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Abstract

This thesis explores the potential use of alternative sustainable raw materials,
i.e. limestone filler (LS) and low-grade kaolinitic clays, to reduce the
environmental impact of hydraulic binders.

In particular, the focus is on the application of these materials in:

e sustainable cement-based binders, namely CEM II/B-LL and CEM VI,
as classified by the EN 197-1 and EN 197-5 standards

e Limestone Calcined Clay Cement (LC3) binders, consisting of 50%
cement, 33% calcined clay, and 17% limestone by mass

o Alkali Activated binders.

Moreover, a standardized protocol to characterize kaolinitic clays as
Supplementary Cementitious Materials (SCM) to be used in the production
of LC3 (Limestone Calcined Clay Cement) binders or as alternative
precursors for alkali activation has been established.

In Chapter 1, Portland cement and blast furnace slag are partially replaced
with LS at different dosages to produce standard mortars.

The results indicate that both CEM I1I/B-LL and CEM VI can be classified
as structural cements, depending on the LS dosage. Increasing the LS content
leads to higher porosity and capillary water absorption, particularly in CEM
II/B-LL mortars, but it reduces free drying shrinkage. Moreover, a higher
substitution of hydraulic binders with LS significantly lowers the Global
Warming Potential, especially in CEM II/B-LL mortars.

In Chapter 2, a protocol for the characterization of low-grade kaolinitic
clays is developed by collecting and analyzing data from four different clays
(both before and after calcination) using various chemical and physical
techniques.

The results indicate that CC2 (calcined at T = 850 °C) is the most suitable
Supplementary Cementitious Material (SCM) for binder incorporation due to
its superior properties.

Based on the extensive characterization, a standardized protocol has been
developed to assess new, unknown clays. This protocol evaluates key
characteristics to determine their most suitable applications, ensuring
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efficient valorisation of low-grade kaolinitic clays. Additionally, it suggests
the optimal use for each clay based on the measured values, such as for LC3
production or Alkali Activation.

In Chapter 3, only the two most reactive calcined clays (CC) were selected
to produce L.C3 binders, which consist of 50% cement, 33% calcined clay,
and 17% limestone by mass. The results confirm the potential of CC as an
effective SCM, if highly reactive according to the characterization protocol
of Chapter 2.

Chapter 4 presents a preliminary study on the alkaline activation of four
CC with different alkaline activators. The results show that only the two more
reactive CC, according to the characterization protocol of Chapter 2, when
activated, give satisfactory mechanical performance (exceeding 10 MPa after
28 days of curing) to the hardened conglomerates. Moreover, the CC with
both the highest Na;O content and the highest amorphous Si/Al molar ratio
exhibits the greatest mechanical strength development.

This study highlights the significant potential of using sustainable materials,
such as limestone and low-grade kaolinitic clays, to develop alternative, eco-
friendly binders. The findings contribute to the ongoing exploration of SCMs
in the context of sustainable construction practices, providing a valuable
reference for future applications and developments in this field.
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Preface

The compatibility between new construction and environmental sustainability
of materials are two essential aspects for the building sector. The European
Union has been a global leader in improving energy efficiency in buildings
and aims for the decarbonization of the construction sector by 2050, targeting
an 80% reduction of greenhouse gas emissions. The EU also promotes a
circular economy and resource efficiency, with a focus on the "embodied
energy" of construction materials. Regulations such as the Construction
Products Regulation and Environmental Product Declarations (EPD) are
moving toward mandatory compliance for sustainable practices in the sector.
In Italy, the Minimum Environmental Criteria (CAM) promote the use of eco-
friendly materials in public procurement. Cement, one of the major emitters
of COy, is a key target for reducing environmental impact, with growing
interest in sustainable, low-impact materials. This thesis contributes to this
effort by focusing on reducing Portland cement employment and increasing
the use of ecologically compatible materials in construction.
Indeed, the aim of this research is the valorisation of Supplementary
Cementitious materials (SCMs) into binders to reduce assess to the reduction
of the use of Portland cement in new binders, with the consequent cut of the
environmental impact of the construction sector in line with the EU
guidelines.
To this aim, the study has focused on the characterization of some SCMs,
such as limestone, blast-furnace slag and calcined clays. Therefore, new
cements and sustainable binders are manufactured according to EN 197-1 and
EN 197-5 and characterized in terms of chemical, physical and mechanical
properties, also considering durability and environmental sustainability
parameters.
In particular, this thesis is divided into 4 chapters:
- Chapter 1: development of new cements substituting limestone to

Portland cement/blast-furnace slag binders at different percentages.

Study of the mechanical, durability and sustainability points of view

of related standard mortars.

- Chapter 2: Characterization of low-grade kaolinitic clays and creation
of a standardized Protocol to choose the best recycling route for clays
valorisation in sustainable binders.



Chapter 3: Development of new cements with low-grade kaolinitic
calcined clay for structural applications.

Chapter 4: Development of alkali activated materials (AAMs) with
low-grade kaolinitic calcined clays.



Chapter 1.

1. VALORIZATION OF CALCAREOQOUS
FILLER IN NEW SUSTAINABLE
CEMENTS

1.1. Introduction

The construction sector consumes 40% of the world's energy resources [1],
with up to 50% of this consumption attributed to building materials [2].
Among these materials, more than 50% of the energy usage comes from
mortars and concretes [3]. While these materials have lower embodied energy
per unit of weight or volume compared to others like plastics, metals, and
glasses [4], they are undeniably the most widely consumed building materials
[5].

The key component of mortar and concrete is cement, a cost-effective
hydraulic binder. This finely ground inorganic material sets and hardens
through hydration reactions when mixed with water. Similar to concrete,
global cement production is steadily increasing, with an estimated output of
4.37 billion tons projected for 2023 [6].

The European Cement Standard (EN 197-1:2011 [7]) defines 27 distinct types
of cement (CEM), grouped into five main classes (CEM I to CEM V) and six
strength categories. In CEM I, Ordinary Portland Cement (OPC), the Portland
cement clinker content exceeds 95%. In CEM II, Portland composite cement,
clinker is 65-94%; in CEM III, Blast furnace cement, clinker is 5-64%; in
CEM 1V, Pozzolanic cement, clinker is 45-89%; and in CEM V, Composite
cement, clinker is 20-64%. Portland cement clinker is the primary constituent
in CEM, while other materials, referred to as supplementary cementitious
materials (SCMs) [8], can partially replace it in what are known as Portland
Composite Cement (PCC).

For many years, OPC has been regarded as the benchmark structural material
for durable buildings and infrastructure. However, its production requires
substantial mineral resources, such as high-quality limestone and clay, as well
as significant amounts of energy and fuel. Additionally, it is a major source
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of greenhouse gas emissions: the global cement industry accounts for at least
5% of total CO; emissions, as the production of 1 kg of Portland clinker
releases nearly 1 kg of CO; into the atmosphere [9]. The high levels of CO»
emissions associated with Portland cement production are primarily due to
two factors: 60% of the emissions result from the decarbonation of limestone,
which is used as a raw material, while the remaining 40% is attributed to the
combustion of fuels required to heat the raw materials to the high temperature
of 1450 °C [10].

To mitigate the environmental impacts associated with cement (and
consequently concrete) production, the European Commission has, in recent
years, advocated for improved production methods and formulations aimed
at reducing CO> emissions from cement manufacturing [11]. However, at
present, PCC, which includes clinker combined with at least one SCM,
remains the only authorized option for structural applications to reduce
cement-related CO; emissions [12], [13]. SCMs, such as fly ash [14], slag
[15], limestone [16], silica fume [17], and natural pozzolans [18], are
industrial by-products or widely available, low-cost natural materials. Their
inclusion in cement reduces CO:2 emissions by increasing the replacement of
Portland clinker with SCMs. While SCMs generally react with calcium
hydroxide in the presence of water to form additional cementitious
compounds, concretes based on low-clinker cements (e.g., clinker content
below 65%) have historically faced challenges related to reduced strength and
durability. This is due to differences in reactivity and grindability between
SCMs and clinker, as well as variability among the SCMs themselves [19].
Recently, further research efforts, particularly within the EnDurCrete Project
(GA no. 760639) [19], have led to the development of two new sustainable
ternary PCC, which are not yet covered by the European Cement Standard
EN 197-1. In response, in 2021, the European Technical Committee for
Standardization (CEN/TC51) introduced a new standard, EN 197-5:2021
[20], to include the composition of these innovative cements. The new
standard defines two additional cement classes:

- CEM II/C-M: This class reduces the minimum clinker content of the
previous CEM II from 65% to 50%, allowing for a clinker content
range of 50-60%.



-  CEM VI: A new cement class not included in EN 197-1, featuring a
clinker content of 35-49%, 31-59% blast furnace slag (BFS), and 6—
20% natural pozzolan, fly ash, or limestone.

In particular, the main component of the new CEM VI cement is BFS [21],
[22]. BFS is an industrial by-product of steel production, composed primarily
of silicates and aluminosilicates of calcium, aluminum, magnesium, and iron.
Due to its pozzolanic and low hydraulic properties, BFS reacts with calcium
hydroxide and water, albeit slowly, to form additional cementitious
compounds, thereby enhancing the overall strength and durability of the
resulting cementitious material [23], [24]. According to Divsholi et al. [25],
replacing 10%, 30%, and 50% of OPC with BFS increases the workability
(slump) and slightly improves the compressive strength of mortars.
Additionally, replacing cement with BFS reduces the heat generated during
the early stages of hydration, thanks to the slower hydration rate of slag [26],
[27], [28]. This characteristic is particularly valuable in massive concrete
structures, such as dams, where excessive heat generation during hydration
can lead to cracking and reduced long-term durability [29], [30]. Therefore,
CEM VI not only reduces the environmental footprint of concrete but also
has the potential to enhance its mechanical properties and durability [31],
[32].

However, the growing demand for BFS is leading to material scarcity and
increasing costs. Incorporating limestone [33], [34], [35] as a SCM offers a
practical and sustainable solution to address the potential shortage of BFS
[36], [37]. Limestone (LS) is a sedimentary rock primarily composed of
calcium carbonate (CaCOs). When used in combination with other SCMs, it
improves workability [38], [39] and enhances the long-term strength of
concrete [40], [41]. Its abundant availability, positive impact on concrete
properties, and cost-effectiveness make it an excellent alternative for ensuring
the continued production of high-quality and sustainable cementitious blends
[42]. Notably, it has been estimated that adding 10 wt% of limestone to
cement can reduce CO; emissions by 60% and production costs by 21%, all
while maintaining the same concrete strength [43]. In particular, limestone
(LS) powder influences binder properties through filler, nucleation, dilution,
and chemical effects, depending on its particle size and quantity. The filler
effect of LS contributes to microstructure refinement, reducing the porosity
of cement-based materials due to the smaller particle size of LS compared to
cement [44], [45], [46]. The nucleation effect [47], [48] accelerates the early-
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stage hydration of tricalcium silicate (C3S) by providing favourable surfaces
on LS particles for calcium silicate hydrate (C-S-H) deposition and growth.
According to Li et al. [43], adding LS to slag concrete not only enhances early
strength due to nucleation and filler effects but also significantly reduces
slump loss, carbonation depth, and drying shrinkage. LS powder improves
the microstructure of concrete by reducing the volume of large capillary pores
and increasing early-age hydration. Conversely, the dilution effect of LS
reduces the hydration peak of C3S, thereby decreasing the overall amount of
hydration products and increasing the porosity of cement-based materials
[49], [50]. Briki et al. [51] investigated the impact of LS fineness on cement
hydration and strength development. Replacing 20% of cement with fine LS
does not affect mechanical strength after 7 days of curing but enhances C3S
hydration, compensating for the dilution effect caused by the reduced clinker
content. In contrast, replacing 20% of cement with coarse LS results in lower
strength development due to its minimal impact on C3S hydration and the
dilution effect. Furthermore, LS chemically reacts with C3A and C4AF to
form calcium carboaluminate (chemical effect). The formation of calcium
carboaluminate prevents C3A and C4AF from reacting with ettringite,
thereby stabilizing ettringite formation. This stabilization increases the
production of hydration products and further reduces material porosity [52],
[53].

The existing literature already includes numerous studies on substituting OPC
with BFS and LS. However, the reported results are generally limited to
replacing up to 35% of PC with LS for CEM II/B-LL, as per EN 197-1, and
replacing up to 20% of BFS with LS for CEM VI, as per EN 197-5, under
standard curing conditions.

This study goes further by replacing BFS with LS at higher levels, up to 30%
and 40%, while using the minimum clinker content allowed by the standard
(35%) to develop new CEM II/B-LL and CEM VI cements. These cements
are designed with low-cost and locally available raw materials [54]. The
limited availability of SCMs such as fly ash and slag, due to the absence of
coal power plants and steel industries is pronounced. This makes the
identification of alternative SCMs a critical priority. The newly developed
cements have been characterized not only for their compliance with the
properties required by EN 197-1 and EN 197-5 standards, such as strength
class and setting times (at 20 °C), but also for their mechanical strength
development under varying temperature conditions, including cold (10 °C)
and warm (40 °C) climates. Additionally, since high rates of clinker
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substitution with SCMs can sometimes compromise the durability of
concrete—particularly in harsh environmental conditions [55]—this study
also investigates the impact of increasing LS content in place of PC (for CEM
IT) and BFS (for CEM VI) on key durability parameters. These parameters
include pore size distribution, drying shrinkage, and capillary water
absorption of the corresponding conglomerates. Finally, the environmental
impacts of the new cements, expressed as kilograms of CO> equivalent per
ton of cement and per cubic meter of mortar, were compared using a Life
Cycle Assessment (LCA). This comparison provides insight into the carbon
footprint and environmental benefits of these innovative cement
formulations.

1.2. Maternials

Portland cement CEM I 52.5R (PC) (Figure 1), limestone filler (LS) (Figure
2) and blast furnace slag (BFS) (Figure 3), all supplied by the CRH plc, are
used to manufacture the new binders studied in this paper.

