,0) were
significantly higher than those of the alkaline—earth compounds (CaO and MgO). The
contents of SO3 were practically negligible. The calculation of the Si/Al ratio showed
values in the range of 4.0 to 5.2, which indicates that the samples studied have pozzolanic
properties [37,38]. The Si/ (Al + Fe) ratio ranged from 3.6 to 3.9. Loss on ignition varied from
10.7% to 11.9%. The ratio between SiO; and the alkaline and alkaline—earth compounds
was high.

Table 4. Chemical composition of XRF samples.

% Oxides Weight
Samples Si/
02 A1203 CaO Na20 K20 MgO Fe203 Ti02 MnO 503 LOI Si/Al (Al + Fe)
SZ-01 65.65 15.63 1.02 2.61 4.33 2.04 1.77 0.12 0.091 0.14 115 4.2 3.8
S7-02 64.48 15.22 147 3.13 3.61 2.01 1.81 0.11 0.115 0.08 10.7 5.2 3.8
S7-03 64.91 16.43 1.30 2.81 3.14 2.24 1.79 0.10 0.112 0.10 10.9 4.0 3.6
SZ-04 65.14 15.13 1.08 2.52 3.31 2.19 1.75 0.13 0.083 0.06 11.9 4.3 3.9
SZ-05 64.47 16.21 1.35 3.03 3.18 211 1.80 0.10 0.072 0.11 11.1 4.0 3.6
SZ-06 64.93 16.30 1.31 2.55 3.22 2.14 1.73 0.14 0.051 0.10 11.3 4.0 3.6

It is inferred that the low CaO and MgO contents in the samples are due to the fact that
Ca?" and Mg?* cations are removed during hydrothermal processes [39], which confirms
the hydrothermal genesis of zeolite deposits in southeastern Spain [40]. However, for the
same reason, the contents of SiO,, Na,O, and K,O tend to increase [18].

3.4. Thermogravimetric Analysis

The behavior of the TGA curves showed a simple decomposition process of the
samples, with three well-defined thermogravimetric events (Figure 4). The first event
occurred from relatively low temperatures (0-39 °C) to 250 °C, with a mass loss equivalent
to 8.5% and 7.6%. In this interval, all the samples experienced rapid moisture loss and
surface dehydration with the expulsion of the gases contained in the pores. The second
event was recorded in the thermal range of 250 °C to 750 °C, with a mass loss of 2.3%
to 1.2%. In this interval, the process of dehydration of the samples continued, possibly
due to the loss of intrareticular or zeolitic water from mordenite and smectite; however,
there were still no signs of structural collapse. In this thermal range, the dehydroxylation
of the smectites occurred by the disintegration of the group (OH)~. The third and last
thermal event occurred between 750 °C and 1200 °C, the fundamental feature being the
stabilization of the TG curve. At this stage, the structural rearrangement of the samples
occurred without processes of mass loss or gain.

Research carried out at the San José-Los Escullos deposit established that the zeolite
from that deposit behaves similarly to those in this work when subjected to thermal analysis,
the most notable feature being the simple decomposition in three consecutive stages [41].
However, the percentage of mass loss of zeolite from the main deposit in the first thermal
event was much lower, which can be interpreted as the zeolites being of a higher purity in
this research.
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Figure 4. Behavior of the TGA curves in the samples studied.

3.5. Chemical Analysis of Technical Quality

The results obtained through the chemical-technological test showed that the samples
behave like natural pozzolans capable of reacting hydraulically with Portland cement
(Table 5). As far as could be seen, virtually all the SiO, was reactive in all the cases. For
example, in sample SZ-01, the total SiO; calculated was 69.25%, of which 68.22% was the
part that reacted to the cement; that is, more than 98% of the original SiO; in this sample
was reactive. This was also proven in the remaining samples. A similar fact has been
verified with reactive CaO in relation to total CaO. According to established standards,
a sample is chemically suitable from a qualitative-technological point of view if its SiO;
content > 25%, Al,O3 < 16%, MgO < 5%, SO3 < 4%, and insoluble residue (I.R.) < 3% [35].
The values calculated and shown in Table 5 reflect this approach.

Table 5. Qualitative-technological chemical composition of the samples.

Compounds Samples
(%) SZ-01 SZ-02 SZ-03 SZ-04 SZ-05 SZ-06
Total SiO, 69.25 68.80 68.51 68.74 68.07 68.53
Reactive SiO, 68.22 67.77 67.48 67.71 67.04 67.50
Total CaO 1.22 1.31 1.29 1.12 1.33 1.28
Reactive CaO 0.62 0.71 0.69 0.52 0.73 0.68
AlL,Os 15.33 14.92 16.13 14.53 15.61 15.70
MgO 1.54 1.51 1.74 1.69 1.61 1.64
Fep O3 1.36 1.40 1.38 1.34 1.39 1.32
SO;3 0.09 0.11 0.08 0.10 0.13 0.09
IR.! 1.03 1.13 2.01 1.90 1.78 1.83
5i0, /(CaO + MgO) 25.0 244 22.6 24.5 23.1 23.5

1 1.R.: insoluble residue.
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Presa et al. [41] have calculated reactive SiO, contents for zeolite from the San José-Los
Escullos deposit in the range of 58.68% to 63.16%, which are comparatively lower than
those of the samples analyzed in this work. These authors also calculated between 14.08%
and 19.87% of insoluble residue present in their samples, percentages that are significantly
higher than those calculated in this work. These arguments seem to confirm that the zeolite
found in the new study area is much purer than that lying in the main deposit.

3.6. Chemical Analysis of Pozzolanicity

Figure 5 shows that all the samples occupied a deep position in the area below the
isotherm of CaO solubility at 40 °C. This fact emphasises that all the samples analyzed
were pozzolanic [34]. According to this, it appears that samples SZ-01, SZ-02, and SZ-04
were the most pozzolanic. If this fact is compared with the data shown in Table 5, the
highest SiO; contents corresponded precisely to these samples.
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Figure 5. Evolution of the pozzolanic behavior of each sample analyzed at 8 and 15 days.

It could then be established that the SiO, content is a decisive factor in the pozzolanic
behavior of a material [42] (Table 5 and Figure 6). Authors such as Caputo et al. [43], Saraya
and Thabet [44], and Mertens et al. [45] also state that more siliceous zeolites are more
pozzolanic and contribute to the gain in mechanical strength. However, other factors must
be considered, such as the amount of reactive CaO present, Al,O3, and the relationship
between the compounds SiO,, CaO, and MgO [46]. It should be noted that the pozzolanic
reactivity of the samples experienced notable increases from 8 to 15 days, according to the
graph in Figure 5.
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Figure 6. Behavior of SiO; in the analyzed samples.

Figure 6 shows the variation in the SiO; content for each sample analyzed. Note that
those samples with higher silica contents are the same ones that in Figure 5 have higher
pozzolanic reactivity, both at 8 and 15 days.

3.7. Chemical Analysis of Mortar Specimens

In this research, mortar specimens hardened at 7, 28, and 90 days were studied to
monitor and compare the behavior of chemical compounds in both types of specimens over
time. These specimens were made from a mixture of 75% Portland cement and 25% natural
zeolite-rich tuff. In this case, the SZ-01 sample was used as a representative. In addition,
reference mortars with exclusive Portland cement content were manufactured.

Table 6 shows the behavior of the different chemical compounds of anhydrous Portland
cement and their mixtures in mortars set at 7, 28, and 90 days. The first detail to highlight
is the variation in the SiO, content (47.31%) of the Portland cement specimen at 7 days
of setting in relation to the initial composition (17.47%). This increase was due to the
presence of normalized sand [47], which contributed silica to the paste; however, a gradual
decrease was observed at 28 and 90 days, respectively. A similar but less notable case
occurred with Al,O3. The CaO experienced a noticeable decrease after 7 days of setting,
practically half of the original content. The other compounds, with the exception of MgO,
which experienced a small increase, tended to decrease between 7 and 90 days of setting.
As shown in Table 6, this is the normal behavior of a Portland cement mortar without
pozzolanic additions [18,36].
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Table 6. Chemical composition of specimens made only with Portland cement at different curing ages.

% Oxides Weight

Sample
SiOZ A1203 CaO MgO Kzo Na20 SO3 Fe203 Ti02 P205 MnO
pC! 17.47 5.60 64.05 0.63 1.35 0.09 4.00 3.31 0.33 0.07 0.09
PCS-72 47.31 3.54 34.80 0.49 0.81 0.10 1.40 4.23 0.15 0.11 0.14
PCS-283 45.15 3.31 37.15 0.53 0.76 0.21 1.42 4.69 0.18 0.10 0.14
PCS-904 38.27 3.11 42.12 0.58 0.55 0.23 1.49 5.07 0.19 0.09 0.13
130.73 9.96 114.07 1.60 2.12 0.54 431 - - - -
! Anhydrous Portland cement sample; >* specimens of Portland cement mortar and standardized sand set at 7,
28, and 90 days.
Table 7 shows the behavior of the chemical compounds of Portland cement and natural
zeolite-rich tuff when both were mixed in a 75:25% ratio. After 7 days of setting, a decrease
in 5i0, was observed in the specimens. This decrease still occurred at 28 and 90 days. Al,Os3
also decreased in relation to its original values; its presence could prevent the C3A of the
cement from reacting completely, thus preventing the progressive formation of ettringite,
which would favor the hydration of bicalcium and tricalcium silicates [48].
Table 7. Chemical composition of specimens made with mixed mixtures of cement (75%) and natural
zeolite-rich tuff (25%) at different curing ages.
% Oxides Weight
Sample
SiOZ A1203 CaO MgO Kzo NazO SO3 Fe203 Ti02 P205 MnO
Sz-011 65.65 15.63 1.02 1.29 4.33 2.61 0.14 1.77 0.12 0.03 0.09
PC/SZ-01-72 48.63 524 31.14 0.53 1.17 0.17 1.25 3.93 0.18 0.11 0.11
PC/S7-01-28 3 47.30 4.89 32.51 0.55 1.23 0.16 1.21 4.17 0.19 0.10 0.13
PC/SZ-01-90 * 42.71 4.59 37.17 0.62 1.21 0.14 1.10 471 0.23 0.09 0.15

138.64 14.72 100.82 1.70 3.61 0.47 3.56 - -

! Sample of natural zeolite-rich tuff (SZ-01) in its natural state; >* specimens of mixed mortars composed of
cement (75%) and natural zeolite-rich tuff (25%) and set at 7, 28, and 90 days.

If the original CaO contents are compared with those observed at 7, 28, and 90 days, a
notable increase is observed (Table 7). It seems then that in the hydraulic reaction process,
48.63% of SiO, was consumed after 7 days, 47.30% at 28 days, and 42.71% at 90 days. The
sum of these percentages far exceeds 65.65% of the natural zeolite-rich tuff sample, so it
follows that the system takes SiO, from both zeolite and normalized sand. It is evident that
this excess of SiO, in the paste would imply a greater hydraulic reaction over time with the
associated increase in the mechanical strengths of the mortar specimens. Previous studies
at the main deposit have shown that PC/zeolite composite mortar specimens achieve
mechanical strengths in excess of 51 and 72 MPa at 28 and 90 days, respectively [18].

The SiO,/CaO ratio is then inversely proportional, from which it follows that to
fix more lime, it is necessary to consume more silica, giving tobermorite as a reaction
product [18,48]. The NayO/K,O ratio in the samples was lower than that in the refer-
ence cement.

It follows that more silica was available at the cement to natural zeolite-rich tuff
interface than at the interface where there was only cement. This availability of SiO, could
favor an increase in mechanical strengths in the long term, as discussed above. Some
researchers mention that the presence of pozzolans of zeolitic origin leads to an increase in
the compressive strength of mortars and concretes after 28 days of setting, even exceeding
the resistance of ordinary cement at older ages [49]. The SO5 content in specimens made
with natural cement to natural zeolite-rich tuff mixtures decreased significantly over time.
As can be seen in Table 7, the amount of SO3 from 7 to 90 days was comparatively lower
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than that recorded in specimens made of cement alone (Table 6). In the research of some
authors, this fact is confirmed in a wide variety of natural pozzolans [50-52].

3.8. Mechanical Compressive Strength Tests at 2, 7 and 28 Days

Figure 7 shows the results of the mechanical compressive strengths calculated at 7, 28,
and 90 days. An increasing rise in strength was observed for all the specimens made with
a mixture of Portland cement and natural zeolite-rich tuff. Accordingly, it is once again
confirmed that the presence of zeolite as a pozzolan favors the hydraulic reaction in the
paste [45,53-55]. Furthermore, the capacity of zeolite to substitute Portland cement (PC/SZ:
75-25%) effectively without negatively altering the rheological properties of the mortars
was tested.

Formulation of mixed mortar specimens (PC/SZ)
Portland cement (PC:75%) / Natural zeolite-rich tuff (SZ:25%)
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Figure 7. Behavior of the mechanical resistance in the period of 7, 28, and 90 days of curing.

As shown in Figure 7, after 7 days of curing, all the specimens had lower mechanical
strengths than the standard specimen (PCSR: 42.7 MPa). However, their values were
relatively close (PC/SZ-01: 29.8 MPa; PC/SZ-02: 29.1 MPa; PC/SZ-03: 24.9 MPa; PC/SZ-04:
26.8 MPa; PC/SZ-05: 24.2 MPa and PC/SZ-06: 27.4 MPa).

After 28 days of curing, the mechanical strength value of the reference specimen was
reached. However, some mixed specimens significantly approached (PC/SZ-06: 50.1 MPa
and PC/SZ-04: 48.9 MPa) or even surpassed it (PC/SZ-01: 51.4 MPa and PC/SZ-02:
51.3 MPa).

After 90 days of curing, the mechanical strength of the mixed specimens increased
significantly (PC/SZ-01: 72.2 MPa; PC/SZ-02: 71.5 MPa; PC/SZ-04: 70.1 MPa; PC/SZ-06:
69.7 MPa), surpassing the value of the reference mortar (PCSR: 68.4 MPa). The values
calculated for the remaining samples (PC/SZ-03: 65.8 MPa; PC/SZ-05: 51.3 MPa) also
showed an exponential increase in compressive strength.

The analysis of the mechanical behavior of the tested specimens indicated full agree-
ment with the pozzolanicity test results given in Section 3.6. It seems to be demonstrated
that the pozzolanic reactivity of the natural zeolite-rich tuff studied has a significant influ-
ence on the process of gaining mechanical strength. This fact is confirmed by several authors
in their studies on mortars and concretes made with zeolites of different species [55-58].
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4. Conclusions

The following conclusions have been drawn from the study of the zeolite samples
found in the study area:

1. Theresults presented prove that the zeolite found in the study area is composed mostly
of highly crystalline mordenite and subordinately of smectite (montmorillonite), illite,
halloysite, quartz, plagioclase, and muscovite.

2. The samples analyzed have high contents of SiO, and Al,O3, while the contents of
alkaline compounds (NayO and K;O) are significantly higher than those of alkaline—
earth compounds (CaO and MgO).

3. The thermal behavior of the samples indicates that the mordenite is stable up to
approximately 750 °C, after which it tends to collapse and restructure.

4. All the samples have shown a marked pozzolanic behavior both at 8 and 15 days, so
their status as high-quality pozzolans is established.

5. It is concluded that more silica is available in cement to natural zeolite-rich tuff
mortars than in those made exclusively with cement. This availability of SiO; could
lead to an increase in mechanical strengths in the long term.

6.  The SiO;/(CaO + MgO) ratio is high, which favors the pozzolanic reaction since the
silica phase will tend to react with the alkaline phase.

7. Natural zeolite-rich tuff influences the balance of the SO3 content in mortar samples,
causing this compound to always remain in solution and prevent ettringite from
forming in abnormal quantities.

8. The presence of zeolite in mixed mortar mixes (PC/ZS) favors the increase of mechan-
ical strength from 7 to 90 days. During this period, the strength values equaled or
even exceeded the reference mortar. In this study, Portland cement was replaced by
25% natural zeolite-rich tuff. However, it is possible that with formulations of PC/ZS:
70-30%, relevant results can also be obtained.

9. According to the points argued above, it is established that the natural zeolite-rich tuff
studied is qualitatively suitable for the improvement of cements, mortars, and con-
cretes.

10.  Finally, the investigation of this new finding corroborates that this natural zeolite-rich
tuff has similar mineral, chemical, and technical properties that are even qualitatively
better than the one found in the main deposit (San José-Los Escullos). This could be
advantageous when considering the expansion of geological and mining reserves
from the perspective of local industry interests.
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Abstract: The growing interest in the use of building materials with a reduced carbon footprint was
the aim of this research assessing the impact of four different types of low-emission cements on the
properties of cement concretes used for the construction of local roads. This research work attempted
to verify the strength characteristics and assess the durability of such solutions, which used the
commonly used CEM I42.5 R pure clinker cement and three multi-component cements: CEM II/A-V
425R, CEM III/A 42.5 N-LH/HSR/NA, and CEM V/A S-V 42.5 N-LH/HSR/NA. Cement was used
in a constant amount of 360 kg/m?, sand of 0/2 mm, and granite aggregate fractions of 2/8 and 8/16
mm. This research was carried out in two areas: the first concerned strength tests and the second
focused on the area of assessing the durability of concrete in terms of frost resistance F150, resistance
to de-icing agents, water penetration under pressure, and an analysis of the air entrainment structure
in concrete according to the PN EN 480-11 standard. Analyzing the obtained test results, it can be
concluded that the highest compressive strength of more than 70 MPa was obtained for CEM III
concrete, 68 MPa for CEM V concrete, and the lowest for CEM I cement after 90 days. After the
durability tests, it was found that the smallest decrease in compressive strength after 150 freezing and
thawing cycles was obtained for CEM III (—0.9%) and CEM V (—1.4%) concretes. The high durability
of concrete is confirmed by water penetration tests under pressure, because for newly designed
recipes using CEM II, CEM III, and CEM V, water penetration from 17 mm to 18 mm was achieved,
which proves the very high tightness of the concrete. The assessment of the durability of low-emission
cements was confirmed by tests of resistance to de-icing agents and the aeration structure performed
under a microscope in accordance with the requirements of the PN-EN 480-11 standard. The obtained
analysis results indicate the correct structure and minimal spacing of air bubbles in the concrete,
which confirms and guarantees the durability of concrete intended for road construction. Concretes
designed using CEM V cement are characterized by a carbon footprint reduction of 36%, and for the
mixture based on CEM III, we even observed a decrease of 39% compared to traditional concrete.
Concrete using CEM II, CEM III, and CEM V cements can be successfully used for the construction
of local roads. Therefore, it is necessary to consider changing the requirements of the technical
specifications recommended for roads in Poland.

Keywords: road concrete; multi-component cements; reduced carbon footprint of concrete

1. Introduction

With the development of the road network in Poland, growing requirements of in-
vestors and road users are expected related to the use of materials that affect the possibility
of reducing CO, emissions [1-4]. The need to take action to reduce the carbon footprint
by reducing the emissions of individual components of concrete as a building material is
one of the challenges facing the construction industry in the context of climate protection,
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as reflected in the very ambitious CO, emission reduction goals under the Green Deal
Program announced by the European Commission in December 2019 [5,6].

The entire building materials industry in Europe will have to rise to this challenge
by 2050. The European Green Deal assumes that over the next 10 years, Europe will be
able to reduce CO, emissions by 55% of the amount of CO; emitted in 1990 and achieve
full climate neutrality by 2050. The search for low-emission materials and production
technologies must cover the entire supply chain because, in the case of modern, energy-
efficient cement production technologies, the possibilities for reduction at this stage are
significantly limited [7-10]. Additionally, reducing CO, emissions from cement production
is a particular challenge because only approximately 40% of direct emissions come from
the combustion of fuels, while the remaining 60% of CO, results from the decomposition
of raw materials subjected to thermal treatment in a cement kiln [11].

Additionally, as in many other industrial processes, CO, emissions resulting from
electricity consumption must also be taken into account. Only the implementation of
innovative technological and product solutions and a longer-term approach can bring
significant effects in this area [12-14]. The most effective technology for reducing CO,
emissions from cement plants is the method of capturing CO; and then storing it in
geological structures or using it as a raw material in various technologies (Carbon Capture
Usage/Storage—CCUS). Pilot research on this technology has been ongoing for several
years, but currently in Poland, Holcim, a leader in environmental protection, has started
work on this technology and plans to implement it on an industrial scale in 2027.

An important tool in climate policy is the assessment of the carbon footprint of
products, which requires an analysis of the entire product life cycle [15,16]. In the case of
cement concrete, a life cycle analysis should be carried out for each stage, especially for the
stage of demolition of the concrete pavement through recycling and its reinstallation, which
constitutes the closure of the cycle and is in line with the circular economy strategy [16-18].
It is worth emphasizing the positive impact of CCP (Cement Concrete Pavements) on
reducing the ambient temperature compared to asphalt pavements. Studies were conducted
on the development of important climatic characteristics (maximum and average annual
temperature and the frost index) of Central Europe (CE) used in the design of CCPs. The
research clearly confirmed a significant increase in CE temperatures and the resulting
changes in pavement stresses [19].

This idea assumes the optimization of the use of materials in pavement construction
and the reuse of recycled materials after the end of pavement operation [20,21]. The
reliability of the assessment of the carbon footprint of pavement concrete should also take
into account an additional process that takes place during the use of concrete structures—
carbonation, i.e., the process of absorbing CO, by concrete.

Analyzing the achievements in terms of reducing the carbon footprint, it should be
noted that a significant reduction effect in CO, emissions can be achieved by limiting
the amount of Portland clinker in cement [1,14,17]. Traditional Portland cement without
additives contains >90% Portland clinker and is mainly made of limestone. Producing 1 ton
of clinker requires, on average, 3.7 GJ of heat and emits approximately 850 kg of CO, [18].
Lower emissions in the case of reductions in the clinker/cement ratio (currently, in Poland,
this indicator is 75%) results, on the one hand, from lower process emissions from the
calcination of raw materials and, at the same time, from the lower heat demand for the
production of clinker minerals [16,18]. On the other hand, the possibility of using mineral
additives such as blast furnace slag, fly ash [8,22-28], and limestone, which partially replace
clinker in cement, significantly reduces the carbon footprint, which was demonstrated
in [11,29,30].

Another element enabling the reduction in the carbon footprint is the possibility of
using alternative aggregates, especially local ones [9,30], which, due to shorter transport
distances, can reduce CO, emissions by up to 11%. The modification of the composition of
cement concrete should also take into account the impact of the use of mineral additives
that are industrial waste (stone dust from aggregate dedusting or additives such as fly
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ash and microsilica) [23-28]. Obtaining high-strength parameters of cement concrete
can be achieved by using chemical admixtures that strongly reduce the amount of water
and increase workability over time [31-34], and the use of air-entraining admixtures
significantly increases the durability of concrete over time.

An important element of maintaining the fluidity of road user traffic is the possibility
of performing quick renovation works under traffic, which is described in detail in a
previous article [35]. When performing a full life cycle analysis, the assessment of the
durability of the designed solutions should be taken into account, especially the possibility
of reusing the materials used in terms of recycling concrete [18]. The possibility of reusing
cement concrete after recycling has been repeatedly confirmed in studies and even directly
in the implementation of a concrete highway in Poland [20,21]. In this work, the authors
attempted to use low-emission cements in cement concrete road surfaces in order to achieve
the maximum reduction in the carbon footprint, which was confirmed by testing the frost
resistance of F150 and analyzing the structure of concrete air entrainment.

2. Materials and Methods

In order to analyze the possibility of reducing the carbon footprint in concrete used to
build road surfaces, the following types of cement were used in accordance with the PN-EN
197-1 standard [36]: CEM 142.5 R, CEM II/A-V 42.5R, CEM III/A 42.5 N-LH/HSR/NA,
and CEM V/A S-V 42.5 N-LH/HSR/NA. In the requirements for the construction of road
infrastructure in Poland, cements from the CEM I group are permitted for use, while the
use of cements with mineral additives requires the investor to present not only an analysis
of the reduction in the carbon footprint but also, above all, durability over time. Therefore,
this publication presents comprehensive tests of strength characteristics after 28, 56, and
90 days, and more importantly, tests of resistance to frost and water penetration under
pressure. In order to obtain the most comparable test results, granite aggregate in fractions
of 2/8 and 8/16 with a density of 2.64 g/cm?® and water absorption of 0.80% and natural
non-alkaline reactive sand were used in all designed recipes, with a density of fraction
of 0/2 of 2.65 g/cm>. Due to the method of transport, installation, and compaction, a
low w/c ratio of 0.4 was required. Two types of chemical admixtures were used in the
form of a new-generation fluidizing admixture marked as SP in accordance with the PN
EN 934-1 [37] and PN-EN 934-2 [38] standards (admixture with a high degree of water
reduction with a density of 1.01 g/cm?) and a traditionally used air-entraining admixture.

2.1. Analysis of the Properties and Microstructure of Cements

The physical and mechanical properties of the cements used are presented in Table 1.

Table 1. Properties of cements.

CEM 111 CEM V
Property Unit aml A A 425 AS-V425
. . N-LH/HSR/NA N-LH/HSR/NA
chemical composition of cement

CaO % 62.82 55.44 50.54 46.3
SiO, % 18.95 23.58 29.18 28.7
AlLO3 % 4.99 7.83 6.17 9.7

SO;3 Y% 3.14 2.83 2.48 2.74
Fe, O3 Y% 2.81 3.25 1.55 3.0

MgO % 1.37 1.56 4.04 2.06
K,O % 0.88 0.71 0.69 1.08
eqNa,O % 0.79 0.73 0.78 1.06
Na,O Y% 0.21 0.26 0.33 0.35
Cl™ Y% 0.08 0.076 0.07 0.041

physical and mechanical properties of cement

Compressive strength 2 days MPa 27.8 26.1 14.2 20.0
Compressive strength 28 days MPa 56.7 53.4 51.5 58.1
Specific surface cm?/g 3374 3716 4466 4800
Beginning of cement setting minutes 208 179 238 275

End of cement setting minutes 284 260 317 350

Consistency in volume mm 0.8 0.88 0.8 0.81
Water demand of cement % 27.8 27.5 29.8 32.2
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The mineral additives used in individual cements comply with the EN 197-1 stan-
dard [36] and are as follows: CEM 1 42.5 R 95% clinker, 5% secondary minerals, CEM II
A-V 80-94% clinker, 6-20% silica fly ash, 5% secondary minerals, CEM III A 35-64% clinker,
36-65% blast furnace slag, 5% secondary minerals, CEM V A 40-64% clinker, 18-30% blast
furnace slag, 18-30% silica fly ash, and 5% secondary minerals.

Analysis of the cements used was performed using a JSM-6610 scanning microscope
(Joel, Tokyo, Japan), in which the samples were applied to carbon tape and dusted with
graphite. Analysis of the chemical composition of the tested materials was performed in an
EDS analyzer, which is part of the device. Cement images are shown in Figure 1.
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Figure 1. Cement images taken with Jeol JSM-6610 (Joel, Tokyo, Japan): (a) CEM I x 1500, (b) CEM I X
4000, (c) CEM II/B-V x 1500, (d) CEM 11/ A-V x 4000, (e) CEM III/ A x 1500, and (f) CEM III/ A x 4000.

Cement images were taken with a Jeol JSM-6610 microscope (Jeol, Tokyo, Japan) for
CEM I, CEM 1I, and CEM III cements at magnifications of x1500 and x4000. Images a
and b for cement CEM I show a compact clinker structure with small amounts of gypsum,
which is a setting regulator. In images c and d for CEM I, ash particles can be seen, and
in images e and f for CEM 11I, there is a high content of blast furnace slag. Additionally,
chemical analysis was performed for each of the four cements (Table 2):
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Table 2. The chemical analysis of the composition of CEM I, CEM II, CEM III, and CEM V.

CEM III

CEM V

Element g‘g’[Rl Ag}zﬁ ER A425N-  AS-V425N- Stfggjlrd
: : LH/HSR/NA LH/HSR/NA

Wto/o Wto/o Wto/o Wto/o
(@] 37.92 39.61 41.8 38.54 SiO,
Mg 1.06 0.56 2.8 0.97 MgO
Al 3.59 1.37 3.4 3.14 Al,O3
Si 9.15 9.09 14.8 9.87 SiO,
K 0.52 1.41 14 1.56 KBr
Ca 44.68 46.26 35.2 44.26 Wollastonite
Fe 3.07 1.70 0.6 1.66 Fe
Total: 100.00 100.00 100.00 100.00

The results of the analysis of the cement used with a 45% share of blast furnace slag
(S) are marked as CEM III/ A 42.5 HSR-NA (Figure 2). The obtained results are as follows:

Ca0—35.2%, Si—14.8%, Al—3.4%, Mg—2.8%, 5—1.3%, and Fe—0.6% [36].
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Figure 2. An example of a chemical analysis image for CEM III cement with 45% slag content created

using the EDS analysis method.

2.2. Analysis of Grain Size and Reactivity of Aggregates

According to the requirements of technical specifications, the aggregate should be
characterized by high technical parameters and meet the condition of maximum satura-
tion [39]. The screening analysis of the granite aggregate of 2/8 and 8/16 mm and sand of

0/2 mm is given in Table 3 and Figure 3.

Table 3. Graining of materials.

Volume of Aggregate on Individual Control Sieves [%]

Sieve [mm]
Granite 8/16 Granite 2/8 Sand 0/2

16 1.7 0.0 0.0
8 96.3 1.2 0.0

4 2.0 59.7 0.0

2 0.0 39.1 2.5

1 0.0 0.0 15.9
0.5 0.0 0.0 255
0.25 0.0 0.0 43.4
0.125 0.0 0.0 11.9
0.0 0.0 0.0 0.8
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Figure 3. Graining curve of the mineral mixture.

The designed mineral mixture composition and the required specification curves for
good grain size are shown in Figure 3.

Due to the requirement of using mineral materials characterized by the lack of a po-
tential alkali-silica reaction (ASR), the potential reactivity of the aggregate was determined
using two methods: PB1 (14-day test) and PB2 (365-day test). This determination involved
measuring the elongation of the prepared mortar and concrete samples in accordance with
the procedure. The final test result, which is presented in Tables 4 and 5, was in reactivity
category RO for both fine and coarse aggregate in 1 M NaOH solution at 80 °C. The detailed
description of the test procedure and analysis of the results in this regard were discussed in
more detail in [40]. Tables 4 and 5 describe the terms resulting from the procedure and are
described as Ly, Lpg, and Lgj, which represent the linear changes in sample length during
testing after 7, 28, and 91 days of testing.

Table 4. Determination of the ASR for 0/2mm aggregate.

Change in Length on Individual Days [mm]

Samples
Ly L1 Losg Log Lis> L3es
1 —0.002 0.003 0.001 0.008 0.014 0.016
2 —0.004 0.003 0.001 0.009 0.012 0.015
3 —0.003 0.003 0.002 0.007 0.012 0.014
Average value —0.003 0.003 0.001 0.008 0.013 0.015

Table 5. Determination of the ASR for 2/8 and 8/16 mm aggregate.

Change in Length on Individual Days [mm]

Samples
L7 L1a Log Lo L1s2 L3es
1 0.000 —0.001 —0.002 0.006 0.018 0.027
2 —0.001 0.000 —0.003 0.006 0.016 0.019
3 —0.001 —0.001 —0.001 0.006 0.016 0.022
Average value —0.001 —0.001 —0.002 0.006 0.017 0.023

The aggregate test results obtained, performed in accordance with procedures PB1
and PB2, allowed the aggregates to be classified as R0, i.e., non-reactive.

After obtaining positive aggregate test results, the formulation compositions shown in
Table 6 were designed.
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Table 6. Designed composition of concrete mixtures [kg/ m3].

Concrete Mix Compositions [kg/m?]

Materials

C30/37_1 C30/37_I1 C30/37_III C30/37_V
CEMI425R 360 - - -
CEMII/A-V425R - 360 - -
CEM III A 42.5 HSR/NA - - 360 -
CEM V/A S-V 42.5 N-LH/HSR/NA - - - 360
Water 144 144 144 144
Fine aggregate sand 0/2 mm 682 682 682 682
Coarse granite aggregate 2/8 mm 565 565 565 565
Coarse granite aggregate 8/16 mm 702 702 702 702
SP PC 2.5 2.5 2.5 2.5
LPA 0.7 0.7 0.7 0.7
Density 2456 2450 2452 2449

In the described work, over 250 samples were prepared and tested in accordance with
the requirements of the PN-EN 12390-2 standard [41]. The scope of individual tests and
reference to the requirements for concrete intended for road construction are included in
Section 2.3.

2.3. Methods

The first phase of the project concerned the testing of hardened concrete and con-
sisted of determining the compressive, bending, and splitting strength after 28, 56, and
90 days [42—44]. The density of concrete was determined in accordance with the PN-EN
12390-7 standard [45]. The second phase consisted of determining the durability of concrete
with a reduced carbon footprint by testing frost resistance after 150 cycles in accordance
with the PN-B-06250:1988 standard [46]. The F150 durability test was conducted on 48 sam-
ples with dimensions of 100 x 100 x 100 mm. A total of 144 samples were prepared and
tested to determine the strength properties. The starting date of the tests was 28 days for
CEM |, 56 days for CEM 11, and 90 days for CEM IIIl and CEM V, i.e, at the equivalent
time [39,47]. A positive result of this test as specified in the standard must not exceed a 5%
loss in mass and a 20% decrease in compressive strength compared to the reference samples.
Furthermore, the samples after freeze/thaw cycles must not show cracks. Furthermore, in
order to check the durability, resistance to de-icing salts [48], and penetration of water under
pressure for each series, the pore distribution in the hardened concrete was determined in
accordance with PN-EN 480-11 [49]. The requirements for cement concrete [39,47] used for
road construction are presented below in Table 7.

Table 7. Requirements for the concrete pavement for traffic categories KR1 <+ KR4.

Properties of Pavement Concrete Requirements Test Method
Compressive strength C30/37 PN-EN 12390-3 [42]
Frost resistance F150:

-Loss of sample mass <5% PN-B-06250 [46]
-Loss of compressive strength <20%

Characteristics of air voids in concrete:

-content of micropores with a diameter of less PN-EN 480-11 [49]

>1.5%
than 0.3 mm (A300), %o 21.5%
-index of pore distribution in concrete, L mm <0.200 mm
Density, tolerance in reference to the formula +3.0% PN-EN 12390-7 [45]
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3. Results
3.1. Results of Assessing the Properties of the Concrete Mixture after 5 and 45 min

The properties of the concrete mixture were determined 5 and 45 min after mixing
the ingredients (Table 8). These time intervals were used because experience shows that
45 min is the maximum time for incorporating the mixture without significantly changing
its properties and ingredients under normal conditions.

Table 8. Properties of the concrete mix.

Concrete Mix Compositions [kg/m?]

Materials

C30/37_1 C30/37_11 C30/37_I11 C30/37_V
Consistency after 5 min, mm 120 110 140 140
Consistency after 45 min, mm 80 95 130 125
Air content after 5 min, % 5.5 5.6 5.7 6.2
Air content after 45 min, % 49 5.2 5.6 6.0
Density, g / cm3 2.456 2.452 2.454 2.448

3.2. Determination of the Strength Characteristics of Concrete for Road Surfaces

In the first phase of the tests, strength characteristics were determined, such as com-
pressive strength after 28, 56, and 90 days in accordance with PN-EN 12390-3 [42]. Ad-
ditionally, flexural strength and tensile splitting strength tests of the test specimens were
performed in accordance with the PN-EN 12390-5 [43] and PN-EN 12390-6 [44] standards.
All samples were prepared and stored in accordance with the EN 12390-2 standard [41].
The average test results of the 144 samples are shown in Table 9.

Table 9. Strength properties of road concrete.

Study Start Date [MPa]

C30/37 Road Concrete
28 Day 56 Day 90 Day
Compressive strength

C30/37_Iwith CEM1425R 5454+ 2.1 55.6 + 1.8 58.4 + 3.1
C30/37_II with CEM II/A-V 425 R 484+ 1.8 56.1 1.9 59.3 + 1.3
C30/37_I11 with CEM III/ A 42.5

N-LH/HSR/NA 432 +3.2 60.7 2.1 709 2.2
€30/37_V with CEMV/A S-V 42.5 023+11 546+ 1.1 68.6 + 0.9

N-LH/HSR/NA

Flexural strength

C30/37_1with CEM142.5R 52£09 54 £0.7 53+£04
C30/37_II with CEM II/A-V 425 R 48 £05 52+11 55=£0.38
C30/37_III with CEM III/ A 42.5

N-LH/HSR/NA 46+12 55+09 6.4 £09
C30/37_V with CEM V/A S-V 42.5 45404 53406 6.6+ 1.1

N-LH/HSR/NA

Tensile Splitting Strength of the Test Specimens

C30/37_I with CEM 142.5 R 40405 43402 42408
C30/37_I1 with CEM I1/A-V 42.5 R 41402 44+ 08 47410
C30/37_I1I with CEM I1I/A 42.5

NoLH /TSR /NA 37407 43405 50405
€30/37_V with CEMV/A S-V 42.5 3.6+ 0.3 41404 52403

N-LH/HSR/NA

The highest compressive strength results were obtained after 90 days for the C30/37_I1I
formulation of 70.9 MPa, i.e., 18% more than for the C30/37_I base formulation, for which
the result was 58.4 MPa. When assessing the flexural strength for 36 samples, it should be
emphasized that for all recipes, the required result of >4.5 MPa required in the technical
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specification was achieved. The highest results were obtained for the C30/37_III and
C30/37_V formulations, which were 6.4 MPa and 6.6 MPa. The last determination was the
tensile splitting strength, and here, the highest results were also for the C30/37_III and
(C30/37_V recipes, which were 5.0 MPa and 5.2 MPa, respectively. It should be emphasized
that the obtained results of strength tests for concretes with a reduced carbon footprint
met the high requirements for concrete surfaces of roads with low and very high traffic
intensity, KR4-KR7.

3.3. Testing the Durability of Road Concrete Using Multi-Component Cements

An assessment of the possibility of using concrete with a reduced carbon footprint
made of low-emission cements is possible after performing comprehensive durability tests.
As part of the durability assessment, 150 freezing and thawing cycles were performed to
determine frost resistance, resistance to de-icing salts was checked, the depth of water
penetration under pressure was determined, and the air entrainment structure in the
concrete was determined as a final verification of durability.

3.3.1. Frost Resistance after 150 Cycles

The determination of frost resistance in cyclic freezing and thawing at temperatures
—20 °C and +20 °C was performed in accordance with the PN-B-06250:1988 standard [46].
As part of the study, 12 cubic samples with dimensions of 100 x 100 x 100 mm were
prepared for each recipe. After 150 test cycles, the % loss of compressive strength and
weight loss were determined. Samples after 150 freezing and thawing cycles must not show
cracks. The average results from the four tests are shown in Table 10.

Table 10. The influence of low-clinker cements on the durability of road concrete.

Concrete Mix Compositions [kg/m?]

Materials C30/37.1  C30/37.II  C30/37.I1  C30/37.V  Requirement
Frost Resistance Test F150 average result

Loss of compressive strength AR, % —4.5 —-2.2 —-0.9 —1.4 <20%

Weight loss of samples AG, % -0.2 —0.12 -0.1 —0.1 <5%
Degree of Defect mss/myg average result

Resistance to frost in the presence of de-icing salt 1.22 0.95 0.77 0.82 <2
Water penetration under pressure

Depth of water penetration under pressure, mm 24 17 18 17 <45

Characteristics of air voids in hardened concrete

Total air content, A, % 49 52 5.6 6.0 4.5-6.0

Spacing factor, L, mm 0.18 0.17 0.14 0.13 <0.20

Micro air-void content, Asgy, % 2.10 1.85 2.45 2.50 >1.50

3.3.2. Resistance to Deicing Salts According to EN 12390 PKN-CEN /TS 12390-9

The test was performed in accordance with the EN 12390 PKN-CEN/TS 12390-9
standard [48] and involved the cyclic freezing and thawing of concrete samples in the
presence of de-icing salts (3% NaCl). After 28 and 56 days, the mass loss of the samples
was determined, and the determined loss must be less than 2. A positive test result is when,
for each sample, the mass loss was less than 1.5 kg/m?, and the average mass loss was
determined after 28 and 56 days.