Figure 1. Portland Cement.



Figure 3. Blast-furnace slag.

PC consists of 95-100% clinker by mass. The limestone filler is produced by
Fels plc, a company based in Germany, while BFS is a by-product of ferrous
material production from various steel industries, supplied by VVM plc, a
CRH company located in Belgium. The chemical compositions of PC, LS and
BFS are presented in Table 1. The mineral compositions of LS and BFS
(Figure 4) are analysed via X-ray diffraction (XRD) using a Bruker AXS D8
Advance Diffractometer/Reflectometer, operating with radiation over a 20
range of 5° to 70°. The results indicate that LS contains small amounts of
quartz impurities, whereas BFS is entirely amorphous. The cumulative
particle size distribution (PSD) of PC, LS, and BFS, measured with a Laser
Micromeritics Granulometer Saturn Digisizer, is illustrated in Figure 5.
Physical properties, including relative density, specific surface area, and
mean particle size, are summarized in Table 2. Standard sand (CEN-
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NORMSAND) with a grain size smaller than 2 mm is used to produce
standard mortars for classifying the new cements, CEM II/B-LL and CEM
VI, based on their strength classes in accordance with the EN 197-1 standard.

Table 1. Chemical composition (wt%) of PC, LS, and BFS.

Material

SiO2

ALO3; Fe03 Ca0 MgO KO NaxO TiO2 SOs3
PC 17.3 4.4 32 68.0 1.9 0.8 0.2 0.3 3.2
LS 1.6 0.0 0.0 98.4 0.9 0.0 0.0 0.0 0.0
BFS 33.5 10.8 04 43.9 7.8 0.5 0.2 0.7 1.7
L
L Limestone
Q Quartz
L Lo
—_— s L Ls
o BES
5 15 25 35 45 55 65 75
°20

Figure 4. XRD spectra of LS and BFS.
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Figure 5. Cumulative PSD of PC, LS, and BFSS.

Table 2. Relative density, specific surface area and mean particle size of PC,
LS, and BFS.

Relative density ~ Specific surface =~ Mean particle size

Material (g/cm?) area (cm?/g) (um)
PC 2.75-3.20 2899 5-30
LS 2.70 - 2.80 3900 4-16
BFS 2.85-2.95 4014 1-60

1.3. New binders formulation

To manufacture the two new cements, CEM II/B-LL and CEM VI, it is
essential to adhere to the requirements of the EN 197-1 and EN 197-5
standards. According to EN 197-1, CEM II/B-LL should contain 0% to 35%
LS replacement, while EN 197-5 specifies that CEM VI should include 31%
to 59% BFS replacement with 6-20% LS replacement. For CEM II/B-LL, in
this study, LS replaces PC at dosage rates of 0% (reference mix), 15%, 25%,
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and 35% by mass, which is the maximum replacement level allowed by EN
197-1.

In the case of CEM VI, BFS replacement is combined with LS at dosage rates
of 0% (reference mix), 10%, 20%, 30%, and 40% by mass. The reference mix
for CEM VI corresponds to a classification of CEM III/A, as defined by EN
197-1, achieved by mixing BFS with the minimum cement content of 35% by
mass. While EN 197-5 sets the maximum BFS substitution at 20%, this study
also investigates substitutions at 30% and 40%, exceeding the standard's
limit. For CEM VI, the minimum proportion of PC is explored to align with
the environmental sustainability goals of this research.

1.4.  Standard mortars preparation

Standard mortars are prepared using water-to-binder (w/b) and aggregate-to-
binder (a/b) ratios of 0.5 and 3.0 by mass, respectively. The binder content
consists of the combined quantities of PC, LS, and BFS. The mix-designs are
detailed in Table 3. Following the EN 196-1 standard, the mortars are
prepared by first dry mixing the powders, then adding the standard sand, and
finally gradually introducing water. Mixing is performed using a laboratory
planetary mixer, initially at a slow speed, followed by high-speed mixing for
120 seconds.

Table 3. Mix proportion of CEM II/B-LL and CEM VI standard mortars.

PC LS BFS Water Sand 1

Mortars w/c w/b?
(g/L) (g/L) (g/L) (g/L) (g/L)
REF 512 - - 256 1535 0.5 0.5
15%LS 433 76 - 255 1529 0.6 0.5
25%LS 381 127 - 254 1526 0.7 0.5
35%LS 330 177 - 254 1521 0.8 0.5
REF BFS 178 - 330 254 1524 14 0.5
10%LS 55%BFS 178 51 279 254 1522 14 0.5
20%LS 45%BFS 177 101 228 253 1520 14 0.5
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30%LS 35%BFS 177 152 177 253 1518 1.4 0.5

40%LS 25%BFS 177 202 126 253 1516 1.4 0.5

! water/cement ratio.
2 water/binder ratio (where the binder is the sum of PC, LS, and BFS).

The prepared mortars are poured into 40 mm x 40 mm x 160 mm moulds and
vibrated to eliminate entrapped air. The specimens are then covered with
plastic film to prevent water evaporation. Specimens assigned to standard
curing are placed in a climate chamber at a relative humidity (RH) of 50 +
5% and a temperature (T) of 20 = 1 °C for the first 24 hours. To assess the
effect of temperature on the strength development of the new binders,
additional specimens are cured in an oven at 40 £ 1 °C and in a refrigerator
at 10 £ 5 °C. After 24 hours, all specimens are demoulded and covered with
plastic film again, maintaining the same RH and temperature conditions for
28 days. Subsequently, the plastic film is removed, and the specimens are
allowed to cure until 90 days under three distinct conditions: climate chamber
conditions (RH =50 + 5%, T =20 + 1 °C), high temperature (T =40 = 1 °C),
and low temperature (T = 10 = 5 °C).

1.5. Standard mortars characterization:
workability

Workability, a critical property for ensuring ease of application, effective
compaction, and reduced porosity in the hardened state, is evaluated. Greater
workability reduces the need for vibration during moulding, resulting in
improved homogeneity and mechanical resistance after curing. While not
explicitly required by the EN standards, the influence of BFS and LS
additions on workability is assessed using a shaking table as per the EN 1015-
3 standard. The flow value is measured according to the EN 1015-6 standard,
and the results are reported in Table 4.

The workability results (Table 4) indicate that all CEM II/B-LL and CEM VI
mortars achieve a plastic consistency, with flow values ranging between 140
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and 200 mm, as per the EN 1015-3 standard, regardless of the LS filler
content. Even in CEM VI, where the replacement of PC is higher, the
consistency of fresh mortars remains unaffected. Similarly, Courard et al. [56]
analysed two cements (Portland cement and granulated blast furnace slag
cement) with four substitution rates (0%, 15%, 23%, and 27% by mass) of LS
filler. Their research demonstrated that workability remains consistent across
the two types of mortars, irrespective of the mixture composition and LS filler
content.

Table 4. Flow values of CEM II/B-LL and CEM VI standard mortars.

Mortars Flow value
(mm)
REF 170
15%LS 157
25%LS 156
35%LS 171
REF BFS 143
10%LS 55%BFS 144
20%LS 45%BFS 150
30%LS 35%BFS 143
40%LS 25%BFS 143
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1.6. Standard Mortars characterization:
Compressive strength and strength class of
the new binders

1.6.1. Compressive strength

The mechanical strength development of the different standard mortars is
tested not only at 2, 7, and 28 days, as required by the EN 197-1 standard for
cement strength classification, but also at earlier (1 day) and longer (90 days)
curing times. Tests are conducted on 40 mm x 40 mm x 160 mm specimens
using a Galdabini hydraulic press equipped with a load cell (maximum load
capacity: 400 kN). The load is applied perpendicularly to the upper surface of
the specimen and gradually increased until failure.

The Rc at 20 °C for CEM II/B-LL and CEM VI mortars is shown in Figures
6a and 6b, respectively. The graph for CEM II/B-LL demonstrates that the
development of mechanical strength over time follows a similar trend across
all mixes but decreases as the amount of limestone filler (LS) increases. Wang
et al. [16] observe that increasing the LS content in place of cement caused a
dilution effect, reducing the compressive strength of mortars. In Figure 6a,
mortars with 25% and 35% LS exhibit a decrease in compressive strength of
15% and 36%, respectively, after 28 days of curing, and 14% and 23%,
respectively, at 90 days of curing compared to the reference mix. An
exception is the 15% LS blend, which achieves a 4% higher compressive
strength compared to the reference mix at both 28 and 90 days of curing. For
CEM VI mortars, the minimum PC content, as required by the EN 197-1
standard, results in a general decrease in early-age compressive strength
compared to CEM II/B-LL blends. However, a 10% substitution of BFS with
LS enables the mortar to reach almost the same compressive strength as the
reference mix at 90 days of curing. The graph also reveals a compressive
strength penalty of 20%, 33%, and 44% for BFS replacement levels of 20%,
30%, and 40%, respectively, at early 7 days of curing compared to the
reference mortar. For BFS substitution levels exceeding the standard (> 20%),
a reduction in compressive strength of approximately 26-32% is observed at
both 28 and 90 days of curing. The reduction in mechanical performance for
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CEM VI mortars is less pronounced than for CEM II/B-LL mortars due to the
presence of slag, a weaker binder, which mitigates the impact of the inert LS
material on compressive strength.

1 2 3 7 28 90
Time (days)
B REF W 15%LS W 25%LS M 35%LS

1 2 3 7 28 90
Time (days)

B REF BFS W 10%LS 55%BF5 M 20%LS 45%BFS m 30%LS 35%BFS | 40%LS 25%BFS

Figure 6. Compressive strength at T = 20 °C of: (a) CEM II/B-LL standard
mortars, (b) CEM VI standard mortars.
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Figure 7 shows the influence of the quantity of LS on compressive strength
at 28 days of curing for the two types of new cements. The trendline for CEM
II/B-LL is more pronounced than that for CEM VI, with R? values of 0.73 and
0.96, respectively. The mechanical strength of CEM VI mortars is less
affected by the increase in the percentage of LS because the substitution is
made with BFS, a weak pozzolanic binder, rather than cement. As a result,
CEM VI mixtures are more sustainable than CEM II/B-LL, as they maintain
their mechanical performance even with a high replacement of LS.

70

® REF
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60 4 ® 15%L5
...... 1=,

- g, R 073 ® 25%LS
g 50 1 e
S e 35%LS
ot e, T,
210 R2=0.96 .| aREFBFS
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o 30 4 20%LS 45%BFS
]
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Figure 7. Influence of LS content on 28-day compressive strength of CEM
1I/B-LL and CEM VI standard mortars.

1.6.2. Strength class of the new binders

To classify the new cements, the EN 197-1 standard defines 9 structural
mechanical categories (three for R - high early strength, three for N - ordinary
early strength, and three for L - low early strength, applicable only to CEM
IIT cements), each with specific minimum compressive strength limits (in
N/mm?). Figures 6a and 6b also show the strength class bands achieved by
each mortar of the new cements. All the new binders can be classified as
cements (Table 5) since the corresponding standard mortars reach the
minimum values of 39 MPa and 40 MPa at 28 days of curing for the 35% LS
blend (CEM II/B-LL) and the 40% LS, 25% BFS blend (CEM VI),
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respectively. According to the Table 5, For CEM II/B-LL, all mortars are
classified under type R of the cement potential scale, with the REF and 15%
LS mortars classified in the highest resistance class, 52.5R. The 25% LS
blend is classified as 42.5R, and the 35% LS blend is classified as 32.5R. On
the other hand, CEM VI mortars, due to the minimum PC content, exhibit
overall lower mechanical resistance and thus belong to lower resistance
classes compared to the CEM II/B-LL mixes. Specifically, the REF BFS and
10% LS 55% BFS mortars fall into the 52.5L strength class, the 20% LS, 45%
BFS blend is classified as 42.5N, the 30% LS 35% BFS blend as 32.5R, and
the 40% LS 25% BFS blend as 32.5N, despite the maximum BFS substitution
with LS exceeding the limit established by the standard by 20%.

Table 5. Compressive strength at 2, 7 and 28 days of curing and strength
class of new cements.

Mixture Early strength Standard strength Resistance
2 days (MPa) 7 days (MPa) 28 days (MPa) Class
REF 33.0 >30.0 | 47.8 - 60.1 >52.5 - 525R
15%LS 30.0 >30.0 | 39.7 - 62.5 >52.5 - 525R
25%LS 22.0 >20.0 | 33.2 - 50.8 >42.5 | <625 425 R
35%LS 15.5 >10.0 | 21.9 - 38.5 >32.5 | <525 325R
REF BFS 10.9 >10.0 | 43.2 - 58.9 >52.5 - 525L
10%LS 55%BFS | 10.0 >10.0 | 42.8 - 53.1 >52.5 - 525L
20%LS 45%BFS | 12.0 >10.0 | 34.6 - 46.3 >42.5 | <625 425N
30%LS 35%BFS | 10.5 >10.0 | 28.9 - 42.0 >32.5 | <525 325R
40%LS 25%BFS 8.8 - 240 | >16.0 40.0 >32.5 | <525 325N

1.7.  Setting time of the new binders

According to EN 197-1, a binder can be classified as a cement if its initial
setting time exceeds 45 minutes, 60 minutes, and 75 minutes for the 52.5
R/N/L, 42.5 R/N/L, and 32.5 R/N/L strength classes, respectively. The
strength class of the new cements is described hereafter. The limits for the

17




final setting time, however, are based on best practices, requiring that it not
exceed 12 hours. Thus, the setting times of the newly manufactured binders
are determined in accordance with the EN 196-3 standard, which outlines the
procedures for assessing normalized consistency, setting times, and cement
stability. The normalized consistency is measured using a Vicat manual tool,
equipped with a non-corrodible metal probe in the form of a right cylinder
with a diameter of 10 mm + 0.05 mm. The Vicat plastic mould used to contain
the test pastes is a truncated cone with a depth of 40 mm + 0.2 mm, an upper
diameter of 70 mm, and a bottom diameter of 80 mm. The start of the test
(time zero) is recorded as the moment when the powders and water are mixed.
The water content percentage (w%) is measured by mass relative to the paste
consistency. The test is repeated until the probe achieved a drop leaving a gap
of 6 mm + 2 mm between its surface and the base plate. Both the water content
and the gap are recorded. The setting time is determined using a Vicat
automatic tool with a non-corrodible metal needle 1 mm + 0.05 mm in
diameter. Pastes prepared for the normalized consistency test are used for the
setting time assessment. The automatic Vicat device is programmed to
measure penetrations at 5-minute intervals from the start of the test. The
initial setting time (in minutes) is defined as the period from time zero until
the needle reached a gap of 6 mm + 3 mm from the base plate. At this point,
the machine is paused, and the truncated cone mould is inverted to test the
paste surface that had been in contact with the base plate. The final setting
time is determined by measuring at 15-minute intervals until the needle
penetration depth reached 0.5 mm. The final setting time is recorded as the
elapsed time from zero to the point when the penetration depth is no longer
measurable beyond 0.5 mm.

The initial and final setting times of CEM II/B-LL and CEM VI are reported
in Table 6. The results indicate that for CEM II/B-LL, the setting times
increase with higher PC substitution by LS, whereas for CEM VI, they are
not significantly affected by the substitution of BFS with LS. In CEM I1I/B-
LL, this increase is attributed to the reduction in binder content (CEM I) and
the increase in inert material (LS), which does not participate in the setting
phase. In this case, the average diameter (Dso) of LS is higher than that of PC.
As reported by Knop et al. [57], if LS has larger particles than PC, the
hydration rate decreases compared to the reference mixture due to reduced
surface area available for interaction with water and fewer sites for initiating
the hydration process. Essentially, larger particles limit nucleation
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opportunities and the formation of hydration products, leading to slower and
potentially lower strength development in the material. Wang et al. [58] also
confirms that PC substitution with larger LS particles reduces hydration
product content, causes a dilution effect, and increases setting time. In
contrast, in CEM VI, BFS is a pozzolanic material that acts as a slow-reacting
binder. As a result, it does not influence the setting reaction, and replacing
BFS with LS does not significantly impact the setting time of the mixture.

However, according to the results, all the binders can be classified as cements
also from the setting time point of view since all normalized pastes reach
initial setting time values higher than 200 minutes, exceeding by far the limits
set by the EN 197-1 regulation.

Table 6. Initial and final setting time of CEM 1I/B-LL and CEM VI binders.

Initial setting time ~ Normative limit  Final setting time

Mixtures (min) (min) (min)
REF 205 =45 266
15%LS 223 > 45 296
25%LS 220 > 60 362
35%LS 278 > 75 430
REF BFS 200 > 45 417
10%LS 55%BFS 205 > 45 424
20%LS 45%BFS 205 > 60 ]
30%LS 35%BFS 215 > 75 417
40%LS 25%BFS 219 > 75 125

1.8.  Effect of temperature on mechanical
strength development of the new binders

To study the effect of temperature on the development of mechanical strength
of mortars manufactured with the new cements, two additional curing
temperatures are analysed: 40 °C (for hot climates) and 10 °C (for cold
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climates). The compressive strength at 40 °C and 10 °C for both CEM II/B-
LL and CEM VI is shown in Figures 8a and 8b, and Figures 9a and 9b,
respectively. The development of the mechanical strength of the mortars is
strongly dependent on temperature [59]. In warm climates, there is a tendency
for rapid development of compressive strength (Rc), but with high formation
of low-quality C-S-H fibers (quantitative effect). In contrast, in cold climates,
the qualitative effect prevails due to the slower formation of C-S-H fibers,
resulting in a slower increase in mechanical resistance during the early stages
of curing.

For CEM II/B-LL blends, as expected, at 40 °C (Figure 8a), there is a
significant acceleration in mechanical performance, particularly at early
curing times. However, at 10 °C (Figure 9a), there is a general delay in the
development of compressive strength. Comparing the performance of CEM
II/B-LL mixes at 40 °C and 10 °C, the reference mix remains the best
performing, while the other mortars show a decrease of compressive strength
as the substitution of PC with LS increases. For CEM VI (Figure 8b), mortars
cured at 40 °C show accelerated mechanical performance, similar to CEM
II/B-LL, particularly at 3 and 7 days of curing. However, CEM VI mortars
cured at 40 °C experience a greater penalization of mechanical strength as the
BFS substitution with LS increases, compared to those cured at 20 °C (Figure
6b). This is because curing at higher temperatures activates and enhances the
resistance of the pozzolanic binder, making it more susceptible to substitution
with the inert material (LS) [60]. On the other hand, mortars cured at 10 °C
(Figure 9b) achieve similar mechanical performance to the REF BFS mix at
90 days of curing, with the exception of the 30% LS 35% BFS and 40% LS
25% BFS blends, which show reductions of 8% and 24% in mechanical
strength, respectively, compared to the reference mix. The CEM VI mortar
with 10% LS cured at 10 °C reaches the same compressive strength as the
respective reference mix after just 1 day of curing, while the other mortars
(with 20% and 30% LS) show a slight decrease in mechanical performance
after 7 days of curing. The BFS in low-temperature curing slows down the
development of mechanical strength in compression, reducing the impact of
LS on BFS [60]. Therefore, for casting in warm climates, the most effective
mix remains the reference mortar. In cold climates, all binders with LS
content below 30% can be recommended, as they do not show significant
deviations in mechanical strength from the reference.
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Figure 8. Compressive strength at T = 40 °C of: (a) CEM II/B-LL standard
mortars, (b) CEM VI standard mortars.
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Figure 9. Compressive strength at T = 10 °C of: (a) CEM 1I/B-LL standard
mortars, (b) CEM VI standard mortars.

Additionally, the same specimens prepared for mechanical strength tests are
also used to measure the dynamic modulus of elasticity (Eq) after 28 days of
curing. This measurement is performed by direct ultrasonic signal
transmission using a Portable Ultrasonic Non-Destructive Digital Indicator
Tester (PUNDIT) in accordance with the UNI EN 12504-4 standard. To
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ensure proper contact between the probes and the specimen, a thin layer of
soft grease is applied to the probes and the end surfaces of the specimens (40
mm x 40 mm). The PUNDIT measures the ultrasonic pulse transit time (in
microseconds, ps) as it passes through the specimen. Given the specimen
length of 160 mm, the velocity of the ultrasonic pulse is calculated using
Equation (1)

1

Vs (1)

where v is the velocity of the ultrasonic pulse (m/s), | is the length of the
samples (m), and t is the is the propagation time (s). By calculating the speed
of the ultrasonic pulse v and the density of the sample p, the dynamic modulus
of elasticity can finally be measured with Equation (2):

_ v (1-27)]
‘ ( I'Vd)

where E; is the dynamic modulus of elasticity (GPa), p is the density of the
sample (kg/m’) and v, is the Poisson's modulus (a dimensionless number
taken equal to 0.20 for cement mortars).

Table 7 reports the dynamic modulus of elasticity (Eq) at 20 °C, 40 °C, and
10 °C after 28 days of curing for CEM II/B-LL and CEM VI standard mortars.
The Eq was calculated to assess the stiffness of the mortars, the uniformity of
the mixtures, and the presence of defects (such as cracks or voids) [61]. In
both types of new cements, the Eq values at all curing conditions follow the
same trend of mechanical strength, decreasing with an increase in LS content,
as expected [62]. For both types of new cements, the reference mix is stiffer
than the others, owing to its higher content of PC/BFS and the absence of LS
in CEM II/B-LL and CEM VI, respectively.

2
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Table 7. Dynamic modulus of elasticity (Ed) of CEM 1I/B-LL and CEM VI
standard mortars at 20, 40 and 10 °C after 28 days of curing.

Mortars Ea at 20 °C Ea at 40 °C Eaq at 10 °C

(GPa) (GPa) (GPa)
CEM II/B-LL
REF 45+0.9 38+1.5 44 +0.1
15%LS 41+ 0.1 35+0.0 42 +0.0
25%LS 39+1.1 31+0.0 42 +0.1
35%LS 37+0.1 28 +0.0 39+0.0
CEM VI

REF BFS 46 +0.3 40+1.1 41 +0.7
10%LS 55%BFS 45+0.5 40+0.6 47 +0.3
20%LS 45%BFS 44 +1.1 40+0.9 43 +0.7
30%LS 35%BFS 43+0.7 38+0.4 40+1.2
40%LS 25%BFS 42+1.3 35+0.0 40+0.1

1.9.  Durability aspects
1.9.1. Microstructural analysis

Mercury Intrusion Porosimetry (MIP) is conducted on small samples of each
manufactured mortar after 90 days of curing to investigate the microstructure
of the hardened mortars. MIP is performed using a Thermo Fisher 240 Pascal
(pressure range between 0.01 and 200 MPa) and a Thermo Fisher 140 Pascal
(pressure range between 0.1 and 400 kPa).

The results of total porosity (V;) for the new cements are presented in Table
8. Data indicate an increase in total porosity as the LS content rises. For CEM
II/B-LL, the lower porosity is attributed to the higher PC content, which
drives a greater degree of hydration in the binder paste [63]. In CEM VI,
increasing the replacement of BFS with LS leads to a less pronounced
increase in total porosity, as the reduction in BFS content has minimal impact
on the hydration degree [56]. This is further explained by the fact that CEM
VI mortars contain only 35% PC, which primarily governs the hydration
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process. Additionally, beyond a 20% substitution of BFS with LS, the
increase in total porosity stabilizes. At the same mechanical resistance class,
the new cements exhibit similar total porosity. For instance, the 35% LS
mortar of CEM II/B-LL and the 30% LS 35% BFS mortar of CEM VI both
achieve the 32.5R resistance class and display comparable V, values. This
similarity arises from the higher limestone content in the CEM II/B-LL mix
(35% LS), coupled with the greater reduction in compressive strength and Eq
compared to the respective reference blend.

Table 8. Total porosity of CEM II/B-LL and CEM VI standard mortars.

Vp
Mortars (%)
REF 15
15%LS 16
25%LS 18
35%LS 21
REF BFS 17
10%LS 55%BFS 18
20%LS 45%BFS 21
30%LS 35%BFS 21
40%LS 25%BFS 21

Figure 10 categorizes the mortars into three groups based on their
compressive strength (R¢) at 28 days of curing and total porosity (V,):

- High Rc and low V;,: mortars with superior compressive strength and
minimal porosity;

- Medium Rc and Vj: mortars with moderate compressive strength and
porosity;

- Low Rc and high V,: mortars with lower compressive strength and
higher porosity.

The 35% LS mortar from CEM II/B-LL and the 30% LS 35% BFS mortar
from CEM VI belong to the third group, exhibiting lower compressive
strength at 28 days of curing and higher porosity. This confirms similar
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behaviour between these blends, as they share the same resistance class and
similar modulus of elasticity, reflecting the linear correlation between R¢ and
V,. Both types of new cements demonstrate strong linear correlation (R? >

0.90), as high total porosity significantly reduces mechanical compressive
strength [59].
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Figure 10. Correlation between total porosity V, and 28-day compressive
strength of CEM II/B-LL and CEM VI standard mortars.

Pore sizes in mortars are classified based on the International Union of Pure
and Applied Chemistry (IUPAC) standards [64]:

- Macropores: width greater than 50 nm;

- Mesopores: width between 2 nm and 50 nm;

- Micropores: width of 2 nm or smaller;

- Supermicropores: 0.7 nm to 2 nm;

- Ultramicropores: approximately 0.7 nm in width.

Mortar pores can also be categorized as open or closed. According to Quadri
Simodes da Silva et al. [65], open porosity constitutes 20%—30% of the total
porosity in cement paste. Figures 11a and 11b depict the pore size distribution
of CEM II/B-LL and CEM VI mortars based on MIP analysis: for CEM I1/B-
LL, increasing LS content leads to higher total porosity and larger pore
diameters, since PC content decreases [66]. Mortars with LS < 15% exhibit a
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unimodal pore distribution, while those with higher LS substitutions show a
polymodal distribution. For CEM VI, all mortars display polymodal pore
distributions. For LS substitutions higher than 20%, the pore distribution
trend shifts notably [37], as the first curve inflection point moves to higher
values. These findings highlight the impact of LS content on porosity and its
influence on the mechanical performance of mortars. Indeed, for both types
of mortars, increasing LS content causes an increase in total porosity and pore
diameters.
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Figure 11. Pore distribution of: (a) CEM II/B-LL standard mortars; (b) CEM
VI standard mortars.

1.9.2. Capillary water absorption

A high propensity for capillary water absorption is detrimental to the
durability of cement-based materials, as water acts as the primary carrier of
aggressive ions [67]. To assess this, the water absorbed per unit area (Q;) and
the capillary water absorption coefficient (AC) are determined following the
UNI EN 15801 standard. After 28 days of curing, specimens are dried in an
oven at 40 £ 1 °C until reaching a constant mass, then allowed to cool to room
temperature for 2 hours. Subsequently, the specimens (40 mm x 40 mm x 80
mm) are placed in a sealed container with wet absorbent paper at the bottom
and weighed at specific intervals over eight days.

Figures 12a and 12b illustrate the water absorbed per unit area (Q;) for CEM
II/B-LL and CEM VI mortars, respectively. Additionally, Table 9 presents
the capillary water absorption coefficient (AC), which quantifies the mortar's
ability to absorb water during the initial linear phase of the Q; curve. The AC
coefficient mirrors the trends observed in the Q; curves for both types of new
cements. A higher Q; is directly associated with an increased AC value. For
CEM II/B-LL mortars, the substitution of PC with LS increases the water
absorption [68]. This result is strongly influenced by pore size distribution
and total porosity. The mortar manufactured with 35% LS exhibits the highest
water absorption due to its higher total porosity. Conversely, 15% LS mortar
demonstrates comparable capillary water absorption to the reference (REF)
mortar, attributable to a similar total pore volume and pore size distribution.
In CEM VI mortars, capillary water absorption also increases with higher LS
content. When BFS substitution with LS is < 20% water absorption is
regulated by the increase in total porosity (V;). Conversely, when LS exceeds
30% water absorption increases more due to the combined effects of
increased V,, and a greater proportion of capillary pores, which have higher
absorption capacities than larger pores [69].
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Figure 12. Water absorbed per unit area (Q;) of: (a) CEM 1I/B-LL standard
mortars, (b) CEM VI standard mortars.
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Table 9. Capillary water absorption coefficient (AC) of CEM II/B-LL and
CEM VI standard mortars.