3.3.3. Air Void Analysis

The determination of the air-entrainment structure in concrete was performed in
accordance with the procedure described in the PN-EN 480-11:2008 standard [49]. Two
samples were cut from the solid samples for analysis, with dimensions of 150 x 100
x 20 mm. After grinding the samples, they were polished, and contrast was added
to obtain better accuracy. Automatic analysis of the number and size of air voids was
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performed using the microscopic method using the Nikon SMZ1270 Navitar computer
automatic image analysis system (Tokyo, Japan). The image and average values from four
measurements for each sample are shown in Figure 4 and Table 10.

(©)

Figure 4. Images of the structure of prepared concrete samples: (a) C30/37_1, (b) C30/37_lI,
(c) C30/37_111I, and (d) C30/37_V.

A very effective and commonly used method for assessing the durability of cement
concrete over time is to assess the structure of the void distribution L (the distance between
the voids), which should be less than 0.2 mm. The second assessment parameter is the
content of micropores with a diameter of less than 0.3 mm, described as Az, which must
be greater than 1.5%. Additionally, the total amount of air in the concrete was determined
(A). The results of average measurements for each of the four samples are presented in
accordance with the standard [49] in Table 10. The total air content A is comparable in
value to the results for the concrete mixture before forming (from 4.9% to 6.2%) because the
air content in hardened concrete is 4.9 to 6.0%. The most favorable results were obtained
for the C30/37_V recipe based on CEM V cement.

The results of frost resistance determination after 150 cycles indicate that the smallest
decrease in compressive strength was obtained for the C30/37_III recipe on CEM III cement.
This decrease was 0.9% and the decrease in sample weight was only 0.1%. In terms of
determining resistance to deicing agents (salt), the most favorable results were obtained
for the C30/37_V and C30/37_lIII formulas and were in line with the requirements of the
standard. As part of the durability tests, water penetration tests were also carried out under
pressure, and for all designed compositions, the results ranged from 17 to 24 mm, where
the requirement was < 45 mm. The obtained results of the analysis of the air structure in
hardened concrete are very similar to the results obtained using the pressure method for
the concrete mix, which may indicate the appropriate amount of air-entraining admixture
and ranges from 4.9% to 6.2%. The total air content in hardened concrete is in the range of
4.9-6.0%. By analyzing the results obtained to determine the characteristics of the spacing
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of air voids, it can be concluded that they meet the requirements for concrete used in
XF conditions.

3.4. Carbon Footprint Reduction

The aim of the study was to determine the possibility of reducing the carbon footprint
in concrete by using multi-component cements. These cements differed in the amount of
clinker and the type and amount of mineral additives in their composition. For calculations
using the LCA (Life Cycle Assessment) method according to the ISO 14067 standard [50], the
actual transport distances of cement and aggregate to the construction site were assumed,
which were 100 and 120 km. Having calculated CO, emissions for individual components
of the concrete mix and knowing the distance from the construction site, the determined
carbon footprint is presented in Table 11.

Table 11. Carbon footprint reduction results of paving concrete with multi-component cements [9,11].

Parameter Unit C30/37_1 C30/37_11 C30/37_I11 C30/37_V
Carbon footprint cement CO,/kg 0.703 0.559 0.377 0.405
Cement transportation COy/km/t 0.199 0.199 0.199 0.199
Carbon footprint granite aggregate CO,/kg 0.007 0.007 0.007 0.007
Aggregate transport CO,/km/t 0.166 0.166 0.166 0.166
The carbon footprint of concrete in cubic meters CO,/ m3 298 247 181 191
Carbon footprint reduction [%] 0.0 —-17.4 -394 —35.9

Analyzing the results obtained using the software recommended by the Global Cement
and Concrete Association (GCCA), it can be seen that the use of CEM II cement allows
a reduction in the carbon footprint of 17.4%, and the use of CEM V and CEM III cement
in concrete intended for the construction of roads, engineering structures, and airports
allowed a reduction of up to 35.9 and 39.4%. This is an important result and suggests greater
use of cements with mineral additives for infrastructure construction should be considered.

4. Discussion

The CEM III and CEM V multi-component cements used in road concrete were
characterized by the highest compressive strength, above 70 MPa, obtained for CEM
III concrete and 68 MPa for CEM V concrete. However, CEM I cement, commonly used
in infrastructure, achieved the lowest compressive strength of 58 MPa. These results
confirmed the usefulness of multi-component cements in durability tests, as the smallest
decrease in compressive strength after 150 freeze—-thaw cycles was noted for CEM III
(—=0.9%) and CEM V (—1.4%) concretes. This can be confirmed by the results of water
penetration under pressure, because for the recipes using CEM 1I, CEM 1II, and CEM V,
17,18, and 17 mm of water penetration were obtained, which proves the high tightness of
the concrete. The final verification took place during the analysis of the aeration structure
performed under a microscope in accordance with the requirements of the PN-EN 480-11
standard [49]. The analysis results confirmed the proper structure and minimal spacing
of air bubbles in the concrete, which guarantees durability. Concrete using CEM II, CEM
III, and CEM V can be used to build local roads and even expressways with heavy vehicle
traffic. In addition, the concrete mix based on CEM V is characterized by a carbon footprint
reduced by 36%, and the mix based on CEM Il by a reduction of up to 39% for the A1-A3
phase. Carbon footprint calculations were performed for the processes of extraction and
transport of raw materials and the production of concrete at the plant. Considering that
this A1-A3 phase could be responsible for a reduction in the carbon footprint of up to 40%,
such concrete can be classified as environmentally friendly concrete, consistent with the
idea of sustainable development of modern building materials. Surface concrete designed
with the addition of low-clinker cements such as CEM II, CEM III, and CEM V meets the
very high requirements for a modern concrete surface intended for the construction of
local roads and parking lots. The results of tests on the durability of road concrete clearly

101



Materials 2024, 17, 3162

indicate that concrete with a reduced carbon footprint is a sustainable solution and an
alternative to the commonly used and required Portland cement CEM I 42.5 in Poland.
The cements used are blast furnace slag, silica fly ash, and limestone, which are waste
materials, thanks to which we can reduce our carbon footprint and reduce CO, emissions
by over 40%. Thanks to this research, concrete with a reduced carbon footprint can be
successfully used for the construction of roads and communication infrastructure, in line
with the sustainable construction strategy.

5. Conclusions

The obtained test results for road concrete with a reduced carbon footprint thanks to
the use of low-clinker cements allow the following conclusions to be drawn:

1.  Road concrete designed with CEM V is characterized by a reduced carbon footprint of
36%, and for a mixture based on CEM 111, as much as 39%, which is why such concrete
can be classified as environmentally friendly concrete and materials consistent with
the sustainable development of modern construction.

2. The highest compressive strength exceeding 70 MPa was obtained for the C30/37_II1
concrete formulation, while 68 MPa was observed for the C30/37_V concrete, and
the lowest value was observed for the C30/37_I comparative formulation after 28, 56,
and 90 days.

3. The most favorable results of frost resistance in cyclic freezing and thawing were
obtained for the recipe using CEM III (—0.9%) and CEM V (—1.4%) cement. This is
confirmed by the results of water penetration under pressure, because for the recipes
using CEM II, CEM 111, and CEM V, water penetration of 17, 18, and 17 mm was
obtained, which proves the high tightness of the concrete.

4. Concrete using CEM II, CEM 1II, and CEM V can be used to build local roads and
even expressways with heavy vehicle traffic.

5. The microscopic analysis of the pore structure in the hardened concrete allows us to
conclude that the total air content is similar to the results obtained in the concrete
mix using the pressure method, ranging from 4.9% to 6.2%. The total air content in
hardened concrete ranges from 4.9 to 6.0%. The highest value of the air permeability
coefficient (L) and the lowest micropore content (A3py) was demonstrated by concrete
marked as C30/37_V based on CEM V cement.
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Abstract: Recent literature has exhibited a growing interest in the utilization of ground glass powder
(GP) as a supplementary cementitious material (SCM). Yet, the application of SCMs in stabilizing
heavy metallic and metalloid elements remains underexplored. This research zeroes in on zinc stabi-
lization using a binder amalgam of GP and ordinary Portland cement (OPC). This study juxtaposes
the stability of zinc in a recomposed binder consisting of 30% GP and 70% OPC (denoted as 30GP-M)
against a reference binder of 100% CEM 152.5 N (labeled reference mortar, RM) across curing intervals
of 1,28, and 90 days. Remarkably, the findings indicate a heightened kinetic immobilization of Zn
at 90 days in the presence of GP—surging up to 40% in contrast to RM. Advanced microstructural
analyses delineate the stabilization locales for Zn, including on the periphery of hydrated C3S parti-
cles (Zn-C3S), within GP-reactive sites (Si*-O-Zn), and amid C-S-H gel structures, i.e., (C/Zn)-S-H.
A matrix with 30% GP bolsters the hydration process of C3S vis-a-vis the RM matrix. Probing deeper,
the microstructural characterization underscores GP’s prowess in Zn immobilization, particularly
at the interaction zone with the paste. In the Zn milieu, it was discerning a transmutation—some
products born from the GP-Portlandite reaction morph into GP—calcium—zincate.

Keywords: zinc stabilization; ground glass; supplementary cementitious materials; sorption isotherms

1. Introduction

Intensive research previously conducted on recycled ground glass powder (GP) as
supplementary cementitious materials (SCMs) [1-4] has led to the normalization of using
these materials as additives. ASTM C1866-2020 Standard has established a specification for
ground-glass pozzolan used in concrete [5]. Indeed, their use has proven to be beneficial in
stabilizing the structure of concrete and decreasing its carbonation and chloride diffusion [6,7].
Ground-glass pozzolan has been used both in conventional cementitious matrixes and as
a source of silicate in alkali-activated binders [8-11]. Nevertheless, the effect of GP on the
stabilization of pollutants, such as metallic and metalloid trace elements (MMTEs), and on
organic pollutants has not been reported to date. The reactivity and constituted phases of
hydrated binders are among the keys to understanding the modes and locations of pollutants
fixed on a solid support. Most aluminosilicate compounds are characterized by regular
micropores in the form of connected channels, where pollutants preferentially accumulate.
This structural state also provides a strong ionic exchange capacity between the alkalis present
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in zeolites (K*, Na*, and Ca2*) and the metallic pollutants present in water (Ni2*, Zn%*, Cu?*,
As®>, U%, Cr3*, Pb?*, and Cs*) [12-15]. In this type of fixing medium, cation exchange leads
to extremely stable and sometimes irreversible bonds. However, these cationic exchanges
are influenced by certain parameters in the matrix, particularly the pH, nature of the binder
(Portland, geopolymer, or polymer), cure time, and degree of hydration [16-18].

Other compounds, such as sepiolite, geopolymeric compounds, and polymers, can also
stabilize metal pollutants [19-22]. Cement hydration phases are also known for their ability
to stabilize various types of pollutants. Moudilou’s work on the stabilization of MMTE
using Portland CEM I 52.5 N enabled the phases involved in the binding of transition
metals to be determined [23]. It appears that elements such as Ni%*, Zn%*, Cu?*, and
Pb?* are extremely stable in C-S-H gel (calcium silicate hydrate), while Cr3* and U®* are
extremely stable in ettringites. Other elements are rather soluble in the interstitial water
and hydroxide phases. Cu?* and Pb?" are particularly well adsorbed on C-S-H. Likewise,
they are involved in the crystallographic structure of C-S-H, while Cd?*, Ni?*, and Zn2*
remain attached to the hydroxide phases and in the inter-granular porosities [24]. There
are three mechanisms for immobilizing MMTE, including sorption, chemical incorporation,
or encapsulation [19,25,26].

These attachment modes of the elements to the hydrated cementitious phases involve
modifications to the crystal structure of the formed phases, heat of hydration, setting times,
and durability of the matrix, including the release of the heavy metals. The presence of
water plays an important role in the transport, ionization, and hydration of the substrate
surface and pollutants. This allows for other types of interaction with the solid, such
as adsorption, precipitation, substitutions, and inclusion. Pollutants can interact with
the cement phases in several ways, including adsorption as an outer sphere complex,
formation of an internal sphere complex, diffusion in the crystal lattice and isomorphic
substitution, rapid lateral diffusion and formation of a surface polymer, adsorption on
a mineral growth front, and surface polymer formation and incorporation into the host
matrix after crystal growth. The adsorbed ion can optionally be released back into the
solution by, e.g., following surface redox reactions or dynamic equilibrium. The solvency
of water also influences this balance of the presence of Zn in the different phases [27].

In France, the concentrations of MMTE in wastes (e.g., sediments and industrial
scraps) indicate that zinc is present at rates exceeding 5-10 times the concentrations of other
MMTESs and heavy metals. To address this issue, several studies have been conducted to
examine the influence of Zn in cementitious binders [28]. This study aims to analyze the
effect of GP as an SCM on the binding behavior of Zn?* in different hydration phases. To
do this, we evaluated a matrix with a 70:30 ratio of cement to GP and a reference matrix
(100% cement). Furthermore, mechanical, absorption, isothermal, and microstructural
studies were conducted as a function of time. The objective of using GP is to study its influ-
ence on both the pozzolanic activity (by monitoring the compressive strength compared
to a 100% cement matrix) and the stabilization of active Zn (reactivity within the matrix,
i.e., pollutant immobilization).

2. Materials and Methods
2.1. Materials

The particle size distribution (PSD) analyses were conducted using the Mastersize
2000 laser (Malvern Panalytical, Malvern, UK) in dry mode. This instrument facilitates
the determination of PSD spanning from 0.04 um to 2000 um. The test adheres to the
ISO 13320 standard [29]. The cement used in this study was CEM I 52.5 N, containing 95%
clinkers and a 5% calcium sulfate additive. The GP was crushed finely on a laboratory scale
(dgo < 15 um) before being washed with demineralized water. To ensure high solubility of
the contaminant in water, an ultra-pure zinc sulfate hexahydrate (Zn(N,Og),6H,0) was
used. To ensure a homogeneous presence of Zn in the paste, the pollutant was dissolved
beforehand in the mixing water. Different percentages by weight of the binder (%, %, 1,2,
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and 3%) of Zn(SO4), were added. Normalized sand, in accordance with the standard CEN
196-1 ISO [30], was used to produce 40 x 40 x 160 mm? mortars.

2.2. Methods

The compressive strength was tested at different ages of curing (1, 7, 28, and 90 days)
on three cubes of 40 mm?, prepared according to EN 196-1 standard [30] and using an
INSTRON press (Norwood, MA, USA). The stabilization of Zn was monitored by mea-
suring the leached Zn in demineralized water at 20 & 2 °C using a ROTAX instrument
(VELP Scientifica Srl, Usmate Velate, Italy) programmed to run for 1 turn per minute
(a leaching test on a 1:10 ratio of solid to liquid) using inductively coupled plasma mass
spectrometry (ICP-MS) analysis employing an Agilent Technologies SPS4 Autosampler.
Thermogravimetric analysis (TG) was performed with a QMS 403D-NETZSCH machine
(NLIR ApS, Farum, Denmark) using argon as the atmosphere at a flow rate of 20 mL/min.
X-ray diffraction analysis (XRD) was performed using a D8 Focus diffractometer from
Bruker (Billerica, MA, USA) that was equipped with a cobalt anode (\Ka1 = 1.74 A) and
Lynx Eye detector. Scanning Electron Microscopy (SEM) analysis was conducted using a
Hitachi S-4300SE/N (Hitachi, Chiyoda-ku, Tokyo). The heat of hydration evolution was
measured on pastes. Figure 1 illustrates the experimental design adopted in this study.

Cementitious pastes Experimental design: Blended matrix of 70:10 of OPC-GP mixed with
mixtures 0%, 0.25%, 0.5%, 1%, 2%, and 3% in weight of binder

l

TGA, XRD, Hydration heat,
SEM-EDX, Leaching text

| Mortars mixtures

________ e

| Study of the effect of Zn |

] .
\  on the mechanical !

| properties of the matrix ! Mechanical stirling Zn(S0O,),6H,0 Mixing water

Figure 1. Experimental design that was adopted in this study.

2.3. Data Analysis

The Zn distribution between the liquid phase and the binder sorbent (adsorption
on surfaces) was calculated using Equation (1). The first-order Lagergren equation, the
second-order kinetics model, and the Bingham equations are presented in linear form in
Equations (2) (second order) and (3) (pseudo-second order). Here, gt is the sorbed con-
centration in pug/mg at time ¢ (h), gm is the pseudo-equilibrium sorbed concentration
(ng/mg), and ky (h™1), k> (g-g~' h™1), and k;, (g-g~! h™!) are the sorption rate constants. In
Equation (1), K; is the solid-liquid distribution coefficient (L/kg), gs is the sorbed concen-
tration (mg/kg), and g, is the equilibrium concentration (mg/L).

LogKy = log(qs-qe) @

1
log(qt) = log(ka) + —log(t) )
LA 3)

gt kogm? ' qm

3. Results and Discussion
3.1. Physicochemical Properties

The physicochemical properties of GP and CEM are presented in Table 1. The GP is
mostly composed of SiO; (71 wt.%), 11 wt.% NayO, and 13 wt.% CaO, with low contents of
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MgO, Fe;03, SO3, and K,O. The cement is principally composed of CaO (61 wt.%), SiO;
(18 wt.%), Al,O3 (4.4 wt.%), SO3 (3.7 wt.%), and Fe,O3 (3.0 wt.%). The cement phases
included 59% of C3S, 13% of C5S, 8.8% of C3A, and 10% of C4AF using Bogue formulas.
The PSD of those powders is presented in Figure 2.

Table 1. Physicochemical properties of the used powders.

Parameters GP CEM Standard/Method
Absolute density (g/ cmd) 2.54 3.15 NF EN 1097-7 [31]
Phvsical SSA BET (m?2/ kg) 793 835 NF EN ISO18757 [32]
P ysmtf’ Fire loss % (450 °C/3 h) 0.02 - NEF EN SO 17892-12 [33]
roperties Fire loss % (550 °C/1 h) 0.03 - NF EN 15169 [34]
Fire loss % (1000 °C/1 h) - 0.30 NF EN 1097-7 [31]
SiO, 70.8 17.4
ALO; 1.70 444
MgO 1.20 0.85
Chemical F6203 0.40 2.97
Composition CaO 115 60.7 measured by XRF
W% Na,O 13.0 0.31
K,O 0.70 1.16
SO, - 3.75
Others 0.01 0.90
100

1
0 GP | CEM /
80

T leI pm 2.40 5.11

70 | dsoum | 650 | 330
60 T | dopum | 135 | 760

40 +
30 +

30 -+ === Glass Powder
10 e CEM I

0.1 1 10 100

Particle size, um

Passing particle, %
51
S
:

Figure 2. PSD of GP and CEM.

3.2. Compressive Strength Evolution

The compressive strengths obtained between 1 and 90 days indicate changes as a
function of time and dosage of Zn (Figure 3). After 1 day of curing, the samples containing
2% and 3% of Zn showed large decreases in strength as low as —23 MPa compared to the
reference matrix (ORM) (90% compared to 0% of Zn). In these samples, the slow hydration
leads to reduced zinc stabilization in the mortars. These results are correlated with an
extremely low heat of hydration and are reflected in the setting delay by more than 40 h
compared to the 3 h for ORM. A progressive decrease was observed in UCS of approximately
—7 MPa between the 0.25% and 1% dosages. For comparison, 1% of Zn in a hydraulic
cementitious mix affects the compressive strength of the hydraulic matrix equivalently to a
25% substitution of fly ash or glass aggregates [1,35]. After 90 days of curing, while all the
samples showed improvements in compressive and flexural strengths, the 30% GP-mortars
were slightly better compared with the reference matrix series.
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Figure 3. Compressive strength as a function of Zn-to-cement weight.

3.3. Fixation Isotherms

The leaching test results at 28 and 90 days (Figure 4) represent the importance of
curing time to the fixation of Zn, which is much more important at later ages. At 20 days
of curing at 20 °C and RH > 90%, Zn is more stabilized in the reference mortar (RM) than
in the composed-binder mortar 30GP-M. However, at 90 days of curing, Zn was more
stabilized in the composed-binder matrix. This improvement in the fixation of the blended
matrix is linked to the reactivity of the GP in the cement paste after 90 days. At 28 days of
curing, the RM produced more C-S5-H gel compared to the 30GP-M, resulting in more Zn
incorporated or adsorbed in the C-S-H gel silicate sheets in the RM. The presence of Zn in
a bivalent cationic state, Zn(1I), allows an immediate reaction and integrates the C-S-H gel
structures. This strong reactivity is mainly linked to the solubility of Zn(SO4), (96.5g/100 g
of water at 20 °C) and to a very basic pH in ordinary Portland cement. Through long curing
times (explained by the slow kinetics of GP), GP reacts as a pozzolan and interacts with the
Portlandite, as well as with the different forms of Zn, such as Zn(OH), and ZnCa(OH),.

120
y=51468x+11591 Y-S +4ATHL o7 408+ 657
; R2=0.989
100 +  R2=0.9085 i R?=0.9854
S 80 1
<
d y=16.641x + 8.1215
T 60 + 2
i R?=0.9727
=
3]
40 +
a5 A RM-28d ——RM-90 d
——30GP-M-28d —m—30GP-M-90d
0 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1
0 1 2 3 4 5 6
Free (ng/kg)

Figure 4. Fixed Zn in the function leached Zn in the samples.

The stabilization of Zn is linked to the duration of the curing time. To establish
this principle, a fixation study was conducted. The graphical presentation of log(Qt) as a
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function of log(t) was calculated according to the secondary derivative of the Bangham
equation as follows:

logQt = log(kb) + % « log(t) 4)

logQt = log(kd) + % x log(t) 5)

The linear relationship between (g;) and log(t), which allows for the determination of
the constant solid-liquid distribution coefficient (k;), indicates the capacity of the binder
to sorb Zn. Table 2 and Figure 5 present the linear equations, k, coefficients, and R? for
Equation (4) above. The low concentration of Zn in the medium led to an increase in the
binding capacity of the binders hydrated with 0.25 and 0.5% Zn. High concentrations of Zn
(2-3%), which delay the setting and hydration of the binders, hinder its stabilization.

Table 2. Details of the Bangham fit (solid lines) are reported in Figure 5.

Zn/Binder w% Y = Log(Qt) Log(kd) kd R2
0.25% y = —0.46x — 2.82 -2.82 150 x 1073 0.98
Ref 0.50% y=—046x — 2.44 —2.44 364 x 1073 098
;[irret:fe 1% y= —0.36x — 2.24 —224  575x1073  0.88
2% y = —0.40x — 1.57 ~1.57 270 x 1072 097
3% y =—0.49x — 1.29 ~1.29 513 x 1072 0.9
0.25% y=—0.64x — 234 —2.34 453 %1073 098
Blended 0.50% y = —0.50x — 2.07 -2.07 847 x 1073 0.78
Nf;‘rtgr 1% y = —051x — 1.81 ~1.81 155 %1072 0.98
2% y = —0.60x — 1.22 -1.22 6.00 x 1072 0.99
3% y = —0.60x — 1.00 -1.00 9.88 x 1072 0.92
Log(®) Log(®)
1.0 15 20 25 30 35 1.0 1.5 20 25 30 35
-1.0 _ -1.0 : : ; :
15 4 * 3% = 2% 4 1% 15 4
®0.50% ©0.25
2.0 + 20 +
25 1 \. 25 +
& B 0
%30 T 4 . 3.0 +
=35 4 2 st
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o
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Figure 5. Bangham fits (solid lines) for adsorption of Zn as a function of time for each concentration
of Zn. (left) in the MR hydrated binder and (right) in the 30GP-M hydrated binder.

The reactivity of GP in the cementitious medium is linked to the interface between the
GPs and contaminated paste by Zn?*. The nucleation site density at the surface determines
the glass’s capacity for stabilization. For this, the k; of the glass is linked to its specific
surface area rather than the quantity or mass of substitution.

The precipitation of an amorphous layer of Zn(OH); and the hydroxide crystalline
calcium zinc around the cement particles suggest very little pozzolanic activity over time.
This explains the loss of mechanical properties observed with the increase in Zn dosage
(Figure 6). The compression strength obtained at 28 days decreased proportionally with
the addition of Zn concentration, e.g., 1IRM, 2RM, and 3RM. A significant decrease in
compressive strength down to —15 MPa was observed compared to the 0RM reference
matrix, which indicates negative effects on the dissolution of the cement grains and,
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consequently, on the hydration coefficient [36,37]. A decrease in the cement amount in the
mortars can also influence the sample’s mechanical properties; however, this factor remains
negligible compared to the influence of zinc on the hydration of cement.

Figure 6. SEM observations: (right) anhydrous cement, (left) Zn-glass reaction at 90 days.

3.4. Heat Hydration Evolution

The heat of hydration of the pastes with different Zn substations is presented in
Figure 7. The calorimetric variation provides information about the reaction kinetics
according to the evolution of Zn concentration. First, when observing the control sample
(with 0% Zn) through the lens of conventional hydration stages, the heat calorimetry
measured indicates a correlation with the early stages of clinker hydration, specifically
C3S and C3A hydration characterized by exothermal reactions up to 2 h (stage 3) and 12 h
(stage 4). Second, specifically for the Zn?* concentration that varied between 0.25% and 1%,
the heat of hydration decreased, and the samples passed through stages 3 and 4 more and
more rapidly compared to the control sample (0% of Zn). At this concentration interval, the
effect of Zn is clearly observed in the degree of hydration of C3S and C3A and as a delay in
the start of the reaction. The initial hydration of C3S required 5 h for 025RM, 10 h for 05RM,
and 18 h for IRM. The third interval is partially characterized by a complex perturbation in
the hydration of paste, which produces an immediate exothermal reaction that decreases
after the hydration of C3S and C3A is produced. This interval is also characterized by the
hydration of C3A and C3S at 24 and 40 h for 2RM and 3RM, respectively. The compressive
strength at 24 h shows a correlation with the hydration results (Figure 3). The reduced
compressive strength and the degree of absence of heat at the hydration concentration of
Zn are clearly noted.

25

| Control (2%Zn) ~ Control (3%Zn)

Control (0% Zn)

2.0 A
Control (1% Zn)

Control
(0.5% Zn)

Control
(0.25% Zn)

=
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=
(=]
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0.0 } f t t t
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Figure 7. Heat of hydration of different cement pastes doped by 0% to 3% of Zn.
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3.5. Mineralogical Properties

XRD analyses were performed at 28 and 90 days, as represented in Figure 8. The results
show the occasional appearance of certain precipitation phases of Zn(OH),, CaZn,(OH)s-2H,0O
and Ca(OH),, hydrozincate CaZny(OH)g-2H,0, and hydrozincite Zns(OH)s(CO3),. Zn?* takes
several forms depending on its chemical ties with its environment. The presence of C3A also
promotes the formation of hydrozincate-dehydrated (CaZny(OH)s-2H,0) [37,38].
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Figure 8. XRD analyses (260°) in different Zn concentrations for the RM and 30GP-M, where
E = Ettringite and Z = CaZn,(OH),-2H,0.

The hydraulic binders are characterized by a basic medium rich in Ca?* and the
presence of zinc-form compounds of y-Zn(OH), and Zn-Ca type. Curing Zn-5i bonds,
such as C-S-H gel (in the interlayer), form a simple sorption as no exchange has been
observed with Ca?* [39]. This was confirmed by Moudilou [23], explained by trapping
in the C-S-H gel interlayers with a fixing mechanism on the outer silicon of the C-S-H
gel. The presence of amorphous silicon in the glass powder GP leads to a stable chemical
bond with zinc (5i0Zn), which explains the appearance of crystallization peaks in the
samples with high Zn content. Moulin et al. [28] show that Zn stabilizes on tetrahedral
silicon SiOZn. Amorphous silica in solid solutions promotes Zn-Si(GV)-type bonds (in the
amorphous silicate in GP).

The amphoteric characteristic of Zn allows it to form morphological variations depend-
ing on the pH and the concentration of Zn in the solution. For a very high pH corresponding
to that of cement (~13), Zn takes the form Zn(OH),; for a pH less than 13.65, Zn takes the
form of Zn(OH)i_ [23]. The ionic form of Zn (Zn?*) exhibits strong reactivity, translated
as amorphous phases formed at the aggregate surface. These phases are characterized by a
waterproof surface that delays the hydration binder [36,37,40,41].

e 13.65<pH
Zn(OH);™ +4H;0" +2e~ — Zn + 8H,0
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E=Ey Zn(OH)* /Zn+0.03log [Zn (OH)ﬁ*] [H: 0],
E=E, Zn(OH)> /Zn—0.12pH +0.03log [Zn (OH)E;}

E=E; Zn(OH) /Zn—0.12pH + 0.0310g0.02
e 6.55<pH<13.65
Zn(OH), +2H30" +2e~ — Zn +4H,0

Zn(OH
E—p, Z2MOM: 03100 [H;0"]?
/n
Zn(OH
p_g, ZOH), —0.06 pH

In basic solutions, Zn(OH), takes several crystalline forms. For a pH less than 12,
Zn(OH), has an insoluble amphoteric character. For a pH of 12.8, some researchers suggest
that Zn exhibits a contradictory effect because both Zn hydroxides are only formed in the
presence of OH™. In other words, after the hydration of the main phases of C3S and C,S
cement in acidic solutions, the presence of Zn slows the hydration of these cementitious
phases [42]. However, the rapid precipitation of Zn(OH); on the anhydrous grains, which
occurs within a few hours, creates setting delays that can continue for several days. The
hydration of the anhydrous phases, therefore, depends on the permeability of this film
and on the pH, or the initial formation of Ca?*. Incidentally, OH~ is dislocated during the
transformation of Zn(OH), into CaZny(OH);-2H;0O and reinforces the encapsulation of
the C3S grains, preventing the transport of water, which is necessary for their continuous
hydration [43]. The first has been the calcium-crystallized former [42].

27Zn(OH)3_ + Ca?* + 2H,0 — Ca Zn, (OH),, 2H,O
Intermediate appearances of Zn(OH);

Zn** + 2HO— <> Zn(OH), +» ZnO(s) + H,O (6)

Ks = [Zn?*][OH ]? )

3.6. TG Analyses on Hardened Pastes

TG analyses for samples cured between 28 and 90 days show that the presence of
Zn?* and N,Og?~ in different concentrations influences the degree of hydration of the
cement phases (Figure 9). The results show a change in the loss of mass over temperature
intervals in relation to the concentration of Zn. For the two curing times, the matrices
develop Zn-AFm compounds (characterized by mass losses between 250 °C and 300 °C)
as a function of the Zn concentration. The formation of other hydrates decreases with
the Zn concentration increase, such as the formation of C-5-H gel hydration gels (mass
losses at 150 °C) and Portlandite CH (mass losses between 450 °C and 600 °C). This
observation remains compatible with the blocking nature of the dissolution of C3S. The
increased amount of Zn led to small decreases in decomposition temperature at the hydrate
compounds. The evolution of samples containing 0% to 3% Zn involved a decrease in
temperature at 50 °C and 25 °C for the degradation of compounds presented at 50 °C and
180 °C, respectively.
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Figure 9. DTG cures of cement pates (100-700 °C).

3.7. FTIR Analyses

The presence of Zn in the hydrate products of cement leads to the appearance of bands
specific to zincate compounds. In this part, the objective is to identify the stable compounds
(samples cured for 90 days). Hence, four samples were analyzed, namely the hydrated
pastes without Zn (100% CEM 1 52.5 N and 70% CEM I 52.5 N + 30GP) and with 3% of
Zn. The results are presented in Figure 10. FTIR analyses of Zn-based compounds, such as
calcium zincate Ca[Zn(OH)3],-2H,0O, show identical results or IR curves for the hydrated
cement pastes (95% clinker), such as those shown in Figure 10, with wavenumbers between
3000 and 3600 cm~!, which are related to the hydration cement products [44]. The spectra
characterized by peaks at 650 and 1650 cm ™! are shared by the hydration products and
non-hydrated cement phases [28,41,45]. The 620 and 1670 cm ! wavenumber boundaries
are specific to the combination of hydrated cement phases and Zn.

Wavenumbercm™
650 1150 1650 2150 2650 3150 3650

Abs(%)

0-30GP-M ——— ORM

/
3250

Figure 10. IR patterns (spectra) of cement paste without and with 3% of Zn.
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3.8. SEM—-EDS Analyses

SEM analysis was conducted to observe the GP—paste interface for sample 30GP-M
at 3% Zn. As shown in Figure 9, several types of reactions were observed. The first type
was in the GP particles, where nucleation sites were observed on the glass surface. The
horizontal observation shows two types of morphological germination: spherical and
tubular-shaped. These shapes are not related to the initial shape of the glass particles,
which results in the germination of the GP. The vertical observation shows inter-diffusion
between the GP and the chemical composition of the exterior phases. Beyond PG, more
than the classic form of hydration of cement, the filleted structures. The presence of Ca2*
and OH- in high concentrations in the cement leads to the formation of a stable phase of
calcium hydroxyzincate as a precipitate, which allows the Zn to pass from the amorphous
structure (Zn(OH),) to the calcium hydroxyzincate-type crystalline structure, according to
the reaction below:

2 Zn(OH)?~ +Ca?* + 2 H,0-CaZn(OH),, 2 H,0 8)

Calcium zincate can take several forms, depending on the treatment conditions and
the concentration of elements, with shapes varying from haliatory leaves to well-structured
leaves [46].

The SEM-EDS analyses were conducted on the 30GP-M-90d paste (Figures 11 and 12).
These samples show rich Ca and Zn germination around GPs. The gray spots indicate
anhydrate cement particles that are surrounded by Zn. Around the GP particles, the com-
patibility of germination between Zn and Ca around GPs. The localization of Zn in the
hydrated paste is almost homogeneous, which was explained by the addition of mixing
water when the hydration had started. Finally, sorption isotherms of Zn?* were conducted on
unhydrated (C3S), hydrated gel (C-S-H gel), and on the GP surface (Si*-O-Zn). Two types
of Zn germination are observed on the surfaces of the GP, noted as ¢ and ¢;. Si*-(ZN(OH),)
was observed to be bulky compared to the compounds of the Zn-O-Si type [47].

GP-reacted ' { / (Zn/Ca)-O-Si*

7

Zn(OH),)

Figure 11. SEM images of sample 3MR3PG were cured for 90 days.

115



Materials 2024, 17, 2867
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Figure 12. SEM-EDS analysis of polished surface sample 3MR3PG cured for 90 days.

4. Discussion

An approximate model of the binding of Zn?* by the C-S-H gel hydration phase

resulting from the hydration of the cement as well as by the glass aggregates is given in
Figure 13. Microstructure studies and approaches described in the literature [28,48] make it
possible to propose methods of binding Zn in the structure of C-S5-H gel. Note that the
glass aggregates after 90 days of cure are also involved in the fixing of Zn. The presence of
GP gives a new mode of fixation of Zn?*, and the GP surface can immobilize this metal
cation and help the hydration of cement to start progressively. The presence of Zn**
a cementitious matrix leads to the formation of an impermeable film around the cement
and glass particles, which blocks their hydration and subsequently hinders the process of
forming a hydration gel (C-S-H) in large quantities. This impermeabilization primarily
occurs at the interface, where Zn integrates into the C-S-H gel layers. In the presence
of Ca?*, glass undergoes pozzolanic reactivity, while the presence of Zn?* introduces
competition on the reaction surface with glass. This results in a strong dynamism in
the reaction mechanism and the amount of Zn that is fixed. This mechanism is not well
documented in the literature. Based on analytical results and the reaction mechanism of
GP on the contact surface, Figure 13 presents an approximate mechanism of GP reactivity
as well as cement grain interactions.
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Figure 13. Approximate model of 7Zn%* fixation on C-S-H gel and glass aggregates.
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5. Conclusions

This study shows the advantage of using glass in combination with hydraulic binders
for Zn stabilization. The results of this study are detailed below.

e  The presence of Zn in hydroxide form influences the setting time of Portland cement.
Delays in the setting time can occur up to 24 h (for Zn concentrations between 2%
and 3% relative to the cement). The presence of glass only influences the setting
properties after ~90 days of curing. For shorter hardening times, the reactivity of the
glass is lower than that of the cement particles. The high concentration of Zn (from
2%) significantly retarded the hydration of C3S (>40 h).

e The glass aggregates have the capacity to immobilize Zn after 90 days of curing. The
glass forms irreversible phases on the layers in contact with the pastes. Stabilization
only occurs through inter-diffusion or dissolution in a solid base of GP. TG analysis
shows the influence of GP on the formation of hydrated phases, which is crucial
for Zn remediation. As such, the presence of glass promotes hydration reactions.
SEM-EDS analyses confirmed surface germination reactions, and the chemical analy-
ses confirmed the presence of phases rich in both Zn and Ca.

e  The microstructural studies and approaches described in the literature [28,48] make it
possible to propose methods of binding Zn in the structure of C-S5-H gel. Note that
glass aggregates after 90 days of curing are also involved in the fixing of Zn.

e  The presence of GP provides a new pathway for the fixation of Zn?*. The GP surface
can immobilize the metal cation and help the hydration of cement to start gradually.
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Abstract: This study delved into the integration of carbon nanotubes (CNTs) in Ultra-High Perfor-
mance Concrete (UHPC), exploring aspects such as mechanical properties, microstructure analysis,
accelerated chloride penetration, and life service prediction. A dispersed CNT solution (0.025 to
0.075 wt%) was employed, along with a superplasticizer, to ensure high flowability in the UHPC
slurry. In addition, the combination of high-strength functional artificial lightweight aggregate (ALA)
and micro hollow spheres (MHS) was utilized as a replacement for fine aggregate to not only reduce
the weight of the concrete but also to increase its mechanical performance. Experimental findings
unveiled that an increased concentration of CNT in CNT1 (0.025%) and CNT2 (0.05%) blends led to a
marginal improvement in compressive strength compared to the control mix. Conversely, the CNT3
(0.075%) mixture exhibited a reduction in compressive strength with a rising CNT content as an ad-
mixture. SEM analysis depicted that the heightened concentration of CNTs as an admixture induced
the formation of nanoscale bridges within the concrete matrix. Ponding test results indicated that, for
all samples, the effective chloride transport coefficient remained below the standard limitation of
1.00 x 10712 m? /s, signifying acceptable performance in the ponding test for all samples. The life
service prediction outcomes affirmed that, across various environmental scenarios, CNT1 and CNT2
mixtures consistently demonstrated superior performance compared to all other mixtures.

Keywords: carbon nanotubes (CNTs); ultra-high performance concrete (UHPC); mechanical
properties; ponding test; life service prediction

1. Introduction

Concrete is the foremost construction material globally, appreciated for its widespread
availability, affordability, and versatility. Nevertheless, conventional concrete faces inherent
constraints when aspiring to achieve structures that are simultaneously ultra-high-strength,
lightweight, and durable. Consequently, the production of ultra-high-performance (UHP)
concrete stands as a pivotal concern within the construction industry [1-3]. The specific
compressive strength requirements for UHP concrete are contingent upon the structural
demands of a project and the targeted performance characteristics [4,5]. However, UHP
concrete, characterized by compressive strengths ranging from 80 MPa to 150 MPa or
higher, has garnered significant attention in recent years [6-8]. This attention is driven by
its remarkable load-bearing capacity, ability to diminish structural dimensions and weight,
and heightened durability [9-13]. Attaining high-strength concrete involves employing
diverse strategies, including optimizing mix designs, incorporating supplementary ce-
mentitious materials, maintaining a low water-to-cementitious material ratio (w/c), and
utilizing chemical admixtures. Consequently, integrating certain admixture materials, such
as Carbon nanotubes (CNTs), presents a distinctive opportunity to further enhance the
performance of UHP concrete Top of Form [14,15].

CNTs have emerged as a promising material across diverse fields of science and en-
gineering, owing to their exceptional mechanical, electrical, and thermal properties. As
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highlighted earlier, one notable domain where CNTs have demonstrated substantial poten-
tial is in the manufacturing of UHP concrete [16-19]. Integrating CNTs into concrete holds
the promise of elevating its mechanical properties, enhancing durability, and facilitating
the creation of inventive structural designs. The incorporation of CNTs in UHP concrete
paves the way for the construction of resilient and sustainable infrastructures, capable of
withstanding challenging conditions and ensuring long-term structural integrity. [20-22].

CNTs exhibited extraordinary mechanical properties, including high tensile strength,
exceptional stiffness, and remarkable aspect ratios [23]. These characteristics position
them as ideal candidates for reinforcing concrete at the nanoscale level. When uniformly
dispersed within the concrete matrix, CNTs can bridge microcracks, contribute additional
tensile strength, and enhance the overall mechanical performance of the material. Moreover,
the excellent electrical conductivity of CNTs opens avenues for applications in sensing
and monitoring structural health [24-26]. The conductive nature of CNTs allows for the
development of intelligent and self-sensing concrete structures capable of detecting stress,
strain, and temperature variations [27,28].