AC

Mortars (ke/(m? Vs))
REF 0.015
15%LS 0.016
25%LS 0.028
35%LS 0.033
REF BFS 0.013
10%LS 55%BFS 0.014
20%LS 45%BFS 0.015
30%LS 35%BFS 0.020
40%LS 25%BFS 0.024

1.9.3. Drying shrinkage

Drying shrinkage is a critical factor influencing the durability of cement-
based materials, occurring during the curing process due to water evaporation.
If restrained, drying shrinkage increases the likelihood of crack formation,
facilitating the ingress of aggressive agents and compromising the material
durability. Free and restrained drying shrinkage are measured starting from
the first day of casting and monitored for 60 days. Tests are conducted on
prismatic specimens with dimensions of 40 mm x 40 mm x 160 mm and 50
mm x 50 mm x 250 mm, respectively, following UNI EN 12617-4 and UNI
EN 8147 standards. Additionally, the percentage of water loss due to
evaporation is recorded during the tests. For each mix, three specimens are
tested, and the average results are reported.

Drying shrinkage significantly increases the likelihood of cracking of the
hardened binder matrix [70]. This parameter is influenced by the porosity of
the mortars—particularly the distribution of pores tending toward capillary
pore networks and open porosity—which increases capillary tension inside
the mortar and allows water to evaporate [66]. Additionally, drying shrinkage
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is affected by the modulus of elasticity [68], as a decrease in mix stiffness
increases mortar deformability at a certain stress. Figures 13 and 14 illustrate
the free and restrained drying shrinkage of CEM II/B-LL (Figures 13a and
14a) and CEM VI blends (Figures 13b and 14b), respectively. Furthermore,
Figures 15 and 16 show the water loss associated with free and restrained
shrinkages in CEM II/B-LL (Figures 15a and 16a) and CEM VI mortars
(Figures 15b and 16b). For CEM II/B-LL, free shrinkage decreases as the
replacement of PC with LS increases. Mortars containing LS exhibit lower
free shrinkage compared to the reference mortar. This is due to the reduced
amount of binder paste, which is primarily responsible for shrinkage [71], and
the higher content of LS, an inert material that counteracts shrinkage [68].
The results highlight the predominance of the binder paste content over the
dynamic modulus of elasticity (Eq), water loss (Figure 15a), and total porosity
(Vp). A lower amount of binder paste reduces free shrinkage, while a lower
Eq, higher water loss, and increased V, tend to amplify shrinkage [68]. As
shown in Figure 15a, although water loss increases with higher LS content,
the greater mechanical properties of mortars with higher PC content have a
stronger impact on shrinkage, leading to a more pronounced shortening of the
steel rebar.

The same trend is observed in Figure 14a for the restrained shrinkage of CEM
II/B-LL, with a greater gap between the REF blend and the other blends. This
difference is due to the combined effect of free shrinkage and E4, which
increases the mortar ability to shorten the embedded steel rebar. Indeed, the
greater mechanical properties of mortars manufactured with higher PC
content contribute to a higher shrinkage of the embedded rebar. The water
loss during restrained shrinkage (Figure 16a) follows the same trend as the
water loss during free shrinkage presented in Figure 15a.

For CEM VI, mortars with < 20% substitution of BFS with LS exhibit higher
free shrinkage than the REF mortar (Figure 13b). This behaviour is caused by
a decrease in Eq (greater deformability) and an increase in total porosity, as
seen in Figure 11b. At higher replacement levels, the mortars with 30% and
40% LS show lower free shrinkage, with trends diverging upward from those
of the blends containing 20% LS. Therefore, when the percentage of
limestone exceeds 20%, the shrinkage phenomenon is likely dominated by
the reduction in binder paste [56], in this case BFS. The REF BFS mortar of
CEM VI shows lower free shrinkage than the REF mortar of CEM II/B-LL,
mainly due to its lower PC content, as the cement percentage is fixed at 35%
for all CEM VI blends. Additionally, the water loss of CEM VI mortars

31



(Figure 15b) influences free shrinkage and follows a similar trend. The
highest water loss value (10%) is recorded for the 20% LS mixture of CEM
VI. However, the blends with 30% and 40% LS lose less water compared to
the reference blends. This can be attributed to the filler effect of limestone,
which reduces pore volume by filling voids. Indeed, the presence of LS
promotes the formation of more hydration products, leaving less free water
available to evaporate. In the restrained shrinkage of CEM VI mortars is
displayed. Overall, CEM VI blends (Figure 14b) exhibit lower restrained
shrinkage values compared to CEM II/B-LL mortars (Figure 14a). This is
because limestone-slag cement has a reduced capacity to shorten the
embedded rebar due to higher total porosity (Vp) at equivalent LS content,
lower compressive strength (R¢), and lower PC content (fixed at 35%, the
minimum required according to EN 197-5). The increased V,, and higher BFS
substitution cause a slight increase in water loss for these mixtures, as
illustrated in Figure 16b.
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Figure 13. Free drying shrinkage of: (a) CEM 1I/B-LL standard mortars;
(b) CEM VI standard mortars.
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Figure 14. Restrained shrinkage of: (a) CEM Il/B-LL standard mortars, (b)
CEM VI standard mortars.
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1.10. Life Cycle Assesment

To evaluate the environmental impact of producing the new CEM II/B-LL
and CEM VI cements, a Life Cycle Assessment (LCA) is performed in
compliance with ISO 14040 and ISO 14044 standards. The functional unit
(FU) is defined to provide a reference for comparing LCA results across
different systems. The chosen FUs for this process are 1 ton of cement and 1
m? of standard mortar. To assess the complete lifecycle of the products, the
GCCA Industry EPD Tool for Cement and Concrete is utilized for the
environmental self-certification of the new cements. Data are entered into the
EPD panel on the GCCA EPD Tool website [72], and the program calculated
the total Global Warming Potential (GWP) in kg of CO; equivalent. During
the inventory phase, material quantifications are derived from the mix
designs, expressed in kg/m?. Default transportation impact values from the
GCCA database are used, representing the average environmental impact
recorded by various companies. For the construction phase, an approximation
of the energy contributions from machinery and climate-controlled
environments is considered. For the end-of-life phase, only on-site demolition
activities, being the most impactful, are accounted for, excluding material
recycling. The LCA analysis results of both 1 ton of cement and 1 m® of
standard mortar are then further normalized by the compressive mechanical
strength achieved after 28 days of curing.

Figures 17a and 17b illustrate the environmental impact (expressed in kg of
COz equivalent) of 1 ton of cement and 1 m? of mortar, respectively. The total
Global Warming Potential (GWP) of CEM II/B-LL mortars decreases as the
LS content increases. This is because LS is an inert material that does not
require the high-temperature heating treatment necessary for PC.
Specifically, for 1 ton of cement, substituting 15% of PC with LS reduces
CO: equivalent emissions by 15%. A 25% substitution leads to a 24%
reduction, while a 35% substitution decreases the environmental impact by
34% compared to the reference (REF) cement environmental cost. Similarly,
for 1 m? of mortar, replacing 15%, 25%, and 35% of PC with LS reduces CO>
equivalent emissions by 18%, 20%, and 28%, respectively, compared to the
REF mortar environmental cost. In the case of CEM VI, the total GWP is less
affected by the substitution of BFS with LS. The environmental impact
decreases by 2%, 4%, 6%, and 7% when replacing 10%, 20%, 30%, and 40%
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of BFS with LS in cement, respectively. For mortars, the reductions are 1%,
3%, 4%, and 6% for the same levels of BFS substitution with LS. Notably,
CEM VI mortars are more sustainable than CEM II/B-LL blends [37]. This is
because CEM VI is composed of only 35% PC, BFS (a secondary raw
material), and LS (an inert material). The environmental impact of CEM VI
is approximately 60% of that of CEM II/B-LL for cement and around 50%
for mortars.
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Figure 17. Total GWP results expressed in kg of CO: equivalent of (a) I ton
and (b) 1 m*> of CEM II/B-LL and CEM VI standard mortars.
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Figure 18 presents the environmental impact related to the compressive
strength (R¢) for I m® of mortar. The data show that for CEM II mortars,
replacing PC with LS significantly affects both GWP and R..

As the LS content increases, CO> emissions decrease, but so does Re. In
contrast, for CEM VI mortars, replacing BFS with LS primarily impacts R,
while the GWP remains nearly unchanged. This difference arises because, in
the first case, LS replaces PC, which is both the main contributor to
compressive strength and the most environmentally impactful component.

In the second case, LS replaces BFS, a by-product with no direct
environmental cost but with hydraulic properties that contribute to Re.
Interestingly, for CEM II mortars with 15% LS content, there is both a
reduction in GWP and an improvement in R, offering benefits for both
mechanical performance and environmental sustainability.
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Figure 18. Total GWP results expressed in kg of CO: equivalent related to
mechanical compressive strength at 28 days of curing for 1 m*> of CEM 11/B-
LL and CEM VI standard mortars.
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1.11. Conclusions

In this study, two different sustainable cements were developed in accordance
with EN 197-1 and EN 197-5 standards: 1) CEM II/B-LL, by replacing
Portland cement (PC) with limestone (LS) at dosage levels of 0%, 15%, 25%,
and 35% by mass, and 2) CEM VI, by replacing blast furnace slag (BFS) with
LS at dosage levels of 0%, 10%, 20%, 30%, and 40% by mass, where both
LS and BFS are low-cost, locally available raw materials.

The characterization of the corresponding standard mortars led to the
following conclusions:

Both hydraulic binders can be classified as structural cements.
Specifically: CEM II/B-LL: 52.5R with 0-15% LS, 42.5R with 25%
LS, and 32.5R with 35% LS, and CEM VI: 52.5L with 0—-10% LS,
42.5N with 20% LS, 32.5R with 30% LS, and 32.5N with 40% LS,
despite exceeding the standard’s BFS substitution limit of 20%.
Setting time increases in CEM II/B-LL due to the reduced PC content
and the inert nature of LS. However, CEM VI is unaffected, as BFS
acts solely as a slow-reacting pozzolanic binder.

When cured at low temperatures (10 °C), all CEM VI mortars
maintain their mechanical properties even at high LS levels, making
them particularly suitable for cold climates.

Total porosity and capillary water absorption increase with LS content
in both cement types but less in CEM VL.

Free shrinkage of CEM II/B-LL decreases with LS substitution, due
to the reduced binder paste and increased inert material, whereas in
CEM VI it increases with LS content up to 20% but decreases at 30—
40% LS due to the lower BFS content. Moreover, restrained shrinkage
is lower in CEM VI than in CEM II/B-LL, reflecting its lower
mechanical properties.

Global Warming Potential (GWP) analysis shows that CEM II/B-LL
environmental impact decreases significantly with higher LS content,
as LS is inert and requires no energy-intensive processing. Replacing
15%, 25%, and 35% PC with LS reduces the GWP by 12%, 20%, and
28%, respectively. GWP of CEM VI is less sensitive to BFS
replacement with LS, remaining nearly constant up to 40% LS
substitution. In any case, CEM VI has a 50% lower environmental
impact than CEM II/B-LL, emphasizing its superior sustainability.
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This study highlights the potential of limestone as a key component in
sustainable cement formulations, reducing both environmental impact and
material costs while maintaining structural performance.

In the following Chapters, the potential of SCMs, particularly low-grade
kaolinitic clays, will be highlighted, emphasizing their potential when
combined with limestone in new cementitious binders proposed by the UNI
EN 197-5 standards and in alkali-activated materials (AAMs). This approach
aims to reduce/eliminate the use of Portland cement, reducing the
environmental impact of binders in the construction sector, in line with the
green objective of this research thesis, which aligns with the main global goal
in the field of cementitious materials research.
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Chapter 2.

2. CHARACTERIZATION OF LOW-
GRADE KAOLINITIC CLAYS

2.1.  Introduction

An effective and efficient way to reduce CO; emissions in cement production
is to partially replace the clinker with supplementary cementitious materials
(SCMs) thanks to their hydraulic or pozzolanic activity [73], [74], [75], [76],
[77], chemical effect, nucleation effect and/or filler effect. [78], [79], [80]
However, since the availability of the typical SCMs commonly used in
cement, such as slag and fly ash, is depleting, new types of SCMs are needed
[81], [82], [83], [84], [85]. In this context, calcined clays, thanks to their
potential pozzolanic activity, are a promising alternative to the common
SCMs. Moreover, since clays are highly available in most parts of the world,
cement industry is allowed to produce its own SCMs by itself, with the double
advantage of optimizing its own final cement formulation and assuring a
constant quality of the manufactured binder, being not subjected to the market
instability in terms of price, quality and quantity.

In the calcination process, raw clay is treated at a certain temperature,
depending on the mineralogical composition, to increase its amorphous phase
and thereby its reactivity [86], [87], [88]. The resulting calcined clay is one
component of the so called LC3 cement; a ternary blended cement composed
of calcined clay, limestone and clinker [89], [90], [91], [92]. LC3 cements are
gaining interest thanks to their ability to replace high amount of Portland
cement without significantly compromising the mechanical performance of
the hardened product due to the synergy between silica and alumina of
calcined clay and carbonate of limestone [93].

Not all clays exhibit the same level of reactivity [94], [95], so it is crucial to
identify and utilize specific types of clays that can effectively contribute to
the performance of cementitious materials.
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The most common clays used as SCMs are

- Kaolinite: Kaolinite-rich clays are among the most studied for their
pozzolanic properties. These clays are relatively abundant and, when
activated through thermal or chemical treatment, can enhance the
reactivity and effectiveness in cementitious systems. Kaolinite-based
clays can form additional calcium silicate hydrate (C-S-H) gel, improving
the strength and durability of concrete.

- Bentonite: Bentonite, primarily composed of montmorillonite, is another
clay with potential as an SCM. It exhibits a high cation-exchange capacity
and can be used to enhance the workability of the mix. While its
pozzolanic reactivity is generally lower than kaolinite, its use in
combination with other SCMs can improve the overall performance of the
binder.

- Illite: Illite, a clay mineral found in many sedimentary rocks, has lower
pozzolanic activity than kaolinite, but its use in cementitious systems can
still provide valuable benefits, especially when combined with other
reactive materials like slag or fly ash.

- Ball Clay and Fire Clay: These clays, though less common, can also show
pozzolanic behaviour when activated and incorporated into cement-based
systems.

At the beginning, LC3 cement was only developed with high-grade clays,
1.e. those containing high amounts of kaolinic clays which is necessary to
increase reactivity [96], [97], [98]. Indeed, Scrivener et al. [93] have
investigated the main factors influencing the performance of LC3 cement and
concluded that the kaolinite amount in clay is a main factor affecting the
rheological and the mechanical properties of the binder after hydration; the
higher the kaolinite content in clay, the lower is the workability of the mixture
and the higher is the compressive strength after curing. This is due both to the
high grindability of kaolinite and to the excellent reactivity of metakaolin
obtained after its calcination. According to Bediako et al. [99], the kaolinite
content can be adopted to classify the reactivity of a clay: clay is classified as
low grade if kaolinite content is < 40 wt%, as middle grade if the kaolinite
content is > 40 and < 65 wt%, and as high-grade if the kaolinite content is >
65 wt% [100]. Tironi et al. [101] have studied five different types of
Argentine clays containing more than 50% kaolinite underlining that not only
the content but also the degree of kaolinite disorder is an important factor;
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more amorphous kaolinite gives calcined clay with easier grindability, larger
specific surface area and, therefore, higher reactivity [102]. According to
Maier et al. [103] besides kaolinite content and degree of kaolinite disorder,
also type and quantity of 2:1 clay mineral (smectite, montmorillonite) with a
more complex mineralogical structure than kaolinitic clays should be
considered to assess the potential reactivity of the raw materials.

However, highly kaolinitic clays, even if lead to highly performant LC3
cement, are valuable raw materials and already primarily used for ceramics
and paper production; moreover, their availability is limited to a few
geographical regions. Therefore, the actual interest is focused on the possible
use of low-grade clays 158], [159], [160], as they frequently exhibit greater
abundance and cost-effectiveness in comparison to higher-grade clays to
produce LC3 cement. Especially if located close to the cement production
plant [104], [105], [106], the incorporation of low-grade clays into
cementitious systems offers several environmental benefits:

- Reduction in CO; Emissions: By replacing a portion of Portland cement
with clays, the carbon footprint of concrete production is reduced, as the
energy-intensive process of cement manufacturing is minimized. Clays
have a much lower embodied carbon compared to Portland cement,
making them an effective tool in reducing the environmental impact of
construction materials.

- Utilization of Local Resources: Low-grade clays are abundant and widely
distributed, often found in local areas, which reduces transportation costs
and associated emissions. Additionally, waste clays from other industries
can be valorised as SCMs, contributing to a more sustainable use of
resources.

- Energy Savings: The use of clays can lower the energy demand for binder
production. While the activation of clays may require some additional
energy input (such as in thermal treatment), this is generally much lower
compared to the energy needed to produce Portland cement.

Low-grade kaolinitic clays are clays that predominantly do not contain
kaolinite, a mineral known for its pozzolanic properties, and have lower
purity or quality compared to high-grade kaolinitic clays. They generally
contain a high percentage of quartz, mica, and iron oxide. The presence of
these non-reactive minerals can reduce the pozzolanic reactivity of the clay,
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making them less effective than high-purity kaolinite. The low reactivity may
lead to slower strength development, especially in the early stages of
hydration and pre-treatment methods, or blending with other materials may
be necessary to optimize their reactivity.

Despite their lower reactivity, low-grade kaolinitic clays can still offer
valuable benefits when incorporated into cementitious systems, such as
concrete, to reduce environmental impacts and improve material properties.
Cardinaud et al. [107] has confirmed that pure kaolinite clay is not necessarily
required in ternary binders since the synergy between limestone filler and
illite-kaolinite calcined clay can also occur. Alujas et al. [19] have replaced
30% OPC with a calcined middle-grade clays composed approximately by
40% of kaolinite and 40% of 2:1 clay mineral in mortar manufacturing,
confirming that also these clays give high pozzolanic reaction. Dixit et al. [20]
have claimed that, at the same dosage, mixes of limestone and low-grade
calcined clays can generate more hydration products than OPC, even if in
low-grade clays the influence of 2:1 clay mineral on reactivity becomes very
significant [18]. However, according to Ram et al. [108] who studied low-
and middle-grade clays, even if the kaolinite content has a moderate effect on
compressive strength, it has a considerable effect on durability performances
of the final conglomerate. A low-grade clay has given a 40% lower chloride
penetration resistance to a conglomerate than a middle-grade clay and
therefore it should be adopted only for concretes exposed to not very
aggressive environments.

2.2.  Scope

The production of LC3 cement at industrial scale requires firstly the
identification of suitable clay reserves, the selection of suitable calcination
temperature, and the ad hoc cement mix design.

However, the composition of low-grade clays can vary significantly
depending on their source and this variability can affect their performance in
cementitious systems, making their use as SCM difficult.

Therefore, the aim of this section is the characterization of 4 low-grade
kaolinitic clays by chemical, physical and reactivity tests also to develop a
standardized protocol including the most relevant tests to characterize a new
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unknown clay and to find its most appropriate final application based on its
characteristics.

Only in this way, low-grade kaolinitic clays can be transformed from
potentially underutilized resource into a valuable material for sustainable
constructions by enhancing their valorisation and minimizing the
environmental impact.

2.3. Materials

To develop the protocol, 4 different clays have been studied:
e C(Clays 1 and 2 (RC1 and RC2) coming from Switzerland and provided
by Jura-Cement-Fabriken AG,
e C(Clay 3 (RC3) coming from Danmark provided by CemGreen
Production ApS,
e C(lay4 (RC4) coming from Poland provided by CRH Materials Polska
Sp.

Clay 1 and clay 2 (Figure 19a and 19b) are calcined (CC1 and CC2) at 4
different temperatures, 650, 750, 850 and 950°C for 1 hour with a laboratory
scale muffle furnace and grinded.

Clay 3 is already calcined (CC3) (Figure 19¢) at 673 °C by flash calcination
and grinded.

Clay 4 is calcined (CC4) (Figure 19d) at 4 different temperatures, 650, 750,
850 and 950 °C for 1 hour with a laboratory scale muffle furnace and grinded.
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Figure 19. Calcined clay 1 (CCI) (a) by Jura-Cement-Fabriken AG,
Calcined clay 2 (CC2) (b) by Jura-Cement-Fabriken AG, Calcined clay 3
(CC3) (c) by CemGreen Production ApS, Calcined clay 4 (CC4) (d) by
CRH Materials Polska Sp.

2.4. Chemical characterization

2.4.1. XRF

X-ray Fluorescence (XRF) is a non-destructive analytical technique used to
determine the elemental composition of materials. In XRF, a sample is
exposed to a primary X-ray beam, which excites the atoms in the material.
The energy from the X-rays knocks electrons out of the inner shells of the
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atoms in the sample, creating vacancies. Then, the emission of secondary X-
rays (fluorescent radiation), as the atoms relax back to their ground state, is
detected. The energy levels of these emitted X-rays are characteristic of the
elements present in the sample. The emitted X-rays are detected by a sensor
(such as a silicon detector) and analysed. The energy and intensity of the
fluorescent X-rays allow the identification and quantification of the elements
in the sample.

Clays contain silicon and aluminum oxide [109] which are the main oxides
affecting reactivity: generally, a higher amount of these oxides means higher
reactivity and therefore a higher quality clay [110], [111]. The chemical
characterization of raw clays in terms of metal oxides is carried in powder
form by X-ray fluorescence analysis (XRF) (Figure 20) using an Epsilon 4
Malvern Panalytical XRF Analyser (Figure 21).

Figure 20. Clay powder samples analysed by XRF.

030050 COVEREN |

Figure 21. Epsilon 4 Malvern Panalytical XRF Analyser.
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As reported in Table 10, RC1 has 45% SiO», 10% AlO3 and 5% FexO3
content, RC2 has 51% SiO2, 19% Al,O3 and 7% Fe>Os content, RC3 has 63%
Si02, 17% Al>O3 and 7% Fe>Os content and RC4 has 22% SiO2, 11% AlOs
and 4% Fe203 content.

Moreover, the sum of SiO;, AlO3 and Fe»Os is calculated for all clays
obtaining 61%, 77%, 87% and 37%, for RC1, RC2, RC3 and RC4,
respectively. According to ASTM C618, only RC2 and RC3 can be classified
as N (natural pozzolan), since the sum of SiO», A1,O3 and Fe>Os3 is > 70%.
Given that a higher content of silica and alumina generally means a higher
reactivity [76], [110], from these results RC2 and RC3 should be more
reactive than RC1 and RC4.

Moreover, it has generally been observed that the content of Al,O3
significantly influences the reactivity of the clay, and if the Al2O3 content is
> 10%, the clay is more suitable to produce a reactive calcined one [112],
[113], [114].

Table 10. Chemical composition (wt%) of RC1, RC2, RC3 and RC4.

ng,}d)es Si0:| AL:03|Fe203/Ca0MgO|SOs3| K20 [Na20| TiOz| P20s [Mn203
0

RC1 453103 | 50 [14.6/ 39 (0.0]19] 10 05 ] 0.1 ] 0.2
RC2 |50.8]19.1 ] 6.7 43|23 ]06[29] 03 1.0 03| 0.1
RC3 |62.5]16.7| 74 |28|28 |1.7/39] 00 | 1.0 00 | 0.0
RC4 |219]11.0] 3.8 [60.2] 0.6 [0.0] 1.2 ] 00 [ 0.7 ] 00 | 0.2

2.4.2. XRD

X-ray Diffraction (XRD) is a powerful analytical technique providing
detailed information about the mineralogical composition, crystal structure,
and phase identification of solid materials. The XRD analysis exposes a
sample to X-rays generated by an X-ray tube. These X-rays interact with the
atoms in the sample. When X-rays hit a crystalline material, they are
diffracted (scattered) by the atoms in the crystal lattice. The diffraction occurs
at specific angles according to Bragg's Law:
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nA =2dsinf
where:
n is an integer (order of diffraction),
A 1s the wavelength of the X-rays,
d is the distance between the planes of atoms in the crystal (known as the d-
spacing),
0 is the angle of diffraction.

The diffracted X-rays are analysed by a detector, and the angles at which
diffraction peaks occur are recorded. The resulting diffraction pattern is
analysed. The positions and intensities of the diffraction peaks provide
information about the crystal structure (such as unit cell parameters), phase
identification (which materials are present), and crystallite size.

From XRD spectra the amount of each crystalline phases and the remaining
amorphous phase can be quantified by the Rietveld’s analysis method.

In this case, XRD analysis have been conducted by the Applied Mineralogy
lab of KU Leuven. Before analysis, samples are spread out in petri dishes and
dried at 40 °C overnight until constant weight. XRD data were collected by a
Bruker D8 Advance diffractometer (Figure 22) using SSD detector with a Cu
Long Fine Focus tube operated at 40 kV and 35 mA. Samples are measured
in reflection mode. Measurements are made using a 0.013 °20 step size,
cumulated measurement time per step of around 30 s. Variable divergence
slits are used to illuminate a fixed sample surface area of 12 mm. Bulk
measurements are made over a range of 5-90 °20.
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Figure 22. Bruker D8 Advance diffractometer.

Figures 23, 24, 25 and 26 present the XRD spectra of RC1, RC2, RC3 and
RC4, respectively. From the spectra it is possible to understand the
mineralogical composition of the 4 clays. In particular, RC1 and RC2 are
mainly composed of quartz, calcite, kaolinite, and illite. In RC2, the peak of
kaolinite is higher than in RC1, standing for an overall higher content of this
mineral. RC3 is mainly composed of quartz and a small part of
montmorillonite, whereas RC4 is mainly composed of calcite and a small part
of kaolinite.

It is important to quantify the content of kaolinite in the clays as an indicator
of reactivity. Therefore, the spectra are subjected to semi-quantitative
analysis to calculate the kaolinite content detected by XRD considering that
the dihydroxylation of kaolinite occurs between 400-600 °C  [115]
[116][117][118]. RC1, RC2, RC3 and RC4 are constituted of 8%, 26%, 1%
and 8% of kaolinite crystalline phase, respectively, which transforms into its
amorphous form, metakaolin, through calcination. Since all the 4 clays have
kaolinite < 40%, they have a low degree of pozzolanity and can be classified
only as low-grade kaolinitic clays [119].
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Figure 23. Bulk XRD spectra of RC1.
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Figure 24. Bulk XRD spectra of RC2.
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Figure 25. Bulk XRD spectra of RC3.
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Figure 26. Bulk XRD spectra of RC4.

Figures 27, 28, 29 and 30 report the XRD spectra of CC1, CC2, CC3 and CC4
whereas Table 11 shows the mineralogical phases of CCs.
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The graphs do not report the K peaks due to calcination temperatures higher
than 500 °C; respectively, 800-900 °C for CC1, 700-800 °C for CC2, 673 °C
for CC3 and 650 °C for CC4.