However, utilizing CNTs in UHP concrete effectively entails several significant chal-
lenges. Key issues include achieving uniform dispersion of CNTs within the concrete matrix
to prevent agglomeration and ensuring efficient load transfer between the CNTs and the
surrounding matrix [25,29]. Additionally, there are important considerations regarding the
compatibility of CNTs with cementitious materials, long-term durability, and the economic
feasibility of large-scale production [26]. Moreover, the incorporation of CNTs with various
materials like silica fume, micro hollow spheres, and artificial lightweight aggregates in
the production of UHP concrete could result in diverse characteristics of UHP concrete
that warrant further investigation. Hence, further investigation is necessary to tackle this
challenge and gain a better understanding of the performance of CNTs as additive materials
in UHP concrete production.

In recent years, significant research efforts have been dedicated to comprehending the
behavior and potential applications of CNTs in UHP concrete. These studies have delved
into the mechanical properties, durability considerations, and structural performance of
CNT-reinforced concrete. The objective is to surmount the challenges associated with
CNT integration and lay the groundwork for the practical application of CNT-reinforced
high-strength and UHP concrete in real-world construction projects. In addition to in-
vestigating mechanical properties, prior research has thoroughly explored the durability
aspects of UHP concrete, with a specific focus on chloride penetration. Numerous studies
have scrutinized the chloride ingress and penetration behavior of both conventional and
UHP concrete [30,31]. These investigations have incorporated a variety of materials as
replacements or admixtures, such as blast-furnace slag [32], polyvinyl-alcohol fiber [33], fly
ash [34], and steel fibers [35]. Various approaches exist for examining chloride migration
and chloride concentration in the concrete matrix [36]. A commonly employed method for
long-term assessment is NT Build 443 [37], akin to ASTM C1543 [38] and ASTM C1556 [39].
Notably, the key distinction lies in the concentration of the ponding solution, where NT
Build 443 employs a higher concentration (16.5 wt% NaCl) compared to the ASTM methods
(15 wt% and 3 wt%, respectively). Hence, in the present study, NT Build 443 is employed
to assess the chloride concentration profile following a 90-day ponding in a NaCl solution.

Dehghan et al. [36] conducted a study to assess the suitability of X-ray microfluo-
rescence for determining chloride diffusion coefficients in concrete chloride penetration
experiments. The study employed two distinct test methods, namely NT Build 443 and
NT Build 492 [40]. The results unveiled consistent trends across both test methods. In
another study [41], ASTM C1556 is utilized to evaluate chloride binding and diffusion in
slag-blended concrete mixtures. The findings of this investigation indicated that the incor-
poration of ground-granulated blast furnace slags enhanced chloride binding and reduced
chloride diffusivity. Both NT Build 443 and NT Build 492 test methods were applied to
ascertain the chloride diffusion coefficient in mortars incorporating blended cement [42].
The outcomes of this study demonstrated that the silver nitrate colorimetric technique pro-
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vided adequate accuracy for determining the chloride penetration front. Additionally, it is
established that the NT Build 492 and NT Build 443 test methods were suitable approaches
for determining the chloride diffusion coefficient in mortars containing blended cement.
Furthermore, a separate investigation [43] also employed both NT Build 443 and NT Build
492 methods to assess how microstructural properties impact the chloride diffusion resis-
tance of alkali-activated materials. The findings indicated that both quantifying reaction
products and establishing a correlation between chloride penetration and pore surface area
suggested that physical chloride adsorption on the surfaces of C-A-5-H/N-A-S-H gels took
precedence over chemical chloride binding.

Recognizing that incorporating Carbon nanotubes (CNT) as an admixture in the
production of ultra-high-strength (UHP) concrete alongside other replacement materials,
such as silica fume (SF), silica powder (SPW), micro hollow sphere (MHS), and artificial
lightweight aggregate (ALA), may exert varied influences on the mechanical properties
and durability of the concrete, this study aims to assess the impacts of different CNT
amounts as admixtures on the mechanical performance and chloride diffusion resistance
of UHP concrete. The primary innovations of this paper include (1) an evaluation of the
compatibility of CNTs with other cementitious materials and their long-term durability
implications and (2) an economic feasibility analysis for the large-scale production of
CNT-reinforced UHP concrete.

2. Materials and Mix Design
2.1. Materials

Ultra-high-performance concrete is manufactured utilizing Ordinary Type I Portland
cement sourced from Asia Cement Co. Ltd. in Seoul, Republic of Korea. The OPC’s
characteristics include a specific gravity of 3.15, a soundness value of 10 mm, and a specific
surface area of 2800 cm?/g. The chemical composition of OPC, micro silica powder (SPW),
and micro hollow sphere (MHS) is outlined in Table 1. Upon examining the table, it is
evident that MHS and SPW are predominantly composed of S5iO; (>81%), with minor
quantities of other oxides. In contrast, CaO is the predominant oxide in OPC. For this study,
SF (Grade 940U, Elkem, Norway) is employed as a 20% substitute for OPC, possessing
a composition of 95% SiO,, a Loss On Ignition (LOI) at 950 °C of 1.9%, and a specific
gravity of 2.2. Additionally, micro SPW (S-SIL 10, SAC, Ulsan, Republic of Korea), with a
diameter ranging from 1 to 5 um, served as a fine filler, the chemical composition of which
is detailed in Table 1. Moreover, high-strength functional artificial lightweight aggregate
(ALA), created by embedding TiO, epoxy into the internal pores (~0.3-300 um) of pristine
ALA and coating the external surface simultaneously (detailed coating process information
is available in [44]), was utilized as a partial replacement for fine aggregate. The ALA
exhibited a density of 1.4 g/cm? and a water absorption rate of 14.1%. Figure 1 displays
the SEM images of ALA and MHS particles. The MHS employed in this investigation
is a type of hollow glass micro-solid bubble, hereinafter referred to as the micro-hollow
sphere, produced and marketed by 3M. This micro-solid bubble is a lightweight material
utilized in various applications such as aircraft bodies, automobile bodies, and construction,
owing to its low density, high strength, and outstanding insulation properties. Being a
factory-manufactured product ensures consistent quality and a reliable supply, making it
well-suited for construction materials. The physical properties of MHS are displayed in
Table 2. Also, in the current work for achieving high compressive strength, reducing the
amount of water, and having appropriate workability, a superplasticizer (SP) was utilized.

Table 1. Chemical composition of MHS, OPC, and SPW.

Chemical Component SiO, Fe, O3 Al,O3 TiO, CaO MgO SO;3 MnO ZnO, Na,O P,05 K,O
MHS 81.34 0.04 0.17 0.03 13.3 0.06 0.2 0.01 0.02 4.02 0.81 0.02
OPC 18.78 2.76 4.72 0.31 65.97 3.14 2.56 0.13 0 0 0.19 0
SPW 99.59 0.023 0.315 0.042 0.013 0.006 0 0 0 0.008 0 0.004
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Figure 1. SEM Images of (a) MHS and (b) ALA.

Table 2. Physical properties of MHS.

Physical Properties of MHS

Shape A hollow sphere with thin walls
Composition Soda-lime borosilicate glass
Color pale white powder
Pressure resistance (90% survival) 18,000 psi
Medium particle size 30 microns
Softening point 600 °C (1112 °F)
Specific Gravity 0.6
Thermal conductivity 0.05-0.20 W-m-1-K-1 @20 °C
Permittivity (@100 MHz) 1.2-1.9

2.2. Carbon Nanotube

Diverse nanomaterials are being employed to enhance concrete performance, with
carbon nanotubes (CNT) being one such material. Studies have indicated that incorpo-
rating an optimal amount of CNT can create nucleation sites during early hydration,
leading to the formation of a dense hydrate structure and increased strength. Achiev-
ing uniform dispersion of nanomaterials, including CNTs, within the cement matrix is
crucial for ensuring concrete performance. A previous method involved pre-dispersing
CNTs and nanomaterials uniformly in a solvent (such as water or surfactant) before
application [24,45-48]. This approach, utilized in this research, involved the use of CNTs at
ratios of 0%, 0.025%, 0.05%, and 0.075% relative to the weight of Ordinary Portland Cement
(OPC). The present study employed a unified CNT solution. The procedure for creating
this unified CNT solution, developed in a prior study, involves combining water, CNT
powder, and dispersant, detail information is available in Siahkoubhi et al. [48].

2.3. Mix Proportion

The procedure employed in this study involved several steps. Initially, dry ma-
terials including OPC, SF, SPW, MHS, and ALA were mixed for 5 min. Subsequently,
a solution comprising water, SP, and CNT solution is added and mixed for an addi-
tional 5 min. The resulting mixture is then shaped into samples: cubic molds measuring
50 mm x 50 mm x 50 mm for compressive strength tests and cylindrical molds sized 200
mm X 100 mm for indirect tensile strength tests. These samples were left to cure at a
temperature of 25 £ 3 °C for 24 h.
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Curing in this study is conducted using two methods. Following the initial 24-h
curing period, the samples underwent either (1) high-temperature curing at 90 °C and
95% humidity for 2 days, followed by subsequent curing in normal room air conditions at
25 £ 3 °C, or (2) high-temperature curing at 90 °C and 95% humidity for 2 days, succeeded
by curing in a 25 °C sodium chloride (NaCl) solution, mimicking the conditions of a
ponding test. The latter method aimed to replicate ponding test conditions and assess its
impact on the mechanical properties and microstructure of the concrete mixtures.

The samples were subjected to compressive and tensile strength tests on days 3,
7, and 28. After conducting the compressive strength tests on days 3 and 28, further
analyses, including X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM)
image evaluations, were performed to investigate the effects of incorporating Carbon
Nanotubes (CNTs) into the concrete mixtures. Table 3 displays the current study’s concrete
mix design. According to this table, the control mix serves as the baseline reference,
containing standard proportions of water, OPC, SE, SPW, MHS, ALA, and SP in concrete.
No CNTs are added to this mix, making it the control group. Similar to the control mix, the
CNT 1 batch maintains the same proportions of water, OPC, SE, SPW, MHS, ALA, and SP.
However, a small amount of Carbon Nanotubes (0.21 kg/ m?) is introduced into the mix.
Like the previous mixes, CNT 2 maintains consistent quantities of water, OPC, SE, SPW,
MHS, ALA, and SP. In this mix, a moderate amount of Carbon Nanotubes (0.43 kg/m?)
is included. The CNT 3 mix, akin to the others, has the same amounts of water, OPC, SF,
SPW, MHS, ALA, and SP as the control mix. Notably, a higher concentration of Carbon
Nanotubes (0.64 kg/ m?) is added in this batch. Varied quantities of CNT in the CNT 1,
2, and 3 mixtures enable the investigation of diverse CNT concentrations” impact on the
concrete’s properties, potentially influencing its strength and durability.

Table 3. Development of Mix Design.

Binder Aggregate
Labl Water MEHS ALA CNT SP
able
(kg OPC (k SF (k SPW (k (kg (kg
(g) ke) (e) (kg) (kg)
Control 212.5 739 111 208 211 111 0 7.85
CNT 1 212.5 739 111 208 211 111 0.21 7.85
CNT 2 212.5 739 111 208 211 111 0.43 7.85
CNT 3 212.5 739 111 208 211 111 0.64 7.85

3. Experimental Methods
3.1. Flow Test

The flow table test is a method used to measure the workability and consistency
of concrete. It is performed to measure the ability of the concrete mix to flow and self-
compact under its weight without the need for mechanical vibration. The flow test is
essential to ensure that the concrete can fill the formwork completely and uniformly without
segregation or excessive bleeding. The flow test provides a quantitative measurement of the
flow properties of concrete. Unlike the slump test, which provides a qualitative measure of
workability, the flow table test gives a numerical value that can be compared and monitored
over time. The measured diameter of the concrete spread on the flow table provides a
numerical value representing the flow of the concrete mix. Hence, the flow test is conducted
to analyze the workability of CNT mixtures.

3.2. Compressive and Tensile Strength

The compressive strength test of concrete is one of the most common and important
tests performed to ensure the quality of concrete. It measures the ability of a concrete
specimen to withstand axial loads or forces applied along the axis of the specimen without
any significant deformation. The compressive strength of concrete is a crucial factor in
determining its structural capacity and durability. In this study, to analyze the compressive
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strength of CNT concrete three cube concrete specimens (50 x 50 x 50 mm) were cast and
cured for each batch at three different ages of curing including 3, 7, and 28 days. Two
distinct curing regimes were employed for the concrete specimens. Following demolding,
all specimens were placed in an oven at a high temperature (90 °C) with 95% humidity for
48 h for both curing regimes. In the first curing method, the samples were subsequently
cured at room temperature (23 °C) in the air until the testing day. Conversely, the second
method involved curing the samples in a salt solution comprising 165 g of NaCl in 1 L of
distilled water until the testing day. This salt solution is chosen to replicate conditions akin
to the salt ponding test, allowing for an analysis of compressive strength in a challenging
environmental scenario.

The indirect split tensile strength of concrete is a vital property that influences the
durability, crack resistance, and overall performance of concrete structures. Therefore for
analyzing the tensile strength, in this study, three cylindrical specimens (200 x 100 mm) were
cast and cured for each concrete mixture at three different ages of curing including 3, 7, and
28 days. The curing method for the tensile test mirrored the initial curing process used for
the compressive strength test. After demolding, the specimens were placed in an oven for
48 h and subsequently stored at room temperature in the open air until the testing day.

3.3. Microstructure and Phase Composition Analysis

Scanning Electron Microscopy (SEM), coupled with energy-dispersive X-ray spec-
troscopy (EDS), provides powerful tools to identify different phases and chemical elements
present in the concrete. This information is crucial for understanding the composition of
concrete materials and their interactions, which can affect the concrete’s properties and
durability. Hence, in this work, SEM with EDS is utilized to analyze the microstructure
of concrete mixtures at 3 and 28 days of both curing conditions. Concrete powders were
collected after conducting the compressive strength test. In this research, the Field Emission
Scanning Electron Microscope (FE-SEM) 7800F-Prime machine is used for SEM and EDS.

Knowledge of the mineralogical composition provides insights into the concrete’s
behavior under various conditions, such as shrinkage, cracking, and long-term strength
development. X-ray Diffraction (XRD) is a powerful analytical technique used to determine
the chemical composition and crystallographic structure of materials, including concrete.
In the context of concrete analysis, XRD is primarily employed to identify the mineralogical
composition of the crystalline phases present in the concrete. In this study, the Rigaku
XRD (Ultima IV) machine is used to analyze the chemical composition and crystallographic
structure of CNT concrete.

3.4. Accelerated Chloride Penetration

The salt ponding test, following NT Build 443, is a widely recognized procedure for
evaluating the chloride permeability of concrete [2,8,30,36,42,43,49]. This test assesses the
ability of concrete to resist the penetration of chloride ions, which is crucial for the durability
and longevity of concrete structures, especially in harsh environmental conditions [32].
The primary purpose of the salt ponding test is to determine the chloride permeability
characteristics of concrete surfaces. It helps in identifying areas prone to chloride ingress,
which can lead to various issues such as corrosion of reinforcement, deterioration of
concrete, and compromised structural integrity [50]. Therefore, in this study, a salt ponding
test based on NT Build 443 [37] is selected and conducted to analyze the performance of
UHP concrete containing CNT against chloride penetration.

Following the standard specifications, three cylindrical samples (100 x 200 mm) were
meticulously cast for each concrete mixture. Following demolding, these samples underwent
a high-temperature curing process in an oven set at 90 °C, coupled with high humidity (95%)
for a duration of 2 days. Subsequently, the cylindrical specimens were meticulously divided
into halves by making a perpendicular cut along the axis of each cylinder. One of these
halves is designated as the testing specimen, exposing its cut surface to a solution of sodium
chloride (NaCl). After this initial exposure, the test samples were submerged in a saturated
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solution of calcium hydroxide (Ca(OH),) at a controlled temperature of approximately
23 °C. To prevent carbonation, the samples were placed in tightly sealed plastic containers,
ensuring that the containers were filled to the brim with the solution. The following day,
the mass in a surface-dry condition (mgq) is meticulously determined by weighing the test
samples, marking a crucial step in the evaluation process. A section, at least 20 mm thick, is
sliced from the remaining half of the cast cylinder, extending the test samples. This section
is utilized to assess the initial chloride concentration (C;).

The immersion of the test samples in the saturated calcium Ca(OH); solution persisted
until the mass in a surface-dry condition (mgq4) exhibited minimal changes, not exceeding
0.1 mass % per 24 h. Subsequently, all faces of the test samples, except the one designated
for exposure, were air-dried at room temperature until they reached a stable white-dry
condition. A uniform epoxy coating, approximately 1 mm thick, is then meticulously
applied to these surfaces. Following a curing period of 48 h, in adherence to the epoxy’s
specified requirements, the coated test samples were re-immersed in the Ca(OH); solution
until the myq stabilized, following the previously described criteria.

Following the standard specifications, an aqueous sodium chloride (NaCl) solution is
meticulously prepared, maintaining a concentration of 165 g + 1 g NaCl per dm? solution.
This solution is utilized for a duration of 35 days (equivalent to 5 weeks) before being
replaced by a fresh and pure NaCl solution. The concentration of NaCl in the solution is
verified both before and after usage. The water bath, where the samples were placed, is
carefully controlled, maintaining a temperature range between 21-25 °C, with an average
target temperature of 23 °C (Figure 2). Additionally, the solution’s temperature is monitored
once daily to ensure consistency throughout the testing period. Subsequently, the Ca(OH);
solution in the container used for water saturation was exchanged with the designated
exposure liquid (NaCl solution), and the test samples were submerged in a surface-dry
condition within the saline solution. It’s crucial to emphasize that the container is filled
with the exposure liquid and tightly sealed. The ratio between the exposed surface area in
square centimeters and the volume of the exposure liquid in cubic decimeters is maintained
within a range of 20 to 80.

The sealed container is then placed inside a temperature-controlled cupboard through-
out the exposure period. This exposure phase lasted for a minimum of 90 days, during
which the container is shaken once every week and the solution is replaced by a fresh,
pure NaCl solution per 5 weeks (35 days). Detailed records, including the date and time
of exposure commencement and conclusion, were diligently maintained. While the pond-
ing test is capable of modeling chloride diffusion into concrete, it is still a long-term test.
For low-quality concretes, the minimum exposure period is 35 days. For higher quality
concretes, however, this period must be extended to 90 days or longer, just as for the salt
ponding test [51].

Following a 90-day immersion process, the chloride profile is obtained by milling the
material parallel to the exposed surface, necessitating a minimum of eight layers to be
milled. The thickness of these layers should be adjusted based on the anticipated chloride
profile, ensuring that at least six locations encompass the profile between the exposed
surface and the depth reached by the chlorides. The chloride content soluble in acid within
the specimens is evaluated following the NT BUILD 208 [52] standard. To determine the
test results, including the superficial chloride concentration (Cs) and the non-steady-state
chlorides diffusion coefficient (Dys), Equation (1) is adjusted for the measured chloride
content using linear regression analysis based on the least squares method.

Clupy = Co— (Co— cz->*erf( M

X
V4. Dyg.t >
In the given context: C(, ) represents chloride concentrations (in mass %) measured
at a depth x” during the exposure time t”; Cs stands for the boundary condition at the
exposed surface (in mass %); C; denotes the initial measured chlorides concentration (in
mass %); x” signifies the depth beneath the exposed surface (in meters); Dy represents
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the non-steady-state chlorides diffusion coefficient (in m?2/s); t” is the exposure time
(in seconds), and erf refers to the Gauss error function.

(@)

(b)

(©)

(d)

Figure 2. Ponding Test Procedure (NT-BUILD 443); (a) Samples in Ca (OH); solution, (b) Before
Epoxy, (¢) Applying the Epoxy, (d) Samples in NaCl solution.

3.5. Prediction of Service Life Model

The chloride profiles obtained from concrete specimens subjected to an intense en-
vironmental condition (as in the ponding test) over 90 days offer a valuable chance to
authenticate prevailing models predicting the service life. Several software packages cur-
rently exist for modeling service life in concrete structures, with Life-365 being one such
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model that forecasts chloride ingress and service life for reinforced concrete under chloride
exposure [53]. Like certain other service-life prediction models, Life-365 operates under
the assumption that concrete is entirely saturated [54]. However, in practice, reinforced
concrete often undergoes wetting and drying cycles, and chloride penetration may not
exclusively occur through diffusion. In this investigation, the Life-365 software is employed
to formulate durability against salt damage, utilizing the results derived from the ponding
test (NT Build 443). The design is customized for reinforced concrete (column dimensions:
600 mm x 600 mm), featuring cover thicknesses of 80 mm, 70 mm, and 60 mm. The
assumed location is adjacent to the coastline. Furthermore, the external temperature to
which the structure is subjected is presumed to align with the average monthly temperature
in Korea for the year 2022.

As the migration of chloride ions in concrete follows a diffusion process, the prediction
of chloride ion diffusion employs the diffusion equation derived from KDS 14 20 40 [55]
and durability exceeding 30 years, as depicted in Equation (2). Equation (3) represents the
most comprehensive form of the equation, incorporating adjustments for environmental
conditions and chloride ion concentration on the surface.

t > t. = over 30 years

o= 25 fo-men(3)] ()

where: DR denotes the chloride ion diffusion coefficient at the reference time (tg), tg
typically represents the reference time (commonly 28 days or 0.077 years), t. signifies the
diffusion coefficient reduction limit (typically set at 30 years), and m stands for the age
coefficient relative to the age constant, representing its influence.

Cp—C = (CS—Ci)<1—erf<2\/xm>> 3)

where: Cq: chloride ion concentration (mass %) at the depth of x (m), C;: the initial chloride
concentration (mass %), Cs: the boundary condition at the exposed surface (mass %), D:
diffusion coefficient of chloride ion (m?/s), t: the exposure time (s), and erf: error function
In this investigation, considering durability life spans of 200 years, the diffusion
coefficient results obtained from the ponding test are incorporated into Equation (3), uti-
lizing the standard chloride ion amounts specified for each exposure environment in
KDS 14 20 40. This process is undertaken to determine the coating thickness for each envi-
ronment. Durability-related considerations adhere to the concrete specifications outlined
by the Korean Society of Civil Engineers (KSCE), as detailed in Tables 4 and 5 [55]. Its
essential to highlight that, from both conditions (in the sea and near the sea), the maximum
chloride concentration (as emphasized in Tables 4 and 5) was chosen for each coastline to
simulate the worst-case scenario. The recommended surface chloride amount and the limit
chloride concentration of 1.2 (kg/m?) are taken into account. Additionally, by applying a
safety factor, as per Equation (4) in KDS, considering the critical chloride concentration of
0.93 (kg/m?), the ensuing section presents the coating thickness for each environment.

vp X Cq < Dk X Clig 4)

where: yp is an environmental factor for salt damage, generally 1.11, ¢ is the durability
reduction factor for salt damage, generally 0.86, Cj;p, is critical chlorine ion concentration at
the start of reinforcing bar corrosion (1.2 kg/m?), and Cq is the predicted value of chlorine
ion concentration at the reinforcing bar location.
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Table 4. Suggested surface chloride ion concentration in the sea [55].

Coastline Expose Condition Surface Chloride Concentration

(kg/m®)
Tidal Zone 17.0
We;t and Splash Zone 7.5
south coast Near the coast 5.0
. Tidal & Splash Coast 13.0
ast coast Near the coast 7.0

Table 5. Suggested surface chloride ion concentration near the sea [55].

Surface Chloride Concentration

Coastline Expose Condition (kg/m?)
Near the coast 5.0
We;t and 100 m 2.0
south coast 250 m 15
Near the coast 7.0
100 m 4.5
East coast 250 m 3.0
500 m 25
1000 m 1.5

4. Results and Discussion
4.1. Fresh Properties

The outcomes of the flow test, illustrated in Figure 3, indicated that the incorporation
of CNT as an admixture in the concrete matrix had a marginally positive impact on the
fresh performance and flowability of the CNT concrete mixtures. All samples exhibited
a flow test result higher than 100 cm; nevertheless, mixtures containing CNT as an ad-
mixture displayed slightly improved flowability compared to the control mixture. This
enhancement may be attributed to the effective dispersion of CNTs, which can enhance
concrete flowability by acting as a lubricating agent [56]. This reduces internal friction
among particles, facilitating smoother flow in the concrete mix. However, the influence of
adding CNTs on the workability of the CNT concrete mixtures is negligible. It’s important
to note that substituting MHS for natural fine aggregate, given its spherical shape and
micro particle size, led to an improvement in the flowability of all mixtures. Conversely,
incorporating ALA as a partial replacement for fine aggregate, owing to its sharp edges and
irregular shapes, caused a decrease in the flowability of concrete mixtures. However, in
this study, through the use of sufficient superplasticizers, a well-designed mix proportion,
and careful mixing procedures, suitable flowability is attained for all mixes.

Figure 3. Flow test results of (a) Control, and (b) CNT2.
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4.2. Compressive Strength

The compressive strength results under standard curing conditions for three different
curing times are depicted in Figure 4. At the 3-day mark of standard curing, the com-
pressive strength values for the control, CNT1, CNT2, and CNT3 mixtures were 103 MPa,
100 MPa, 107 MPa, and 100 MPa, respectively. Notably, there were no significant changes
in compressive strength after the initial 3-day period of standard curing. Upon reaching
the 7-day point with the standard curing method, the compressive strength values for the
same mixes were 105 MPa, 106 MPa, 108 MPa, and 100 MPa, respectively. Comparing these
results to the 3-day data, it becomes evident that all samples experienced a slight increase
in compressive strength. This enhancement can be attributed to the ongoing hydration
process and the formation of calcium silicate hydrate gel (C-S-H gel) within the concrete
matrix, contributing to strength development over time [54,57]. The data from Figure 4
indicates that the compressive strength values for the same mixtures at the 28-day mark of
the standard curing period were 106 MPa for the control mix, 107 MPa for CNT1, 109 MPa
for CNT2, and 102 MPa for CNT3 mixture, respectively. Upon analysis of these results, it is
observed that there was a modest increase in the compressive strength of all mixtures after
a 28-day curing period compared to the results at 7 days. This improvement also can be
attributed to the ongoing process of hydration extending up to the 28-day curing time.

140 m3d m7d =28d
= 120
o
é 100 I I I {
=
2
L 80
A
2 60
1]
= 40
S
8
o 20
0
Control CNT 1 CNT 2 CNT 3
Mixture

Figure 4. Compressive strength test results in normal curing conditions.

Nevertheless, an examination of the data reveals that increasing the CNT content in
CNT1 and CNT2 mixtures led to a slight improvement in compressive strength compared
to the control mix. This enhancement may be attributed to the formation of bridges
by CNTs between particles and cement paste within the concrete matrix. Conversely,
the CNT3 mixture exhibited a decrease in compressive strength with the rise in CNT
content as an admixture. It needs to be considered that the tendency of CNTs to form
agglomerates, driven by strong van der Waals forces, becomes apparent [58-60]. When
CNTs are inadequately dispersed, these agglomerates can create localized weak points in
the concrete, diminishing its overall strength. This phenomenon likely accounts for the
reduction in compressive strength observed in the CNT3 mixture compared to the other
mixes. It suggests that the dispersion process of CNT in the CNT3 mixture was incomplete,
resulting in the formation of localized weak points in the concrete matrix and a subsequent
decrease in compressive strength.

Figure 5 illustrates the compressive strength results under salty curing conditions.
At the 3-day mark of exposure to the salty curing environment, the compressive strength
values for the control, CNT1, CNT2, and CNT3 mixes were 92 MPa, 90 MPa, 92 MPa, and

130



Materials 2024, 17, 2851

80 MPa, respectively. Notably, these findings indicate a decrease in compressive strength for
the CNT3 mixes compared to the other formulations, aligning with observations from the
normal curing condition. Additionally, after 7 days of exposure to salty curing conditions,
there was no significant change in the compressive strength of all mixtures. Specifically, the
compressive strength values for the same mixes were 91 MPa, 90 MPa, 92 MPa, and 80 MPa,
respectively. Furthermore, upon reaching the 28-day mark in the salty curing conditions,
the compressive strength values for the same mixes were 94 MPa, 90 MPa, 93 MPa, and

82 MPa, respectively.
120 m3d m7d =28d
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Figure 5. Compressive strength test results in salty curing condition.

From the results, it is evident that there is no substantial difference in compressive
strength at various salty curing periods. However, it is crucial to emphasize that the
compressive strength values at 3, 7, and 28 days in the salty curing environment were
considerably lower than those observed under similar normal curing periods. This notable
difference can be attributed to the presence of salts, particularly chloride ions [41]. These
salts have the potential to interfere with the formation of C-S-H gel, a critical factor for the
strength development of concrete. In the context of salty curing conditions, the impact on
the formation of C-S-H gel is more pronounced, contributing to the observed reduction
in compressive strength when compared to the results obtained under normal curing
conditions. Moreover, salts have the capability to directly attack the cement paste, causing
the leaching of calcium hydroxide and disrupting the paste’s structure. Consequently, this
can result in a weaker matrix and lower compressive strength [43]. Additionally, salty
curing conditions may elevate the porosity of the concrete. The presence of salts can induce
the formation of additional pores or capillaries, thereby weakening the concrete structure
and diminishing its overall strength [34,61]. Lastly, the presence of salts can disrupt the
hydration reactions of cement, impeding the formation of desired crystalline phases. This
interference can have a negative impact on the development of strength over time.

4.3. Tensile Strength

Figure 6 presents the outcomes of the indirect spilite tensile strength test. At the
3-day mark of normal curing, the tensile strength values for the control, CNT1, CNT2,
and CNT3 mixtures were 6.77 MPa, 6.65 MPa, 6.62 MPa, and 6.60 MPa, respectively. The
results indicate a slight decrease in tensile strength with an increase in the amount of CNT
as an admixture. This trend persists during the 7-day curing period, where the indirect
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tensile strength for the same mixtures was 7.38 MPa, 6.81 MPa, 6.97 MPa, and 6.65 MPa,
respectively. The findings affirm the influence of elevated CNT content in diminishing
the slight tensile strength of the concrete mixtures. At the 28-day mark of normal curing
conditions, the indirect tensile strength for the same mixtures was 7.44 MPa, 7.38 MPa,
7.36 MPa, and 6.81 MPa, respectively. Similarly, it can be observed that the same trend
persisted for tensile strength after 28 days of normal curing conditions.

m Series] ™7 days ©28 days

9.00
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Figure 6. Indirect tensile strength test results in normal curing conditions.

The impact of incorporating CNT as an admixture into high-performance concrete
on compressive and tensile strength is subject to various factors. The observation of a
slight increase in compressive strength alongside a slight decrease in tensile strength
can be attributed to the following considerations [16,18,33]: Firstly, achieving a uniform
dispersion and alignment of CNTs within the concrete matrix is paramount. Suboptimal
dispersion or agglomeration of CNTs may lead to non-uniform properties. In terms of
tensile strength, the presence of agglomerates or uneven distribution can create weak points,
resulting in an overall decrease in tensile performance [14]. Secondly, while CNTs can
augment compressive strength by serving as additional bridges and reinforcing the concrete
structure, their interaction with the cementitious matrix may vary. The establishment of
effective bonding between CNTs and the matrix is crucial for load transfer. If this bonding
is not well-established, it may contribute to a reduction in tensile strength [15]. Lastly, the
addition of CNTs can influence the porosity of the concrete. In cases where nanotubes
are not well-dispersed, they may form clusters or induce the creation of additional pores,
particularly at the interfaces between the nanotubes and the cement matrix. This, in turn,
can adversely affect tensile strength.

Table 6 presents the results of the current study alongside findings from previous
research. It is important to note that all properties of the UHP concrete in these studies
are compared to those of the control mix concrete. As shown in this table, an increase in
the water-to-binder ratio led to a slight reduction in compressive strength. An increase
in the water-to-binder ratio typically results in a slight reduction in compressive strength
due to dilution of the cement paste and increased porosity within the concrete matrix.
This diminishes the binding properties of the cement paste and creates pathways for crack
propagation, ultimately weakening the overall strength of the concrete. However, the type
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of nanomaterial and additive admixture significantly influenced the mechanical properties
of UHP concrete.

Table 6. Suggested surface chloride ion concentration near the sea.

Ref. wib Ratio Compressive Strength (MPa) Tensile Strength (MPa)
3 Days 28 Days 3 Days 28 Days
This study 0.25 100 105 6.5 7.0
[6] 0.18 80 130 - -
[7] 0.225 100 139 - -
[9] 0.27 55 - 6 -
[11] 0.18 - 180 - 8
[13] 0.18 80 140 - -
[14] 0.22 60 120 5.8 6.3

4.4. SEM Investigation

The results obtained from Scanning Electron Microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS) conducted during standard curing conditions over 3 days are
illustrated in Figure 7. SEM analysis revealed that an increased content of CNTs as an
admixture to the concrete resulted in the formation of bridges within the concrete matrix.
These nanoscale bridges serve as reinforcement, creating a network within the cementitious
matrix [47]. This network significantly improves the distribution and transfer of loads,
thereby enhancing the overall strength performance of the concrete. Moreover, CNTs
contribute to the reduction of microcracks and the enhancement of material toughness.
Additionally, CNTs play a role in expediting the hydration process of cement particles,
leading to the formation of a denser and more compact matrix. This accelerated curing
process results in achieving higher compressive strength within a shorter timeframe. It can
be asserted that, during the initial 3 days of curing, the presence of CNTs facilitates the for-
mation of C-S-H gel in CNT1 and CNT2 mixtures. Conversely, in the case of the CNT3 mix,
improper dispersion processes may lead to the creation of agglomerates. These agglomer-
ates can form localized weak points in the concrete, diminishing its overall strength and
durability [26]. Therefore, the effectiveness of CNTs in enhancing the concrete’s properties
is contingent on a thorough dispersion process, emphasizing the importance of optimized
mixing techniques for optimal results.

Based on the outcomes derived from the energy dispersive X-ray spectroscopy (EDS)
map sum spectrum, it is evident that O, Si, C, and Ca constitute the primary elements in the
structure of all mixtures, albeit in varying proportions. These findings align seamlessly with
the X-ray diffraction (XRD) results, wherein Quartz (5iO;) and Hatrurite (Alite: Tricalcium
silicate: Ca3SiOs) emerge as the predominant crystalline phases. Furthermore, the results
indicated a marginal increase in the amount of C with the escalation of CNT content as an
admixture to the concrete matrix [15,62]. In summary, the SEM results, following a 3-day
curing period, reveal a subtle structural divergence in CNT mixtures attributable to the
presence of CNTs. However, in contrast, the EDS results suggest no significant disparity in
the composition of all mixtures.

Consistent findings were observed in both the scanning SEM images and EDS maps
after a 28-day curing period (Figure 8). This suggests that, under standard curing conditions
for 28 days, there was a modest increase in compressive strength attributed to the formation
of bridges between the cement paste and particles (ALA and MHS). Notably, SEM images
indicate a higher prevalence of bridges in samples subjected to a 28-day curing period
compared to those cured for 3 days.
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Figure 7. SEM images and EDS spectrum after 3 days of curing period for samples (a) control,
(b) CNT1, (c) CNT2, and (d) CNT3.

The SEM images further indicated that with an increase in the quantity of CNT as
an admixture, there was a noticeable augmentation in both the number and volume of
bridges formed within the concrete matrix. Additionally, the inclusion of silica fume (SF)
as a partial substitute for OPC enhances the potential for the secondary formation of C-5-H
gel, particularly noticeable after extended curing periods (beyond 90 days). Consequently,
the production of additional C-5-H gel becomes imperceptible beyond the 28-day mark.
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Figure 8. SEM images and EDS maps after 28 days of curing period for samples (a) control, (b) CNT1,
(c) CNT2, and (d) CNTS3.

The energy dispersive EDS map spectrum results for all mixtures after a 28-day curing
period demonstrated a composition nearly identical to their 3-day counterparts. This
uniformity is likely attributable to the absence of substantial changes in the structure and
composition of all mixtures following the specified curing period. In each sample, O, Si,
C, and Ca remained the primary elements, in line with the EDS map spectrum results.
However, there is a slight increase in the percentage of C with the escalation of CNT content
as an admixture [47,56]. These outcomes are consistent with the findings of XRD analysis,
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where quartz and hatrurite persist as the principal crystalline phases in the structure of
all mixtures.

4.5. XRD Analysis

The X-ray Diffraction (XRD) patterns depicted in Figures 9 and 10 showcase concrete
mixtures incorporating varying amounts of carbon nanotubes (CNT) at both 3 days and
28 days of the curing period. In all samples, after both 3 days and 28 days of curing, the
primary crystalline phases identified include Quartz (SiO,) and Alite (Tricalcium silicate:

Ca3SiO5).
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Figure 9. XRD Analysis of (a) 3d—Air curing, and (b) 3d—Salt curing condition.
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Figure 10. XRD Analysis of (a) 28d—Air curing, and (b) 28d—Salt curing condition.

Several factors may contribute to the presence of only these two phases:

1. Quartz is a common crystalline phase found in aggregates, particularly if natural
aggregates or silica-based materials are utilized in the concrete mix.

2. Alite (Tricalcium silicate), a fundamental component of OPC, is expected in UHPC
containing OPC.

3. Some materials in the mix may exist in an amorphous or non-crystalline form, and
XRD is less sensitive to such phases.

4. The materials employed, including silica fume and silica powder, consist of extremely
fine particles. Consequently, XRD may not identify them as distinct crystalline phases.

5. The mix composition may favor non-crystalline or amorphous forms, resulting in
fewer distinguishable crystalline peaks.

137




Materials 2024, 17, 2851

6. XRD'’s sensitivity limits might preclude the detection of phases present in small
quantities or exhibiting weak diffraction signals.

7. A homogenized mix design could lead to the dominance of main crystalline phases,
posing challenges in identifying minor phases.

It’s essential to recognize that the absence of certain phases in the XRD analysis
doesn’t necessarily imply their complete nonexistence in the concrete mix. Some phases
may exist in lower concentrations, or their diffraction peaks may be overshadowed by
dominant phases.

The inclusion of SF as a partial substitute for OPC in concrete has the potential to
influence the XRD pattern, impacting the 26 values of diffraction peaks. However, these
alterations are typically subtle, particularly for primary crystalline phases like quartz.
Notably, the prevalence of Alite, a significant contributor to early strength development
in concrete, was higher in all mixes after 3 days of air curing compared to salt curing, as
illustrated in Figure 9. In contrast, the abundance of quartz was greater in 3-day salt-cured
samples than in their air-cured counterparts. This pattern persisted across all mixtures and
likely serves as a key factor contributing to the augmented compressive strength observed
in air-cured samples relative to their salt-cured counterparts.

The XRD analysis results at the 28-day mark under both curing conditions (as illus-
trated in Figure 10) displayed negligible differences compared to the 3-day curing period.
Across all mixtures, the prevalence of quartz during the 28-day salt curing conditions
surpassed that in the 28-day air curing conditions. In contrast, the concentrations of Alite
in all mixtures were higher in the 28-day air curing conditions compared to the 28-day salt
curing conditions. This disparity sheds light on the compressive strength results for these
mixtures, where, after 28 days of air curing, the compressive strength notably exceeded
that of the 28-day salt curing. The increased content of Alite in the air curing conditions
likely contributed to the enhanced compressive strength through this curing method. Fur-
thermore, it is essential to acknowledge that after 28 days of both curing methods, no new
crystalline phases emerged in any of the mixtures. This suggests the absence of pozzolanic
activity within the initial 28-day curing period. To induce pozzolanic activity, an extended
curing period exceeding 90 days is required.

4.6. Ponding Test Results

The findings from the ponding test are summarized in Table 7 and visually represented
in Figure 11. In this context, C_s (mass%) denotes the boundary condition at the exposed
surface, C_i (mass%) signifies the initial chloride concentration measured on the concrete
slice, D_a (m2 /s) represents the effective chloride transport coefficient, and t (days) denotes
the exposure time. Analysis of the ponding test results reveals that, for all samples, the
effective chloride transport coefficient (D_a) remains below the standard limitation of
1.00 x 10~'2 m?/s. This suggests that the performance of all samples in the ponding test
falls within an acceptable range. However, a closer examination of the results reveals that
the chloride transport coefficient decreases with an increase in the amount of CNT up to
0.05% (as observed in CNT1 and CNT2 mixes compared to the control mix). Conversely,
for the CNT3 mixture, there is an increase relative to the control mix. This trend aligns with
the compressive and tensile strength outcomes, where the strength of the CNT1 and CNT2
mixtures surpassed that of the CNT3 mixture.