In particular, XRD pattern of CC1 (Figure 27) shows the presence of quartz
(18 wt%) and calcite (9.6 wt%), as major components, as well as K-feldspar
(microcline), plagioclase and illite as minor components retained from the
original clay. Several high-temperature phases, mainly Ca-silicate (C2S),
Ca,Mg-(alumino)silicates (gehlenite-akermanite) and diopside formed during
calcination. Also minor amounts of periclase (MgO) and hematite (Fe2O3) are
detected. Overall, the amorphous and unknown residual fraction is estimated
at about 38 wt%.

Similarly to CC1, XRD pattern of CC2 (Figure 28) shows the presence of
additional quartz (14 wt%) as a major component, as well as calcite (7.6
wt%), with K-feldspar (microcline), plagioclase as minor components
retained from the original clay. Illite/muscovite is not encountered. In return,
the content of the high temperature phases (C.S, gehlenite-akermanite,
diopside) is consistently higher. Minor amounts of periclase (MgO) and
hematite (Fe;Os3) are confirmed. Also, the amorphous and unknown residual
fraction is higher than in sample CC1 and estimated at about 50 wt.%.

The XRD pattern of CC3 (Figure 29) shows the presence of illite/muscovite
(12 wt%) and quartz (39 wt%) as major components, as well as additional
feldspars (microcline and plagioclase), and calcite. The high-temperature
phases encountered in CC1 and CC2 are not found. Some minor hematite is
present. The amorphous phase fraction estimate is rather low (29 wt%).
Figure 30 shows the bulk XRD pattern of CC4. Calcination at 650 °C leads
to decomposition of kaolinite and a correlated increase in amorphous content
(20 wt%). Calcite is left essentially unchanged since the low temperature of
CC4 calcination (650 °C) does not permit calcite to transform into free lime.
The presence of free lime into clays is not optimum because of its great early
exothermic reaction when calcined clay reacts with water.

Ayati et al. [120] present a relation between the total clay minerals present in
the raw materials and the amorphous content after calcination that it is often
used to predict the reactivity of SCMs. Ayati et al. [120] present a relation
between the total clay minerals present in the raw materials and the
amorphous content after calcination that is often used to predict the reactivity
of SCMs. Calcined clays with amorphous content > 20% are usually more
suitable to use as replacement of PC into binders [121], [122], [123]. From
the results, CC2 has the highest amorphous and unknown residual fraction
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amount than CC1, CC3 and CC4, with values of 50%, 38%, 29% and 21%,

respectively.
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Figure 27. Bulk XRD spectra of CCI.
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Figure 29. Bulk XRD spectra of CC3.
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Figure 30. Bulk XRD spectra of CCA4.

Table 11. Mineralogical composition of the CC1, CC2, CC3 and CC4
obtained by Rietveld’s method analysis.

Sample cc1 | cc2 | cc3 | cc4
Mineral phase wt.%

Quartz 17.6 13.6 38.5 9.2
K-feldespar (microcline) | 4.4 2 8.7
Plagioclase (oligoclase) 2.2 4.4 3.9

Calcite 9.6 7.6 6.5 65.5
Hematite 0.7 0.7 0.8
Periclase 3.44 2.8

Diopside 6.1 6.8

B-C2S 7.8 8.4
AKkermanite-gehlenite 4.6 3.5

Illite 59 12.3 4.6
Amorphous/unknown 38 50 29 21

90.00
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2.4.3. 1GA

Thermal Gravimetric Analysis (TGA) provides valuable information about
the thermal stability and composition of materials, including clays. TGA
measures the mass of a sample as a function of temperature or time. The
sample is subjected to a controlled temperature program in a furnace, and the
mass is continuously monitored. The weight loss at different temperature
ranges is used to identify specific processes such as:

- Loss of adsorbed water, moisture content (0 - 120°C),

- Dehydration of mineral phases, interlayer water losses (100°C — 300°C),

- Dihydroxylation of hydroxylated minerals, release of hydroxyl groups
(300 — 600°C),

- Thermal decomposition of organic matter or other components (150 —
500°C),

- Loss of CO2 and calcium carbonate transformation (around 700°C),

- Phase transitions and crystallization (700 - 1000°C).

TGA was performed on calcined clays by using a TA Instruments | Waters
Discovery TGA 550 from 25 °C to 925 °C at 10 °C/min in air (Figure 31)
also to detect the efficiency of calcination.

Figure 31. TA Instruments | Waters Discovery TGA 550.
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Figures 32 and 33 report the thermogravimetric analysis of RC1 and RC2.
The corresponding spectra show 3 relevant weight losses:

- Early weight loss due to the free and bound water of the raw clays,

- Middle weight loss due to the dihydroxylation of the clay mineral,

- Late weight loss due to the CO losses from the transformation of CaCOs.

Figure 33 presents a high peak around 500 °C, which stands for the
dihydroxylation of kaolinite and illite. The spectra of CC2 show higher
quantity of kaolinite and illite compared to CC1, as reported in XRD analysis.
TGA is also used to quantify the LOI of RC1, RC2 and of CC1, CC2, CC3,
CC4, as CO2 weight loss due to organic fraction and carbonates by using the
formula

ight at 150°C — weight at 550°C
Organic% = (weight a : wetq a ) x 100
weight at 150°C

(weight at 550°C — weight at 950°C)
weight at 150°C

Lost CO% — x 100

©)

According to the calculations, RC1 and RC2 obtain a LOI of 20% and 14%,
respectively. A higher LOI means a lower reactivity due to a high amount of
organic impurities and calcite.
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Figure 32. TGA of RCI.
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Figure 33. TGA of RC2.

Figures 34, 35, 36 and 37 report the TG analysis of CC1, CC2, CC3 and CC4.
CCl1, CC2 and CC3 show a similar behaviour with temperature with the
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highest weight loss due to decomposition of carbonates (4.03, 1.89 and
2.98%, respectively) around 600 °C, meaning that the corresponding
calcination, at 850 °C, 750 °C and 673 °C respectively, was not completed.
On the other hand, CC4 has the highest weight loss (26.72%) only after 650
°C.

This is because the calcination process for CC4 and CC1, CC2, CC3 was
different; CC4 was calcined at laboratory scale whereas CC1, CC2 and CC3
at industrial scale. Laboratory scale calcination is more precise and
homogeneous since the muffle furnace calcination permits to calcine small
quantities of material with higher heat distribution in the material. On the
other hand, industrial pilot scale allows the thermal treatment of a larger
quantity of material but at the expense of the quality of calcination, which
results with a lower heat distribution and homogeneity. Moreover, the LOI of
CCl1, CC2, CC3 and CC4 are 5, 3, 4 and 26% respectively.
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Figure 34. TGA spectra of CCI.
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Figure 37. TGA spectra of CC4.

2.5. Physical characterization

2.5.1. PSD

Particle Size Distribution (PSD) analysis refers to the characterization of the
size distribution of particles within a sample which can significantly influence
the behaviour, processing, and performance of materials. The key parameters
of PSD analysis are:

- DI0: particle size below which 10% of the sample’s particles are smaller;
- D50 (median size): particle size below which 50% of the sample’s

particles are smaller;
- D90: particle size below which 90% of the sample’s particles are smaller.

63



Mean values (or mean particle size) can also be calculated from the
cumulative curve (Figure 38) or from tabulated values with different methods,
some described in ISO 9276-2.
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Figure 38. Calculation of D10, D50, D90 from the cumulative curve.

The PSD of the CCs is detected by a Van Fritsch 22 particle size distribution
analyser (Figure 39) and then the D10, D50 and D90 of the materials are
calculated.
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Figure 39. Van Fritsch 22 particle size distribution analyser.

From the particle size distribution curves (Figure 40):

CCl hasa D10 =1.2 um, D50 = 6.4 pm and D90 = 24.5 pm.
CC2hasaD10=1.3 pm, D50 = 8.7 pm and D90 =27.2 pm.

CC3 hasaD10=1.0 pm, D50 =3.9 pm and D90 = 18.8 pm,

CC4 hasaD10=1.3 pm, D50 = 5.3 pm and D90 =23.8 pm.

It is evident that CC3 is the finest one, followed by CC1 and CC4 with similar
PSD trend, and then by CC2 that is the coarsest CC.
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Figure 40. Particle size distribution (PSD) of CC1, CC2, CC3 and CC4.

2.5.2. S84

The specific surface area (SSA) is the total surface area per unit mass or
volume of the material and it influences the reactivity, adsorption capacity,
and other properties of the clay. SSA is influenced by particle size, porosity,
mineralogical composition, surface roughness, irregular shapes and interlayer
space of the material. In particular, SSA increases as the particle size
decreases. Clays often have micropores and mesopores within the particles or
between the particles and the more porous is the clay, the higher its specific
surface area.

The specific surface area of clay is also influenced by its mineral composition;
kaolinite, montmorillonite, and illite have different surface areas due to their
distinct crystal structures. For instance, montmorillonite (a type of smectite
clay) has a higher surface area than kaolinite because of its layer structure and
high cation-exchange capacity. Moreover, certain clays, especially smectites
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(such as bentonite), have a significant amount of interlayer space that can
adsorb water or cations, further increasing the surface area.

SSA is analysed through BET (Brunauer-Emmett-Teller) method with a
Micromeritics Gemini automated surface area analyzer (Figure 41). The BET
method measures the amount of nitrogen gas that is adsorbed onto the surface
of the clay that it is related to the surface area by the BET equation.

Figure 41. Micromeritics Gemini automated surface area analyser.

The results are reported in Table 12. Luzu et al. [124] have studied the optimal
proportion of ternary mixes, i.e. cement, calcined clays and limestone fillers,
in order to obtain the highest possible packing density which influences the
water demand. Grain size distribution, specific surface area and virtual
packing densities (Bi) of the various materials were analysed. They report that
clays with high SSA tend to have more active sites for chemical reactions or
interactions with other materials and a great impact on packing density,
workability, pozzolanic activity, water retention, and strength in cementitious
mixtures [125], [126]. According to the results, CC1 and CC2 have similar
low SSA values, whereas CC3 has the highest SSA value. CC4 has an
intermediate SSA value.
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Table 12. Specific surface area of CCI, CC2, CC3 and CC4 particles.

Sample SSA (m?/g)
ccC1 3.1256 £0.0267
cC2 2.5347 £ 0.0437
CC3 28.4794 + 0.0998
CcC4 10.1444 £ 0.0684

2.6.  Reactivity

The reactivity of clay refers to their ability to undergo chemical reactions or
interact with other substances in a way that alters their properties or structure.
The reactivity of clay especially depends on their chemical composition,
microstructure, calcination temperature and processing.

The calcination process is a thermal treatment in which raw clay is heated to
high temperatures (typically between 600 °C and 1000 °C) in the presence of
air or oxygen. The purpose of calcination is to drive off moisture, decompose
carbonates, and alter the mineralogical structure of the clay. In particular, the
dehydration process consists in removing chemically bound water from clay
minerals, the decomposition of carbonates permits to enhance the reactivity
of the clay releasing CO; and forming lime (CaO), while the mineralogical
transformation promotes the formation of new phases which improve
pozzolanic properties of the material. Moreover, the calcination process
permits to increase the specific surface area and therefore the reactivity of
clays, making them more effective as SCMs.

Depending on the specific clay to be processed, the desired properties of the
calcined clay, the scale of production, and energy efficiency requirements,
calcination can be done with different techniques such as:

- Rotary Kiln Calcination, which is the most widely used. It is a large,
cylindrical furnace that rotates on an axis permitting a homogeneous
calcination and an efficient heat transfer to the material. The process is
for large scale application and occurs at temperatures typically between
600 °C and 1000 °C. The limitations of the method are the high energy
consumption and emissions.
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- Fluidized Bed Calcination provides efficient heat transfer and uniform
temperature distribution thank to the stream of hot gas, which create a
fluidized bed on which fine particles are suspended. This technique
permits an efficient and rapid calcination with uniform temperature
distribution, and fast reaction times, but it is not suitable for materials with
large or coarse particles.

- Muffle Furnace Calcination is used for laboratory and small-scale
applications. The material is heated inside a crucible in a closed, insulated
chamber (the "muffle") to avoid contamination by the combustion gases.
The furnace can operate at precise temperatures ranging from 500 °C to
1200 °C, depending on the material.

- Induction Furnace Calcination use electromagnetic induction to heat the
material directly in a coil, providing rapid and efficient heating. This
technique is used for calcining materials that require precise and rapid
heating with minimal heat loss, but it has high initial cost and limited
scalability for large volumes.

- Batch Calcination permits to heat the material to the desired temperature
in discrete quantities or "batches" in furnace for a set period of time before
to be removed. This technique is suitable for materials that requires
precise control over temperature and time, but it is not as efficient as
continuous processes.

- Flash calcination is a rapid calcination process where material is exposed
to very high temperatures for a very short time (seconds to minutes) using
either gas or electrical energy, with energy efficiency.

To find the optimum calcination temperature for a certain clay, the Strength
Activity Index (SAI) and heat flow of hydration with isothermal calorimeter
are measured according to ASTM C311 standard and R3 test — Method A in
ASTM C1897 standard, respectively.
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2.6.1. SAI

The Strength Activity Index (SAI) is an indirect method that compares the
relative compressive strength of a pozzolan blended cement standard mortar
to that of an OPC one at 28 days of curing and it is commonly used to assess
the efficiency of SCMs.

SAl is calculated according to the following

RSCM

SAI = x 100

PC

where Rpc is the compressive strength of OPC mortar as upper reference and
Rscwm is the compressive strength of SCM mortar (with C). A mortar with 25%
OPC substitution with quartz (Q) is also tested as lower reference [127],
[128], [129].

If the SAI is > 80% at 28 days of curing, the SCM is effective in contributing
to the strength development of the concrete.

In this case C1, C2 and C4 are tested, both raw and calcined at 650, 750, 850
and 950 °C.

Standard mortars were manufactured by using standard 0—2mm silica sand as
aggregate, and a CEM I 52.5R as binder replaced by raw and calcined clays
at the dosage of 25% by weight. In the blended system, no more sulphate has
been added to the one already present in the CEM I 52.5R adopted in the mix.
The corresponding mortar mixes are reported in Table 13 where Mix R/CCs
stands for the mortar mixes with raw (R) and calcined (C) clays calcined at
650, 750, 850 and 950°C. Moreover, Mix OPC and Mix Q are the reference
mortar mix with only PC CEM I 52.5R and with the 25% quartz as substitute
of CEM I 52.5R.
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Table 13. Mix design of mortars for SAL

Mixing Standard
Mixtures (()1;1? (C/Cl) Water Sand w/b*
g8 @) (@

Mix OPC 509 - 254 1526 0.5
Mix R/CCl1 379 126 253 1515 0.5
Mix R/CC2 379 126 253 1517 0.5
Mix R/CC4 379 126 252 1514 0.5
Mix Q 379 126 253 1515 0.5

For each tested clay, the optimum calcination temperature was chosen as the
one giving the highest SAI. SAI results are reported in Table 14. Figure 42
shows the mechanical compressive strength (R¢) at 2, 7, and 28 days of curing
and the lower limit for SAI of 80% at 28 days of curing, according to ASTM
C311 standards.

Both Rc and SAI initially increase and then decrease with the rise in
calcination temperature. Nei3er-Deiters et al. [130] investigated the effect of
calcination temperature on the reactivity of clays. Higher calcination
temperatures lead to increased water demand but also enhance pozzolanic
reactivity, therefore a balanced calcination temperature should be used.
According to the results in Table 14, mortars with RC1, RC2 and RC4 achieve
SAI values below the lower limit given by ASTM C311, confirming the low
reactivity of all raw clays. Referring to calcined clays, the maximum values
of SAI at 28 days for CC1, CC2 and CC4 mix are at 850, 750 and 650 °C,
respectively (86%, 92% and 82%) which represent therefore also the
corresponding optimum temperatures of calcination.

Regardless of the clay type, all CC mortars exceed the compressive strength
lower limit of 47 MPa set by quartz mortar, except for the mortars with CC4
calcined at 950 °C, probably due to recrystallization processes at high
temperature [129], [131]. According to ASTM C618 standards, all CC
mortars achieve a SAI > 80% at 28 days of curing, except for CC4 calcined
at 950 °C, which has SAI of 70%, respectively.
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At the same calcination temperature, CC2 has a higher SAI indicating higher
reactivity compared to CC1 and CC4.
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Figure 42. Compressive strength and SAI standard limit of OPC reference
mortars and 25% OPC replacement mortars at 2, 7 and 28 days of curing.

Table 14. Compressive strength (Rc) of mortars at 28 days of curing and
corresponding Strength Activity Index (SAI).

Rezs (MPa) | SAls
Mix OPC 65.0 100
Mix RC1 46.5 72

Mix CC1 650 49.8 77

Mix CC1 750 53.3 82

Mix CC1 850 56.1 86

Mix CC1 950 52.1 80
Mix RC2 42.6 66

Mix CC2 650 55.6 86

Mix CC2 750 59.7 92

Mix CC2 850 57.5 88

Mix CC2 950 53.0 82
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Mix RC4 44.4 68
Mix CC4 650 53.1 82
Mix CC4 750 52.9 81
Mix CC4 850 52.4 81
Mix CC4 950 45.4 70
Mix Q 46.5 72
2.6.2. Isothermal calorimetry

Isothermal Calorimetry measures the heat flow associated with chemical or
physical processes occurring in a specimen under isothermal conditions. The
specimen is maintained at 40°C and the rate of heat released (exothermic
reactions) or absorbed (endothermic reactions) is measured over time
providing valuable insights into the reaction kinetics and the energy release
profile. Isothermal calorimetry is particularly valuable for studying the
hydration of cement and the performance of SCMs.

The isothermal calorimetry test reported in the R3 test — Method A in ASTM
C1897 — 20 standard has been carried out by means of A [-Cal 8000 HPC
Isothermal Calorimeter (Figure 43).

At first, isothermal calorimetry test has been used to validate the optimum
temperature of calcination for raw C4 (calcined at 650, 750, 850 and 950 °C)
detected by SAI test. In this case, the same procedure of R3 test has been
followed [129] except for materials because the same binders used for SAI
test (25% R/CC4 and 75% OPC and water) have been adopted.

For each clay, the test is performed on two samples to increase accuracy of
results.
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Figure 43. I-Cal 8000 HPC Isothermal Calorimeter.

Isothermal calorimetry is performed only for RC4 and CC4 calcined at 650,
750, 850 and 950 °C, with the same binder composition of the SAI analysis,
in order to detect the heat released by hydration reaction during the curing
period. The results of specific heat flow and the specific cumulative heat
normalized on binder weight are reported in Figures 44 and 45, respectively.
OPC reference mix presents the two typical peaks of cement hydration
(Figure 44), while the other binder pastes show different behaviour, except
for the RC4 mix which is similar to the reference probably due to the low
reactivity of RC4 which does not affect the OPC trend. For RC4 only a shift
to the left, likely caused by water absorption from the raw clay which
accelerates the hydration reaction, is detected.

The CC4 mixes show only one peak due to the high heat of hydration typical
of clay binders when no sulphate is added [93]. Mix CC4 750, Mix CC4 850,
and Mix CC4 950 show an initial strong exothermic peak due to the
exothermic hydration of the free lime present in the CC4 calcined at high T.
The CC4 850 mix losses the higher amount of heat flow during the first
minutes of the test.

Figure 45 reports the specific cumulative heat of the binders. OPC mix gives
the highest cumulative heat thanks the higher amount of Portland cement. At
the same cement content, binders with 25% clay give an increasing total
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cumulative heat as the calcination temperature of the clay increases.
Therefore, the CC4 950 Mix has the highest cumulative heat flow whereas
the RC4 gains the lowest cumulative heat rate. According to the results 650
°C is chosen as the optimum temperature of calcination for C4, being the only
calcined clay that does not lose heat during the first minutes of the test and
produce a cumulative curve comparable to CC4 750.

This conclusion was also confirmed by SAI results where the CC4 650 mix
gives the highest SAI at 28 days of curing.
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Figure 44. Specific heat flow of OPC reference, RC4 and CC4 at 650, 750,
850 and 950°C mixes until 12 h.
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Figure 45. Specific cumulative heat of OPC reference, RC4 and CC4 at 650,
750, 850 and 950°C mixes until 7 days (168 h).

The isothermal calorimetry reported in the R3 test — Method A in ASTM
C1897 — 20 standard has been used also to compare the reactivity of CCl1,
CC2 and CC3 calcined at 850, 750 and 673 °C respectively. The test is
conducted on 2 sample for each clay named CCs and CCs*.

In this case, following the standard procedure, CC are activated with calcium
hydroxide and calcium carbonate mixed with an alkaline solution of
potassium hydroxide and potassium sulphate and tested from 75 min after
mixing the powders with the solution (time zero) until 7 days (168 h + 10
min).

Figure 46 and Figure 47 present the obtained results. CC2 has the highest
specific heat flow (Figure 46) and specific cumulative heat (Figure 47),
proving to be the best performing SCM, confirming the results obtained by
SAI with higher reactivity of CC2 than CC1 at the same calcination T.
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Figure 46. Specific heat flow of two sample of CC1, CC2 and CC3 mix until
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12 h, according to ASTM C1897 — 20 standard.
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Figure 47. Specific cumulative heat of two sample of CC1, CC2 and CC3
mix until 7 days (168 h), according to ASTM C1897 — 20 standard.
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Londono-Zuluaga et al. [129] have used the R3 test — Method A in ASTM
C1897 — 20 standard to compare the reactivity of kaolinitic clays by a
statistical analysis obtaining 3 different probability curves corresponding to 3
different reactivity grades: highly reactive, moderately reactive and non-
reactive (Figure 48).

According to this classification, which considers the cumulative heat at 7
days. CC1, CC2 and CC3 are classified as non-reactive with the highest
probability. These results is expected since the analysed clays are low-grade
kaolinitic clay
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Figure 48. Probability trend of heat rate statistical analysis on kaolinitic
clays from the RILEM TC 267-TRM phase 3 report.

2.6.3. Reactivity in alkaline environment

The reactivity of clay in alkaline environment is analysed to detect the amount
of reactive silica and alumina in the material. The analysis is performed
according to the procedure presented by the “Alkali activation of
metallurgical slags: Reactivity, chemical behaviour, and environmental
assessment” paper [132] where 1 g of calcined clay is put into 100 ml of a
strong alkaline solution (NaOH 8M) at 80°C and stirred for 5 hours (Figure
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49). The solution is filtered, acidified to neutral pH and diluted. Then the
solution is analysed through Inductively Coupled Plasma (ICP) analysis to
investigate the amount of released reactive (amorphous) silicate and alumina
in the solution.

The alkaline attack is carried out to determine the reactive fraction of CCl1,
CC2, CC3 and CC4, in terms of Al and Si ions release. According to
Lancellotti et al. [134], Si and Al dissolved in the alkaline solution,
corresponding to the amorphous fraction, are much more reactive than the
crystalline one.

The results of reactivity in alkaline environment tests are shown in Table 15.
Confirming previous results, CC2, with an amorphous fraction of about 50
wt% presents higher content of soluble Si and Al species than CC1, CC3 and
CC4 (38, 29, 21 wt.%, respectively). On the other hand, CC3 has a low value
of Si amorphous, indicating low reactivity, because it has highest quartz
amount as detected by XRD analysis.

Moreover, the released Si/Al mass ratio is critical for the degree of
reticulation of the final solid material; when it is below 3 the corresponding
materials are characterized by a 3D rigid network, making them good SCM
to be alkali activated for mortar/concrete applications [[132]]. The Si/Al of
CCl1, CC2, CC3 and CC4 are all lower than 3 and equal to 2.7, 2.6, 2.0 and
1.5, respectively.
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Figure 49. Alkaline solution with clay sample after 5h of heating and

stirring.

Tab 15. Amount of elements dissolved by the alkaline solution from CCI,
CC2, CC3 and CCA.

Element (mg/L) CcC1 CC2 CC3 CC4
Al 62 75 41 26
Ca 46 94 11 110
Fe 1 2 1 1
Si 166 197 82 39
Mg 2 2 1 2
Si/Al 2.7 2.6 2.0 1.5
2.7.  The Clay Protocol

Among those above-described, the most relevant tests to characterize a new
unknown clay to find its most appropriate final application based on its
characteristics were selected to propose a final protocol reported in Figure 50.
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For each clay the protocol should develop a systematic approach to:

Chemically characterize the clay to identify the mineralogical
composition to assess the potentiality of its reactivity after calcination,
Identify its optimal temperature of calcination,

Outline procedures to enhance its reactivity such as remove impurities,
thermal activation and mechanical activation to increase specific surface
area,

Identify, based on its properties, the most suitable final applications as
SCM, if for structural or non-structural applications,

Evaluate the environmental impact and cost-effectiveness of using the
low-grade kaolinitic clay by life cycle assessments (LCA).
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Figure 50. Clay Protocol.
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The first step of the clay protocol is XRF analysis to detect the content of
alumina (A>O3) in the raw clay.

If the alumina content is higher than 10%, the raw clay can be calcined at
different temperatures (650, 750, 850 and 950 °C).

The calcination makes the clay hard and agglomerated, therefore, grinding is
necessary to achieve a D90 <30 um.

For each type of clay, the optimum T of calcination is the one with the highest
SAI at 28 days of curing. Moreover, the SAl>s must exceed the minimum
value of > 80% according to ASTM C311.

In the case of lower SAlxs values the clay could be further mechanically
activated (grinding), added with other SCMs or cleaned from impurities and
tested again by SAI in order to detect an increase in reactivity.

When SAI > 80% the CC is then further characterized by PSD to find its grain
size distribution and by XRD to quantify its amorphous content (higher is the
amorphous content and higher is the reactivity of the CC).

If the amorphous content is higher than 20% the CC is used to manufacture
LC3 cement and tested according in terms of Rc and setting time to be
classified as a CEM II/C-M cement according to EN 197-1.

If LC3 is classifiable as CEM II/C-M, CC can be used for structural
applications into mortars/concretes, otherwise the calcined clay can be used
to manufacture AAMs for non-structural applications.

Finally, the environmental impact of both applications should be evaluated
by life cycle assessments LCA.

2.8.  Conclusions

In this chapter, the tests and corresponding results obtained to characterize
4 different clays, C1 and C2 from Switzerland, C2 from Denmark and C4
from Poland, also calcined at different temperatures, in terms of chemical,
physical, reactivity properties to be used as SCM, have been reported.

Based on the presented results, CC2 calcined at T = 850 °C appears to be best
SCM to be incorporated into binders thank to its:

e higher silica and alumina content by XRF,
e higher amorphous content by XRD,
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e higher amorphous Si and Al by reactivity test in alkaline environment,
e higher specific heat flow and cumulative heat, indicating higher reactivity
by isothermal calorimetry test.

Moreover, among all the performed characterization tests, some of them has
been selected as the most relevant to be included in a standardized protocol
proposed to characterize a new unknown clay and to find its most appropriate
final application according to its characteristics.

Only in this way, low-grade kaolinitic clays can be transformed from
potentially underutilized resource into a valuable material for sustainable
constructions by optimizing its valorisation and minimizing the
environmental impacts.

In the following two Chapters (Chapter 3 and 4), the clays will be studied in
combination with limestone to manufacture new cementitious binders for
structural applications, meeting the mechanical requirements outlined in EN
197-1 (Chapter 3), and alkali-activated materials (AAMs) for non-structural
applications, replacing Portland cement with the alkali activation of clays
using a controlled amount of solid alkaline powder activators into the binders
(Chapter 4).

84



Chapter 3.

3.VALORIZATION OF LOW-GRADE
KAOLINITIC CLAYS IN
LIMESTONE CALCINED CLAY
CEMENT (LC3)

3.1. Introduction

The construction industry is actively seeking alternatives to traditional
Portland cement to reduce its environmental impact and particularly its
contribution to CO2 emissions [134], [135].