Table 7. Ponding test results (NT Build 443).

Sample C_s C_i D_a t
Control 0.78 0.037 8.18 x 10713 90
CNT 1 0.813 0.037 7.1 x 10713 90
CNT 2 0.758 0.037 6.5 x 10713 90
CNT 3 0.862 0.037 83 x 10713 90
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Figure 11. The regression Analysis based on the ponding test results for (a) Control, (b) CNT1,
(c) CNT2, and (d) CNT3.

The primary factor influencing this trend is attributed to the incomplete dispersion
process of CNT in the CNT3 mixture, resulting in the formation of localized weak points in
the concrete matrix and an ensuing increase in permeability. Conversely, the well-dispersed
CNT in the CNT1 and CNT2 mixes contributes to an elevated number of bridges between
the cement paste and ALA and MHS particles, leading to decreased permeability and,
ultimately, a reduced effective chloride transport coefficient in these two mixtures.

Considering the C_s value, derived from the contact point of the predicted curve with
the Y-axis in Figure 11, which represents the chloride mass on the surface of each mixture,
the results correlate with those of the chloride transport coefficient. In summary, all mixtures
demonstrate acceptable performance when compared to standard limitations. Notably, the
CNT?2 mixture stands out, exhibiting the most favorable performance among all mixes.

4.7. Life Service Prediction

The life service prediction results under diverse environmental conditions, as deter-
mined from the ponding test outcomes, are depicted in Figure 12a—e, with a consistent
concrete cover thickness of 80 mm in all scenarios. Notably, in the most challenging envi-
ronmental setting, the tidal zone featuring a chloride ion concentration of 17 kg/m? (as
shown in Figure 12a), the life service prediction model indicates ultimate resistance ages of
119, 136, 147, 118, and 19 years for the control, CNT1, CNT2, CNT3, and OPC mixtures,
respectively, against chloride ions penetration. In practical terms, this implies that, in
the tidal zone, all samples, excluding the OPC mix (included for comparative purposes),
exhibit durability against chloride ion attack for over 100 years. Further analysis of the
data underscores the superior performance of the CNT1 and CNT2 mixtures in the tidal
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zone. Noteworthy is the observation that, for CNT1 and CNT2 mixtures, it requires 136
and 147 years, respectively, before chloride ions can breach the concrete cover thickness of
80 mm to reach the internal reinforcement.

Derived from the life service prediction results and referencing Figure 12b, represent-
ing the second most challenging condition (splash zone with a chloride ion concentration
of 7.5 kg/ m?3), the control, CNT1, CNT2, CNT3, and OPC mixtures exhibit ultimate ages
of 172, 197, 216, 170, and 24 years, respectively, in their resistance against chloride ion
attack. In a similar vein, noteworthy is the exceptional performance of CNT1 and CNT2,
displaying longevity of around 200 years in resisting chloride ions, surpassing the other
mixtures. It is essential to highlight that the OPC result is drawn from prior research and is
included for comparative purposes.
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Figure 12. Life service prediction for all mixtures in various environmental conditions including
(a) tidal zone, (b) splash zone, (c) near to the coast, (d) 100 m to the coast, and (e) 250 m to the coast.
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[lustrated in Figure 12c are the outcomes for the near-coast condition, featuring a
chloride ion concentration of 7.0 kg/m? for all mixtures in this investigation. The ultimate
resistance age against chloride ions penetration, as indicated by the life service prediction
model, for the control, CNT1, CNT2, CNT3, and OPC mixtures in this near-coast setting
were 179, 205, 223, 176, and 25 years, respectively. These findings suggest that, in terms
of performance, there is minimal disparity between the splash zone and the near-coast
area, given that the chloride ion concentrations in these areas were 7.5 and 7.0 kg/ m3,
respectively. Once again, CNT1 and CNT2 emerge as the top performers among all mixtures
in this particular condition.

Figure 12d illustrates the life service prediction results in an environmental condition
situated 100 m from the coast, with a chloride ion concentration of 4.5 kg/m3. According to
these outcomes, the ultimate resistance age against chloride ion penetration for the control,
CNT1, CNT2, CNT3, and OPC mixtures in the 100-m coastal condition were 239, 274, 298,
235, and 30 years, respectively. Furthermore, Figure 12e represents the outcomes in the
most favorable environmental condition, located 250 m from the coast, with a chloride ion
concentration of 3.0 kg/m?3. In this scenario, the ultimate resistance age against chloride ion
penetration for the control, CNT1, CNT2, CNT3, and OPC mixtures were 344, 396, 431, 339,
and 40 years, respectively. Notably, in both scenarios, CNT1 and CNT2 exhibited superior
performance compared to all other mixtures.

In summary, the life service prediction results align closely with the strength per-
formance outcomes for all mixtures. Consistently, CNT1 and CNT2 mixtures exhibited
superior performance in both compressive and tensile strength, as well as life service
prediction. This can be attributed to the effective dispersion of CNT in these two mix-
tures, fostering the creation of additional bridges between the cement paste and ALA and
MHS particles. Consequently, this contributes to the development of a more impermeable
concrete matrix. As a result, these two mixtures demonstrated greater resistance against
chloride ion penetration compared to the other formulations.

Ultimately, considering the required cover thickness (mm) for 200 years, detailed in
Table 8, observations showed that in the tidal zone (the most challenging environmental
condition), the necessary cover thickness for control, CNT1, CNT2, CNT3, and OPC
mixtures were 98.71 mm, 91.90 mm, 87.99 mm, 99.49 mm, and 325.07 mm, respectively.
Similarly, in the second-worst environmental condition (splash zone), the requisite cover
thickness for the aforementioned mixtures was 66.72 mm, 62.11 mm, 59.47 mm, 67.25 mm,
and 219.72 mm, respectively. It’s noteworthy that an enhancement in the environmental
condition resulted in a reduced required cover thickness for all mixtures, aligning with
the positive correlation observed with service life prediction results. Conversely, in the
near-coast condition, the necessary cover thickness for control, CNT1, CNT2, CNT3, and
OPC mixtures were 63.98 mm, 59.56 mm, 57.03 mm, 64.48 mm, and 210.69 mm, respectively.
Furthermore, at 100 m from the coast, the values for the same mixtures were 47.53 mm,
4425 mm, 42.37 mm, 47.90 mm, and 156.51 mm, respectively. Lastly, in the optimal
environmental condition (250 m from the coast), the mandated cover thickness for the same
mixtures was 32.45 mm, 30.21 mm, 28.92 mm, 32.70 mm, and 106.85 mm, respectively.

Table 8. Required cover thickness (mm) over 200 years in different exposing conditions.

Expose Condition Tidal Zone Splash Zone Near the Coast 100 m 250 m
Control (mm) 98.71 66.72 63.98 47.53 32.45
CNT 1 (mm) 91.90 62.11 59.56 44.25 30.21
CNT 2 (mm) 87.99 59.47 57.03 42.37 28.92
CNT 3 (mm) 99.49 67.25 64.48 47.90 32.70
OPC (mm) 325.07 219.72 210.69 156.51 106.85

142



Materials 2024, 17, 2851

5. Conclusions

This study explored the mechanical characteristics, microstructure, chloride ion perme-
ability, and service life prediction of nano-concrete utilizing ALA and MHS as a replacement
for fine aggregate, along with the addition of CNT as an admixture. The impact of diverse
environmental conditions on the performance of CNT concrete mixtures was systematically
examined. The evaluation of CNT mixtures involved an analysis of compressive and tensile
strength, XRD, SEM, accelerated chloride penetration, and service life prediction. Based on
the findings presented, the following conclusions can be derived:

1. Elevating the concentration of CNT in CNT1 and CNT2 blends resulted in a marginal
enhancement in compressive strength compared to the control mix. Conversely, the
CNT3 mixture demonstrated a reduction in compressive strength with an increasing
content of CNT as an admixture. Furthermore, the compressive strength values at
3,7, and 28 days in the salty curing environment were significantly inferior to those
recorded under air curing periods.

2. The outcomes of tensile strength testing revealed that as the quantity of CNT increased
as an admixture, the tensile strength of CNT mixtures experienced a slight decline
across all curing periods. This phenomenon can be ascribed to the nuanced interaction
between CNTs and the cementitious matrix. While CNTs have the potential to enhance
compressive strength by acting as additional bridges and reinforcing the concrete
structure, the nature of their bonding with the cementitious matrix plays a critical
role in load transfer. In instances where this bonding is not optimally established, a
reduction in tensile strength occurs, as observed in the present study.

3.  Examination through SEM indicated that an augmented concentration of CNTs as an
admixture in the concrete led to the formation of nanoscale bridges within the concrete
matrix. These bridges, at the nanoscale level, act as reinforcement, establishing a
network within the cementitious matrix. This network plays a crucial role in signifi-
cantly enhancing the distribution and transfer of loads, thereby slightly improving the
overall strength performance of the concrete during both the 3-day and 28-day normal
curing periods. Furthermore, an analysis of the EDS map sum spectrum outcomes
revealed that the primary elements in the structure of all mixtures include O, Si, C,
and Ca, albeit in varying proportions.

4. Drawing insights from the XRD analysis outcomes, it is discerned that, across all
samples, the principal crystalline phases identified after both the 3-day and 28-day
curing periods consist of Quartz and Alite. This occurrence can be attributed to the
potential presence of certain materials in the mix in an amorphous or non-crystalline
form, a condition where XRD exhibits diminished sensitivity. Furthermore, a well-
homogenized mix design may result in the prevalence of dominant crystalline phases,
presenting difficulties in discerning minor phases.

5. Upon scrutinizing the ponding test results, it was evident that, for all samples, the
effective chloride transport coefficient remained below the standard limitation of
1.00 x 10712 m? /s, indicating that the performance of all samples in the ponding
test fell within an acceptable range. However, upon a more detailed examination,
it was noted that the chloride transport coefficient experienced a decrease with an
increase in the amount of CNT up to 0.05% (as observed in CNT1 and CNT2 mixes
in comparison to the control mix). In contrast, for the CNT3 mixture, there was an
increase relative to the control mix. This observed trend aligned with the compressive
strength outcomes, where the strength of the CNT1 and CNT2 mixtures surpassed
that of the CNT3 mixture.

6.  The life service prediction outcomes indicate that in every environmental scenario,
CNT1 and CNT2 mixtures demonstrated superior performance when compared to
all other mixtures. These findings closely mirror the strength performance results,
where CNT1 and CNT2 mixtures showcased excellence in both compressive strength
and life service prediction. The effective dispersion of CNT in these two mixtures is
credited for this superior performance, facilitating the formation of additional bridges
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between the cement paste and ALA and MHS particles resulting in the creation of
more impermeable concrete.
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Abstract: Ternary blended cements, made with silica fume and limestone, provide significant benefits
such as improved compressive strength, chloride penetration resistance, sulfates attack, etc. Further-
more, they could be considered low-carbon cements, and they contribute to reducing the depletion
of natural resources in reference to water usage, fossil fuel consumption, and mining. Limestone
(10%, 15%, and 20%) with different fineness and coarse silica fume (3%, 5%, and 7%) was used to
produce ternary cements. The average size of coarse silica fume used was 238 um. For the first time,
the carbonation resistance of ternary Portland cements made with silica fume and limestone has been
assessed. The carbonation resistance was assessed by natural carbonation testing. The presence of
coarse silica fume and limestone in the blended cement led to pore refinement of the cement-based
materials by the filling effect and the C-S-H gel formation. Accordingly, the carbonation resistance of
these new ternary cements was less poor than expected for blended cements.

Keywords: sustainable materials; service life; carbonation; coarse silica fume; limestone

1. Introduction

Cement manufacturing is a major contributor to anthropogenic global warming [1],
which accounts for approximately 7.4% [2—4] of worldwide carbon dioxide emissions. Con-
sequently, life cycle analyses have demonstrated that Portland cement is responsible for
60-80% of carbon dioxide emissions from concrete manufacturing [5] since the production
of one ton of Portland cement clinker releases 800-1100 kg of carbon dioxide into the atmo-
sphere for fuel combustion (white clinker: 480-560 kg CO,; gray clinker: 280-330 kg CO5)
and for the calcination process (white clinker: 540-520 kg CO,; gray clinker: 530-520 kg
COy) [6]. Accordingly, we should be able to reduce carbon dioxide release associated with
Portland cement production as far as possible with current know-how. Efforts to lower the
carbon dioxide emissions from Portland cement manufacturing include alternative fuels
and raw materials during Portland cement clinker production and low-carbon cements
with a low clinker factor. In addition, for climate change mitigation purposes, a more
specific and complete inventory may be needed by considering the carbon dioxide uptake
by cement-based materials [7]. Through this, it would be possible to establish a more
complete life cycle inventory of concrete in terms of carbon footprint [8-12]. Currently,
some low-carbon concretes with embodied carbon dioxide below 100 kg/ m3 CO, eq. are
available. This means a reduction of carbon dioxide by over 70% versus standard concrete
made with CEM L.

Carbon dioxide uptake is the amount of mentioned gas that has been chemically
bound by the cement paste constituents and pore solution contained in the hardened
concrete. It should be expressed as the mass of bound carbon dioxide per square meter of
the considered structure [13].

According to Pade and Guimaraes [14], concrete structures built in 2003 will be able
to bind around 28% of the carbon dioxide emissions from cement production during the
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next 70 years. By contrast, Yang et al. [15] reported that concrete structures could bind, for
a period of a hundred years, about 18-21% of the process carbon dioxide emissions. This
percentage was lowered by Fitzpatrick et al. [16] to about 16% for a period of carbonation of
one hundred years (concrete structures produced in 1972). The highest percentage of bound
carbon dioxide reported in the literature was 43% [17] from a global study considering
worldwide data from 1930 to 2013. A detailed comparison of some studies was reported
elsewhere [6].

Carbonation of cement-based materials is a natural aging physicochemical process
widely studied in the literature [11,18-25], in which carbon dioxide diffuses from the atmo-
sphere through the mortar or concrete capillary pores and reacts with carbonatable products
present in the pore solution or in the solid phase, such as calcium hydroxide known as
portlandite, calcium silicate hydrate, named as C-S-H gel, ettringite, and to a lesser extent,
anhydrous phases of clinker, specifically tricalcium silicate, C3S, and dicalcium silicate,
C,S [24]. The main reaction is the reaction of calcium hydroxide, Ca(OH),, with carbon
dioxide, CO,, to form calcium carbonate, CaCOj3 [10,18,19,26,27]. Then, the pH of the
concrete pore solution decreases, and the risk of steel rebar corrosion increases [18,24-26].
Consequently, this process can negatively affect the durability of reinforced concrete on the
one hand, but it can be a way to mitigate climate change impacts on the other [27-30]. In
a nutshell, carbonation is a significant carbon dioxide sink that is not yet included in life
cycle inventories.

Only a few studies were focused on the bound carbon dioxide quantification [18]
and therefore, the estimation of carbon dioxide uptake remains a very challenging task.
Andersson et al. proposed a simplified estimation method named Tier 1 [31], whereas the
European standard EN 16757 defines an advanced method or Tier 2 in its Annex G, formerly
known as Annex BB [13]. This European standard estimates the carbon dioxide uptake
considering a direct relationship between carbonation and reactive CaO content in concrete.
Several steps would have to be taken in order to estimate the carbon dioxide uptake, more
specifically, (i) degree of carbonation, (ii) carbonation rate, which can be estimated from
both the concrete compressive strength class and the field exposure conditions, and (iii)
maximum theoretical carbon dioxide uptake in fully carbonated concrete estimated from
the reactive CaO content in the binder.

Yang et al. [15] and Fitzpatrick et al. [16] found a good agreement between the results
obtained by applying the experimental procedure and those calculated by applying the
method defined in the European standard EN 16757. By contrast, Younsi et al. [32] found
that the European standard’s method underestimates the carbon dioxide uptake of concretes
made with additions since the carbonation depth was underestimated. In particular, the
model underestimates both the carbonation rate of up to 61% [33] and the maximum
theoretical carbon dioxide uptake of up to 77% for high content of ground granulated blast-
furnace slag in the concrete. This fact was highlighted by Andrade et al. [30]. Furthermore,
the degree of carbonation under indoor exposure was underestimated, while under outdoor
exposure was overestimated [33]. Summing up, the method defined in the European
standard EN 16757 works best under outdoor exposure [33]. Although full consensus is
highly desirable, it would be particularly valuable to continue the comparison in natural
carbonation, experimental versus estimated results. Currently, there is a lack of availability
of experimental data to perform the comparison with theoretical models [18]. This is a very
difficult challenge, indeed, particularly in the case of concrete made with blended cements.

Blended cements with a high content of Portland cement constituents, other than
clinker, will contribute to the drawdown of carbon dioxide emissions and, therefore, the
negative environmental impact of Portland cement production. In an attempt to produce
low-carbon and cost-effective blended cements, new formulations are currently being
investigated [34]. Zeraoui et al. [35] studied ternary binders (Portland cement-ground
granulated blast-furnace slag-flash-calcined sediment) and reported that 10% flash-calcined
sediment plus 40% ground granulated blast-furnace slag can replace 50% of Portland
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cement. However, the water demand increases with the use of flash-calcined sediment, but
it enhances the compactness and density of the mortar.

The rheological properties of ternary cements made of coal fly ash, silica fume or
limestone powder and Portland cement were assessed by Srinivas et al. [36]. They found
that silica fume and limestone, ranging from 5% to 10%, improved the buildability. Zhao
et al. [37] reported the enhancement of the packing density of ground slag-silica fume-
cement pastes and their increase of 28-days compressive strength.

Silica fume, fly ash, and limestone powder were used to produce Ultra-high-performance
concrete by Li et al. [38] to model their pozzolanic reactions. Silica fume showed the strongest
effect on the compressive strength, followed by the coal fly ash and limestone powder.
In addition, nanosilica (2%), calcined clay (23%), and Portland cement (75%) promote the
conversion of macropores into mesopores [39]. However, Papatzani and Paine [40] found
that 10% of silica fume addition to ternary systems Portland cement-limestone-fly ash could
be excessive since unreacted particles were observed by SEM. Ultra-high-performance fiber-
reinforced concrete (UHPFC) can be made by using ternary cement with silica fume and
limestone, as reported by Kang et al. [41]. According to Li et al. [42], the limestone promotes a
plasticization effect; furthermore, they reported that the optimal content of limestone powder
for UHPFC is 50% by volume.

Natural carbonation, also known as (re-)carbonation, permanently stores carbon
dioxide. One point that should be underlined, particularly within the climate change
context, is that the carbonation rate of blended cements is faster than that of CEM I cements.
Therefore, this fact should be clearly considered in The Seventh Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC). Figure 1 shows the first attempt made
by the Global Carbon Budget report [43] to estimate the (re-)carbonation from 1960 to 2023,
i.e., carbon dioxide uptake by cement-based materials (line blue in Figure 1). It means
that above 700 Mtons/year could be attributed to the carbonation sink. This estimation is
compared to the carbon dioxide uptake estimated by the Tier 1 methodology (dashed line
green in Figure 1) defined and calculated in reference [7].

2.0

1.5 Carbon dioxide 7/
calcination emissions,
Gt CO,

=
o

CO, uptake by carbonation
(Tier 1), Gt CO,

_----—--—_--------
-y
-
L |

5
=Y

-0.5| Carbon dioxide uptake by carbonation
(Global Carbon Budget, 2023), Gt CO,

CO, uptake and process emissions, Gt CO,
o
a

I
=
=}

1960 1970 1980 1990 2000 2010 2023
Year

Figure 1. Global carbon dioxide uptake by cement-based materials from 1960 to 2023, reported by
the Global Carbon Budget report, and the carbon dioxide uptake estimated by the Tier 1 methodology
«source: Ref. [7]».

Accordingly, a ternary cement made with Portland cement clinker, limestone pow-
der, and a third cement constituent, for example, coarse silica fume, can be a promising
construction product due to the good experience [34,44], the adequate availability of the
constituents, and the low environmental impact.
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Ground limestone is already being used worldwide in Portland cement, providing
some characteristics to the cement depending on its particle size distribution (PSD) and its
content in the blended cement, i.e., dilution, filler, nucleation, and chemical effects [34].

Silica fume is the world’s most widely used ultrafine particles for cement and concrete
production because of their good durability and mechanical properties. This is explained
by the optimization of the packing density [45,46] and, above all, by the pozzolanic re-
action, i.e., portlandite is consumed to produce additional C-S5-H gel with a lower Ca/Si
ratio [44,47], and providing nucleation sites to C-S-H gel.

In view of these considerations, the carbonation resistance of clinker—limestone-silica
fume ternary cements is assessed. Furthermore, this paper provides data on carbon dioxide
uptake due to the natural carbonation of clinker-limestone-silica fume ternary cements.
This kind of information is currently lacking in the scientific literature, particularly for
concretes made with blended cements. These data are required to evaluate the actual
environmental impact of concrete more accurately in civil engineering and building.

In the following, the natural carbonation results of this experimental research program
are discussed to assess the effect of both ternary cement constituents’ nature and curing
conditions on carbonation resistance, carbon dioxide uptake of ternary cement mortars and
service life estimation. For the first time, the carbonation resistance of ternary Portland
cements made with silica fume and limestone has been assessed.

2. Materials and Methods
2.1. Materials

The experimental study was carried out on concretes designed with CEM I as per the
European standard EN 197-1 [48] from Holcim Espafia, Villaluenga de la Sagra, Toledo,
Spain, and blended cements containing silica fume or limestone manufactured by mixing
silica fume (H) from Ferroglobe PLC, Sada, Spain, and limestone (L) supplied by Holcim
Espaiia, Villaluenga de la Sagra, Toledo, Spain with the Portland cement (C). The limestone
was ground to reach three different fineness (given as percentage retained on the 120 um
sieve): 10% (8001 cm?/ g), 20% (25,857 cm?/ g), and 50% (25,954 cm?/ g). Grinding times
were 10, 20, and 50 min, respectively. Table 1 shows the chemical analysis of the samples.
Most of the elements were analyzed using the molten pearl X-ray fluorescence technique,
with a wavelength scattering X-ray spectrometer, Bruker’s S8 Tiger.

Table 1. Chemical composition of silica fume (H), limestone (L), and CEM I (%) [34].

Cos;:iizﬂ %) CEMI H L Physical Properties of CEM I
Si0, 20.0 96.1 34 Specific gravity (g/cm?) 3.11
AL, O3 4.5 0.2 1.6 Initial setting time (min) 160
Fe, O3 2.7 0.1 0.4 Final setting time (min) 240
CaO 63.0 0.4 46.3 Volume expansion (mm) 0.0
MgO 1.9 01 03 Specific surzface Blaine 3811
(cm?/g)

SO3 3.1 0.1 0.1

K,O 0.9 0.4 0.2 Compressive Strength (MPa)

TipOs 0.2 0.0 0.1 1 days 14.32
P,0s5 0.1 0.0 0.0 7 days 50.50
LOI 32 2.4 47.5 14 days 55.28
Na,O 0.3 0.2 0.1 28 days 59.25
CI~ 0.1 0.0 0.0

Loss on ignition (LOI) and sulfate content determination are described in the European
standard EN 196-2 [49]. The alkali content (Na* and K*) in cement, limestone, and coarse
silica fume was determined by inductively coupled plasma optical emission spectrometry
(ICP-OES) with a Varian model 725-ES equipment.
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In addition, a siliceous sand (0/4 mm) from IETcc, as per the European standard EN
196-1 [50], was used to manufacture the mortars.

The ternary mix design is given in Table 2, and the criterion of coding is as follows:
e  Reference: CEM 142.5 R (100wt% CEM I).
e  H: Silica fume content (0wt%, 3wt%, 5wt%, 7wt%).

Table 2. Ternary cement mix design: silica fume (H), limestone (L) and cement (CEM 1 42.5 R).

10% Retained 20% Retained 50% Retained

Cen(ljer:lt Mix CEM I (%) ((I)/{) Li Tottal Of(o/) Limestone (%)  Limestone (%)  Limestone (%)

ode ° umestone to) (8001 em?/g) (25,857 cm?/g) (25,954 cm?2/g)
Reference 100 0 0 0 0 0
H3L15-0-0 82 15 15 0 0
H3L20-0-0 77 20 20 0 0
H3L0-15-0 82 3 15 0 15 0
H3L10-10-10 67 30 10 10 10
H5L0-0-0 95 0 0 0 0
H5L0-15-0 80 5 15 0 15 0
H5L15-0-0 80 15 15 0 0
H7L0-15-0 78 15 0 15 0
H7L15-0-0 78 15 15 0 0
H7L.20-0-0 73 7 20 20 0 0
H7L10-10-0 68 25 10 10 5

LX1-X2-X3: Limestone content corresponding to a sieve non-passing fraction at a mesh
width of 120 um of not more than 10% by weight (X1), 20% (X2), and 50% (X3).

Since the silica fume has a high SiO, content (96%), most standards limit its content in
cement to less than 10%. Accordingly, the coarse silica fume content has been distributed
between 0% and 10% (3%, 5%, and 7%). Regarding the limestone, it was pretended to
simulate CEM II/A-L and CEM II/A-M and, therefore, the following amounts have been
chosen: 15%, 20%, and 30%.

These new cements were used to manufacture prismatic mortar specimens (40 mm x
40 mm x 160 mm) with a cement-to-sand ratio of 1:3 and a water-to-cement ratio of 0.5
with distilled water and CEN standard sand [49]. Mortar mixing, molding, and curing are
defined in the European standard EN 196-1 [49].

Mortar specimens were cured under lime water for 0, 3, or 28 days, rich in alkaline
ions. The reason for adding lime to the curing water is to prevent the leaching out of the
mortar pore solution. Limewater is a saturated aqueous solution of calcium hydroxide,
which is sparsely soluble at room temperature in water (1.5 g/L at 25 °C).

2.2. Natural Carbonation Testing

The mortars were subjected to 2 years of natural carbonation (Figure 2) under shel-
tered conditions in the lab (40-50% RH and 25 °C), following the procedure defined in
reference [24]. During the natural carbonation exposure period, the progress of carbonation
was monitored by regular carbonation depth measurements of 28, 90, 180, 270, 365, and
730 days.

The mortar specimens were cut into strips of 20 mm size. Cutting with a saw in a
horizontal position is suitable for determining the carbonation depth in a reliable, flexible
and inexpensive manner [23]. The depth of carbonation was measured on the freshly sawn
surface, which was previously cleared of dust and loose particles by spraying a mist of the
phenolphthalein indicator solution (1% by weight) [51,52], which is colorless below pH 8.5
and attains a purple hue above pH 9.0.

151



Materials 2024, 17, 2705

Figure 2. Carbonation depth testing made by exposing specimens in natural atmosphere.

3. Results and Discussion
3.1. Carbonation Depth

Following the procedures given by RILEM [51] and provided in the CEN/TS 12390-10
Technical Specification [52], it is proposed to assess several aspects related to the carbonation
resistance of these ternary cements, such as the carbonation depth, carbonation rate, and
CO; uptake.

The mortars were subjected to two years of natural carbonation under sheltered
conditions. During the natural carbonation exposure period, the progress of the mortar
carbonation was monitored by regular carbonation depth measurements of 28, 90, 180, 270,
365, and 730 days (Figures 2—4).
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Figure 3. Carbonation depth of uncured samples.

152



Materials 2024, 17, 2705

—l— Ref
2.0 —8— H3L0-15-0
. —=— H3L10-10-0
18- —=— H3L15-0-0
. —3— H3L20-0-0

1.6 - —A— H5L0-0-0
T —A— H5L0-15-0
€ 1.4 —a— H5L.15-0-0
= —@— H7L0-15-0
S 12- —®— H7L10-10-0
o —o— H7L15-0-0
c 107 —0— H7L.20-0-0
S
T 0.8 1
[
3
2 0.6-
O 4

0.4

0.2

0.0

1 1 1 1 1 I I 1
0 100 200 300 400 500 600 700 800
Time (days)

Figure 4. Carbonation depth of samples cured for 3 days.

Figure 3 shows the carbonation depth increase with the time of uncured samples,
while Figures 4 and 5 show the carbonation depth increase with the time of cured samples
for 3 days and 28 days, respectively. As expected, with regard to the effect of the curing
time on the carbonation resistance, the longer, the better [23,24].
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Figure 5. Carbonation depth of samples cured for 28 days.

For samples without curing, the lowest carbonation depth was found in specimens
made with the highest silica fume content (5% and 7%), i.e., H5L0-0-0 and H7L0-0-0,
followed by the reference cement made without any addition. This finding confirms the
positive effect of the pozzolanic reaction of the silicon oxide present in the silica fume
and the calcium oxide formed in the cement hydration [39]. This reaction leads to a
denser structure [34]. However, the worst performance was found in the sample with
the highest content of limestone (20%), H7L20-0-0 and H5L20-0-0, independently of the
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silica fume content (7% and 5%, respectively). This fact shows that bad curing affects
limestone cements more negatively than silica fume ones. Accordingly, the use of silica
fume in ternary cements made with limestone cannot improve the performance of limestone
cements regarding the carbonation resistance of ternary cements.

Figure 4 shows that a three-day curing significantly enhances the carbonation resis-
tance. In this case, cement with the lowest content of silica fume (3%) and the highest
amount of limestone (20%), H3L10-0-0 and H3L20-0-0, presents the largest carbonation
depth. This means that the increase of the silica fume content from 3% to 5% or 7% improves
the performance (carbonation resistance).

Finally, samples cured for 28 days exhibited carbonation depths between 0.4 mm and
1 mm after 730 days of natural carbonation, as well as the samples cured for 3 days.

Test results for ternary cement carbonation have shown that curing conditions, partic-
ularly curing time, have a significant effect on the performance of samples. Accordingly,
curing conditions should be optimized in relation to their performance [24]. Regarding the
present results, the absence of wet-curing affects in a different way to the tested samples;
indeed, at 28 days of curing for non-wet-curing, carbonated depths vary several tenths of a
millimeter. Increasing the curing period to three days is sufficient for mortars with a high
silica fume content; for others, curing must be longer.

Furthermore, the curing effect also depends on the ternary cement mix design. For
example, increasing the curing period improves the carbonation resistance of mortars made
with limestone. Accordingly, three days of curing could be enough for ternary cements
made with silica fume and limestone.

Figure 6 shows the carbonation depth measured on samples exposed to 365 days of
natural carbonation. The phenolphthalein indicator solution was applied to the fresh frac-
ture surface of the mortar. When the pH is above 8.6, the phenolphthalein indicator solution
turns purple. By contrast, the pH of the mortar is below 8.6, where the phenolphthalein
indicator remains colorless, suggesting the carbonation of the mortar.

The pH of the CEM I mortar pore solution is normally about 13-14 since it is saturated
with calcium hydroxide and also consists of sodium and potassium hydroxide. Ternary
cements are less alkaline than sound mortar (CEM I); therefore, they should have lower pH
values of around 10-12 [16,18]. However, it is clearly a strong color change with the phe-
nolphthalein indicator, as shown in Figure 6. Nevertheless, the phenolphthalein indicator
solution procedure is frequently said to underestimate the actual carbonation depth since
the color change occurs only when the pH drops below 9.8 for phenolphthalein [53]. In
addition, Schultheif et al. [54] found that some models, such as crack influence factor (CIF)
approaches, underestimate the carbonation depth with increasing exposure time.

According to Zhang et al. [55], confocal Raman microscopy (CRM)-CaCO3 maps for
measuring carbonation depth in cement-based materials present the same carbonation
depth results to phenolphthalein solution, i.e., the average difference between both methods,
about 1.2% [55]. Nevertheless, phenolphthalein is less reliable for low carbonation depths
since it underestimates the true value. This fact mainly happens in short-term natural
carbonation tests. Furthermore, Zhang et al. [55] suggested that phenolphthalein color
change correlates well with the depletion of portlandite measured with confocal Raman
microscopy (CRM) and other techniques. By contrast, Shi et al. [56] reported that the
carbonation depth measured with phenolphthalein reflects the depletion of C-S-H gel with
high calcium indicated by using thermodynamic modeling.
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Cement No curing 3 days of curing 28 days of curing
CEM 1
1cm 0.3 cm
H3L0-15-0
0.8 cm 0.5 cm 0.4 cm
H3L10-10-0
0.8 cm 0.5 cm
H3L15-0-0
1 cm 0.6 cm 0.5 cm
H3L20-0-0
1cm
H5L0-0-0
0.7 cm 0.3 cm
H5L0-15-0
0.9 cm 0.65 cm 0.4 cm

Figure 6. Cont.
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Cement No curing 3 days of curing 28 days of curing

H5L15-0-0
0.6 cm 0.4 cm

H7L0-15-0
0.6 cm 0.6 cm 0.4 cm

H7L10-10-0
0.8 cm 0.6 cm

H7L15-0-0

1cm 0.7 cm

H71.20-0-0

0.9 cm 0.6 cm 0.4 cm

Figure 6. Carbonation depth of samples after 365 days of natural carbonation.

The carbonation fronts shown in Figure 5 are sharp and reflect a gradual transition.
By contrast, some authors [57,58] found non-pronounced carbonation fronts. It should
be highlighted that non-cured mortars exhibited the highest level of dispersion in the
carbonation depth. On the other hand, in both the 3-day curing condition and the 28-day
curing condition, the carbonation rate increases with the higher silica fume content in the
mortars. This fact can be attributed to the decrease in portlandite since it reacts with the
reactive silicon present in the silica fume [9,21], which is an amorphous, highly reactive
pozzolan, to form a new C-S-H gel with low Ca/Si ratio [21]. Therefore, the pH of the pore
solution decreases. Furthermore, silica fume helps in accelerating the hydration of C3S,
C,S, and C4AF [34].

3.2. Carbonation Coefficient

Some models can be found in the literature for depicting the carbonation of cement-
based materials [59], and most of them proceed by diffusion. Accordingly, the carbonation
rate can be estimated from the carbonation depth measurements. Therefore, carbonation
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results have been modeled and analyzed according to Equation (1), where A (mm/ s05)
is the carbonation coefficient [21,60]. This parameter is assumed to be constant [4,5,8].
Nevertheless, it depends on the environmental relative humidity, pore size distribution
(PSD), hydration degree, carbon dioxide concentration, and binder composition, among
others [61].

X=A/t D

where Xis the carbonation depth (mm), and t is the natural carbonation exposure time (year).

Figure 6 shows the carbonation coefficient, A, calculated from the carbonation depth
results measured in mortars without wet curing (Figure 7a) or cured for 3 days (Figure 7b)
or 28 days (Figure 7c), at 365 days and 730 days of natural carbonation. As expected,
the longer the curing period, the better the carbonation resistance, i.e., lower carbonation
coefficient [22-24].
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Figure 7. Carbonation coefficient calculated from the carbonation depth results measured at 365 and
730 days of natural carbonation of mortars: (a) without wet curing; (b) cured under water for 3 days;
(c) cured under water for 28 days.
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In most cases, the carbonation coefficient, A, calculated from the carbonation depth
results measured in mortars after 365 days of exposure, was higher than the one calculated
with the results taken after 730 days of exposure. This finding was especially pronounced
in the mortars without curing or those that were cured for 3 days, while in the mortars
cured for 28 days, we did not observe significant differences. This finding suggests that
it would be necessary to constantly assess the carbonation coefficient if the cement-based
material was not properly cured. As expected, there is a direct relationship between the
carbonation depth and the carbonation coefficient at a certain age given by Equation (1).

3.3. Service Life Estimation

The Eurocodes are a series of 10 European standards coded from EN 1990 to EN
1999 [62], providing a common European approach for the design of civil engineering
works, buildings and other construction products. Eurocode 2 (EN 1992) “Design of
concrete structures” [62] specifies technical rules for the design of concrete, reinforced
concrete, and prestressed concrete structures, using the limit state design philosophy. In
particular, EN 1992-1-1 [62] deals with the rules and concepts for serviceability, safety,
and durability of reinforced concrete structures [62]. This European standard considers
the durability and cover to reinforcement requirements with regard to the carbon dioxide
ingress rate and concrete cover. Chapter 6.4 defines the “exposure resistance classes, ERC”
and classifies concrete with respect to resistance against corrosion induced by carbonation
(class XRC). In addition, Annex P provides an alternative cover approach for durability
without the use of ERC as defined in Chapter 6.4; in this case, the deemed-to-satisfy
approach given in EN 206 is followed [63]. Table 3 shows the minimum concrete cover
depth for carbon reinforcing steel required for corrosion induced by carbonation according
to Eurocode 2, Annex P [64]. The recommended Structural Class is 54 for the standardized
compressive concrete strengths (XC1: C20/25; XC2: C25/30; XC3, and XC4: C30/37) and
design working life of 50 years.

Table 3. Minimum concrete cover depth (mm) for corrosion induced by carbonation for carbon
reinforcing steel [64].

Environmental Requirement for Minimum

Concrete Cover Depth (mm) Structural Class

Exposure Class:

Corrosion Induced by Carbonation S1 52 S8 S4 S5
XC1—Dry or permanently wet 10 10 10 15 20
XC2—Wet, rarely dry 10 15 20 25 30
XC3—Moderate humidity 10 15 20 25 30
XC4—Cyclic wet and dry 15 20 25 30 35

Natural carbonation results on ternary Portland cement mortars made with silica
fume and limestone will be used to assess the potential for improvement of this new type
of cement in comparison with the reference cement (CEM I). Furthermore, the minimum
concrete cover required to prevent corrosion against carbonation specified by Eurocode 2,
shown in Table 3, is taken as a benchmark figure. Since natural carbonation in the present
study was performed at 60%RH and sheltered from rain, the corrosion exposure class
induced by carbonation corresponds to the one coded as XC3 (Table 3). Accordingly, an S1
structural class requires a minimum cover thickness of 10 mm.

Table 4 shows that the carbonation depth estimated for 100 years of service life is
lower than 10 mm for all the mixes when the mortars are cured for at least three days. By
contrast, H3L.20-0-0 and H7L15-0-0 mortars without curing exhibited carbonation depths
of 10.7 mm and 12.8 mm, respectively. Therefore, these ternary cements comply with the
requirements set out in the specification for S2—S56 structural classes (corrosion exposure
class: XC3).
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Table 4. Estimation of the carbonation depth (mm) for 100 years” service life (Exposure Class:
Corrosion induced by carbonation).

Curing Time/Carbonation Depth (mm)

Mortar Code 0 3 28
Reference 7.8 4.3 3.6
H3L0-15-0 5.7 4.3 5.0

H3L10-10-0 7.8 5.7 5.0
H3L15-0-0 8.5 4.3 5.0
H3L.20-0-0 10.7 7.1 5.0

H5L0-0-0 5.0 4.3 2.8
H5L0-15-0 7.8 4.6 4.3
H5L15-0-0 9.3 4.3 4.3
H7L0-15-0 5.7 4.3 4.3

H7L10-10-0 7.1 5.0 6.4
H71L15-0-0 12.8 5.0 5.0
H71.20-0-0 9.3 4.3 5.7

The choice of an adequate mix design for carbonation-induced reinforcement corrosion
protection requires the consideration of several factors: composition (cement type), curing
conditions, and exposure class (XC). In addition, the European standard EN 206 [63]
specifies three strength classes: C20/25 for XC1, C25/30 for XC2, and C30/37 for XC3
and XC4. Consequently, the durability design of reinforced concrete structures commonly
utilizes the deemed-to-satisfy rules concept, i.e., concrete mix design and concrete cover,
which is mainly based on experience. This approach works well for traditional materials
for which longtime experience is at the disposal of engineers. However, new Portland
cement constituents and mix designs need assessment based on performance testing.

Nowadays, the exposure resistance classes (ERC) concept is proposed to classify
concrete with regard to the resistance against corrosion induced by carbonation (XRC class).
This system follows a performance-based concrete approach. Considering the exposure
resistance classes given in EN 206 [63] and shown in Table 3 for corrosion induced by
carbonation, the quality of the concrete given by the maximum carbonation coefficient
(mm/ year0'5 ) and concrete cover (mm) are set up in the structural project.

Table 5 provides the maximum carbonation coefficient and concrete cover required for
the exposure resistance classes (ERC) given for the XC3 exposure class and a design service
life of 50 years defined in Chapter 6.4 of the EN 1992-1-1 [62].

Table 5. Maximum carbonation coefficient (mm/ yearo'5 ) and minimum concrete cover (mm) for
carbon reinforcing steel required for the exposure resistance classes (ERC) given for the XC3 exposure
class and a design service life of 50 years [64].

Exposure Resistance

Classes (ERC) XRC 0.5 XRC1 XRC 2 XRC3 XRC 4 XRC5 XRC6 XRC 7

Cover (mm) 10 10 15 20 25 25 35 40

Maximum carbonation 0.6 1.2 24 2.7 36 45 5.4 6.4
coefficient (mm/y")

All the mortar mixes cured for 28 days, with carbonation coefficients below
0.6 mm /year’?, can be used for all the exposure resistance classes (ERC). A similar con-
clusion can be reached for the mortars cured for three days, considering the carbonation
coefficients obtained after two years of exposure. However, the carbonation coefficients
calculated after one year of exposure are higher than the previous ones. Therefore, XRC
0.5 must be excluded. In addition, all the mortars without curing have carbonation coeffi-
cients over 0.6 mm/year’?, but only two over 1.2 mm/year’>, H31.20-0-0 and H7L15-0-0.
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Therefore, XRC 0.5 is excluded for all the cases, and XRC 1 is only excluded in two cases
(Table 5).

Finally, the carbonation of cement-based materials is considered by the cement sector
as a lever to reach carbon neutrality by 2050 [1,2,6,8,16]. In addition, carbon dioxide uptake
by mortars and concretes has recently been included in the Global Carbon Budget report [43]
since natural carbonation stores permanently carbon dioxide. Furthermore, these blended
cements usually absorb more carbon dioxide than CEM 1 [7,9,11,18]. Then, appropriate
methodologies for future concrete mix design should consider durable and sustainable
aspects, i.e., to ensure the reinforced concrete service life but also to account for carbon
dioxide uptake [6].

4. Conclusions

In order to minimize climate change, the cement sector needs to develop new cements
with a high addition content, such as ternary cements. For the first time, the carbonation
resistance of new ternary cements made with silica fume and limestone was assessed by
means of natural carbonation testing.

The results presented in this paper confirm that blended cements have a higher
carbonation rate than CEM I. This finding suggests that appropriate methodologies for
future concrete mix design should consider durable and sustainable aspects, i.e., to ensure
the reinforced concrete service life, but also to account for carbon dioxide uptake within
the climate change context.

Furthermore, the longer the curing period, the better the carbonation resistance. This
finding is in agreement with the results reported in previous literature regarding other
types of cements. It is well known that limestone and silica fume in blended cements led,
separately, to pore refinement of the cement-based materials by the filling effect and the
C-S-H gel formation, respectively. Both effects can justify that the carbonation resistance of
these new ternary cements was less poor than expected.

In particular, it should be highlighted that the carbonation coefficient, A, calculated
from the carbonation depth results measured in mortars after 365 days of exposure, was
higher than the one calculated with the results obtained after 730 days in the mortars
without curing or those that were cured for three days. In the mortar mixes cured for
28 days, there were hardly any differences found. Then, it is concluded that for studies
conducted in bad curing conditions, the carbonation coefficient, A, should be considered
from results at longer ages.

Finally, it should be pointed out that all the mortar mixes cured for 28 days present
carbonation coefficients below 0.6 mm/year’>. Therefore, they can be used for all the
exposure resistance classes (ERC) given in the European standard EN 206.
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Abstract: The co-processing of different wastes as fuels in the manufacture of cement clinker not only
meets the objectives of a circular economy but also contributes to the reduction in CO, emissions
in the manufacture of Portland cement. However, waste used as alternative fuels, such as sludge
or organic-rich residues, may contain naturally occurring radionuclides that can be concentrated
during the combustion process. In this study, the presence of natural radionuclides (radioactive
series of uranium, thorium, and 4°K) and anthropogenic radionuclides (137Cs) in these wastes has
been investigated by gamma spectrometry. Possible relationships between the radioactive content
and the obtained chemical composition, determined by X-ray fluorescence, have also been studied
by applying a principal component analysis (PCA). The results showed that the wastes with the
highest radioactive content were sewage sludge with activity concentrations of 233U and ?!°Pb of
321 + 38 Bq kg~ ! and 110 + 14 Bq kg !, respectively. A correlation between radioactive content and
Fe, O3 concentration was also observed. The annual effective dose rates to workers for the ashes
estimated from the ash content ranged from 0.0033 mSv to 0.092 mSv and therefore do not pose a
risk to workers as they are lower than the 1 mSv per year limit for the general public (DIRECTIVE
2013/59/EURATOM).

Keywords: recycled materials; co-processing; principal component analysis; cement; gamma
spectrometry; XRF

1. Introduction

In the cement sector, as in other productive sectors, co-processing aims to promote
sustainability by efficiently using waste materials, contributing to environmental protection,
resource conservation, landfill reduction, and cost savings [1]. In fact, co-processing is
determined when there is a dual material and energy benefit from waste in the same
operation. Co-processing can be quantified by the recycling rate, defined as the proportion
of waste materials recycled instead of being disposed of by usual routes such as landfilling
or incineration [2]. The recycling rate plays an essential role in promoting sustainable waste
management practices, reducing the environmental impact of waste, and moving towards
the targets of the circular economy by encouraging the reuse and recycling of materials to
minimize waste production.

In the manufacture of cement clinker, the percentage of recyclable materials from
solid recovered fuels (SRFs) during co-processing in the cement industry can range from
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76.8% to 100% [3]. This percentage represents the SRF ash that is considered recycled after
incorporation into the clinker of Portland cements. SRF ashes containing non-combustible
minerals, which are necessary for the manufacture of clinker, are integrated during the
thermal recovery process. For this reason, SRF ash becomes a secondary raw material for
the manufacture of cement clinker. The SRF is determined from the determination of the
oxides in the SRF ash obtained by analytical techniques such as XRF or ICP-OES, which
allows the recycling rate to be evaluated [4]. For this purpose, the R-index is used, which is
given by the following expression [5]:

R-index = %(wl +wy+ -+ wy) 1)
where AC is the ash content (Wt%pr) and w;, is the mass share of the oxides in the ash
(Wt%pr). Although there are different criteria to determine the R-index, the most accurate
value is the one determined from nine oxides, Al,O3, CaO, Fe;O3, K,0O, MgO, Na,O, SO3,
SiO,, and TiO,, which will be indicated with the term R-indexg[(%d)] [1].

The materials used in co-processing in the cement industry can be from a number of
different origins [2]: urban (UW) and industrial waste (IW), meat and bone meal (MBM),
sewage sludge (STPS), end-of-life vehicle waste (ELVM), wood (WD), etc. The few existing
studies on the potential hazardousness of these materials are based on the determination
of heavy metals. Xu et al. [3] highlighted the need for control of this waste in China due to
the presence and release of heavy metals, such as Cr and Pb. From a radiological protection
point of view, urban wastes (UWs) have been studied in different incineration plants [4],
and it has been determined that, in general, they do not represent a risk for workers
or the general population. The presence of natural radionuclides and the radioactive
content are increased by concentration in the ashes obtained after incineration. On the
other hand, anthropogenic radionuclides would be present due to the possible existence of
sources (137Cs, 60Co, or 241Am) or the disposal of materials containing radionuclides from
nuclear medicine (311, ™MTc, etc.). While some studies recommend radiation protection
monitoring [5], others conclude that the presence of radionuclides in these wastes is at
background levels [4]. Waste from residues with high organic content could concentrate
40K, as has been shown in biomass ashes in previous studies [6]. Additionally, studies
on recycled metal waste from end-of-life vehicles (ELVM) showed the presence of natural
and anthropogenic radionuclides (137Cs) at ambient levels [7]. However, the wastes that
have been most extensively studied have been sewage treatment plant sludge (STPS) [8].
Sewage sludge can contain both naturally occurring radionuclides [9] and anthropogenic
radionuclides such as '3’Cs [10], although '3'T and other radionuclides from hospitals
(99mTc, 1231 67Ga, and 201Tl) are the more common radionuclides and most studies focus
mainly on them [11,12].

These radionuclides used in nuclear medicine are characterized by a half-life in the
order of days, which would reduce their danger due to decay. For this reason, sludges
would be one of the fuels to be investigated to assess their potential hazard from a radio-
logical protection perspective. It is also important to try to correlate the possible presence
of radionuclides with the chemical composition of the waste used as fuel, using the same
oxides as those used to determine the R-index. These correlations could provide valuable
information for predicting which wastes would require monitoring from a radiological
protection perspective. There are different databases on natural radionuclides in build-
ing materials and NORM waste [13,14]. Previous studies have established a correlation
between these radionuclides and chemical composition by applying a principal compo-
nent analysis [15-17]. However, no studies have yet correlated the radiological content of
materials used in co-processing with their chemical composition.

In view of the above, the objective was to determine the radiological content of
different wastes used for co-processing in the cement industry and its relationship with the
chemical composition in the form of a percentage of metal oxides. To this end, the following
partial objectives were proposed: (i) to classify the wastes according to their chemical
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composition using a principal component analysis and cluster analysis; (ii) to determine
the activity concentrations of the raw materials by gamma spectrometry, estimating their
presence in the final ashes; and (iii) to evaluate the annual effective doses of workers
interacting with the ashes produced in the co-processing process.

2. Experimental Section
2.1. Sample Preparation and Chemical Characterization

The number of samples studied was 63 from 6 different types of waste, chosen for their
current and expected future consumption, as well as for their potential recycling rate [2].
They were supplied by LOEMCO. Figure 1 shows a picture of each waste type, indicating
the nomenclature used in this study and the number of samples of each type.

ELVM End-of-life vehicle Materials (n=8) UW Urban waste (n=6)

Figure 1. Types of waste used, together with its nomenclature and the number of samples of each type.

Samples were labelled with the acronym of the residue and consecutive numbers up
to the total number of samples, e.g., WD1, WD2, ..., WDe.

A significant fraction of each sample was fractionated according to UNE-EN 15443:2011 [18].
The MBM, LD, and MD samples were quartered using groove splitters. CDRU, CDR]I,
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and VFU samples were cut by cone stacking and subsequent quartering. The samples
were subsequently weighed and oven-dried at 100 °C for 24 h to obtain 100-300 g aliquots.
These samples were used to determine the activity concentration of the gamma emitters
present (see Section 2.2). An equivalent amount was calcined in a muffle at 550 °C and the
ashes were ground in a vibratory ring mill to a particle size of 100 pm. Finally, the samples
were pelleted in a platinum crucible using a muffle (between 1200 and 1500 °C) with a flux
(LipB4O7) containing an oxidizing agent (LiNO3).

The chemical composition of the oxides in the samples was determined by X-ray
fluorescence, following the recommendations of the UNE-EN 15410:2012 standard [19].
The equipment used was a Philips PW-1404 sequential spectrometer (LOEMCO, Madrid,
Spain). The equipment had a rhodium anode X-ray tube, operated at a voltage of 30-50 kV
and a current of 0.4-0.8 mA under vacuum conditions. Fluorescence spectra were acquired
for 60-180 s per sample, and the equipment software allowed the quantification of the
AlyO3, CaO, Fe; O3, KoO, MgO, NayO, SO3, S5i0,, and TiO, contents present in the different
ash samples of the recovered solid fuels investigated. Samples were measured only once,
as the laboratory’s quality controls (based on ISO/IEC 17025:2017 [20]) ensure that a single
measurement guarantees the reproducibility of the results.

The relationships between the oxides obtained and the types of samples were studied
using the software RStudio version 2023.12.1, build 402. The principal component analysis
(PCA) was performed using the libraries ‘FactoMineR’ and ‘Factoextra’. The criteria used
to perform the PCA were the same as in previous works by the same authors [15,16].
The vectors of the variables selected were those with Kaiser-Meyer-Olkin (KMO) indices
greater than 0.6, ensuring sufficient correlation between these variables [21]. The ‘Psych’
library was used to determine these parameters. The results obtained were represented in
an HJ-Biplot graph [16], which allows the simultaneous plotting of the vectors determined
from the variables studied (percentages of oxides), defining the components, with the scores
obtained for the samples according to these vectors. Finally, the samples were grouped by
the cluster analysis using the PCA results.

2.2. Measurement by Gamma Spectrometry

Among the 63 samples used, 13 representative samples of each residue type were
selected and measured by gamma spectrometry, following the procedure described in
Section 2.1; they were measured on four coaxial detectors: two extended range (XtRa,
with an operating potential of up to +4000 V), one broad energy (BEGE with an operating
potential of up to —4500), and one reverse electrode (REGe with an operating potential
of up to +5000). All three detectors were characterized by Canberra, which allowed the
calculation of counting efficiencies as a function of energy using the mathematical code
LabSOCS [22]. The detectors were connected to a compact Mirion-Canberra DSA-LX
electronics chain that contains the integrated high-voltage source, amplifier, and analog-to-
digital converter, and allows connection to a computer (Figure 1) [23]. The spectra were
acquired and analyzed using Genie 2000 software [24]. The samples were measured for
a minimum of 80,000 s, and the backgrounds for 600,000 s. The spectra were analyzed
taking into account the following parameters: (i) the peaks were located with a significance
threshold of 3, (ii) the energy tolerance was £2 keV for both samples and the background,
(iii) the baseline was set as a step function to establish the regions of interest, and (iv) the fit
of the photopeaks was Gaussian. The lower limit of detection was determined using the
Currie criterion [25].

The laboratory where the measurements were performed is accredited based on the
UNE-EN ISO/IEC 17025:2017 standard [20], which establishes periodic quality controls, as
well as participation in intercomparative exercises. The above laboratory criteria ensured
the reproducibility of the results from a single measurement.

Figure 2 shows the photopeaks used for the determination of the activity concentration
of the gamma-emitting radionuclides of the uranium, actinium, and thorium radioactive
series, together with that of “’K of a natural origin and '3”Cs of an anthropogenic origin [26].
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The activity concentration of ?2°Ra was determined by removing the *°U interference
from the 186 keV photopeak. Also, the interference produced by 2?2 Ac in the 1460 keV
photopeak was removed using the algorithm described in [27]. The true coincidence
summing effect was corrected by the Peak-to-Total method using the total efficiency curve
of the characterized detectors [28].

Shield & detector Natural
_—:éi radioactive | Radionuclide E(Ill(el;g)y Plh(;)(;(:;.ls. ¢
| sirtos e per isint.
Uranium A05h 46.539 (1) 4.252 (40)
24Th 63.20 (2) 3.75(8)
2%6Ra 186.211 (13) 3.555(19)
214ph 351.932(2) 35.60 (7)
' 609.312 (7) 4549 (19)
1120.287 (10) 14.91 (3)
1764.494 (14) 15.31 (5)
i 1001.441 (18) 0.856 (8)
Actinium 25U 143.761 (3) 10.94 (6)
163.356 (3) 5.08 (3)
185.720 (4) 57.0(3)
205.316 (4) 5.02 (3)
212pp 238.632(2) 43.6 (5)
Thorium 2T 583.187 (6) 85.0(3)
BAc 911.196 (6) 26.2 (8)
37¢Cs 661.655 (3) 85.01 (20)
40K 1460.822 (6) 10.55(11)

Figure 2. The schematic of the measurement system (DSA-LX, HPGe gamma detector, dewar vessel
filled with liquid nitrogen, lead shielding, Tien and Cooper shielding for Pb X-ray removal) and
photopic of the gamma emitters of the three natural radioactive series, and “°K and 137Cs from the
fallout. The values of energy and photons per 100 disintegrations were taken from the tables of the
Laboratorie National Henri Becquerel [26].

2.3. Calculation of the Natural Radionuclide Enrichment Factor of the Ashes Obtained from the
Various Wastes after Use as Fuel

The activity concentrations of the different wastes studied were determined as de-
scribed in Section 2.2. However, to assess the true radiological hazard and determine
the effective doses, which will be described in Section 2.4, it is necessary to replicate the
final state of the waste after combustion. Therefore, the final activity concentration was
calculated considering the percentages of ash generated during the combustion process
(CA). The enrichment factor in natural radionuclides (F,) with respect to the activity
concentration of the uncalcined residues was determined by the following expression:

1
FL’:AH'E (2)

100

where A, is the activity concentration of radionuclide n (Bq kg~'), and AC is the ash
content (%).

2.4. Assessment of the Effective Doses of the Residues Used for Workers

The doses from the final waste ash were assessed following the criteria set out in
Radjiation Protection 122 [29]. The doses were determined for the ‘small heap” scenario for
workers, where the total annual dose rate (E 4, uSv y‘l) is given by expression (3) [30].

Ep = Eext + Ejun + Eing ®3)
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where Eeyt, Ejnp, and Ejpq are the annual effective dose rates from external gamma radiation,
inhalation, and ingestion, respectively. These effective doses are determined for each of the
radionuclides contained in the sample by the following expressions:

Eext - Dext'Te'Ar (4)
Einn = Dinh'TE'Br'Cd'Ar @)
Eing = Ding‘Te'Rz"Ar (6)

where Deyt, D;yp, and Ding are the dose conversion factors for external radiation, inhalation,
and ingestion for each radionuclide; T, is the annual exposure time (1800 h y’l) ; B, is the
respiratory rate (1.2 m® h™1); C, is the dust concentration (2.0 x 1075 kg m~'); R; is the
ingestion rate (1.0 x 107> kg h™!); and A, is the activity concentrations of the radionuclide
for which the effective dose is to be estimated [31].

3. Results
3.1. Relationship between Chemical Composition and Type of Waste

Table 1 shows the percentage ranges of the oxides in each type of residue used in
this study, along with the median values. Figure 3 shows the results from the principal
component analysis (PCA) of the chemical composition of the residues in oxide form, as
determined by XRF. Figure 3a presents the scree plot indicating that factors 1 and 2 account
for 66.5% of the total variance. The PCA variable weight plot (Figure 3b) illustrates the
correlations between the oxides of the various residues as obtained by XRF. The variables
that met the criterion of having a Kaiser-Meyer—Olkin (KMO) value greater than 0.6 were
CaO, NayO, SO3, MgO, SiO,, and Fe;O3. However, the variables K;O, MgO, and TiO, did
not meet the criterion and were thus excluded from the PCA. The variables that showed
correlation with one another were the CaO and NaO oxides, MgO and SOj3, and SiO; and
Fe;O3. Conversely, it was noted that the CaO and NayO oxides were inversely proportional
to the SiO, and Fe,O3 oxides, forming a 180° angle between them. Additionally, these
oxides were unrelated to the presence of SOz and MgO, as evidenced by the 90° angle they
formed (with a cosine of 0). The percentage contributions of the variables to factors 1 and
2 are depicted in Figure 3c,d. CaO and SiO; had statistically significant contributions to
factor 1, while SO3, Fe;O3, and MgO contributed to factor 2.

Table 1. Percentage range of oxides of each of the residues used in this study, along with the mean
obtained for each residue and oxide.

Oxide ELVM STPS MBM UwW w WD

(%) Min Max Med Min Max Med Min Max Med Min Max Med Min Max Med Min Max Med
AlL,O5 1.8 10.6 5.9 9.8 13.9 115 0.04 1.1 0.7 9.2 37.1 10.4 5.7 43.8 13.0 1.0 6.5 5.3
CaO 142 231 17.7 12.0 23.3 22.1 40.1 49.6 41.1 21.1 36.0 30.3 13.5 36.7 25.1 8.3 33.0 23.0
Fe, O3 1.7 19.4 7.8 9.6 18.9 11.0 0.2 3.8 0.8 19 7.6 2.5 1.0 20.1 3.7 0.7 6.2 3.8
K,O 0.2 14 0.4 1.5 2.7 19 1.6 6.3 44 0.6 2.7 22 0.8 9.3 1.3 1.7 15.0 3.5
MgO 2.3 11.6 3.2 2.6 5.0 3.8 1.1 1.7 14 2.7 4.6 3.1 1.6 4.1 2.1 2.3 4.0 3.6
Na,O 0.3 3.5 0.8 0.6 1.8 1.1 2.8 5.0 43 14 7.4 3.4 1.7 10.0 3.0 0.7 4.7 3.4
SO; 1.0 5.5 2.2 1.1 5.4 3.6 0.4 1.2 0.7 2.0 4.3 3.3 0.8 4.1 1.8 1.0 2.8 24
SiO, 11.6 393 324 15.1 25.0 21.8 1.0 7.3 5.7 154 31.6 18.4 7.3 40.1 239 6.2 389 272
TiO, 0.9 2.6 13 0.7 1.0 1.0 0.01 0.4 0.06 19 169 6.1 0.7 229 3.4 0.07 8.5 5.5

Figure 4 shows the contributions of the individual samples to GWP factors 1 and 2.
The grey bars represent the samples analyzed by gamma spectrometry. Factor 1 accounted
for 75% of the ELVM residues, 100% of the MBM, 9% of the IW, and 71% of the STPS. Factor
2 accounted for 71% of the ELVM, 50% of the IW, 62% of the UW, and 14% of the STPS.
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Figure 3. Results of the principal component analysis (PCA) of the residues according to the chemical
composition obtained by XRF: (a) the scree plot with the % of variance explained according to the
factors obtained, (b) correlations obtained between the different variables according to the 2 most
important factors, (c) percentage contribution of the different variables to factor 1, and (d) percentage
contribution of the different variables to factor 2.
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Figure 4. The contribution of the different samples to the factors with the highest GWP impact (48.1%
and 18.4%, respectively). The dotted red line represents the expected average contribution (cutoff),
with the columns shown for the two factors being those that exceeded this value.
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Factor 2 (18.4%)

Figure 5 shows the HJ-Biplot graph representing the results obtained from the PCA.
The confidence ellipses for the different groups of residuals are also presented, as well as
the scores of the different samples for the two factors represented. The results indicate two
statistically significant groupings: meat and bone meal (MBM) waste represented in green
and sewage sludge (STPS) waste represented in blue. The remaining wastes are centered
on the graph, indicating a lack of substantial correlation with the two factors obtained. On
the other hand, the ELVM wastes, grouped in the fuchsia sector, although not centered,
exhibited a pronounced dispersion.

PCA-Biplot

4- ' @
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Fe203
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Factor 1 (48.1%)

Figure 5. The HJ-Biplot graph presents the results of the principal component analysis along with
the confidence ellipses for the different groups of residuals analyzed. The scores obtained for
the various samples are shown in circular shapes whose sizes represent their contributions to the
different components.

The confidence ellipses in Figure 5 were generated based on residue type and not on
the PCA results. Therefore, Figure 6 displays the groupings derived from the PCA results
through the cluster analysis. Residues analyzed by gamma spectrometry are highlighted
with a red box. The six groups obtained demonstrate a clear clustering of the meat meals
(MBM), showing their high dependence on factor 1 (Na;O and CaO). The other residues
exhibited greater heterogeneity and a lower correlation with the two factors identified,
as they are centered in the graph. The wastes from sewage sludge (STP), although more
dispersed than that from meat meal (MBM), are grouped together and show a relationship
with both factors.

3.2. Activity Concentration of Natural Radionuclides in Different Wastes

Table 2 shows the activity concentrations of the natural radioactive series of uranium
and thorium, °K, and '3Cs in the 13 wastes selected and analyzed by gamma spectrometry.
They were considered as reference levels for Portland cement as there are no world average
levels for this type of waste. The world average level for radionuclides of the naturally
occurring radioactive uranium and thorium series is 50 Bq kg ™!, while the world average
level for 4°K is 500 Bq kg ! [14,32]. Also, the value adopted for '3’Cs was the fallout value
in soils, which is 4 Bq kg’l [33]. The activity concentrations of the ELVM, MBM, IW, UW,
and WD wastes were on the order of or lower than the selected reference value. STPS
sewage sludge was the only waste with values above 50 Bq kg~! for 234Th and 2!°Pb. Also,
sample IW-6 had an activity concentration for 2°Pb also above 50 Bq kg~!. The activity
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concentrations of the radionuclides of the thorium series were all below 50 Bq kg~!. On
the other hand, the activity concentrations of °K were all below 500 Bq kg ~!. Finally, the
137¢Cs activity concentrations were all below the limit of detection (LOD) determined from

the Currie criterion [25].
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Figure 6. The cluster map created from the results of the principal component analysis. The total
number of clusters resulting from the analysis was six.
Table 2. Activity concentrations of the natural radioactive series of uranium and thorium, 40K and
137Cs for the municipal waste analyzed by gamma spectrometry.
Uranium Series Thorium Series
Reference 234Th 226Ra 214Pb 214Bi 210Pb 223AC 212Pb 208T1 40K 137CS
ELVM-2 <71 79459 <19 <24 <89 <33 2434041 091+ 031 <114 <0.8
ELVM-7 <1238 <24.3 154 + 4.6 16.8 2.0 42 +12 11.0 + 5.4 99 +25 38+ 16 122 + 24 <15
MBM-6 <56 <76 4334 0.72 4.26 + 0.86 <65 <25 1.854+029 0734022 <17.5 <0.6
MBM-10 <112 <216 <3.0 7 <11.3 <5.0 142 +0.54 <11 254 + 26 <13
STPS-6 321 + 38 <16.0 11.6 + 2.1 105 + 1.1 110 + 14 169 + 1.9 11.74+1.7 42412 128 + 18 <0.8
STPS-2 346+92 28 +13 147 +£2.1 142+19 85+ 10 174 +23 133+ 14 5.07 £0.82 161 £ 19 <1.2
IW-1 <19.7 <339 <75 <6.7 <18.0 <10.7 <37 <3.0 51413 <27
TW-3 <179 <27.7 <4.8 <4.8 <147 <63 <17 <2 33+23 <19
IW-6 27 + 14 <39.0 <52 <538 69 + 20 <87 3.6+1.1 25 66 + 18 <25
UW-1 <205 <36.6 <63 <77 <202 <119 <2 <32 <39.0 <29
UW-5 <73 <l6.4 37+17 6.0+ 1.2 141+ 8.8 <24 222 +0.54 <1.0 46 + 16 <0.7
WD-2 <14.7 <335 <49 <5.1 <14.3 <7.0 <23 <22 <267 <13
WD-3 <5.5 <87 4.43 +0.89 45+ 1.1 79 +35 <29 258 +036  1.12+027 <124 <0.7

The uncertainties are quoted for a coverage factor of k = 2.

3.3. Enrichment in Natural Radionuclides of the Ashes Obtained from the Different Wastes after

Use as Fuels

Figure 7 shows the increase in the activity concentration of the natural radionuclides
from the uranium series (>**Th, ?2°Ra, 219Pb), the thorium series (?!*Pb), and “°K when
transforming the samples into ashes. The factors used to obtain the final activity con-
centration were calculated using expression 2, utilizing the ash percentages determined

172



Materials 2024, 17, 2287

experimentally according to the procedure explained in Section 2.1. It can be seen that
the ash percentages obtained were similar to the R-indexg[(%d)] determined. The activity
concentrations of 22°Ra were estimated with ?2°Ra (determined from the 186 keV peak) and
by 214Pb in cases where the ??°Ra activity was lower than the limit of detection (LOD). The
sewage sludge (STPS-2 and STPS-6) showed the highest increase in the activity concen-
tration of 224Th, ?2°Ra, and 2!°Pb. IW-6 had the highest 21°Pb activity concentration in the
ash (368 Bq kg~ !). On the other hand, MBM-10 obtained the highest concentration of 'K
activity in the ashes (1181 Bq kg !).

234 226
Reference Ashes (%) R-indexo[(%d)] T:BOO Rg)
ELVM-2 16.7 13.5 o 086 T 70 &
ELVM-7 32.2 26.8 = 1000 2 0
STPS-2 38.8 30.7 2 800 g ;| v =
STPS-7 14.4 22.4 5 S .
MBM-8 19.4 12.1 x 600 g 28 %
MBM-10 32.5 12.8 £ 400 321 g 30 s 2 -
W-1 215 107 N 144 g 207, 1
IW-3 8.0 3.4 S 35 27 g 10 i I 4 | aff 4
IW-6 41 14.7 2 o l=f -l z 0 - -
UW-1 18.7 3.8 = AN 2 A N N B AR R
UW-5 3.9 12.0 < L < 0@\ %é@ &€ @‘b@ & ®
WD-2 14.4 2.3
WD-3 2.8 12.0
210Pb Z12Pb 4OK
__ 400 40 " 3% _ 1400 -
P'_QD 350 o ED 35 1 T&D 1200 1181
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Figure 7. Increases in the activity concentration of radionuclides from the uranium (***Th, 22°Ra, and
210Pp) and thorium (*12Pb) series, along with 40K,
3.4. Effective Doses Received by Workers
Table 3 presents the effective doses obtained with expressions 3, 4, 5, and 6 using
the activity concentrations estimated for the different radionuclides in the ashes of each
waste type. The maximum value of the total annual effective dose rate was for the sludge
wastes (STPS-2 and STPS-7). The wastes IW-1 and IW-3 only contributed external dose
rates from gamma radiation, as shown in Table 2, since only *°K was detected. The annual
effective dose rates for samples UW-1 and WD-2 could not be calculated because all activity
concentrations of the studied radionuclides were below the limit of detection (Lp).
Table 3. Annual effective doses (mSv y 1) obtained from the estimated activity concentrations for
the different radionuclides in the studied wastes. E4 is the total annual effective dose, Eqyt is the
external dose from gamma radiation, Ejy, is the annual effective dose from inhalation, and Ejy is the
annual effective dose from ingestion.
Sample Eext mSvy1) Eijnph (mSvy—1) Ejng (mSvy~1) Ex (mSvy1)
ELVM-2 0.028 £ 0.012 0.0035 £ 0.0015 0.00052 £ 0.00022 0.032 £0.013
ELVM-7 0.032 £ 0.013 0.0071 £ 0.0029 0.00142 £ 0.00058 0.040 £+ 0.016
MBM-6 0.046 £ 0.015 0.0131 £ 0.0042 0.00208 =+ 0.00066 0.061 £ 0.020
MBM-10 0.0134 £ 0.0029 0.00220 £ 0.00047 0.000294 £ 0.000063 0.0159 £ 0.0034
STPS-6 0.0260 £ 0.0062 0.063 £ 0.015 0.00309 + 0.00073 0.092 £ 0.022
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Table 3. Cont.

Sample Eext mSvy—1) Ejnph (mSvy—1) Eing (mSvy~1) Ep (mSvy1)
STPS-2 0.0066 £ 0.0013 0.00137 4 0.00027 0.000126 4= 0.000025 0.0081 £ 0.0016
IW-1 0.00329 4 0.00042 - - 0.00329 4 0.00042
IW-3 0.0042 + 0.0014 - - 0.0042 + 0.0014
IW-6 0.0036 £ 0.0013 0.0120 £ 0.0043 0.00063 £ 0.00023 0.0162 £ 0.0058
UW-1 - - -
UW-5 0.0175 + 0.0077 0.0036 + 0.0016 0.00074 4+ 0.00033 0.0219 + 0.0097
WD-2 - - - -
WD-3 0.0189 + 0.0058 0.0042 + 0.0013 0.00088 4 0.00027 0.0240 + 0.0073

The uncertainties are quoted for a coverage factor of k = 1.

4. Discussion

The results obtained confirmed the initial objective, since the two sludges analyzed by
gamma spectrometry were those with the highest activity concentrations and therefore the
highest total annual effective dose rate calculated from the estimation of the radiological
content of the ashes.

The GWP showed two statistically significant groupings that were strongly influenced
by chemical composition, meat meals and sewage sludge (Figures 3 and 4). Meat meals
were a priori together with woods the ones that could have the highest amount of 4°K
as supported by previous studies [34,35]. However, only sample MBM-10 obtained a 'K
activity concentration of 254 4 26 Bq kg~!. This result is consistent with the observed
relationship between these materials and the amount of NayO. Although K,O and Na,O
performed equally well in the PCA, K;O had to be removed as it did not meet the criterion
of a KMO > 0.6. Therefore, the higher concentration of °K activity would be related to
the presence of NayO and K,O. The level of 40K, together with the high concentration
produced in its transformation into ash (Figure 5), would result in annual effective dose
rates between 0.0081 and 0.024 mSv y~ 1.

Sewage sludge had the highest activity concentrations of all the wastes analyzed. The
activity concentrations were 33U (334Th) > 210Pb > 226Ra for the uranium series radionu-
clides. Additionally, the ratio between 22°Ra and 232Th was 1. These results align with
those of other studies [12]. The HJ-Biplot graph demonstrated that the sludges had a higher
concentration of Fe,O3 (Figures 3 and 4). This suggests that the increased presence of ura-
nium series radionuclides may be due to an association with iron compounds, as observed
in other matrix types [15,16,30]. The “°K activity concentrations were also consistent with
other studies, ranging from 136 Bq kg ! to 497 Bq kg~! [4,8]. The present results did not
indicate the presence of 137Cs or 1311, isotopes typically found in such residues [10,12]. The
transformation into ash likely results in the loss of these isotopes due to their boiling points,
671 °C for 13Cs and 184 °C for '3'1. Consequently, authors like Carvallo [5] advise control-
ling the calcination process of these residues to prevent high inhalation doses. The present
results, obtained without calcination, suggest no hazard from 3’Cs. 31T would not pose
a radiological problem after 56 days of storage, given its half-life of 8.0233 (18) days. The
estimated annual effective dose rates for the ashes, calculated using Radiation Protection
122 (RP 122) [29], were in line with other studies, with values between 0.02 mSv and 1 [9].
Similarly, the annual effective dose rates were consistent with those from probabilistic
models like RESRAD, which estimated them to be 0.03 mSv y_1 [36]. These doses are
significantly lower than the natural annual radioactive background of 2.4 mSv y~! [37],
indicating no radiological risk under the present study conditions.

Finally, the 21°Pb activity concentration results were 42 4 12 Bq kg ™! and 69 + 20 Bq kg !
for ELVM-7 and IW-6, respectively. These activity concentrations were of the order of
50 Bq kg !, which was the average value for building materials adopted as a compar-
ative criterion. These wastes are also characterized by a higher Fe,O3 content, suggesting
a possible relationship between chemical composition and 2'°Pb content, as observed for
sewage sludge. However, the significant dispersion among the chemical compositions ob-
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served in the HJ-Biplot diagram necessitates further study of this type of waste. The ashes
of these two materials would cause effective doses of 0.040 mSv y~! and 0.016 mSv y !,
respectively. These effective dose rates are consistent with those found by other researchers,
who reported 0.06 mSv y~! for metal smelting facilities from vehicles [7].

5. Conclusions

The use of waste materials for the co-processing process in cement production does
not pose risks from a radiation protection perspective. The annual dose rates estimated
in this study for workers ranged from 0.0033 mSv to 0.092 mSv. The highest activity con-
centrations were observed in sewage ash, with 228U (?**Th) at 321 & 38 Bq kg~ ! and ?!°Pb
at 110 & 14 Bq kg . 2!°Pb was quantified in samples from disused vehicle recycling and
industrial waste. These radionuclides demonstrated a correlation with Fe,O3, which has
also been observed in previous studies. The highest *°K activity concentrations were found
in wastes with a higher organic matter content, such as meat and bone meal. The radioac-
tive content of this type of waste was of a natural origin, as anthropogenic radionuclides
like 1%Cs were not detected in the wastes analyzed in this study. Future research could
focus on the study of radionuclide leaching in ashes and also on those wastes with higher
Fe, O3 content.
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Abstract: The production of manufactured sand and stone processing can cause dust pollution
due to the generation of a significant amount of stone powder. This dust (mainly granite powder)
was collected and incorporated as a cement replacement into mass-manufactured sand concrete in
order to enhance the mechanical properties and microstructures. The heat of the hydration was
measured by adding the granite powder into the cementitious material system. The mechanical
properties, autogenous shrinkage, and pore structures of the concrete were tested. The results showed
that the mechanical strength of the concrete increased first and then decreased with the increase in
granite powder content. By replacing the 5% cement with the granite powder, the 28 d compressive
and flexural strength increased by 17.6% and 20.9%, respectively. The autogenous shrinkage was
mitigated by the incorporation of the 10% granite powder and decreased by 19.7%. The mechanism
of the granite powder in the concrete was studied by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and mercury intrusion porosimetry (MIP). The porosity decreased significantly
within the 10% granite powder. A microstructure analysis did not reveal a change in the type of
hydration products but rather that the granite powder played a role in the microcrystalline nucleation
during the hydration process.

Keywords: manufactured sand concrete; mechanical properties; heat of hydration; pore distribution;
microstructure

1. Introduction

Manufactured sand has become the focus of research and applications due to the short-
age of natural sand in order to achieve low-carbon, green, and sustainable development in
the construction industry. A large amount of stone powder is produced as a consequence
of this process, thus polluting the air and rivers. The resource utilization of stone powder is
an effective way to solve this problem [1,2]. Stone powder is used as a mineral admixture
to replace part of the cement, and it will affect the performance of the concrete through a
filling effect in cement-based materials [3,4]. The stone powder will accelerate the cement
hydration in cement paste under the condition of a constant water—cement ratio through
the dilution effect of the cement paste. This is beneficial to improve the early strength of
cement concrete [5,6].

The use of granite powder to replace part of the cement can significantly improve
the carbonization and durability of the cement mortar [7]. Jain et al. found that replacing
sand and cement with 30% granite powder and 15% waste glass powder can improve
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the durability of the concrete [8]. Singh et al. found that the mechanical strength of
concrete was significantly improved by adding 10% marble and 25% granite powder [9].
In addition, Singh et al. pointed out that 30% fine sand replaced by fine granite solid
waste can produce concrete with the optimum compressive strength [10]. Shwetha et al.
considered the feasibility of using granite dust and debris to improve the tensile and
bending strength of concrete [11]. Other research found that the introduction of stone
powder into Portland cement systems was beneficial in improving the volume stability
of the mortar and concrete [12]. Chouhan et al. [13] provided a comprehensive review on
the influence of various shapes and sizes of stone waste as partial replacements of cement
and sand regarding the workability, mechanical, and durability properties of mortar mixes
and concrete. These studies suggest that the dimensional stone waste enhanced the bond
properties and the durability characteristics [13]. Additional details can also be found in
the literature [13]. Mashaly demonstrated that up to a 20% granite sludge replacement
of cement could enhance the freeze and thaw resistance, abrasion, and sulfate attack,
with negligible decreases in the physical and mechanical properties [14]. In other studies,
the addition of stone powder was found to reduce the early shrinkage of cement-based
materials but increase the later shrinkage [15,16].

The granite powder mainly improved the microstructure and properties of the con-
crete via the filling effect (referring to the physical presence of fine mineral additions in
cement to enable denser packing) and nucleation effect (referring to the surface of the
mineral filler providing nucleation sites for C-5-H formation). The improvement generally
increased with the replacement of the granite powder. Xiong et al. found that tobermorite
was generated in the slurry of granite—stone powder composite cementitious material by
studying the effects of different-lithology stone powders on the hydration products of
cement-based materials [17]. Li et al. found that the concrete pores first increased and then
decreased with the increase in the granite powder content [18].

Granite powder can improve the mechanical strength and elastic modulus of concrete
with manufactured sand in later ages as a supplementary cementitious material replacing
fly ash with different proportions [19]. The granite powder was beneficial regarding
the high-strength concrete durability with manufactured sand within a certain range of
replacements. However, too-high values of fine powder could inhibit the hydration of the
cement and then adversely affect the durability of the resulting concrete [20]. Shen et al.
found that the particle shape and surface texture of manufactured sand had less influence
on the performance of the concrete than that of stone powder [21].

At present, there are few studies on the effect of granite powder on the performance
and mechanism of mass concrete composed of manufactured sand. This work incorporated
granite powder into mass concrete in the hope of reducing the heat generation due to
hydration and increasing the utilization of solid waste materials. The working mecha-
nism of the granite powder was analyzed via XRD and SEM. The hydration behavior of
the cementitious material was studied through isothermal calorimetry. The mechanical
properties and early shrinkage properties of the granite powder mass concrete were also
evaluated.

2. Materials and Methods
2.1. Materials and Mixture Proportion

The local P.O 42.5 cement (Lianshi Cement, Fuzhou, China) was used in this work.
Granite powder (GP) was obtained from a local stone processing mill. Then, it was sieved
through a 0.075 mm sieve. The specific surface area of the resulting powder is 3.075 m?/g
with a density of 2.18 g/cm?. The chemical composition of the cement and granite powder
from XRF analysis are shown in Table 1, and the SEM image and XRD diffractogram of the
granite powder are presented in Figures 1 and 2.
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Table 1. Chemical compositions of cement and granite powder (%).

Items CaO SIOZ A1203 F9203 MgO Kzo NaZO
Cement 59.3 21.28 5.99 3.31 2.16 0.13 0.49
Granite powder 2.18 70.36 14.56 241 1.22 5.37 2.51

Figure 1. SEM image of granite powder (mag. x10,000).
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1 2 Albite
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Figure 2. XRD pattern of granite powder.

The granite powder particles have rough surfaces showing irregular granular shapes
(Figure 1), and it is observed that the granite powder is in the form of quartz, albite,
anorthite, and biotite (Figure 2). Figure 3 shows the particle distributions of cement and
granite powder, showing that the sieved granite powder is finer than cement. The fineness
modulus of the river sand was 2.82. The coarse aggregate of basalt was used with a
gradation of 5-25 mm, and the apparent density was 2999 kg/m?. The mixing water was
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clean tap water. The fine aggregate used was combined using manufactured sand (MS)
and natural fine sand (FS) according to a ratio of 0.64:0.36. The apparent density was 2596
kg/m3. Gradation of the fine aggregate is shown in Table 2.

7 100

Grinite power
Cement
—0— Qrinite power

(=)}
1
T
o0
]

5 {—>— Cement
&
544 e
<
k-
©13.
>3 -40

Cumulative mass fraction (%)

T
o
(=]

0

001 0.1 1 10 100 1000 4000
Particle size(pum)

Figure 3. Particle distributions of cement and granite powder. (Cumulative mass fraction follows
arrow to the right axis).

Table 2. Sieve analysis of fine aggregate (passing, %).

Sieve Opening 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Fineness
(mm) Modulus

MS 100 95.1 65.2 49.8 312 142 8.2 36 3.28

FS 100 100 100 100 98.1 54.0 126 13 1.35

Mixture proportions of mass-manufactured sand concrete with granite powder and
fly ash are presented in Table 3. This particular mixture design was used for the Fuzhou
subway roof, which is a 2 m deep reinforced concrete slab, to support the superstructures.

Table 3. Concrete mixture proportions (kg/ m?).

Cementitious Materials Coarse Fine S .
It Wat uperplasticizer
ems Cement Granite Powder Fly Ash Aggregate Aggregate arer perp
AGPO0 338.40 0 59.4 1056 704 151.2 0.75
AGP5 321.48 16.92 59.4 1056 704 151.2 0.75
AGP10 304.56 33.84 59.4 1056 704 151.2 0.75
AGP15 287.64 50.76 59.4 1056 704 151.2 0.75

2.2. Experimental Methods
2.2.1. Mechanical Properties Testing

Compressive strength of the concrete specimens was tested by compression testing
machine (YAW4206, Shanghai, China). Flexural strength of the specimens was tested by
an electro-hydraulic servo universal testing machine (HUT605A, Wan Testing Equipment,
Shenzhen, China). Three specimens of 100 mm x 100 mm x 100 mm were tested based
on China National Standard GB/T 50081-2019 [22]. Three 100 mm x 100 mm x 400 mm
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specimens were evaluated according to ASTM C78 [23]. All samples were cured in a
standard condition of 20 £ 3 °C and 95 £ 5% RH.

2.2.2. Heat of Hydration Measurement

The hydration heat test was performed on a TAM Air isothermal calorimeter (TAM
Air, TA Instruments, New Castle, DE, USA). The hydration exothermic rate and cumulative
exothermic amount of different cementitious systems were measured according to ASTM
C186-2017 [24]. The water-binder ratio was 0.38. For each mixture, the result was averaged
between two specimens.

2.2.3. Autogenous Shrinkage Measurement

The autogenous shrinkage of concrete was carried out according to ASTM C1698-
2019 [25]. The prepared concrete was poured into a 420 mm (P70 mm) corrugated tube,
placed horizontally on a steel frame. The room temperature was controlled at (20 £ 2) °C,
and the relative humidity was above 50%. The results were averaged between three
specimens.

2.2.4. Pore Structure Analysis

Three specimens of 20 mm x 20 mm x 20 mm were prepared. The samples were
soaked in anhydrous ethanol to stop the hydration of cement and dried in a 60 £ 5 °C
vacuum oven for 5 h, then cooled to room temperature. The pore structure of concrete was
measured by Auto Pore IV 9500 mercury intrusion porosimeter (Norcross, GA, USA).

2.2.5. Microstructure Characterization

Samples of approximately 5 mm x 5 mm were taken from the AGP0 and AGP1028 d
specimens and dried and sputtered with gold. Microscopic morphology was observed
using an electron microscope of model Verios G4 UC (Thermo Fisher Scientific, Waltham,
MA, USA).

Mineral composition of concrete was analyzed using a D8 Advance type X-ray diffrac-
tometer (Bruker, Billerica, MA, USA). The 28 d concrete specimens were ground until all
the pieces broke down and sieved through 0.075 mm sieve. The samples were made into
10 mm x 10 mm filament specimens. The testing condition was at 20 of 5-90° and the step
of 12° /min.

3. Results
3.1. Mechanical Properties
3.1.1. Compressive Strength

The compressive strength of the manufactured sand concrete with different granite
powder content is shown in Figure 4. The compressive strength of 7 d and 28 d peaked at
the 5% granite powder content. Compared with the control group (AGP0), the compressive
strength in the AGP5 and AGP10 groups at 7 d and 28 d increased significantly. AGP5
increased by 18.9% and 17.6%, and AGP10 increased by 12.5% and 8.8%, respectively. When
the replacement exceeded 10%, the AGP15 group was 8.1% and 6.7% lower than the AGP0
group at 7 d and 28 d, respectively. Therefore, the high replacement of the granite powder
could adversely affect the compressive strength.

3.1.2. Flexural Strength

The flexural strength of manufactured sand concrete with different granite powder
content is shown in Figure 5. The flexural strength is similar to the compressive strength,
and it increases first and then decreases with the increase in powder content. The 7 d and
28 d flexural strength of the concrete in AGP5 increased by 18.1% and 20.9% compared with
the controls (AGP0), and AGP10 increased by 12.6% and 10.3%, respectively. However, a
further increase in the replacement of the granite powder would not result in a significant
increase in the flexural strength.
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3.2. Heat of Hydration

The effect of the granite powder on the heat release rate of the cement hydration is
shown in Figure 6. The effect on the cumulative heat is shown in Table 4 and Figure 7.
From Figure 6a, it can be seen that the peak of the heat evolution curve shifted to the right
for the cement pastes blended with granite powder when compared to AGP0. Therefore,
the granite powder has a slight retardation effect on the hydration of the cement. Table 4
and Figure 7 show that the granite powder can also decrease the hydration heat. The
cumulative hydration heat values at 150 h for AGP5, AGP10, and AGP15 are 2.03%, 4.22%,
and 7.23% lower than for AGP0. This is due to granite powder being considered inert
material. Partially replacing the cement would inevitably reduce the total heat of the
hydration in the system, which can be beneficial regarding the mass concrete casting by
reducing the risk of early cracking due to the temperature gradient.
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Figure 6. Effect of granite powder on hydration heat release rate of cement: (a) heat flow in the first
40 h (dashed line indicating corresponding time of heat flow peak); (b) heat flow within 150 h.
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Figure 7. Cumulative heat release over time.
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Table 4. Cumulative heat release of cement at 150 h.

Mixture Hydration Heat (J/g) Relative Increase (%)
AGPO 250.98 0
AGP5 245.88 —2.03

AGP10 240.38 —4.22

AGP15 232.84 —7.23

3.3. Autogenous Shrinkage

The effect of different granite powder content on the autogenous shrinkage is shown
in Figure 8. It can be seen that the autogenous shrinkage of the concrete occurred mainly
on the first day and did not change significantly in the next few days. The increase
in the granite powder content had a greater effect on the autogenous shrinkage. The
autogenous shrinkage rates of the AGP5 and AGP10 concrete groups were comparatively
small. Compared with the AGP0 group, there were significant decreases of 10.4% and
19.7%, respectively. When the replacement reached 15%, the autogenous shrinkage rate of
the concrete increased significantly. However, it should be noted that high powder content
would create smaller pores (50 nm or less) so as to significantly increase the autogenous
shrinkage.
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Figure 8. Effects of different amounts of stone powder substitution on autogenous shrinkage.

3.4. Microstructure Analysis
3.4.1. Pore Structure

The results of the MIP test of the concrete pore structure are shown in Table 5 and
Figure 9a. Based on the volume proportions of the pore structure distributions shown in
Figure 9b, it can be seen that, when the granite powder replaces the cement in a certain
range, the filling effect of the granite powder on the concrete is significant. With the increase
in the granite powder content, the larger pores (>50 nm) in the concrete are significantly
reduced, the compactness of the concrete is improved, and the porosity is reduced. When
the replacement amount of the granite powder continues to increase, the filling effect
diminishes because the granite powder cannot fill the pores close to or smaller than its own
size. This can also help to explain the test results of the mechanical properties.
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Table 5. Test results of concrete pore structure.

Mixture Total Pore Total Hole Area Average Pore Porosity (%)
Volume (mL/g) (m?/g) Size (nm) y e
AGPO0 0.0535 6.009 15.35 11.9
AGP5 0.055 8.623 21.51 9.58
AGP10 0.036 7.734 15.68 6.50
AGP15 0.0694 13.74 19.51 11.9
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Figure 9. Pore-size distributions of concrete with different granite powder content: (a) differential
intrusion; (b) pore-size distribution.

3.4.2. SEM

The SEM images of the 28 d hydration products of the two groups of AGP0 and
AGP10 are shown in Figure 10. There was a significant difference with the addition of
the granite powder. There were a large number of pores and micro-cracks between the
hydration products, and the structure was not as dense. After the incorporation of the
granite powder, it can be observed that the granite powder and the hydration products in
AGP10 are cemented together (Figure 10b) with significantly decreased porosity compared
to AGP0. Also, the number of micro-cracks is significantly reduced. This is likely due to
the nucleation effect of the granite powder, forming a denser structure by combining the
hydration products with stronger integrity.

3.4.3. XRD

The XRD results of the 28 d hydration products of granite powder-enhanced concrete
are shown in Figure 11. Compared with the control group (AGP0), there were significantly
higher proportions of quartz and albite phases in the AGP10 and AGP15 groups. The
characteristic peak of calcium hydroxide (CH) in the AGP10 group is higher than that in
the AGPO group, indicating a higher degree of hydration. Due to the presence of certain
nucleation in granite powder, CH crystallization is promoted. The CH characteristic peak
of the AGP15 group is lower, which is due to the high content and the excessive reduction
in the total amount of cement, which leads to the reduction in the amount of hydration
products, and the dilution of granite powder leads to a reduction in the hydration degree.
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Figure 10. SEM images of 28 d hydration products (a) AGPO0; (b) AGP10.
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Figure 11. XRD patterns of 28 d samples.

4. Conclusions

Granite powder was incorporated to improve the mechanical properties of mass-
manufactured sand concrete. The mechanical strength of mass machine-made sand con-
crete increases first and then decreases with the increase in granite powder. The 28 d
compressive strength with the 5% and 10% replacements increased by 17.6% and 8.8%, and
the 28 d flexural strength increased by 20.9% and 10.3%, respectively. Granite powder with
an appropriate replacement can reduce the autogenous shrinkage. Compared with the
control group, the autogenous shrinkage rate of the concrete with the 10% granite powder
replacement decreased significantly by 19.7%. The heat of hydration of the cementitious
material was reduced by incorporating the granite powder. The porosity was decreased
significantly within a certain amount of granite powder. The granite powder did not change
the type of the hydration products but played a role in the microcrystalline nucleation
during the hydration process.
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Abstract: The effective use of waste materials is one of the key drivers in ensuring sustainability
within the construction industry. This paper investigates the viability and efficacy of sustainably in-
corporating a polylactic acid-type plastic (WP) as a 10 mm natural coarse aggregate (NA) replacement
in geopolymer concrete. Two types of concrete (ordinary Portland cement—OPC and geopolymer)
were produced for completeness using a concrete formulation ratio of 1:2:3. The ordinary concrete
binder control was prepared using 100% OPC at a water/binder ratio of 0.55, while the geopolymer
concrete control used an optimum alkaline activator/precursor—A /P ratio (0.5) and sodium silicate
to sodium hydroxide—SS/SH volume ratio (1.2/0.8). Using the same binder quantity as the control,
four concrete batches were developed by replacing 10 mm NA with WP at 30 and 70 wt% for ordinary
and geopolymer concrete. The mechanical performance of the developed concrete was assessed
according to their appropriate standards, while a microstructural investigation was employed after
28 days of curing to identify any morphological changes and hydrated phases. The results illustrate
the viability of incorporating WP in geopolymer concrete production at up to 70 wt% replacement
despite some negative impacts on concrete performance. From a mechanical perspective, geopolymer
concrete indicated a 46.7-58.3% strength development superiority over ordinary concrete with or
without WP. The sample composition and texture quantified using automated scanning electron
microscopy indicated that adding WP reduced the presence of pores within the microstructure of
both concrete types. However, this was detrimental to the ordinary concrete due to the low interfacial
zone (ITZ) between calcium silicate hydrate (CSH) gel and WP, resulting in the formation of cracks.

Keywords: alkali-alkaline activator; GGBS; silica fume; consistency; compressive strength; scanning
electron microscopy; waste plastic; aluminosilicate; geopolymer

1. Introduction

Since the 20th century, the global production of plastics has significantly increased from
approximately 240 million tonnes in 2002 to 299 million tonnes in 2013 and is continuously
rising [1]. For instance, 359 million tons of plastic were produced in 2018, with 51% coming
from Asia and 17% from Europe [2]. According to the Association of Plastic Manufacturers—
PlasticsEurope [3] and Brahney et al. [4], the current rate of plastic production was estimated
at 370 million metric tons per year; at that rate, about 11 billion metric tons of plastic will
have accumulated in the environment by 2025. In India alone, the annual waste plastic
production is currently at 40 million tonnes, increasing at a rate of 1.5% to 2% yearly [1].

The construction industry has also resulted in waste plastic (WP) generation with the
constant need for new infrastructure worldwide [5]. Unfortunately, this has resulted in
a high demand for construction materials which have contributed significantly to waste
production, and this was identified as one key factor in the construction industry con-
tributing to pollution worldwide [6]. The negative environmental implications of WP,
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as corroborated by Zhang et al. [7] and Xiang et al. [8], cannot be overemphasised as it
disintegrates into micro-plastics (MPs, 1 pum-5 mm) and nano-plastics (NPs, 1 nm-1000 nm)
in nature due to ultraviolet (UV) radiation, physical abrasion, biological metabolism, me-
chanical, and temperature changes, and the resultant micro-plastics impact on water and
soil quality. Furthermore, micro- and nano-plastics can be transported through aeolian
and aqueous processes. They possess an enhanced capability to adsorb and transfer other
environmental pollutants, such as heavy metals and organic contaminants [9]. Despite
the high contamination potential of WP at the finest particle level, Oliveira et al. [10] and
Bridson et al. [11] further described WP as a worrying environmental problem resulting
from the leaching of hazardous substances used in producing polymer products, such
as lubricants, surfactants, solvents, flame-retardant catalysts, antioxidants, plasticizers,
and colourants. Hence, all these industrial products potentially pose significant risks to
animal and human health in the form of undesirable immune responses, acute reactions,
cytotoxicity, and hypersensitivity [12-14].

The increased production of WP does, therefore, require effective strategies to be
adopted and implemented to reduce the potential negative health and environmental
impacts. These strategies include recycling/reusing using mechanical, biological, or ther-
mochemical techniques, incineration for energy recovery, and landfilling [1,6]. However,
only 9% of waste plastic is recycled worldwide, while 80% is disposed in landfill or dis-
persed in both terrestrial and aquatic ecosystems [6,7,15]. Additionally, the incineration
approach is not sustainable as it involves a combustion process that emits carbon dioxide
(COy) gas along with potentially toxic elements into the atmosphere. Geyer et al. [16] and
Yang et al. [17] also agreed that incineration does not entirely destroy WP since the bottom
ash can contain remnants of partly burnt waste (micro-plastics), which is known to be a
potential pollution source.

The application of waste in the manufacturing of construction materials is broadly
acknowledged as an effective approach to limit the harmful consequences of WP and poten-
tial arsenic toxicity [18]. Past studies have shown that reusing waste materials has become
a widespread strategy in developing and developed countries to reduce the environmental
impacts of waste materials [19,20]. As such, applying WP as an aggregate in construction
materials is a reasonable reuse/recycling strategy that promotes environmentally friendly
and green construction by substituting these wastes, as aggregates and fibres, for natu-
ral raw materials [1,2]. This approach involves incorporating waste materials (including
arsenic-containing wastes) into the construction process, thus preventing their dispersal
and to mobilise potential risks to health and the environment. This effectively mobilises
the toxic substances within a solid matrix and reduces the chances of releasing them into
the environment [18,21]. Previous studies investigated the use of WP in ordinary concrete
that used plastic in two forms: plastic fibres or aggregates [1,2,22,23]. In those instances, a
complete or partial natural aggregate’s replacement with WP resulted in natural resource
savings. After the initial grinding and sizing of WP, granules below the size of 4 mm are
employed as fine aggregates, while the fibres are used as additives. Also, roughly crushed
WP above 5 mm was used to replace coarse aggregates [6,24]. In terms of lower density, unit
weight and thermal conductivity, building materials incorporating WP have demonstrated
suitable material properties compared to building materials without WP replacement.
However, there is deterioration of the mechanical properties of building materials as the
WP dosage increases [24]. Examples of such applications include their incorporation in
building brick, paver block, concrete, bitumen and asphalt mixtures, etc. [6].

Compared with traditional ordinary Portland cement (OPC) concrete, the high-strength
geopolymer concrete relies on the use of sodium silicate and possesses the additional bene-
fits of reduced CO, emissions and energy consumption [25]. Geopolymers are inorganic
alumino-silicate polymers with a three-dimensional network, which are obtained using
the reaction of aluminosilicate-rich materials obtained from industrial, municipal, and
agricultural wastes and by-products such as fly ash, ground granulated blast-furnace slag
(GGBS), rice husk ash, etc., with a highly alkaline aqueous solution [26,27]. This reaction
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is an alkali activation process where the final products of geopolymerisation are usually
manipulated by the chemical composition of the alkaline activators and source aluminosil-
icate materials that acts as a precursor [28]. Provis [29] also described “Geopolymers as
a form of a subset within the broader alkali-activated binder family. These low-calcium binding
materials result from the reaction of an aluminosilicate powder (precursor) with an alkaline activator,
typically composed of hydroxide, silicate, carbonate, or sulfate. This reaction leads to the forma-
tion of an amorphous aluminosilicate gel and secondary nanocrystalline zeolite-like structures.”
Hama and Hilal [30] investigated the effect of partially replacing sand with plastic waste
in self-compacting OPC concrete. The range of compressive strength values was about
65 MPa to 37 MPa and that a decrease in compressive strength was observed as the plastic
content increased in comparison with the control mix without WP. The reason for this
observation was that the plastic waste was a soft material compared with natural aggregate.
Also, Pacheco-Torgal [31] investigated the impact of using polyethylene terephthalate (PET)
from plastic bottles as a partial substitute for sand within the OPC concrete with up to 50%
plastic replacement. The research concluded that the recycled PET could be substituted into
eco-friendly concrete at specific replacement rates. A reason for this conclusion was that
by replacing sand with PET, the self-weight of concrete is decreased, making the material
more suitable for non-structural elements that do not require high compressive strength.
Shaikh [32] reinforced OPC, OPC-fly ash-based composites, and an ambient-cured geopoly-
mer using recycled PET (e.g., polypropylene fibre of length 12-19 mm). This improved the
compressive strength of geopolymer composites better than other cementitious composites
to ~57 MPa and ~47 MPa when 1.0 vol% and 1.5 vol% PET fibres were added, respectively.

Geopolymer concretes composed of fly ash, blast-furnace slag, and PET waste (bottles)
decreased the compressive and tensile strength compared with the control mix without
plastics from 20.5 MPa to 13.8 MPa and from 2.7 MPa to 1.2 MPa, respectively. In turn,
the 10% replacement of sand with plastic granules as fine aggregate contributed to a
slight improvement in the mechanical properties [33]. Lazorenko et al. [6] employed
the use of WP as fillers by assessing sustainable construction using novel geopolymer
composites by integrating waste plastic of different sizes and shapes. The results indicated
that geopolymer composites with fine PET particles showed high strength, while increasing
the size of PET particles decreased the workability of the geopolymer. Another example of
an existing outcome obtained from replacing certain components in concrete composition
with plastic is from Ahmed et al. [2], who investigated geopolymer concrete composites
incorporated with recycled plastic aggregates and modified with nano-silica. The authors
suggested an optimal use of 50% replacement levels of recycled plastics as a replacement
for fine aggregates in geopolymer concrete.

Notably, little or no research has been conducted to explore the application of WP
as a coarse aggregate in geopolymer concrete using either a commercial or laboratory-
synthesised silica fume (SF)-derived sodium silicate (SS) solution. Thus, this paper aims
to evaluate the viability and efficacy of sustainably incorporating WP as a 10 mm NA
replacement in geopolymer concrete production while assessing the mechanical and mi-
crostructural performance of the produced geopolymer. The current research findings
aim to add to the existing knowledge on geopolymer concrete research, encourage more
eco-conscious practices in geopolymer concrete production, whilst promoting a greener
and more sustainable future in the construction sector.

2. Materials

This study utilised ordinary Portland cement (CEM-II/B-V 32.5R), silica fumes (SFs),
sodium hydroxide (NaOH), ground granulated blast-furnace slag (GGBS), aggregates,
and waste plastics (WP). OPC was manufactured and supplied by Lafarge Cement UK
in accordance with BS EN 197—1:2011 [34]. GGBS was exploited as an aluminosilicate
precursor material in this study and was manufactured in accordance with BS EN 15167-
1:2006 [35] by Civil and Marine Slag Cement Ltd., Llanwern, Newport, UK.
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The SF was a light-grey amorphous reactive micro-silica powder that was manufac-
tured in Norway by Elkem Silicon Materials and supplied under the trading name of Elkem
Un-densified Micro-silica 971 by Tarmac Cement and Lime Company, Buxton Lime and
Powders, Derbyshire, Derby, UK. NaOH was used in the form of white laboratory-grade
pellets, with a molecular weight of 40 g/mol, pH value of 14, and was commercially sourced
from Fisher Scientific Ltd., Loughborough, Leicestershire, UK. The pellets were to produce
a sodium hydroxide solution of 10 M [5]. The solution was then used as an activator to
dissolve SF to create a sodium silicate solution with SiO, /Na,O molar ratio of 2. The coarse
aggregates are limestone aggregates (20 mm and 10 mm), while the fine aggregate was a
natural river sand dredged from the Bristol Channel, UK. A local supplier supplied both
coarse and fine aggregates according to the requirements of BS EN 12620:2002+A1:2008 [36].
The WP is a polylactic acid-type plastic used in construction as insulation, furnishing and
fibre within carpets, food packaging, and 3D printing [37]. The plastic material used for
this research was waste 3D printer filaments broken down using a plastic shredder with
the capacity to produce plastic granules between 0-10 mm (see Figure 1). In addition, a
particle size distribution curve for the shredded WP between a range of 1-4 mm and sieved
samples are shown in Figure 2 according to BS EN ISO 17892-4 [38]. Table 1 shows the
chemical oxide compositions for OPC, GGBS, and SF, while Tables 2 and 3 present their
physical properties. Also, Table 3 presents some physical properties of the aggregates
(coarse and fine) and WP according to the relevant standards.

Table 1. Oxide compositions of OPC, GGBS, and SF [5].

Compositions (%)

Oxides

Cement GGBS SF
CaO 61.49 37.99 0.2
MgO 3.54 8.78 0.1
SiO, 18.84 35.54 97.1
Al,O3 4.77 11.46 0.2
Na,O 0.02 0.37 -
P,Os 0.1 0.02 0.03
Fe, O3 2.87 0.42 0.01
Mn,O3 0.05 0.43 -
K>,O 0.57 0.43 0.2
TiO, 0.26 0.7 -
V,05 0.06 0.04 -
BaO 0.05 0.09 -
SO3 3.12 1.54 0.1
Loss on ignition 4.3 2 0.5

Table 2. Physical compositions of OPC, GGBS, and SF [5].

Other Properties Cement GGBS SF
Insoluble residue 0.5 0.3 -
Bulk density (kg/m3) 1400 1200 300
Specific gravity 3.15 2.9 3.15
Glass content (%) - 90 -
Blaine fineness (m2/ kg) 365 450 -
Alkalinity value (pH) 13.41 10.4 7
Colour Grey Off-white Grey
Physical form Fine powder Fine powder Powder
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Figure 1. Production of the plastic waste material: (A) plastic waste; (B) plastic shredder; and
(C) shredded plastic granules.
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Figure 2. (a) Particle size distribution, and (b) sieve analysis samples.
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Table 3. Some physical properties of the coarse and fine aggregates.

. . Coarse Aggregates Fine .
Physical Properties 20 mm 10 mm Aggregates (Sand) Waste Plastics (WP)
Uniformity coefficient (CU) 13 33 0.11 -
Curvature coefficient (CC) 7.5 1.5 1.75 -
Flakiness index (%) 23 30-35 - -
Elongation index (%) 12 17-22 - -
Shape index (%) 7 12 - -
Impact value 15 23 - -
Fineness modulus (mm) - 4 1.54 -
Uncompacted bulk density (kg/m?) 2570 1350 1500 -
Pre-dried particle density (kg/m?) - 2690 2600 -
Water absorption (%) 1.1 2 21 -
Heat Deflection ) . ) 50
Temperature—Hdt (°C)

Density (g/cm?) - - - 1.24
Tensile strength (MPa) - - - 50
Flexural strength (MPa) 80
Impact strength (Unnotched) ) ) ) 96.1

Izod (J/m)
Shrink rate %(in/in)

0.37-0.41 (0.0037-0.0041)

3. Methodology
3.1. Mix Design

The viability and efficacy of sustainably incorporating WP in geopolymer concrete
production were assessed in this study. Two controls (CO and GCO0) for ordinary and
geopolymer concrete mixes were adopted for completeness as described in the mix design
(see Table 4). Mix C0O was prepared with 100% OPC using a water/binder ratio of 0.55,
while GC0 was developed in accordance with Adeleke et al. [5] to produce an optimum
geopolymer mix by activating GGBS with a binary activator blend of sodium silicate (SS)
and sodium hydroxide (SH) solution (1.2/0.8) at an activator/precursor (A /P) mass ratio of
0.5. Using the same binder quantity as the control, other concrete batches were developed
by replacing 10 mm NA with WP at 30 and 70 wt% for both ordinary (CWP1 and CWP2)
and geopolymer (GCWP1 and GWPC2) concrete using a correction factor of 0.38. The
correction factor is the ratio of plastic to aggregate used in the concrete mix according to
each percentage replacement level (30 and 70 wt%), allowing the aggregate volume to be
replaced instead of its mass. It is worth noting that the concrete mix ratio for all the mix
codes were fixed as a binder-sand-aggregates ratio of 1:2:3, and they only vary in terms of
the water content, type of binder, and WP replacement levels.

Table 4. Mix composition of ordinary concrete (C0) and geopolymer concretes (GC).

w

Concrete Binder ) Aggregates (kg)
Mix Code Elaborated Abbreviation Geopolymer Binder Natural Coarse
(()ka GGBS A/P Activator (mL) NFA WP Aggregate
8 —— SSSSH ——F ——
(kg) Ratio ss SH 10mm  20mm

co C0-OPC-0%WP-100%NA 39 B R B B 29 79 B 39 79
(Control 1)

CWP1 CWP1-OPC-30%WP-70%NA 3.9 - - - - - 22 79 1.2 2.7 7.9

CWP2 CWP2-OPC-70%WP-30%NA 3.9 - - - - 22 79 2.7 1.2 79

GCo GCO-0%WP-100%NA - 2.6 0.5 1.2:0.8 540 360 1.1 7.9 - 3.9 7.9
(Control 2)

GCWP1 GCWP1-30%WP-70%NA - 2.6 0.5 1.2:0.8 540 360 1.1 7.9 1.2 2.7 7.9

GCWP2 GCWP2-70%WP-30%NA - 2.6 0.5 1.2:0.8 540 360 1.1 7.9 2.7 1.2 79

OPC—ordinary Portland cement; GGBS—ground granulated blast-furnace slag; A /P—activator/precursor ratio;
SS:SH—sodium silicate to sodium hydroxide ratio; natural fine aggregate—NFA; water—W; waste plastic—WP.
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3.2. Concrete Specimen Preparation and Testing Methods

The same alkali—alkaline activator (10 M), test sample preparation (geopolymer con-
crete), and testing methods as in Adeleke et al. [5] were used in this study to produce fresh
concrete. A range of tests was conducted, including a slump test (S), unconfined com-
pressive strength (UCS), and automated scanning electron microscopy with linked energy
dispersive spectrometers (SEM-EDS). The consistency of the fresh concrete was measured
using the slump test (S) in accordance with BS EN 12350-2:2019 [39]. For each batch mix,
nine cube (100 mm x 100 mm x 100 mm) test specimens were developed according to BS
EN 206:2013+A2:2021 [40]. The geopolymer concrete specimens were placed in a sealed
environment (plastic film) to prevent evaporation and kept for 24 h at 20 & 2 °C. After that,
all hardened test specimens were de-moulded after 24 h, while the geopolymer specimens
were cured in a sealed container and the ordinary concrete specimens were soaked in water
at 20 + 2 °C and a humidity of 90% [41].

The mechanical performance of the hardened concrete was evaluated in terms of UCS
according to BS EN 12390-3:2019 [42] at 7, 28, and 56 days of curing. Lastly, a compositional
and microstructural investigation was employed on some of the prepared test specimens
after 28 days of curing using the SEM-EDS [43,44]. Representative subsamples were
prepared as polished 30 mm diameter blocks which were carbon coated prior to the
analysis. A Hitachi SU3900 scanning electron microscope manufactured by Hitachi High-
Tech Corporation, Maidenhead, UK, fitted with two large-area (60 mm2) Bruker SDD energy
dispersive spectrometers and running the Bruker AMICS automated mineralogy package
was used to undertake the analysis at an accelerating voltage of 20 kV coupled with a beam
current of approximately 10 nA which was used. ED spectra were acquired at a 10 pm
interval across the area analysed, and each EDS spectra was compared with a spectral
library of known minerals and compositions allowing each analysis spot to be assigned
to a compositional grouping. Data outputs from automated SEM-EDS mineral analysis
include quantitative modal mineralogy along with false-colour compositional maps and
full-area SEM-BSE images. Although plastics are not routinely measured during automated
mineralogy analysis, post-processing of the images allowed the plastics to be delineated
and quantified. The morphology of representative samples was also interactively examined
using an MIRA 3 TESCAN scanning electron microscope.

4. Results and Discussions
4.1. Consistency of Fresh Concrete

Figure 3 illustrates the consistency results obtained for the slump. The general trend
indicates a lower slump for the geopolymer concrete (GC0, GCWP1, and GCWP2) com-
pared to the ordinary concrete (CO, CWP1, and CWP2). Furthermore, the ordinary concrete
has the highest slump values within a 60-90 mm range, while the geopolymer mixes
experienced a slump within the 40-55 mm range. The disparity in slump (geopolymer and
traditional concrete) could be attributed to the viscosity /quantity of the liquid employed
in the concrete mixes and the varying kinetic reactions in each system [5,22]. In addi-
tion, GGBS decreases water demand in ordinary concrete mixes as a result of its smooth
round particles and lower water absorption; therefore, its use in large quantities within the
geopolymer mixes could have negatively impacted the slump values [45].

Furthermore, observation showed that for both the geopolymer and ordinary concrete
mixes, there is a decline in slump values for every increase in the quantity of WP. For
instance, there was an 11% and 25% decline in slump with a WP quantity of 30 and 70%
for the ordinary concrete, while a 9% and 20% decline was observed in the geopolymer
concrete at 30 and 70% WP dosage. This shows that any WP replacement of more than
70% could impact the overall workability of the concrete produced. The justification for
this slump reduction could be attributed to the non-uniformity in the shape of WP, which
could have improved the cohesiveness within each concrete batch mix [23]. In contrast, the
10 mm NA with a more spherical /regular shape enhances the homogeneity and fluidity of
the freshly produced concrete mixes.
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Figure 3. Consistency of concrete mixes measured—slump test.

A similar finding of decreasing workability of geopolymer mixtures with the inclusion
of waste plastic aggregate as a replacement for fine sand was reported by Lazorenko
et al. [6], where the authors demonstrated that the inclusion of waste plastic aggregates
reduced the workability of the fly ash-based geopolymer mortars when they introduced
shredded flakes and strips and ground particles of different sizes to the geopolymer system.
Ahmed et al. [2] also indicated that due to the lower specific gravity of recycled plastics
than the other elements within a geopolymer mix, they form a structure that resembles
a mesh, keeping them together (coagulation) and preventing the concrete mixture from
flowing, thus impacting on the overall consistency. Overall, it can be suggested from the
consistency results and BS EN 206:2013+A2:2021 [40] that all the concrete formulations can
be classified as S2 standard mix, except GCWP2, which is classified as an S1 dry mix.

4.2. Concrete Strength Development

Figure 4 illustrates the unconfined compressive strength (UCS) development for all the
concrete mixes (ordinary—C0, CWP1, CWP2, and geopolymer—GC0, GCWP1, GCWP2)
at 7, 28, and 56 days of the ambient curing period. Observation showed a steady increase
in strength development for all of the formulated geopolymer and ordinary concrete
mixes over the moist curing periods. In addition, mix C0 and GCO achieved the highest
UCS of 25.5 MPa and 55.4 MPa, respectively, while mix CWP2 and GWP2 with 70% WP
replacement levels, performed the lowest with a UCS of 21.5 and 40.4 MPa at 28 days. The
strength gain by the ordinary concrete mix can be attributed to the initial hydration of the
cement components with water to produce cementing gels (C-S-H), which are required for
strength development. In contrast, the trend of strength development for the geopolymer
concrete can be attributed to a polymerisation process that involves the chemical reaction
of aluminosilicate minerals (GGBS) under alkaline conditions (SS/SH solution), creating a
three-dimensional amorphous aluminosilicate matrix that displays strength comparable or
superior to ordinary concrete [27,28,46].
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Figure 4. UCS development of the ordinary and geopolymer concrete mixes made with different AP
and SS/SH ratios.

Figure 5 shows the percentage change in the UCS of each type of concrete formulation
(ordinary and geopolymer) compared with their respective controls. Observations indicated
that replacing 10 mm coarse aggregates with WP at a 30% dosage improved the UCS for
both ordinary (2.8%) and geopolymer concrete (4.8%). In contrast, a strength reduction
of 16.7% and 16.3% for both ordinary and geopolymer concrete was identified at 7 days
of moist curing. A similar trend of declining UCS was observed for all the concrete
formulations after 28 and 56 days of moist curing. For instance, the mix of GCWP2 with
70% WP experienced the largest reduction in UCS, while the mix of CWP1 with 30% WP
displayed the lowest UCS reduction compared with the control at both 28 and 56 days.
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Figure 5. Percentage change in the UCS of each type of concrete formulation (ordinary and geopoly-
mer) compared with their respective controls.

198



Materials 2024, 17, 1340

Overall, the UCS reduction for both concrete formulations with the addition of dif-
ferent dosages of WP could be attributed to the lower elastic modulus of WP compared
with natural 10 mm coarse aggregate. In addition, it is worth remembering that plastic is
considered a hydrophobic material, meaning less water is required for hydration during
curing operations [47]. Therefore, the observed decrease in UCS can be linked with the
hydrophobic nature and surface smoothness of plastic aggregates, which adds to weak
interfacial bonding between the plastic filler (relatively less-rough surfaces of the WPs) and
the geopolymer binder matrix. This behaviour is also typical for OPC-based composites
incorporated with plastic aggregates [6,24].

Despite some reduction in UCS for the geopolymer concrete when compared with the
control, a continuous trend of UCS strength increase can be seen in Figure 4 over the curing
age of 7, 28, and 56 days of moist curing. Ahmed et al. [2] attributed this phenomenon
to the continuation of the polymerisation process, which enhances the entire geopolymer
structures, and, therefore, zones of interfacial transition between WP surfaces and the
geopolymer matrix system improve. This behaviour is also typical for ordinary concrete
with continuous cement hydration over the curing period.

Furthermore, a UCS comparison between geopolymer and ordinary concrete as il-
lustrated in Figure 6 showed that despite the inclusion of WP, the geopolymer concrete
indicated significant strength development at each curing age duration, indicating the
robustness of geopolymer concrete. Moreover, the variation in UCS for the observed
concrete mix formulation at each curing age could be due to the varied mix composition
incorporating WP at 30 and 70% WP, which impacts the alkali activation/polymerisation
process and cement hydration of the developed concrete systems.
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Figure 6. UCS development comparison between geopolymer and ordinary concrete.

4.3. Compositional and Microstructural Analysis

The area % quantitative composition of the ordinary and geopolymer concretes with
0, 30, and 70% waste plastics are shown in Tables 5-7 for 7-, 28-, and 56-day curing periods,
respectively. The quantitative SEM-EDS analysis reports the relative abundance of both
the natural aggregate phases (as their constituent minerals), plastics, and the cementitious
phases reported as chemical compositional groups. It should be noted that these modal
abundance data relate to the 30 mm diameter areas analysed and as such may not be
representative of the modal abundance by volume especially as there are coarse aggregate
grains present. The OPC reports to the Ca silicate categories, whilst the geopolymer binding
reports to the Ca silicate Na, Mg, Al compositional group.
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Table 5. Modal (area %) for ordinary and geopolymer concretes at 7 days of curing based on SEM-EDS
automated mineral analysis.

Area (%)
Minerals OPC-0%WP- OPC-30%WP- OPC-70%WP- GC- GC- GC-
100%NA 70%NA 30%NA 0%WP100%NA 30%WP70%NA 70%WP30%NA
Plastic 1.58 3.52 16.28 0.23 0.19 1.91
Quartz 23.28 29.92 29.11 28.64 30.37 12.67
K Feldspar 1.04 1.30 1.05 0.95 1.54 0.53
Plagioclase 0.57 0.60 0.64 0.68 0.64 0.14
Muscovite 0.13 0.20 0.29 0.12 0.13 0.25
Biotite 0.19 0.29 0.28 0.28 0.34 0.05
Chlorite 0.26 0.28 0.29 0.27 0.34 0.06
Kaolinite 0.09 0.09 0.07 0.04 0.06 0.03
Illitic Clays 0.42 0.49 0.55 0.33 0.39 0.31
Calcite 12.50 13.76 28.42 6.22 19.59 66.97
Dolomite 34.97 17.50 4.03 33.88 16.57 8.18
Fe Oxides and Siderite 0.21 0.25 0.30 0.37 0.30 0.08
Ti Oxides 0.14 0.04 0.03 0.02 0.04 0.03
Apatite 0.09 0.01 0.00 0.00 0.08 0.01
Pyrite 0.09 0.00 0.02 0.00 0.01 0.01
Clinopyroxene and Amphibole 0.17 0.03 0.05 0.03 0.05 0.03
Zircon 0.01 0.00 0.00 0.00 0.00 0.00
Ca Silicate High Ca 2.23 221 1.76 0.02 0.01 0.00
Ca Silicate Mid Ca 16.87 24.16 23.47 0.52 0.75 1.03
Ca Silicate Low Ca 1.37 1.74 2.30 0.25 0.20 0.14
Ca Silicate 1.00 1.28 2.50 2.08 2.12 0.93
Ca Al Silicate High Ca 0.63 0.87 0.88 0.04 0.10 0.32
Ca Silicate Na Mg Al 0.01 0.01 0.01 21.43 23.05 6.64
Ca Fe Silicate 0.49 0.53 0.58 0.29 0.31 0.06
Ca Mg Silicate 212 3.04 2.26 3.26 2.70 1.42
Fe Silicate 0.14 0.14 0.13 0.19 0.20 0.08
Ca Al Oxide 0.38 0.46 0.55 0.00 0.01 0.00
Ca Sulphates 0.49 0.71 0.32 0.02 0.01 0.00
Undifferentiated 0.10 0.07 0.09 0.06 0.10 0.04

Table 6. Modal (area %) for ordinary and geopolymer concretes at 28 days of curing based on
SEM-EDS automated mineral analysis.

Area (%)
Minerals OPC-0%WP- OPC-30%WP- OPC-70%WP- GC- GC- GC-
100%NA 70%NA 30%NA 0%WP100%NA 30%WP70%NA 70%WP30%NA
Plastic 2.00 2.80 10.31 0.06 3.66 6.82
Quartz 28.86 25.64 26.56 25.21 21.88 26.11
K Feldspar 1.12 1.06 1.19 0.55 0.82 1.16
Plagioclase 0.46 0.51 0.71 0.57 0.57 0.51
Muscovite 0.09 0.21 0.09 0.12 0.09 0.14
Biotite 0.25 0.26 0.14 0.29 0.18 0.30
Chlorite 0.19 0.25 0.23 0.29 0.23 0.29
Kaolinite 0.03 0.05 0.04 0.05 0.03 0.03
Mlitic Clays 0.32 0.42 0.36 0.38 0.24 0.38
Calcite 17.92 38.85 7.99 8.01 32.24 28.46
Dolomite 16.32 2.64 36.35 42.66 20.08 18.72
Fe Oxides and Siderite 0.32 0.27 0.24 0.35 0.20 0.18
Ti Oxides 0.02 0.02 0.01 0.02 0.01 0.02
Apatite 0.06 0.03 0.00 0.05 0.04 0.04
Pyrite 0.00 0.02 0.00 0.00 0.02 0.01
Clinopyroxene and Amphibole 0.02 0.02 0.01 0.05 0.03 0.04
Zircon 0.00 0.00 0.00 0.00 0.00 0.00
Ca Silicate High Ca 1.94 1.78 1.21 0.01 0.01 0.01
Ca Silicate Mid Ca 24.05 22.60 19.22 0.41 0.54 0.83
Ca Silicate Low Ca 1.88 0.59 0.92 0.16 0.18 0.20
Ca Silicate 1.16 0.86 0.72 1.49 1.98 1.85
Ca Al Silicate High Ca 0.56 0.62 0.62 0.05 0.08 0.16
Ca Silicate Na Mg Al 0.02 0.01 0.01 16.50 18.20 18.11
Ca Fe Silicate 0.50 0.43 0.43 0.28 0.18 0.30
Ca Mg Silicate 2.50 1.55 1.80 2.24 2.01 1.93
Fe Silicate 0.16 0.18 0.17 0.16 0.09 0.15
Ca Al Oxide 0.45 0.40 0.49 0.00 0.00 0.00
Ca Sulphates 0.27 0.31 0.40 0.02 0.01 0.01
Undifferentiated 0.52 0.41 0.05 0.07 0.05 0.06
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Table 7. Modal (area %) for ordinary and geopolymer concretes at 56 days of curing based on
SEM-EDS automated mineral analysis.

Area (%)
Minerals OPC-0%WP- OPC-30%WP- OPC-70%WP- GC- GC- GC-
100%NA 70%NA 30%NA 0%WP100%NA 30%WP70%NA 70%WP30%NA
Plastic 0.10 9.89 10.10 0.19 247 11.30
Quartz 14.76 20.37 27.43 13.07 38.80 19.24
K Feldspar 0.57 0.76 1.07 0.53 1.54 0.76
Plagioclase 0.27 0.32 0.63 0.40 0.86 0.50
Muscovite 0.07 0.15 0.14 0.09 0.20 0.15
Biotite 0.16 0.12 0.23 0.06 0.36 0.20
Chlorite 0.15 0.11 0.21 0.11 0.32 0.24
Kaolinite 0.05 0.04 0.04 0.03 0.05 0.03
Tllitic Clays 0.19 0.32 0.32 0.19 0.47 0.36
Calcite 17.06 54.96 39.58 69.77 15.90 53.76
Dolomite 50.33 0.54 0.79 2.72 2.62 1.42
Fe Oxides and Siderite 0.22 0.22 0.30 0.08 0.36 0.19
Ti Oxides 0.02 0.03 0.02 0.02 0.03 0.02
Apatite 0.01 0.00 0.01 0.01 0.02 0.01
Pyrite 0.02 0.12 0.00 0.10 0.01 0.01
Clinopyroxene and Amphibole 0.01 0.01 0.01 0.02 0.05 0.03
Zircon 0.00 0.00 0.00 0.00 0.00 0.00
Ca Silicate High Ca 0.59 1.20 1.66 0.01 0.03 0.01
Ca Silicate Mid Ca 12.03 15.72 21.44 0.86 0.82 0.97
Ca Silicate Low Ca 0.37 0.49 0.92 0.27 0.42 0.35
Ca Silicate 0.66 1.18 1.11 131 2.95 1.95
Ca Al Silicate High Ca 0.49 0.81 0.80 0.13 0.09 0.22
Ca Silicate Na Mg Al 0.01 0.00 0.01 8.67 29.82 17.06
Ca Fe Silicate 0.30 0.28 0.32 0.07 0.29 0.19
Ca Mg Silicate 1.04 1.31 2.00 1.34 3.61 2.09
Fe Silicate 0.07 0.09 0.10 0.06 0.27 0.12
Ca Al Oxide 0.34 0.33 0.40 0.00 0.00 0.00
Ca Sulphates 0.12 0.20 0.35 0.01 0.02 0.00
Undifferentiated 0.08 0.32 0.13 0.07 0.10 0.13

Figures 7 and 8 show the AMICS automated SEM-EDS images from sections of the
ordinary and geopolymer concrete cube specimen at 0%, 30%, and 70%WP at age 7 days of
ambient curing. The images show that the ordinary and geopolymer concrete morphology
is visibly different, confirming a different type of microstructure after the initial 7-day curing
period. Furthermore, visual inspection indicates the presence of pores (see Figures 7 and 8)
which are more evident in the control mixes (CO and GCO0) but are gradually reduced with
each replacement level of WP in both the ordinary and geopolymer concrete. It is possible
that the added WP acted as fillers due to their non-uniformity in shape and size (5-10 mm).
However, the ordinary concrete mix of CWP1 and CWP2 matrixes were loose due to cracks
between the boundaries of the added WP and the CSH gel formation (Figure 9). Shilar
et al. [48] described these boundaries as the interfacial zone (ITZ) between the cementitious
hydrate paste and aggregate and are widely known as the weakest link in ordinary concrete,
where microcracks typically appear first under stress. The presence of the cracks could be
due to the low bonding of the cementitious hydrate gel (CSH) with the WP, which explains
the low compressive strength depicted in Figures 4 and 5.

In contrast to the ordinary concrete mix, the presence of pores in the geopolymer mix
of GCO, GCWP2, and GCWP2 did not significantly impact the UCS due to the robustness
of the geopolymer gel (Na-bearing aluminosilicates) bonding with both the WP and the
natural aggregates. Ahmed et al. [2] supported this claim by stating that the use of NaOH-
activated sodium silicate enhances the creation of an aluminium-enriched aluminosilicate
surface on the aggregates (WP and natural) by speeding up the Si-preferential dissolution
of kaolin and albite, thus, increasing the ITZ bonding strength between the aggregates and
geopolymer gel.
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Figure 7. AMICS automated mineralogy false-colour images of 7-day-cured ordinary concrete mixes
for (A) CO—control, (B) CWP1 with 30% WP, and (C) CWP2 with 70% WP.
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Figure 8. AMICS automated mineralogy false-colour images of 7-day-cured geopolymer concrete
mixes for (A) GCO—control, (B) GCWP1 with 30% WP, and (C) GCWP2 with 70% WP.
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Figure 9. SEM-BSE images of 7-day-cured ordinary concrete mixes for CWP2 with 70% WP. (A) Whole
area measured; (B) enlarged area showing a crack at the margin of the waste plastic (WP).

The automated SEM-EDS (AMICS) images from slices of the dried ordinary and
geopolymer concrete cube specimens with 0%, 30%, and 70% WP at 28 days of curing are
shown in Figures 10 and 11. Generally, observations showed a reduction in the pores for
both ordinary and geopolymer concrete after 28 days of curing age. The reduction in pore
sizes could be attributed to the production of the relevant cementitious hydrate (CSH and
geopolymer gel) that fills up the pores to form a denser structure. The importance of the
microscopic inspection of pores has been investigated by some researchers who concluded
that the porosity and density of the structure are directly proportionate to the composite’s
durability and mechanical performance [2,48].
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Figure 10. AMICS automated mineralogy false-colour images of 28-day-cured ordinary concrete
mixes for (A) CO—control, (B) CWP1 with 30% WP, and (C) CWP2 with 70% WP.
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Figure 11. AMICS automated mineralogy false-colour images of 28-day-cured geopolymer concrete
mixes for (A) GCO—control, (B) GCWP1 with 30% WP, and (C) GCWP2 with 70% WP.

Although some pores were still evident at 28 days of curing, geopolymer mixes GCO0,
GCWP2, and GCWP2 depict a denser and more uniform microstructure at 0%, 30%, and
70% WP and experienced higher unconfined compressive strength compared with ordinary
concrete mixes.

5. Conclusions

The results from this study indicate the practicality and efficacy of incorporating
waste plastic (polylactic acid-type) in geopolymer concrete production by replacing 10 mm
of natural coarse aggregates (NA) with up to 70 wt%. The following conclusions can
be drawn:

1.  The consistency results indicated a gradual decline in slump values for every increase
in the quantity of WP for both geopolymer and ordinary concrete mixes. This be-
haviour is more pronounced in geopolymer formulations due to the high viscosity of
the developed geopolymer paste and the non-uniformity in the shape of WP. There-
fore, any WP replacement of more than 70 wt% could impact the overall workability
of the concrete produced. However, appropriate admixtures (superplasticiser) could
be applied to improve the workability further.

2. A UCS comparison between geopolymer and ordinary concrete with and without
the inclusion of WP, indicated superior strength development for the geopolymer
concrete within the range of 46.7-58.3% at each curing age duration, indicating the
robustness of the geopolymerisation reaction in concrete. Mix C0 and GCO0 without
WP achieved the highest UCS of 25.5 MPa and 55.4 MPa, respectively, while mix
CWP2 and GWP2 with 70% WP replacement levels, performed the lowest with a
UCS of 21.5 and 40.4 MPa at 28 days. In addition, the compressive strength of the
ordinary and geopolymer concrete formulations declined with increasing dosages
of WP (30% and 70%) due to the weak interfacial bonds between WP and the binder
matrix. Moreover, this was more pronounced in ordinary concrete mixes, while the
binder matrix in geopolymer concrete showed more interaction with WP.
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3. An SEM analysis indicates that adding WP in both ordinary and geopolymer con-
crete reduced the presence of pores within the microstructure. However, this was
detrimental to the ordinary concrete due to the low ITZ between the CSH gel and WP,
resulting in the formation of cracks. The observation justifies the significant reduction
in strength for ordinary concrete compared with geopolymer concrete. In contrast
to the ordinary concrete mix, the presence of pores in the geopolymer mixes (GCO,
GCWP2, and GCWP2), which reduced over the duration of the curing period, did not
significantly impact the UCS due to the robustness of the geopolymer gel (Na-bearing
aluminosilicates) and improved ITZ with both the WP and the natural aggregates.

4. Automated SEM-EDS quantifies the natural aggregates, waste plastics, and cemen-
titious hydrates such as CSH and Na-bearing aluminosilicates (geopolymer) gel
present.

5. Although a concrete mix with 70% WP showed a significant reduction in UCS in
both concrete formulations, geopolymer concrete can still be applied to construction
practice depending on the required design strength.

6.  Further research can be carried out to improve the consistency and strength of geopoly-
mer concrete incorporated with other types of plastic for its use in structural applications.
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Abstract: This work presents an experimental study on the physico-mechanical and microstructural
characteristics of stabilised soils and the effect of wetting and drying cycles on their durability as road
subgrade materials. The durability of expansive road subgrade with a high plasticity index treated
with different ratios of ground granulated blast furnace slag (GGBS) and brick dust waste (BDW) was
investigated. Treated and cured samples of the expansive subgrade were subjected to wetting—drying
cycles, California bearing ratio (CBR) tests, and microstructural analysis. The results show a gradual
reduction in the California bearing ratio (CBR), mass, and the resilient modulus of samples for all
subgrade types as the number of cycles increases. The treated subgrades containing 23.5% GGBS
recorded the highest CBR value of 230% under dry conditions while the lowest CBR value of 15%
(wetting cycle) was recorded for the subgrade treated with 11.75% GGBS and 11.75% BDW at the end
of the wetting—drying cycles, both of which find useful application in road pavement construction as
calcium silicate hydrate (CSH) gel was formed in all stabilised subgrade materials. However, the
increase in alumina and silica content upon the inclusion of BDW initiated the formation of more
cementitious products due to the increased availability of Si and Al species as indicated by EDX
analysis. This study concluded that subgrade materials treated with a combination of GGBS and
BDW are durable, sustainable and suitable for use in road construction.

Keywords: durability; wetting—drying; microstructural; California bearing ratio; expansive subgrade;
brick dust waste; sustainable soil stabilisation

1. Introduction

Road subgrade materials are subjected to various weather conditions such as rain and
extreme heat during spring and summer, especially in tropical areas. Subgrade materials
found in shallow depths are vulnerable to continuous wetting and drying cycles in these
regions [1]. The durability of the mechanical properties and the deformation behaviour of
subgrade materials under these changing environmental conditions have been a concern
and have been investigated using the wetting and drying cycle test [2,3]. These investiga-
tions have shown that subgrade strength decreases with an increase in wetting and drying
cycles according to [4], as a result of the breakdown of interlocking bonds underpinned by
constant swelling and shrinking from wetting and drying, respectively [5-7]. This further
shows that various thresholds exist in terms of “cycles to failure” for different subgrade
materials treated with different binders. The wetting and drying cycles can significantly
affect the hydro-mechanical behaviour of unsaturated soils [4,8,9].

Expansive subgrades exhibit a significant increase in irreversible bulk volume upon
wetting [2]. These subgrades are weak when wet and exhibit high shrink-swell behaviours,
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with changes in moisture content leading to movement within the subgrade capable of
inducing large differential volume changes leading to cracking and other associated defects
in road pavements [10-13]. Subgrades with these characteristics would fail quickly during
wetting—drying cycles and hence are not suitable for use in road construction [14].

Consequently, the strength and durability of expansive subgrade materials are usually
improved before construction, using chemical stabilisation processes entailing the addition
of binders to the soil to improve their mechanical properties such as the California bearing
ratio (CBR), the unconfined compressive strength (UCS), and the resilient modulus, and
to reduce their water adsorption and, eventually, swell potential [12]. Studies have used
different types of binders including cement, lime and other wastes and industrial by-
products such as Silica fume, geo-textiles, brick and plastic wastes to improve on the
performance of such problematic soils [15-28]. The application of these alumina and silica-
rich by-product materials are well known for their strength-giving pozzolanic reaction
in the presence of an activator, traditionally calcium-based. This reaction results in the
formation of cementitious products, namely calcium silicate hydrate (C-H-S) gels which
harden under proper curing conditions and periods to glue soil particles and fill-up pore
spaces. The reduced pores and overall increase in density contribute to improving the
strength and reducing the moisture absorption of the treated materials [13,29,30].

However, the durability of such stabilised material continues to be of immense concern
with the current extremes in terms of weather. Researchers have continuously focused
on sustainability based on durability. Several studies have moved beyond the success
of strength enhancement to consider durability of such enhancement and resilience in
the face of harsh climate changes. A study by Wassermann [31] on the effects of wetting—
drying cycles on the performance of cement treated soils reported a higher mass loss in
samples with lower binder contents with increasing cycles. Treated samples are reported
to continuously get eroded with each wet-dry cycle. Durability studies on untreated and
lime-treated soils showed that the higher void ratio and the increased pore size distribution
were more severe in the untreated soil samples compared to lime-treated counterparts after
subjecting both samples to wetting—drying cycles [32]. The increase in pore size distribution
modified the compression curve of the untreated samples from a convex shape into a linear
profile, indicating larger deformation under similar loading conditions after several cycles,
due to a loss in interparticle bond with increasing cycles as expected [32].

In this study, the engineering properties of expansive subgrade materials were im-
proved using sustainable waste materials by enhancing their durability to withstand large
cycles of wetting—drying. Microstructural analysis via scanning electron microscopy (SEM)
and mineralogical analysis via energy dispersive X-ray (EDX) were conducted on the
treated subgrade materials to identify the changes in the morphology, elemental compo-
sition, and other formations in the stabilised subgrade materials. Artificially synthesised
subgrade materials from a mixture of bentonite and kaolinite at various proportions were
constituted to form high-plasticity-index subgrades. The subgrades were then treated using
waste materials such as ground granulated blast furnace slag (GGBS) and brick dust waste
(BDW) as partial replacement for cement and lime in the mix. After the subgrade materials
were treated, a wetting—drying cycle test was conducted in accordance with [33,34] by
recording their CBR values after each wetting and drying cycle. The result of this study
provides insight into the viability of BDW in combination with GGBS as an eco-friendly
binder. This is a vital step in the light of current efforts in transitioning from cement
and lime-based binders to more sustainable materials to cut-down on the current carbon
footprint and expand the knowledgebase in terms of alternative admixtures for sustainable
infrastructural development.

2. Materials and Methods
2.1. Materials

The materials used in this study include ordinary Portland cement, lime, GGBS, BDW,
bentonite, and kaolinite mixed at varying proportions to form two subgrade materials
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named subgrade 1 (25% bentonite + 75% kaolinite) and subgrade 2 (75% bentonite + 25%
kaolinite). The choice of the composition of the subgrades was to simulate a lower and
upper band in terms of expansivity of subgrades. Whereas subgrade 2 containing 75%
bentonite is an extremely highly expansive soil with liquid limit of 294.07%, plastic limit
of 45.38%, and a plasticity index of 248.69%. Subgrade 1 with 25% bentonite qualifies as
a high plasticity soil with liquid limit of 131.26%, plastic limit of 28.24%, and a plasticity
index of 102.52%. The bentonite and kaolinite used were supplied by Potclays Ltd. (Stoke-
on-Trent, UK), while the cement (CEM I) used was supplied by Dragon Alfa Cement Ltd.
(Bristol, UK), and in compliance with [35]. The lime used was supplied by Singleton
Birch Ltd. (Barnetby, UK) and was in compliance with [36] to be classified as hydrated
lime, while the BDW was supplied by Celtic Sustainable Ltd. (Ceredigion, UK) and in
compliance with [37]. Furthermore, the GGBS used was supplied by Francis Flower in
compliance with [38]. The sustainable waste materials used consisted of GGBS and BDW
used at proportions of 23.5% GGBS and 0% BDW, and 11.75% GGBS and 11.75% BDW for
both subgrade types. Compaction and Atterberg limit tests were conducted in compliance
with [39-41] to determine the Optimum Moisture Content (OMC) and Maximum Dry
Density (MDD) of untreated subgrade materials. The procedure and equipment used to
conduct microstructural analysis in this study are as reported in the authors’ previous
study [12,42]. The study also conducted wetting—drying cycle on the subgrade materials
formulated in this study in accordance with the wetting and drying procedure described
in [33]. After each cycle of wetting—drying, the CBR samples were tested in accordance
with [34]. The oxide compositions of the materials are presented in Table 1.

Table 1. Chemical Composition of Materials [43].

Oxide (%) SiO, Al,O3 Fe, O3 FeO MgO CaO K,O SO; TiO, Na,O Trace L.O.1
Bentonite 63.02 21.08 3.25 0.35 2.67 0.65 - - - 2.57 0.72 5.64
Kaolinite 48.5 36.0 1.00 - 0.30 0.05 2.15 - 0.06 0.15 - 11.7
Cement 20 6.0 3.0 - 421 63 - 2.30 - - - 0.80
GGBS 35.35 11.59 0.35 - 8.04 41.99 - 0.23 - - - -
Lime 3.25 0.19 0.16 - 0.45 89.2 0.01 2.05 - - - -
BDW 52 41 0.7 - 0.12 432 0.53 0.33 0.65 0.05 - 2.01

2.2. Sample Preparation and Experimental Design

Wetting—drying cycle test was conducted in this study following the wetting and dry-
ing procedure outlined in [33]. A total of 21 cycles of wetting and drying were performed.
Wetting—drying cycles conducted in this study were to simulate the effect of repeated wet-
ting and drying cycles on treated road subgrade materials during the wet (flooding) and
dry (drought) seasons. CBR samples were prepared in a 152 x 178 mm steel mould from
3 layers of stabilised soil each receiving 62 blows of a 2.5 kg rammer, using an automatic
mechanical compaction machine. The samples were compacted at 1.2 of OMC to allow for
adequate moisture for hydration and pozzolanic reaction during curing and stored at a
temperature of 22 & 2 °C in compliance with [34]. The stabilised samples were wrapped in
clingfilm and cured for 28 days before subjecting to wetting—drying cycle test. After curing
the samples, the clingfilm was removed and the samples were wrapped using duct tape
leaving the top and bottom of the sample. This was done to hold the sample together in one
piece during the wetting—drying cycles test. All CBR samples were submerged in water for
5 h at a room temperature of 20 & 2 °C to simulate flooding during heavy rainfall. After
5 h of soaking, the samples were removed and weighed, and their mass was recorded to
monitor the mass change in the sample in the course of the cycles. After the soaking period,
one sample was set aside and tested for CBR (wetting cycle No 1) and the CBR value was
recorded. The remaining soaked samples were then placed in an oven at a temperature of
71 £ 3 °C for a period of 42 h to simulate extreme dryness (drought) or high temperature.
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After 42 h the dry samples were removed, and their masses recorded. Thereafter, one sam-
ple was set aside and tested for CBR (drying cycle No 1) and the CBR value was recorded.
This procedure constitutes one cycle (48 h) of wetting and drying [33,34]. The process was
repeated until all 10 cycles were achieved to see the effect of wetting—drying cycles on the
durability of the treated subgrades. The purpose of conducting wetting—drying test in
this study was to establish a limiting number of cycles at which the CBR of the subgrade
materials fall below allowable limits and hence the subgrades become unsuitable for use
in road construction. A high-quality subbase material will typically have a CBR value
between 80% and 100% and a subgrade with a CBR value < 2% is unacceptable for use in
road construction and would require modification or treatment [12].

3. Results and Discussion
3.1. Wetting and Drying Cycles

From the results of wetting—drying cycle on subgrade samples, deeper cracks were
observed for subgrade 2 (extremely high plasticity index), which was composed of 75% of
bentonite compared to subgrade 1 (25% bentonite). This observation was due to the high
shrinkage potential because of the high amount of bentonite content in the mix as shown in
Figure 1. Weight loss in samples was observed for all mix designs as the number of cycles
increased [44]. A significant loss in mass of the samples was observed from cycles 4 to 10
for both wet and dry testing conditions. This weight loss was a result of the weakening of
the interparticle bonds due to the constant swelling and shrinking caused by cyclic wetting
and drying. Particles of treated soil were constantly disintegrating and falling-off as the
wetting—drying process progressed. This behaviour is expected and has been observed in
binders used in subgrade stabilisation when exposed to wetting and drying [45]. The study
by [46], showed adverse effect of increasing temperatures on stabilised soil with increasing
mass loss of soil. It was observed that increased heating conditions led to a decrease in
sample sizes. A drastic drop in sample mass after oven drying was observed. However,
samples regained some amount of mass during the wetting processes (soaking) due to
water filling the pore spaces in the samples. The occurrence of mass loss was due to the
evaporation of moisture out of the sample during oven drying at 71 £ 3 °C leading to the
development of microcrack which expanded following water ingress during soaking with
associated swelling. The loss in bond strength and expansion of the samples during the
wetting phase further expanded the cracks and increased the void ratio of the samples
thereby reducing the mass of the sample as shown in Figure 1.

Eroding of sample due to e > Disintegration of sample
cyclic wetting due to cyclic drying

Figure 1. (a) Eroded subgrade sample due to cyclic wetting (b) Rapid crack development stage with
loose particle following breakdown of interparticle bonds due to high temperature (c) Oven dry
sample exhibiting steady-state crack development similar to a typical natural dry expansive subgrade.

Cracking after different numbers of wetting—drying cycles was obtained in the sub-
grade [47]. According to the British lime association [48], more moisture loss was observed
through evaporation due to heat generated during the hydration and pozzolanic reactions
synonymous with soil stabilisation using cement, lime and GGBS. Two stages of crack
development at the end of the drying process of the high-plasticity-index subgrade were
observed-the stage of rapid crack growth and the stage of steady crack development, these
stages affect the strength of the soil while reducing the soil mass [47]. This behaviour is very

211



Materials 2023, 16, 3124

common in naturally existing high-plasticity-index subgrade materials when subjected to
high temperatures, especially in tropical areas. When oven-dry samples were submerged
in water during the wetting cycle process, water, with a higher density, quickly occupied
the pores, expelling the air from within the sample hence increasing the mass of the sample
as shown in Figure la—c. Figures 2 and 3 show the gradual reduction in sample mass for
subgrade materials as the number of cycles increases.

5 5
(Subgrade 1 + 2%Lime + 2.5%Cement + (Subgrade 2 + 2%Lime + 2.5%Cerr.18nt +
23.5%GGBS) after 28 days curing 23.5%GGBS) after 28 days curing
a4 ] a Wet Cycle Mass
B 'Wet Cycle Mass 71 Dry Cycle Mass
. 71 Dry Cycle Mass -
oo oo
- vy
=3 =5
] ]
o ©
= =
2 2
=3 =3
EZ . E2 a
L] o
v v
1 - 14
0 f f t { 0 t ¥
i1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 10
(a) Number of Cycles (b) Number of Cycles

Figure 2. (a) Sample mass for subgrade 1 composed of GGBS after 28 days of curing (b) Sample mass
for subgrade 2 composed of GGBS after 28 days of curing.
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Figure 3. (a) Sample mass for subgrade 1 composed of GGBS and BDW after 28 days of curing
(b) Sample mass for subgrade 2 composed of GGBS and BDW after 28 days of curing.

The effect of the addition of 11.75% of BDW to the binder mix can be seen from
Figure 3a,b. The increase in mass loss from the use of 2% lime, 2.5%cement, and 23.5%
GGBS with increasing cycles was significantly reduced from almost 10% to less than 2% for
the wet cycles when 11.75% BDW was introduced into the binder. The gradual loss in mass
of the samples resulted in lower moisture absorption. This was because a reduction in the
mass of the stabilised soil from disintegration, led to an overall reduction in the void ratio
as the wet—dry cycles progressed. The overall reduction in the void ratio also resulted in
lower mass of the samples during the wetting cycle as the mass of the absorbed water was
lowered in the process. The reduction in mass loss indicates further increase in the strength
of the stabilised expansive soils from the addition of BDW. BDW is known for its high
pozzolanic properties and have been reported to increase the strength of stabilised soils [49].
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In addition, BDW known for its high specific area is very reactive as a highly pozzolanic
material. The finer particle size of the BDW filled the interparticle pores, which resulted in
a denser and more compact soil-binder matrix with enhanced strength and durability.

In the current study, the effect of 11.75% BDW is seen in enhancing the durability of
the treated soils. From Figure 3a it seen that at the 10th cycle, the sample mass is relatively
stable compared to the samples stabilised with 23.5% GGBS. This might indicate increased
durability when BDW is utilised and suggests that BDW might be a useful additive in
increasing the durability of stabilised samples.

3.2. The California Bearing Ratio (CBR)

The CBR values used in this study was the average CBR value of two samples to
ensure validity and accuracy of the results. After conducting wetting—drying cycle on
the treated subgrade samples, it was observed that the CBR of the subgrade samples was
decreasing with an increase in the number of cycles as expected. This observation confirms
the findings by [1], that subjecting soil to wetting—drying cycles caused the decrease in soil
strength. The CBR value of subgrade 2 was less compared to subgrade 1. The reduction
in CBR values was observed for all subgrade samples with an increase in wetting—drying
cycles. The reduction in CBR value as wetting—drying increased could be attributed to
the repeated swelling and shrinking due to wetting—drying resulting in loss of binder
strength within the samples [1]. Very high CBR values more than twice that of wet samples
were recorded for dry cycle samples. The extremely high CBR observed in dry cycles was
due to the ability of high-plasticity-index clays to harden during drying under elevated
temperatures. The hardening of the clay increased the CBR of the soil hence, the high CBR
values were recorded for drying-cycle samples. The low CBR values recorded for wet-cycle
samples compared with dry-cycle samples could be because high plasticity clay is weak in
the presence of water [50]. Overall, the CBR recorded for subgrade 2 were lower compared
with subgrade 1 as shown in Figures 4 and 5.
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Figure 4. (a) Wetting—drying cycle results for subgrade 1 composed of GGBS after 28 days of curing.
(b) Wetting—drying cycle results for subgrade 2 composed of GGBS after 28 days of curing.
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Figure 5. (a) Wetting—drying cycle results for subgrade 1 composed of GGBS and BDW after 28 days
of curing. (b) Wetting-drying cycle results for subgrade 2 composed of GGBS and BDW after 28 days
of curing.

This was due to the high amount of bentonite content in the mix, making it expansive
and weak in compression. According to [12], subgrade materials with high bentonite
content have low CBR values. Subgrade mix design composed of high GGBS content
(23.5%) recorded the highest CBR values for wetting—drying cycles, making it the best
performing mix in this study. The high strength values achieved with the addition of
high amounts of GGBS in the mix supports some of the results presented by [12], which is
because the relatively high calcium content in GGBS, the main reaction product of CSH
gel is responsible for the increase in strength in a mix [51]. Studies have shown that
the higher the amount of GGBS blends, the greater the strength and durability of the
mix [52]. This shows that subgrade material treated with 23.5% GGBS can withstand many
wetting—drying cycles and still maintain very high CBR values required for use in road
construction. The addition of equal proportions of GGBS and BDW exhibited good CBR
values usable in road construction at the end of the wetting—drying cycle process. BDW are
pozzolanic materials with high alumina/silica content which in the presence of lime can
form cementitious gel to increase strength in a mix [53]. Previous studies have also shown
that the addition of brick dust increased soil strength by 1.7 to 2.3-fold [51,54]. The lowest
CBR value recorded for subgrade 1 composed of 23.5% GGBS was 70% after 10 drying
cycles and 52% after 10 wetting cycles. Subgrade 2 composed of 23.5% GGBS recorded
a CBR value of 43% after 10 drying cycles and 23% after 10 wetting cycles. Subgrade 1
composed of equal amounts of 11.75% GGBS and 11.75% BDW recorded a CBR value of
58% after 10 drying cycles and 16% after 10 wetting cycles. Subgrade 2 composed of equal
amounts of 11.75% GGBS and 11.75% BDW recorded a CBR value of 19% after 10 drying
cycles and 15% after 10 wetting cycles. The result shows that CBR values achieved for all
subgrades after 10 wetting—drying cycles are very good exceeding minimum 2%, making
them suitable for use in road construction. Hence, expansive subgrade materials treated
with GGBS and BDW are highly durable and can withstand harsh weather conduction
without losing their strength. Figures 4 and 5 show CBR results for subgrade materials
after wetting—drying cycles.
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3.3. The Resilient Modulus

The resilient modulus is considered one of the critical parameters in the design of
flexible road pavements as prescribed by some important design guidelines [55,56]. The
resilient modulus is often used to estimate pavement layers’ (subgrade, base and sub-base
material) behaviour especially when subjected to conditions of cyclic loading. It is also a
fundamental mechanical property of materials utilised to explain non-linear stress—strain
characteristic of subgrades under the influence of repeated loading [57,58]. According to
AASHTO, the resilient modulus is defined as the ratio of the applied cyclic axial stress to
the resilient axial strain [59].

Several empirical and mathematical relationships have been proposed to estimate the
resilient modulus of pavement materials based on the CBR of these materials as tested in the
laboratory [55,59-64]. In this study, the resilient modulus of natural and stabilised subgrade
materials subjected to cycles of wetting and drying derived from previous research as
shown in Table 2 is compared as given in Figure 6.

Table 2. Empirical Relationship for Resilient Modulus Derivation.

SN Expression Reference
1 10.33 x CBR [62]
2 38 x (CBR) 0711 [61]
3 18 x (CBR) 064 [63]
4 21 x (CBR) 065 [55]
5 17.6 x (CBR) 064 [59]
6 49.37 x (CBR) %% [60]
7 1.2 x CBR [64]
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Figure 6. (a) Resilient modulus results for subgrade 1 composed of GGBS after 28 days of curing
(b) Wetting—drying cycle results for subgrade 2 composed of GGBS after 28 days of curing [55,59-64].
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As indicated in Figure 6, the resilient modulus seems to be generally decreasing with
increasing cycles of wetting and drying for stabilised subgrades 1 and 2 without BDW.
Across the estimated resilient modulus, values for subgrade 1 are all greater than those
for subgrade 2. Moreover, for both wetting and drying cycles, the expression proposed
by [62,64] seem to give upper and lower bound values of the resilient modulus, respectively.
Meanwhile, the resilient modulus proposed by [61] seem almost indistinguishable. It
could also be noticed that the resilient modulus derived from [55,59-64] all seem to remain
unchanged with the increasing number of wetting and drying cycles especially for stabilised
subgrade 1. A similar decreasing trend in the resilient modulus with increasing cycles of
wetting and drying is observed for stabilised subgrades 1 and 2 with the inclusion of BDW
as shown in Figure 7a,b.
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Figure 7. (a) Resilient modulus results for subgrade 1 composed of GGBS and BDW after 28 days of
curing. (b) Wetting—drying cycle results for subgrade 2 composed of GGBS and BDW after 28 days of
curing [55,59-64].

However, some differences are also noticed in the behaviour of the resilient modulus
curves when comparing soils stabilised with and without the inclusion of BDW. One of
the points of differences is generally noticed with the upper-bound resilient modulus,
which is in accordance with the expressions proposed by [61,62] for soils stabilised with
BDW included unlike those stabilised without the inclusion of BDW under both wetting
and drying cycles. Additionally, for stabilised soil 1 under the drying cycles, the resilient
modulus is slightly higher for the first two cycles but does remain unchanged until the 10th
cycle. On the other hand, the lower-bound resilient modulus [55,59,64] for stabilised soil 2
with BDW included seems to demonstrate a clear decreasing trend with increasing wetting
and drying cycles unlike for stabilised soil 2 without the inclusion of BDW. The results all
show the impact of the fluctuating moisture levels from erratic environmental conditions on
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the performance of stabilised subgrade materials and highlight the improvements gained
by blending pozzolanic materials such as BDW and GGBS in enhancing the strength and
durability of the stabilised soils. A BDW and GGBS blend is encouraged to increase the
durability of the stabilised subgrades.

3.4. Microstructural Properties

Microstructural analysis conducted showed a high formation of the calcium silicate
hydrate (CSH) gel responsible for the increase in strength. Recent studies [53,65] have
pointed out that the addition of GGBS and BDW increases the formation of CSH gel due
to the rich calcium and pozzolanic characteristic of GGBS and BDW combination. From
the result of energy dispersive x-ray analysis, as shown in Figure 8a—-d, a calcium (Ca)
content of 44.87% was recorded for subgrade 1 treated with the addition of 23.5% GGBS
after 28 days of curing. Subgrade 1 composed of 11.75% GGBS and blended with 11.75%
BDW recorded 32.73% calcium (Ca) after 28 days of curing. Subgrade 2 composed of 11.75%
GGBS and blended with 11.75% BDW recorded 36.78% calcium (Ca) after 28 days of curing.
Detailed results of SEM and EDX analysis conducted in this study are shown in Figure 8a-d.
From the EDX results, the higher calcium content of subgrades 1 and 2 treated with 23.5%
GGBS in combination with lime and cement is logical since GGBS has a higher calcium
content, which was further increased with the addition of 2% lime and 2.5% cement. The
increase in calcium, however, might not have sustained the increase in strength as calcium
alone is insufficient for production of CHS obviously. Reasonable quantities of Si and Al
are required to enhance the production of cementitious products. This is seen in the results
of the samples with the addition of 11.75% BDW and is an indication of the growth of more
cementitious products as shown in Figure 8a,b.

The surface morphology and reduced pores of GGBS- and BDW- treated samples, as
shown in the micrographs in Figure 8a,b, align with the CBR results in Section 3.2 which
also shows higher strengths for samples treated with GGBS blended with BDW at the end of
the 10th cycle. Lower pores are synonymous with increased particle coating ability, which
is a function of more CHS flakes as shown in the micrographs of Figure 8c,d. The increased
interparticle bonds from a higher pozzolanic activity combined with the initial hydration
products from the lime and cement enhanced the durability of the subgrades 1 and 2 when
BDW was introduced into the mix. The mineralogical results from EDX also capture a spike
in the Al and Si content from 2.37% Al and 4.54% Si to 8.60% Al and 19.01% Si for subgrade
1 when BDW was introduced as shown in Figure 8a,c. Additionally, for subgrade 2, this
was from 6.74% Al and 19.70% Si to 10.27% Al and 20.59% Si when BDW was introduced
into the binder mix as shown in Figure 8b,d. This strength enhancement is also seen in
the lower mass loss recorded from the wetting—-drying cycles discussed in Section 3.1. The
SEM and EDX results corroborate the fact that the addition of GGBS blended with BDW
might be a better combination in dealing with subgrade degradation from cyclic wetting
and drying which has become a norm in the light of the rapidly changing environmental
condition. The use of GGBS blended with BDW might be considered as an option in the
development of resilient road pavement infrastructure to withstand the adverse effects of
changing climatic conditions.
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Figure 8. (a) SEM and EDX results for subgrade 1 composed of 11.75% GGBS and 11.75% BDW after
28 days curing. (b) SEM and EDX results for subgrade 2 composed of 11.75% GGBS and 11.75% BDW
after 28 days curing. (c¢) SEM and EDX results for subgrade 1 composed of 23.5% GGBS after 28 days
curing. (d) SEM and EDX results for subgrade 2 composed of 23.5% GGBS after 28 days curing.
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4. Conclusions

This study focused on the effects of introducing sustainable binders (GGBS blended
with BDW) in improving the strength and durability of lime- and cement-treated expansive
subgrade for road pavement construction. The bearing capacity of the treated soils has been
studied via CBR, under constant wetting and drying cycles. Additionally, microstructural
studies have been undertaken to evaluate the changes in the fabric of the stabilised soil at
the microlevel. The results of the treated samples containing BDW blends when compared
with that of samples without BDW showed strength enhancement and increased durability.
Based on the experimental results, the following conclusion can be drawn.

1.  Expansive subgrade materials treated with a blend of GGBS and BDW showed higher
resistance against degradation at the end of 10 cycles of wetting and drying. The
higher strength at the end of the wetting—drying periods indicates that the addition
of 11.75% BDW to the binder mix enhanced the resistance of the treated soils against
expansion and shrinkage cracks.

2. The strength reduction over the wet—dry cycles was lower for samples treated with
a blend of BDW. The addition of BDW increase the production of CHS gels due
to the additional pozzolanic activity which increased interparticle bond under the
wet—dry cycles.

3. The result of mass loss analysis of the treated soils aligns with the bearing capacity
results and the microstructural characteristics indicates that the addition of 11.75%
BDW blends into the binder mix is a useful means of lowering the mass loss which
occurs through constant swelling and shrinking leading to the breakdown of the
bonds. Lower mass loss indicates that subgrade treatment with a blend of BDW
has higher resilience and could maintain strength in the event of rapidly fluctuating
environmental conditions.
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Abstract: Limestone is commonly used in cement concrete due to its unique nature and type. It has
physical effects (nucleation effect and dilution effect) and chemical effects on the hydration process of
cement. This paper reviews the effects of three representative limestone materials on the hydration
process, hydration products, and hydration kinetics. In the hydration process, the reaction was
delayed by limestone powder with a particle size larger than 20 um and calcium carbonate whiskers
due to their dilutive effect. On the other hand, limestone powder with a particle size smaller than
20 m and calcium carbonate nanoparticles facilitated the reaction through nucleation and chemical
effects. Limestone has a similar effect on hydration products, promoting the production of C-S-H
through nucleation. The mechanism of action for this nucleation effect depends on the differences
in crystalline form and particle size of the three types of micro- and nano-calcium. Chemical effects
impact the amount of AFt produced, with the generation of new products being the main reaction
influenced by the limestone admixture.

Keywords: cement hydration; calcium whisker; limestone powder; nano-calcium carbonate

1. Introduction

Concrete is the most widely used building material globally due to the easy avail-
ability of raw materials and low cost. However, the production of cement emits signif-
icant amounts of CO, and consumes large amounts of energy, which is harmful to the
environment [1,2]. Therefore, researchers aim to decrease carbon emissions and energy
consumption in cement production by reducing the amount of cement used in concrete [3,4].
To reduce the amount of cement used, supplementary cementitious materials (SCMs) are
commonly employed as an alternative to cement, with fly ash being the most common
admixture [5-7], silica fume [8], slag [9-11], rock dust [12,13], limestone [14-17], and et al.
These SCMs can also enhance various properties of concrete [18]. Limestone is a calcium
carbonate sedimentary rock with calcite as its principal component. Calcium carbonate
is a compound that includes chalcopyrite, aragonite, and calcite [19]. Among the various
forms of calcium carbonate (CaCO3), calcite is the most stable at room temperature and
pressure. Its crystal system is tripartite, its space group is R3¢, and its most stable cleavage
surface is (1014) [20,21]. This cleavage surface is particularly prevalent in geological envi-
ronments and can be exploited in the production of cement clinkers [22]. Aragonite is a
high-pressure phase of calcium carbonate crystals that exhibits an orthorhombic crystal
system with a space group of Pmcn and a most stable cleavage surface of (001) [21]. It is
usually widely distributed as a component of the shells of marine organisms. Depending on
the differences in their size [23,24], crystalline shape [25,26], and morphology [27,28], they
can play different roles in concrete, such as aggregates [29], fillers [30], and microfibers [31].
Numerous studies have shown that the addition of limestone improves various properties
of concrete [14,32]. When used as an aggregate, it can effectively improve the compressive
and splitting tensile strength of concrete [33,34], and when used as a filler, it can effectively
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improve the compactness of the matrix and enhance the performance of concrete [35],
including compressive strength and durability [10,36]. Calcium carbonate whiskers (CWs),
like other microfibers, can prevent the expansion of microscopic cracks [37,38]. Limestone
particles smaller than 1 mm can form a ternary system with other materials that have
volcanic ash activity (such as fly ash), which contributes to the hydration reaction of the
cement [39]. This, in turn, improves the mechanical properties and microstructure of the
concrete [40].

Numerous studies have been conducted to explain the mechanisms by which lime-
stone affects cement hydration. The possible mechanisms that are widely accepted include
dilution, nucleation, and chemical action [41]. Dilutive effects are caused by the addition
of admixtures, which increase the interparticle distance and dilute the concentration of
cement in a certain area. This results in a slower rate of hydration in that area [42]. The
nucleation effect refers to the fact that the limestone surface is more likely to provide
nucleation sites, attract free Ca2* for nucleation and growth, and facilitate the production
of hydration products [20,43,44]. Chemical effects mean that calcium carbonate can react
with C3A to form monocarbonaluminate and monocarbonaluminate (Hc/Mc) and par-
ticipate in the hydration reaction [17]. The three types of action described above work
together in the limestone—cement system to determine the role of calcium carbonate in the
hydration process.

Numerous studies have investigated the impact of calcium carbonate on the hydration
process and products. This paper reviews the role and factors influencing the hydration
reaction and products of cement by limestone with different morphologies, particle sizes,
and crystal types. Additionally, the literature summary presents some expectations for
future research. There are still many deficiencies in the studies on the role of micro- and
nano-calcium in the hydration of cement. Few studies have investigated the influence of
CWs on the phase composition and morphology of the products during the hydration pro-
cess. There are no systematic studies on the quantitative characterization of the influencing
factors of micro- and nano-limestone in the hydration process.

As micro- and nano-calcium are micro-active dopants, the additional nucleation area
provided by them is not quantitatively characterized in relation to the enhancement of
nucleation rate, which also leads to the lack of accurate quantitative representation of the
role of micro- and nano-limestone in the hydration kinetics. The role of calcium carbonate
whiskers in hydration kinetics and product morphology has not been specifically analyzed
and concluded, and can be studied in more depth in future research.

2. Influence Mechanism

Limestone affects the hydration process of cement through dilution, nucleation, and
chemical effects. These effects are often interdependent in hydration reactions, and the
factors influencing them are complex. This section discusses the modes of action and
influencing factors of these effects.

2.1. Dilution Effect

The dilutive effect is widespread in mineral admixtures [42,45]. The addition of
mineral admixtures typically results in a reduction in cement content, which dilutes the
silicate cement content in certain areas [30,42]. This increases the space available for
the formation of hydration products, leading to a decrease in the supersaturation of the
pore solution required for C-S-H generation [46]. As a result, the cement is more readily
hydrated under the influence of the dilutive effect [30]. However, the dilutive effect results
in a less compact cement matrix due to the need for higher pore solution supersaturation
during hydration in smaller-diameter pores [30,47]. The dilutive effect is solely physical
and is influenced primarily by particle size and dosage [32]. Increasing the dosage and
particle size enhances the dilutive effect [32,48], as shown in Figure 1. When the average
particle size of limestone is larger than that of the cement clinker, the hydration rate is
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drastically reduced, in which case the dilutive effect does not promote the early hydration
reaction [32].

() (d)

Figure 1. Schematic representation of the dilutive effects for the different blended systems; numbers 1-8

represent the number of cement clinker particles in a fixed area. Orange represents limestone, purple
represents calcium carbonate nanoparticles, and blue represents calcium carbonate whiskers. (a) Cement;
(b) Cement-limestone; (¢) Cement—-nano-limestone; (d) Cement—carbonate calcium whisker.

2.2. Nucleation Effect

The impact of nucleation on the hydration reaction is typically facilitated in two ways.
Firstly, calcite (1014) has a surface atomic arrangement similar to that of C-S-H, which
enables it to adsorb Ca?* and allow C-S-H to nucleate and grow on its surface [49,50].
Secondly, limestone promotes nucleation by dissolving Ca?* so that C-S-H reaches the
required degree of supersaturation for nucleation [32,51]. The addition of calcite enhances
the dissolution of alite, which, in turn, promotes the nucleation of C-S-H [32,41]. The
two approaches described above work together in the hydration reaction. Calcite promotes
C-S5-H nucleation, as demonstrated by the calculation of its saturation index. The saturation
index of C3S is lower than 0.04, while the saturation index of calcite is >0.25. This suggests
that C-5-H tends to nucleate on the surface of C3S only when the Sl is lower than 0.04 [50,52].
When the water—-cement ratio is between 0.35 and 0.5, the pH range of the pore solution
makes C-S-H more likely to undergo heterogeneous nucleation [50,52,53] rather than
secondary nucleation on C-S-H or C3S surfaces [50]. Therefore, during the experimental
process, C-S-H shows a preference for heterogeneous nucleation on the calcite surface.
When C-S5-H nucleates heterogeneously on the calcite surface, the required degree of
supersaturation for C-S-H nucleation is reduced, shortening the induction period [51,54].
Additionally, the presence of limestone provides a larger heterogeneous nucleation surface
for the hydrated products, facilitating their nucleation and growth [51].
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The nucleation effect mechanism suggests that the crystalline form of limestone is
the primary factor affecting the nucleation effect. The calcium ions of calcite are in the
same surface area as the oxygen ions atoms, so that the arrangement of both types of atoms
can be observed simultaneously in the (1014) solvation surface, as shown in Figure 2a,b.
Calcite has a similar atomic arrangement to that of C-S-H and, therefore, has a more
pronounced nucleation [55]. On the other hand, the calcium ions of aragonite are not in
the same plane as the oxygen ions, so only the calcium ion arrangement can be observed
on the (001) solvation surface and the oxygen ion arrangement cannot be observed, and,
therefore, aragonite does not have a specific facilitating effect on C-S-H nucleation [21].
The pseudo-hexagonal pattern in Figure 2d is inconsistent with all the patterns in calcite,
which also leads to the very different crystal properties of aragonite and calcite. However,
mineral admixtures, such as aragonite, can still facilitate C-S-H nucleation by providing a
larger area for hydration product nucleation [56]. In addition to the differences in crystal
structure, the amount of limestone doping also affects the nucleation effect. As the amount
of limestone doping increases, the nucleation density of C-S-H increases while the size of
C-S-H decreases, as shown in Figure 3. Additionally, the amount of C-S-H generated also
increases with the increase in doping [49,54].

Calcium pattern Oxygen pattern

Calcite (1014)

Aragonite (001)

Figure 2. Comparison of atomically resolved and Fourier-transformed images of calcite cleavage
(1014) and aragonite (001) faces. On the calcite cleavage plane, (a) there is a latticed calcium layer
and (b) a zigzag oxygen pattern, and (c) the calcium layer was only observed on the (001) face of
aragonite [21], (d) oxygen pattern iobserved on the (1014) face of aragonite.

Figure 3. Surface of the calcite particle after the C-S-H growth experiment [49]. (a) 0.5 g of calcite;
(b) 10 g of calcite.
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2.3. Chemical Effect

In systems containing limestone, which is slightly soluble in water [57], excessive
tricalcium aluminate (C3A) can react with it to form hemicarbonaluminate (Hc) and mono-
carbonaluminate (Mc) [17]. The specific reactions are illustrated in Equations (1)—(3) [58].

C3A + CC +11H — C4ACHq4 1)
C3A +0.5CC + 0.5CH + 11.5H — C4ACHO'512 (2)
C3A + CaCO3 — Mc/Hc (mono/hemicarboaluminate) 3)

Equation (1) shows that the generation of Hc can consume calcium hydroxide and
promote the hydration reaction by reducing the amount of hydration products. Addi-
tionally, the presence of limestone allows excessive C3A to participate in the reaction to
produce He and Mc, which prevents the conversion of ettringite (Aft) to AFm and stabilizes
Aft [32]. The limited improvement of limestone’s reaction to C3A during the later stages of
the hydration process [32] is primarily due to the fact that the majority of the C3A in pure
cement undergoes hydration. The chemical reaction is affected by two main factors: the
amount of limestone and C3A in the system and the reaction kinetics [39]. The chemical
reactions are minimally affected by the properties of the limestone itself, and differences in
crystal type and particle size do not have a major effect on the chemical effects [26,32,55].
The aluminum phase content in the system is typically increased using mineral admixtures
that are rich in alumina and blended with limestone. This promotes chemical effects [58,59].
The inclusion of the aluminum phase from the mineral admixtures resulted in a significant
increase in the production of AFt. Additionally, the production of Mc also increased [30],
as illustrated in Figure 4.
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Figure 4. Quantified AFt (a) and AFm (b) phases of the investigated mixtures based on XRD Rietveld
refinement, the gray area represents the amount of change in AFt and AFm from 7 to 28 days [30].

2.4. Discussion

The impact of the three types of limestone on hydration products was comparable.
Nucleation effects promoted the production of C-S-H, while chemical effects influenced
the amount of AFt and the production of new products. Although limestone powder
and nano-calcium carbonate have similar effects on hydration products, the difference in
particle size between the two leads to a difference in the mechanism of influence. The
particle size of limestone powder is similar to that of C3S. As a result, C-S-H attaches to its
surface and grows vertically. This promotes the dissolution of C3S and the nucleation of
C-S-H. In contrast, nano-calcium carbonates are much smaller than C3S particles. Therefore,
they can contribute to the secondary nucleation of C-S-H by adhering to the surface of C3S
and C-S5-H, which also results in C-5-H usually having a higher density in the systems
containing nano-calcium carbonate.
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3. Influence of Limestone on Hydration Reactions

Limestone with a particle size below 1 mm generally plays a diluting, nucleating, and
chemical role in the cement hydration process [59,60]. Dilution usually slows down the
hydration rate and delays the exothermic hydration starting [26,32]. The nucleation effect
usually results in an increase in the hydration rate with an increase in the peak exothermic
value of hydration [16,61,62].

3.1. Limestone Powder (LP)

Limestone powder (LP) typically has a particle size between 10 and 100 um, which
is smaller than the average particle size of a cement clinker [16]. LP can, therefore, affect
the hydration reaction through physical and chemical effects. Table 1 presents a review of
the impact of varying sizes of limestone powder (LP) on the cumulative heat release, peak
hydration heat release, and peak occurrence time.

Table 1. Exothermic changes in hydration.

. . Cumulative Peak Heat of .
Reference =~ W/C Particle Size Dosage Heat Release Hydration Appearance Time
o o About 0.6 h ahead
5 wt% Reduced by 6% - of schedule
o o About 0.8 h ahead
[16] 0.5 10-100 pm 15 wt% Reduced by 18% - of schedule
o o About 1.1 h ahead
25 wt% Reduced by 17% - of schedule
o o About 28% About 2.5 h ahead
6.5 pm 85% increase at 30 wt% improvement at 30 wt% of time
3.5 um 71% increase at 30 wt% About 3.5 h ahead
About 30% of schedule
% improvement at 30 wt%
[45] 0.4 9 um 10,20, 30, 40,50 wt% . APProx.63% P About 2.5 h ahead
improvement at 30 wt% of time
3 um B About 5% improvement
i at 10% dosing
15 um ~ Improvement of Approximately 1%
H about 1% at 10% dosing ahead of schedule
2 um B Improvement of Approximately 13%
[32] 0.4 20 Wit% about 11% ahead of schedule
130 pm - Reduction of about 19%  Delayed by about 16%
25 Wi Improvement of Improvement of Approximately 19%
? about 28% about 32% ahead of schedule
[63] 0.4 1-10 um .
50 Wi Improvement of Improvement of Approximately 44%
? about 19% about 42% ahead of schedule

Table 1 shows that dosage and particle size are the main factors influencing the
exothermic hydration in LP. For LP with a particle size below 20 um, appropriate dop-
ing can increase the total amount of exothermic hydration, increase the peak rate of
exothermic hydration, and advance the time of peak exothermic hydration [7,45,64].
Agel et al. [64] demonstrated that the heat of hydration increased with the addition of LP,
and this increase was inversely proportional to the particle size. The hydration reaction
was promoted by LP, resulting in a shorter induction time, mainly due to the nucleating
effect, leading to the second exothermic peak advancing [65,66]. However, for LP with
a particle size larger than 20 um, the addition will significantly reduce the hydration
exotherm [16,26,32], and variations in the above results are mainly due to LP particle size
selection. Briki et al. [32] conducted a study on the effect of LPs with different finenesses
on early hydration. Results showed that the packing effect of LPs with a particle size of
2 um compensates for the dilution effect, which is attributed to the fact that finer LPs
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increase the undersaturation of alite, which results in a faster dissolution rate of alite and
promotes the nucleation effect of C-S-H on the surface of LPs [41,52], leading to higher
exothermic hydration of alite.

After the dosage of LP exceeded 20 wt%, the peak rate of the exothermic rate of cement
hydration decreased, and the time of peak appearance was delayed [16,25,66], as shown in
Figure 5. This reduction in the exothermic rate of hydration was mainly due to the diluting
effects of LP [25,39]. Although LP provides more nucleation sites for C-S-H with increasing
doping, the addition of LP also increases the effective water-cement ratio [25]. This dilutive
effect outweighs the nucleation effect [32]. However, increasing the dosage also promotes
chemical effects and the production of Hc and Mc, which favors the formation of hydration
products [16].
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Figure 5. Hydration heat flow curve of the LP Portland cement (PC) binary system [16].

3.2. Calcium Carbonate Whiskers (CWs)

Calcium carbonate whiskers are typically fibrous, with diameters ranging from 0.5
to 2 um and lengths from 20 to 30 um [67]. The crystalline form of these whiskers is
usually aragonite, which can undergo a transformation to calcite at 450 °C [68,69]. Calcite
whiskers were obtained by Li et al. through high-temperature treatment of the CW.
The temperature was raised to 450 °C, kept for 2 h, and then cooled naturally [26]. For
the reaction peak of alite, the calcite CW accelerated the appearance time of its peak
and increased the intensity of the exothermic peak of the C3S reaction compared to
the aragonite CW. However, for the second exothermic peak, the peak intensities and
appearance times of the two were similar.

It has been demonstrated that, similar to larger LPs, the addition of CWs mainly
has a dilutive effect and reduces the exothermic heat of hydration. This suggests that
the length dimension of the CWs is the main factor controlling the variation of the heat
of hydration. Li et al. [26] used XRD to determine the chemical products, Hc and Mc,
as shown in Figure 6. The peak intensities of both were found to be essentially the
same, which is consistent with the results of the hydration exotherm. Therefore, it can
be concluded that crystallographic differences primarily affect the hydration reaction
through physical effects, which influence the nucleation of C-S-H on the CW surface. This
suggests that differences in crystallographic shape have minimal impact on the chemical
effects [26,30].
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Figure 6. XRD patterns of aragonite and calcite whisker-reinforced cement paste [26]. (a) 1 d of
hydration; (b) 3 d of hydration; (c) 7 d of hydration; (d) 28 d of hydration.

3.3. Nano-Calcium Carbonate (NC)

The size of calcium carbonate nanoparticles typically ranges from 10 to 105 nm,
with irregular shapes and an average size of approximately 50 nm. The particles are
typically cubic or connected in agglomerated chains [24,70], and XRD test results indicate
that the primary constituent is calcite [24]. Currently, some researchers have chosen to
pass gaseous CO, during the mixing process to produce calcium carbonate nanoparticles.
These are known as in situ grown calcium carbonate nanoparticles (in situ NC), and in
addition to solid-state calcium carbonate nanoparticles [71], they increase the density of
hydration products [72]. However, the addition of CO, only slightly enhances cement
hydration exotherm, which suggests that in situ NC does not significantly affect hydration
exotherm [73]. This may be due to the fact that in situ NC generation occurs simultaneously
with the hydration reaction.

The addition of NC can dramatically increase the exothermic rate of hydration while
advancing the appearance of the alite reaction peak and shortening the induction pe-
riod [74]. NC has a high surface energy, which can promote ion migration by adsorbing
Ca?* released from C3S dissolution and thus shorten the induction period [24,74,75]. The
incorporation of NC results in a reduction of approximately four hours in the dormant pe-
riod [75]. Additionally, NC can act as a nucleation site for C-S-H, promoting its growth and
playing a nucleation effect [74]. However, the high surface energy of NC makes it prone to
agglomeration in the cement matrix, which negatively affects the properties of cementitious
materials [9,76]. Differences in the mode of dispersion also led to changes in the early
hydration kinetics, with ultrasonically dispersed NC facilitating the hydration reaction [77].
When NC is more uniformly dispersed, it can promote early hydration, increase the hydra-
tion rate, and increase the degree of hydration (Doh) [78]. Currently, the recommended
dosage of NC in cementitious materials ranges from 1 wt% to 4 wt% [9,79]. Excessive NC
dosage can result in agglomeration, preventing proper dispersion and leading to lower
exothermic values [61,75]. It has been demonstrated that ultrasonication-dispersed NC can
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enhance hydration by providing additional nucleation sites [80]. Furthermore, NC can also
have a chemical effect by dissolving CO32~ to react with C3A [24]. Wu et al. [81] also found
that chemical effects can advance the second exothermic peak and increase the exothermic
values of hydration.

3.4. Comparison of the Effect of Different Calcium Carbonates on Hydration Reactions

Table 2 presents a detailed comparison of the primary functions of various forms and
grain sizes of limestone in the process of hydration. The presence of the nucleation effect in
limestone is widespread when the particle size is below 100 pm. The surface composition
of limestone is more similar to that of C-S-H gels [20,62] compared to quartz, making it
more susceptible to the adsorption of hydration products for nucleation [32]. Additionally,
the inclusion of limestone promotes the easier dissolution of C3S, which, in turn, enhances
hydration reactions [32]. The dilution effect typically occurs in LP and CWs when using
high dosages and large particle sizes. According to Ahmed et al. [30], the promotion of
the hydration reaction through filling and nucleation effects is offset by the dilution effect
when replacing more than 30wt% of the cement proportion. When the average particle size
of LP is larger than that of the cement clinker, its dilutive effect becomes more apparent in
the hydration reaction, resulting in a decrease in the rate of the reaction [32]. The atomic
arrangement of aragonite and calcite has a significant impact on the hydration reaction,
with the crystalline form of limestone also contributing to the hydration reaction, which is
mainly due to differences in the atomic arrangement of the two decisions. Calcite has a Ca
and O atom arrangement more similar to that of the C-S-H gel surface, which can attract
free Ca®* to nucleate and grow and promote the generation of C-S-H [20,43,44]. The effect
of aragonite on the hydration reaction proceeds mainly through the dissolution of CO3%~
for chemical reactions [26,55].

Table 2. Effect of micro- and nano-calcium carbonate on cement hydration.

Reference Type Particle Size Dosage (wt%) Mechanism of Action

length 20-30 pm,

Cao et al. [37] CW . 5%, 10%, 15%, 20% nucleation effect
diameter 0.5-2 um
Ming et al. [82] CW length 20-30 um 10% nucleation effect, chemical effect
Sato et al. [61] NC 50-120 nm 10%, 20% nucleation effect, chemical effect
Ouyang et al. [28] LP 9 um 30% nucleation effect, dilutive effects
Agel et al. [69] LP 17 um,12 pm, 3 pm 5%, 10%, 15% dilutive effects
Berodier [83] LP 2 um, 15 pm, 40% nucleation effect, dilutive effects
Zemei Wu et al. [81] NC 15-105 nm 1.6%, 3.2%, 4.8%, 6.4% nucleation effect
. aragonite CW length 20-30 pum, o o nucleation effect, chemical effect,
Lietal. [26] caglcite CW diarﬁeter 0.5-2 um 5, 10% dilutive effects

4. Effect of Calcium Carbonate on Hydration Products

The effects of calcium carbonate on the hydration reaction alter the type and mor-
phology of the hydration products. The morphology of the hydration products has been
influenced by physical effects. Nucleation effects have promoted the generation of hydra-
tion products [32], while dilutive effects have negatively impacted the compactness of the
cement matrix [30]. Chemical effects generate Hc and Mc, which also grow in the cement
matrix, altering the microscopic morphology of the hydration products [32,84].

4.1. Limestone Powder (LP)

The addition of LP may impact the hydration products in terms of physical and
chemical effects. When the nucleation effect dominates, the production of C-5-H increases.
The addition of LP refines the hydration products [84,85], resulting in shorter and coarser
needles and rods of C-S-H [15]. In contrast, if the dilution effect dominates, the compactness
of the cement matrix decreases, leading to a significant reduction in C-5-H production [30].
In contrast to the C3S surface, C-S-H on the calcite surface exhibits oriented growth,
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as depicted in Figure 7. This growth is primarily attributed to the nucleation effect of
calcite [51]. Furthermore, the addition of LP reduces the production of CH, which gradually
decreases with increasing LP doping [35,86].
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Figure 7. The microstructure of C-S-H during the hydration of C3S and calcite powder [51].
(a) Growth of C-5-H on calcite; (b) Growth of C-S-H on C3S.

The chemical effects of LP result in the production of Hc and Mc, which consume
excess C3A [32]. However, it should be noted that Hc is not always stable and can decrease
as the reaction age increases [16]. Additionally, the content of Hc can be stable when the
content of blended calcite-type LP is lower than 2-3 wt% [84]. Mc and Hc are generated
in the interfacial zone between the LP and the cement matrix, forming firmly consecutive
crystalline aggregates [84]. Furthermore, the chemical effects stabilize the presence of AFt
and prevent its conversion to AFm [30,87,88]. This is advantageous for the properties of
cementitious materials, as AFt has a higher strength and larger solid phase volume. To
stabilize AFt and promote chemical effects, researchers often elect to introduce alumina-rich
admixtures, such as metakaolin, fly ash, and calcined clay, to partially replace cement by
blending with LP [63,65,88]. In such ternary systems, the dilution effect is not obvious and,
in addition, since the generation of Hc and Mc requires the consumption of CH, it will
promote hydration reactions, thus increasing the hydration of the cement clinker [30] and
making the cement matrix denser.

The incorporation of LP into hydration products resulted in a decline in compressive
strength, which became more pronounced with an increase in LP dosage. The 28d compres-
sive strength of the PC-LP system was observed to be inferior to that of the control when
the LP dosage exceeded 20 wt% [14]. This phenomenon can be attributed to the dilution
effect of a high dosage of LP, which plays a dominant role in the dilution process [30,64].
When SCMs with volcanic ash activity are co-mingled with LP to participate in the hydra-
tion reaction, a small increase in the early compressive strength of this ternary system is
observed due to the synergistic effect of the nucleation surface provided by LP [7,11]. This
happens while the SCMs increase the activity of LP and enhance the hydration process [10].

4.2. Calcium Carbonate Whiskers (CWs)

CW bridges and deflects microcracks in the cement matrix, resulting in a denser
matrix [27,89]. Furthermore, the inclusion of the CW decreases the orientation index of CH,
indicating that it restricts the area available for CH crystal growth and improves the density
of the cement paste. When comparing the calcite CW with the aragonite CW, it can be
observed that the calcite CW has a rougher surface with more hydration products than the
surface of the aragonite CW [26], as shown in Figure 8. The CW also has chemical effects
and can react with C3A to produce Hc and Mc during hydration [26,55]. Additionally,
aragonite, which is more soluble than calcite [69], can dissolve more CO32~ and participate
in the chemical reactions. The CW also has synergistic effects with alumina-rich materials.
It provides a calcium source for the volcanic ash reaction of fly ash, while fly ash also
provides aluminates for the chemical effects of the CW [82].
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(b)

Figure 8. Microstructure of CW-reinforced hardened cement paste [26]. (a) 10% aragonite type CW;
(b) 10% calcite type CW.

The addition of the CW has a small effect on C-S5-H generation, and due to its larger
volume, it mainly acts as a diluent and reduces the concentration of the cement clinker,
as the compressive strength decreases with increasing CW dosage [26,37,82]. The calcite
whiskers obtained after the treatment had the most obvious effect on compressive strength
improvement [26]. When the CW addition was 40 vol%, the strength was reduced by
about 18.65% [31]. A total of 10% of the CW can increase the 28d compressive strength of
mortar by 13%, effectively improving the physical and mechanical properties of mortar [90].
The CW is more often used with the rest of the fibers to prepare multi-scale hybrid fiber-
reinforced concrete (MHFRCC) [91]. The CW is more commonly used with other fibers in
the production of multi-fiber hybrid-reinforced concrete (MHFRCC) [38]. The commonly
used fibers include polyvinyl alcohol (PVA) fibers [91,92], steel fibers (SFs), and hybrid
fibers (HFs) [93], and the combination of the CW and PVA fibers with steel fibers can
effectively improve the mechanical properties of MHFRCC under static loading and also
increase the compressive strength of the mortar [91,94]. For hybrid fibers, the CW has
good synergy with hybrid fibers of different lengths, and 10% of the CW can increase the
compressive strength by about 7% [93]. However, by adding 1% of the CW, 0.45% HF, and
0.36% SF, the compressive strength can be increased by 43% compared to PC [95].

4.3. Nano-Calcium Carbonate (NC)

The effect of NC on hydration products is similar to that of LP, which can stabilize the
presence of AFt by chemically generating Hc and Mc and consuming CH to promote the
hydration reaction to proceed [39]. At lower levels of NC agglomeration, NC promotes
early hydration reactions and the generation of C-S-H [78]. The addition of NC also affects
the growth of CH by decreasing the growth of CH{001} facets and accelerating the growth
of CH{101} facets, leading to a decrease in hexagonal plates and an increase in the amount
of prismatic CH [24]. On the other hand, the addition of NC increased the CO32~ content
in the cement matrix, and the dissolution of CO32~ could replace SO42~ in AFt, forming a
crystal structure similar to that of AFt [24].

NC is connected to the hardened cement paste with a smaller interfacial transition
zone [9,96]. The nucleation of NC on the surface of C-S-H gels promotes the secondary
generation of C-S-H gels [97]. This also allows the twice-generated C-S-H gels to be cross-
coated with the hydration products of NC, resulting in the generation of ultra-high-density
C-S-H gels [24]. This reduces the percentage of low-density C-S-H gels and improves the
bulk density of the gels [98]. The effect is more pronounced in the early stages of cement
hydration [24,99].

The addition of NC improved the compressive strength as it promoted the formation
of ultra-high-density C-S-H gels [24]. With increasing dosage, the compressive strength
showed a tendency to increase and then decrease, and when the dosage was greater
than 4 wt%, the compressive strength of the NC cement system was lower than that of
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PC [76,80,100]. When the dosage of NC was 3.2 wt%, its effect on compressive strength was
most obvious [96,101], and it improved the strength growth rate by 1-3d [81,100]. Since
the effect of NC on strength was mainly expressed by the increase in C-S-H density, it
mainly changed the compressive strength in the pre-hydration period, and the compressive
strength was basically unchanged after 28d [81].

By comparing NC and LP, it is possible to observe the difference in the effect of
micron-sized limestone and nanosized limestone on hydration products, as illustrated
in Figure 9. For LP, the particle size is comparable to that of C3S. Therefore, C-5-H will
adhere to its surface and grow vertically until the C-S-H size reaches a critical length of
about 400 nm [51]. Because the surface of calcite is more prone to act as a nucleation site,
the density of C-S-H growth on the surface of C3S is lower, and the surface of C3S is not
fully covered by hydration products [49,51]. This makes it easier to dissolve. Compared
to systems without limestone, the rate of hydration reaction is faster. The effect of NC on
nucleation is mainly reflected in its ability to destroy the silicon-rich layer on the surface of
C3S while reducing the ionic concentration around the silicon-rich layer, thus shortening
the induction period and promoting the hydration reaction, and at the same time, it can also
adhere to the surface of C-S-H and promote the nucleation of C-S-H [24]. The addition of
NC typically results in the growth of more C-S-H on its surface, with nucleation occurring
on the C3S surface. This leads to the formation of denser C-S-H gels.

Silicon
rich layer

(@) (b)

Figure 9. Schematic representation of the nucleation of C-5-H in limestone powder and nano-calcium
carbonate. (a) Limestone powder (LP); (b) Nano carbonate calcium (NC).

4.4. Effect of Limestone on Durability

The primary component of limestone is calcium carbonate (CaCOs3), which results in
limestone primarily influencing the sulfate resistance of cementitious materials [102]. Sulfate
reacts with the C-S5-H gel produced by cement hydration to form products, such as calomel and
gypsum, in a humid environment in the presence of CO3%~, leading to expansion and cracking
of cementitious materials [102,103]. Limestone provides carbonate ions for this process, and
thus the addition of LP generally has a detrimental effect on the resistance of cementitious
materials to sulfate attack [104]. When the LP dosage is increased to 15 wt%, it has a noticeable
effect on the durability of the cementitious materials [103]. The expansion rate was faster, and
the damage occurred earlier than in PC [103,104]. Low temperatures also result in a reduction
in the sulfate attack resistance, which is facilitated by a slight increase in CO, at 0-5 °C, leading
to an increase in the CO32~ content [36,103]. The sulfate attack resistance of the LP-PC system
can be effectively enhanced by the incorporation of the remaining SCMs [105]. Following
the addition of metakaolin, the concrete samples subjected to sulfate attack, and the overall
properties and apparent morphology exhibited significant improvements in comparison to
those of PC and LP-PC [106].

In addition, chloride ion permeability is an important index for evaluating the dura-
bility of cementitious materials. The increase in LP doping leads to a deterioration of the
chloride ion permeability of the cementitious materials [106]. Nevertheless, when chloride
ions and sulfate ions are present simultaneously, the presence of chloride ions reduces the
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extent of sulfate attack. The complication of the co-existence of C1~ and SO4>~ is mainly
found in seawater erosion. Furthermore, chloride ions penetrate deeper into the matrix
than sulfate ions [107]. In addition to chloride erosion, Nadelman et al. [108] investigated
the impact of limestone on the physical salt erosion induced by the addition of LP at higher
water—cement ratios (0.6). This resulted in the refinement of the pore structure and the
observation of more expansion cracking due to salt crystallization. In addition to salt attack,
the performance of cementitious materials under high-temperature conditions is also an
important index for evaluating their suitability for such conditions [39]. The incorporation
of NC and CWs can effectively improve the performance of cementitious materials after
high temperatures [109,110].

5. Numerical Modeling of Hydration

Numerical simulation can be used to explore the hydration process by calculating
the hydration reactions, determining the roles of each reactant in the process [111-114],
identifying the factors that control the transformation of each hydration process [115],
and understanding the mechanism by which external factors or admixtures influence the
hydration process [40,48]. Thermodynamic calculations are the main method used today
for the numerical modeling of limestone hydration.

5.1. The Thermodynamics of Hydration

Thermodynamic calculations can provide a reliable representation of the phase compo-
sition and the chemical composition of a system at a given temperature and pressure [116],
characterize the effect of the external environment on the phase composition of the cement
and hydration products, and determine the degree of cement hydration at the time of
interest [115]. Currently, the main software used includes (1) GEMs, and the corresponding
databases include Cemdata07 [113,117], Cemdatal4, and Cemdatal8 [116]. @) PHREEQC
version 3 software, as a commonly used geochemical calculation software, can also be used
to calculate the thermodynamics of cement hydration [118,119], which mainly uses the
PHREEQC database with the HATCHES database [120].

GEM computational simulations support the computational simulation of many hy-
dration processes, including geopolymers, ordinary Portland cement [115], and Portland
cement [121]. Matschei [17] carried out thermodynamic calculations on the hydration
reaction system involving calcite and determined that calcite is involved in the system, as
shown in Figure 10. Initially, the formation conditions of Hc and Mc were derived. Based
on this study, some researchers have further investigated the specific generation conditions
and existence states of Hc and Mc using GEMs [116,119], which showed that the chemical
compositions of Hc and Mc are independent of the CaCO5 content [116] and that Hc and
Mc can be further converted to hydrogarnets [113].
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Figure 10. Variation of hydration products with the CO,/Al,O3 ratio under constant total solid
conditions [17].
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5.2. Hydration Kinetics

Blending limestone with other SCMs that are rich in aluminum and partially replacing
cement can result in significant performance gains due to the chemical effects of lime-
stone [122]. Further research was conducted to investigate its effect on hydration kinetics
and its role in ternary systems [30,40]. Kunther et al. [111,123] used 27 Al MAS NMR and #°Si
MAS NMR to determine the products at different reaction ages based on GEMS. They opti-
mized the results of the thermodynamic tests and proposed to carry out the reaction kinetics
calculations of the components in the ternary system. These calculations can be used to
estimate the extent of the reaction, with the equations shown in Equations (4)—(6) [40,111].
Combining kinetic calculations with GEMs effectively improves the accuracy of thermody-
namic calculations, and experimental results fit well with simulation results [123]. Figure 11
shows the kinetic calculations for ternary systems, which typically focus on the generation
of hydration products at different reaction ages. Alite has the highest degree of hydration
and the fastest rate of increase in hydration for the same hydration age when metakaolin
(MK) and limestone (LS) masses are constant. Blite has a slower hydration reaction and
a low degree of hydration [111]. The degree of hydration and the rate of reaction of MK,
on the other hand, increased as the mass of LS increased, mainly because MK would react
with LS to promote hydration [88,111]. The results indicate that when there is a sufficient
alumina phase in the system, the hydration products are dominated by C-5-H gels. This is
because the later reaction between the biotite and limestone consumes part of CH [86].

Qi(t) = Qio + kiexp-(—n; /1) 4)
Qio = gi-a(t1) @)
ki = qi-la(tx) — a(t1)] (6)

where i is the reactant, Q;(t) and Qo are the reactants i at time ¢ and at the start of the
reaction, respectively, k; is used to limit the possible dissolved mass during the reaction, #;
is the hydration rate parameter, g; is the initial dissolved amount, and a(f,) is the degree of
hydration at the end of the reaction.
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Figure 11. Comparison of the experimental (symbols) and modeled (lines) quantities of reacted alite,
belite, and MK for 1 day to 182 days of hydration with (a) 6 wt% metakaolin and 29 wt% limestone
powder, and (c) 25 wt% metakaolin and 10 wt% limestone powder. The composition of hydration
products for 1 day to 182 days is shown in (b,d) [111].
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6. Application Trend of Limestone

Currently, limestone is more commonly blended with clay and cement and used as LC3
instead of cement [124]. The preparation process of LC3 has lower carbon emissions [125],
while the mechanical properties of LC3 are more excellent [126,127]. Furthermore, due to
the lower content of cement in LC3, less CH is produced by hydration, which makes the
durability performance of LC3 concrete better than that of cement concrete [126].

Theodore and colleagues demonstrated that the production cost of LC3 is approxi-
mately 10-20% lower than that of silicate cement, with the potential for further reduction if
industrial wastes are employed in lieu of clay [128]. Additionally, the exceptional durability
of LC3 will result in a reduction in the frequency of building repairs and lower maintenance
costs [90]. In addition to LP, the application of the CW as a microfiber can also reduce
the cost of multi-scale hybrid fiber concrete [92]. The CW is manufactured at a cost of
approximately USD 200 per ton [129], so the CW can partially replace the more expensive
PVA fiber with steel fiber, reducing costs [91]. Meanwhile, the inclusion of microfibers
can stop the growth of microcracks in concrete in a limited way and improve the flexural
properties of concrete [130]. In addition, the production cost of NC is lower compared to
other nanomaterials, while NC is compatible with cementitious materials [131]. Therefore,
NC is also a common choice when it comes to nano-enhancement [132]. However, nanoma-
terials need to be dispersed before they can exert a better reinforcing effect [79,97], and the
engineering practical application is less at present.

The current application of limestone in engineering practice is primarily for use as an
admixture to partially replace cement or as a component of LC3 [133,134]. Furthermore,
LC3 is now also used in the construction field in the initial application. The model house in
Jhansi, India, employs LC3 as a component of the cementitious material, utilizing 26.6 tons
of industrial waste, a process that reduces CO, emissions by 15.5 tons. Additionally, in
India, LC3 is utilized in the construction of road pavements [135]. In Latin America, LC3 is
employed in a variety of settings, including buildings, offshore test sites, artistic sculptures,
and pavements. The LC3 House in Santa Clara, Cuba, is an example of a structure that
emits 30% less CO, during production compared to conventional concrete [135].

7. Conclusions and Outlook
7.1. Conclusions

This review examines the impact of limestone with varying morphologies, crystal
types, and grain sizes on hydration reaction, products, and kinetics, as well as the factors
that influence them. From this analysis, the following conclusions can be drawn:

(1) The effects of limestone on the hydration reaction can be divided into two categories:
promotion through nucleation and chemical effects and delay through dilution. As
the dosage and particle size of limestone powder increase, the dilutive effect becomes
more pronounced. Calcium carbonate whiskers, due to their large size, primarily
have a dilutive effect on the hydration reaction. Nano-calcium carbonate promotes the
hydration reaction through nucleation and chemical effects due to its small particle
size. The differences between the three types of limestone mentioned are attributed
to variations in particle size and crystal type. Particle size affects the dilutive effect,
while crystal type has a greater impact on the nucleation effect.

(2) With regard to LP, its addition primarily served to enhance the filling and nucleation
effects, thereby facilitating the generation of C-5-H and improving the compressive
strength. In the case of the CW, its principal role was that of a microfiber, which
reduced the development of microcracks and improved the mechanical properties of
cementitious materials. As NC can play a more significant filling role in smaller pores,
it promotes the generation of C-S-H with CH and improves mechanical properties.

(3) Numerical simulations of hydration in multifaceted systems containing limestone
typically employ thermodynamics, such as GEMs, to predict and simulate the com-
position of hydration products at different ages. Empirical formulas are still mostly
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used for the kinetic calculation of the multivariate system, and the thermodynamic
fitting results are more accurate after incorporating the kinetic calculation.

(4) There are three primary mechanisms by which limestone affects cement hydration.
The first is the dilutive effect, which occurs when limestone is added to the mixture,
reducing the cement content in a particular region, increasing the space available
for the growth of hydration products, and promoting the hydration reaction and
product formation. (2) The nucleation effect has two main aspects: D) the attraction
of calcite to Ca?* and (@) the reduction in the supersaturation degree of the solution
required for C-S-H nucleation. Therefore, the promotional effect of aragonite on C-S-H
nucleation is much weaker than that of calcite. (3) The chemical effects of the reaction
between limestone and excessive C3A to produce Hc and Mc and to stabilize the
AFt produced by hydration, the main factor influencing the chemical effects was the
addition of limestone.

7.2. Outlook

The advent of contemporary technological innovations has led to a surge in the
availability of micro- and nano-limestone. In situ NC is effectively dispersed, while the
process utilizes CO, emitted from cement production, thereby enhancing the sustainability
of the concrete preparation process. However, this approach is currently constrained to the
production of calcite, and the process itself limits further investigation into the impact of
nano-aragonite on the hydration reaction.

The main national standards and regulations for limestone cement set limits on the
amount of limestone that can be used. However, these standards do not address the
differences between different types of limestone in the application process, and future
recommendations should be tailored to the different types of limestone.
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