One such alternative is Limestone Calcined Clay Cement (LC3), a promising
type of blended cement that incorporates both calcined clay and limestone as
primary ingredients [78], [95], [136], [137], [138]. Since formed by Portland
cement clinker and SCMs such as limestone and pozzolanic materials, like
clay or slag [139], [140], [141], LC3 cement can be classified by EN 197-5
standard as a CEM II/C-M [20].

LC3 cement offers a significantly reduced carbon footprint compared to
conventional cement, thanks to the partial replacement of clinker with these
SCMs. LC3 cement can give conglomerates with strength comparable to
traditional Portland cement while providing benefits such as lower heat of
hydration (reducing thermal cracking in massive casts) and improved long-
term strength.

The hydration reaction of LC3 cement is more complex than that of Ordinary
Portland Cement (OPC). In OPC the primary hydration products are C—S—H
gel, which gives strength and durability to the hardened mix, and calcium
hydroxide (CH), whereas gypsum (~5% by weight), added as setting
regulator, reacts with C3A to produce ettringite (CsA$3H32). In LC3 cement,
calcined clay favours the formation of AFm-type phases and long C—A—S—-H
chains, where Al replaces Si [142] and transforms the monosulfate crystals
(C4A$H12) in calcium hemicarboaluminates (Hc) and calcium
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monocarboaluminate (Mc) (carboaluminate phases), which improve the
mechanical and durability properties.

Dhandapani et al. [143] has experimented a reduction in the binder amount to
produce concrete with strength grade of 50 MPa at 28 days of curing when
LC3 binder replace OPC. Moreover, at the same mix design, LC3 concrete
has shown a higher compressive strength and a better resistance to chloride
ingress than OPC concrete thanks to a reduction in the pore size distribution
[144]. Bhavani et al. [145] have found a 45% higher resistivity to moisture
ingress in LC3 concrete compared to OPC one. In strength grade concrete of
30 MPa, by replacing 50% by mass of OPC with LC3, Kavya et al. [74] has
obtained a reduction in chloride ions penetration thanks to a denser
microstructure not only with respect to an OPC concrete but also to a
Pozzolana Portland Cement (PPC) concrete. Even in Self Compacting
Concrete (SCC), the use of LC3 instead of OPC has increased the resistance
against water and chloride penetration [146]. Zhu et al. [147] has even
presented a sprayable engineered cementitious composite composed of LC3,
calcium sulfoaluminate (CSA) expansive additive and polypropylene (PP)
fibers as a promising in field repair material.

The use of LC3 cement is particularly beneficial for Sustainable Construction
such as:

e Residential Buildings: LC3 cement is well-suited for the construction
of residential buildings, where it can be used in both structural and non-
structural elements like walls, floors, and pavements. Its lower
environmental impact makes it an excellent choice for green building
certifications such as LEED (Leadership in Energy and Environmental
Design).

e Infrastructure and Durability Projects: thanks to improved durability
and strength and low heat of hydration, LC3 cement is well-suited for
bridges, roads, and dams, which require long-lasting and chemical
resistant materials.

Due to their excellent mechanical and durability properties, some practical
applications of LC3 cement have been already described in literature. In
India [142], LC3 cement has been used to build low-cost houses, the offices
for the Swiss Agency for Development and Cooperation, roads, pavements,
and a check dam.

If the use of high-grade clays in LC3 has been extensively studied, the
potential of low-grade clays, with relatively low reactivity, remains an area
of growing interest [86], [101], [148], [149], [150]. Low-grade clays, often
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abundant and widely available, could play a critical role in improving the
sustainability of LC3 by providing an affordable source of pozzolanic
material [151], [152], [153] by reducing the need for more expensive and less
available high-grade clays [136], [154], [155].

3.2. Scope

This chapter aims to describe the development of a LC3 cement classified as
CEM II/C-M (Q-LL), using locally available raw materials in Switzerland,
Denmark and Poland. In particular, in Switzerland due to the lack of coal
power plants and steel industries, the availability of SCMs, such as fly ash
and slag, is even less than in other European countries and to find alternative
SCMs is becoming of paramount importance.

As reported in Chapter 2, the low-grade kaolinitic clays are supplied by Jura-
Cement-Fabriken AG, CemGreen Production ApS and CRH Materials Polska
Sp., respectively,

To classify LC3 as CEM II/C-M, at first standard mortars have been
manufactured and characterized in terms of mechanical strength and setting
time, according to UNI EN 197-1, as in Chapter 1.

Then the new LC3s classifiable as CEM II/C-M have been used to
manufacture concretes to be characterized in terms of mechanical
performances and Life Cycle Assessment (LCA) analysis.

3.3. Materials

3.3.1. Binder

LC3 is formed by OPC (50 wt%), low-grade kaolinitic clay (33 wt%) and
limestone (17 wt%) [93], [156].

As OPC a CEM I 52.5R (Figure 51) produced by VVM plc is used together
with Fels limestone filler (LS) (Figure 52) from Germany.
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Figure 51. Ordinary Portland Cement.

Figure 52. Fels limestone filler.

As pozzolanic sources, low-grade kaolinitic calcined clays (CC) (Figure 53)
supplied by Jura-Cement-Fabriken AG (CCl and CC2), CemGreen
Production ApS (CC3) and CRH Materials Polska Sp. (CC4), already
characterized in Chapter 2, have been used.
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Figure 53. Calcined clay 1 (CC1) (a) by Jura-Cement-Fabriken AG,
Calcined clay 2 (CC2) (b) by Jura-Cement-Fabriken AG, Calcined clay 3
(CC3) (c) by CemGreen Production ApS, Calcined clay 4 (CC4) (d) by CRH
Materials Polska Sp.

3.3.2. Aggregates

To manufacture standard mortars, the standard sand, already described in
Chapter 1, is used according to EN 196-1.

On the other hand, to manufacture concretes with the LC3 binders classified
as CEM II/C-M, according to EN 197-1, washed sand 0-4 mm (Figure 54),
gravel Pisello 5-10 mm (Figure 55) and gravel Ghiaino 10-15 mm (Figure
56), with absorption values equal to 0.4, 0.9 and 0.7%, respectively, are used
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in dry conditions. The s.s.d. densities of washed sand, gravel Pisello and
gravel Ghiaino are equal to 2.77, 2.79 and 2.74 g/cm? respectively. In Figure
57 is presented the granulometric distribution of aggregates used for concrete.

Figure 55. Gravel Pisello 5-10 mm used for concrete.
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Figure 57. Granulometric distribution of aggregates for concrete.
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3.3.3. Superplasticizer

Superplasticizers are commonly used in LC3 mixes since the combination of
limestone and calcined clay can result in lower workability compared to
traditional cement [88], [109].

To increase the workability of LC3 standard mortars and concretes, the
superplasticizer (spf) Sika Visco Crete 5000CC (Figure 58), developed
experimentally by Sika Nederland BV and not yet available on the market, is

used.

Figure 58. Superplasticizer Sika Visco Crete 5000CC.
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3.4. New binders formulation

CEM II/C-M is a classification for a type of blended cement, according to EN
197-5 standard, which is part of the CEM II family of cements according to
the European Standard EN 197-1. CEM II refers to a general category of
Portland-composite cements, where the main component is Portland cement
clinker, but it is blended with various supplementary materials (also called
blended hydraulic materials or pozzolans) to improve certain properties and
reduce the environmental impact. CEM II is the base classification for
composite cements, which are made by mixing Portland cement clinker with
other materials like fly ash, slag, limestone, or other industrial by-products.
C-M indicates the specific type of blended cement:

- C represents a composite cement where the binder content is primarily
Portland cement clinker (the same as traditional Portland cement), but
blended with complementary materials.

- M stands for micro-silica or metakaolin, which are two common types of
mineral additions that can be used in the production of CEM II/C-M.
These materials are included in the mixture to enhance certain properties,
such as durability and strength.

3.5.  Characterization of new LC3 cements:
mechanical properties and strength class

3.5.1. Specimens manufacturing: standard
mortars

The EN 197-1 standard classifies cements through mechanical compressive
strength (Rc) of standard mortars at 2, 7 (early strength) and 28 days of curing
(standard strength).

Therefore, standard mortars are prepared with water/binder (w/b) and
aggregate/binder (a/b) ratios of 0.5 and 3.0 by mass, respectively (Table 16).
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For mortar preparation, the powder components are first mixed by hand
before being combined with the standard sand, following the EN 196-1
standard. After, water is gradually added during the mixing process. The
mixture is then blended in a laboratory planetary mixer (Figure 59) adding
the superplasticizer with a pipette, starting at a low speed to ensure uniform
incorporation of all ingredients and then at a high-speed for 120 seconds in
total.

The superplasticizer is added until a plastic workability with 160-170 mm in
slump is achieved for all mixes. The Table 17 reports the average of
workability diameter and consistence according to UNI 7044. In particular,
the results show that the LC3 standard mortars with CC1, CC2, CC3 and CC4
reach comparable consistency with similar amount of superplasticizer.

Table 16. Mix proportion of OPC and LC3 standard mortars.

OPC LS cC Mixing Standard Super

MW @)@ g s e
OPC 509 - - 254 1526 0.08 0.5
LC3 CCl1 251 &4 167 251 1506 0.15 0.5
LC3 CC2 251 &4 168 251 1508 0.12 0.5
LC3 CC3 249 83 166 249 1496 0.11 0.5
LC3 CC4 250 83 167 250 1499 0.18 0.5

w/b*: water/binder (where binder is the sum of OPC, LS and CC).
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Figure 59. Mixer for mortar preparation.

Table 17. Consistence of fresh OPC and LC3 standard mortars.

) Superplasticizer ~ Flow value Consistence
Mixtures P r[(>% ) (mm) (%)
OPC 0.08 172 72
LC3 CC1 0.15 172 72
LC3 CC2 0.13 173 73
LC3 CC3 0.11 162 62
LC3 CC4 0.18 166 66

The Styrofoam moulds (Figure 60) are filled with mortars and vibrated to
eliminate voids with a vibrating table. The specimens are covered with
Styrofoam top to prevent water evaporation and left at room T and RH for 24
hours.
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Figure 60. Styrofoam moulds.

Then specimens are demoulded, cleaned by a metallic grid (Figure 61) and
kept at room temperature under water (T = 20 + 5°C and RH > 95 + 5%)).
The standard mortars are mechanically tested at 2, 7 and 28 days of curing
through flexural and compressive strength test.

Figure 61. Cleaning process of the specimen on the metallic grid.
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3.5.2. Flexural strength

According to UNI EN 1015-11, the flexural strength test is performed on
prismatic specimens with dimensions of 40 mm x 40 mm x 160 mm using an
automatic hydraulic press (Figure 62).

Figure 62. Automatic hydraulic press.

The test is performed on at least two specimens for each type of mortar,
resulting in four half-specimens that will then be tested in compression.
Flexural strength (Ry) is then calculated and the averaged results reported
according to UNI EN 1015-11.

The Ry results are reported in Figure 63. The OPC mortar gains the highest
strength at 2, 7 and 28 days of curing, as expected. Moreover, the CC1 and
CC2 LC3 mortars obtain similar strength at 2, 7 and 28 days, higher than the
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other LC3 mortars. The CC3 LC3 binder is the least performing whereas
mortar with CC4 calcined at 650 °C gains similar Rrat 2 and 7 days of curing
but surpasses it after 28 days of curing.

mQOPC

_ @ WLC3CC
. N . LC3 CC2
. LC3 CC3
I LC3 CC4

2 7 28

Time of curing (days)

Rfl (MPa)
O = N W B U NN 0 O

Figure 63. Flexural strength of standard mortars with OPC as reference
and LC3 at 2, 7 and 28 dd of curing.

3.5.3. Compressive strength

The compressive strength test is conducted on prismatic specimens
approximately 40 mm x 40 mm x 80 mm in size, obtained from the two halves
of 40 mm x 40 mm x 160 mm specimens previously tested for flexural
strength, in accordance with EN 196-1 standard as reported above (section
1.6.1). Compressive strength (Rc) is then calculated and the averaged results
reported (Figure 64).

OPC mortar shows the highest R at 2, 7 and 28 days of curing, as expected.
Between LC3 mortars, those with CC1 and CC2 are the most performing as
for flexural strength whereas CC3 and CC4 LC3 mortars gain similar R¢ at 2,
7, 28 days of curing.
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Figure 64. Rc of standard mortars with OPC and LC3 at 2, 7 and 28 dd of
curing.

3.5.4. Strength class

The strength class of new cements is determined according to EN 197-1 and
results reported in Table 18.

OPC mortar achieved the 52.5R class according to the fast early strength
development at 2 days of curing. LC3 mortars with CC1 and CC2 can be
classified as a 32.5R CEM II/C-M cement, while CC3 and CC4 mortars do
not reach the minimum mechanical performances to be classified as cements,
with R¢ values of 29.8 MPa and 28.7 MPa at 28 days of curing, respectively.
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Table 18. Rc of standard mortars at 2, 7 and 28 dd of curing and relative
strength class.

Early strength Standard strength Strength
Binder cl
2 days (MPa) 7 days (MPa) 28 days (MPa) ass
OoPC 37.3 >30.0 46.3 - 57.3 >52.5 - 52.5R
LC3CC1 | 18.6 >10.0 26.1 - 36.1 >325 | <525 32.5R
LC3CC2 | 18.0 >10.0 26.3 - 38.1 >32.5 | <525 32.5R
LC3CC3 | 14.7 >10.0 22.8 - 29.8 - - NC
LC3CC4 | 14.0 >10.0 22.6 - 28.7 - - NC

3.6. Characterization of new LC3 cements:
setting time

3.6.1. Cement Normative

As already reported in Chapter 1, the setting time is defined by the initial and
final setting times and, according to UNI EN 197-1, cements must meet
minimum initial setting time requirements based on their strength class: > 75
minutes for 32.5 L/N/R, > 60 minutes for 42.5 L/N/R, and > 45 minutes for
52.5 L/N/R.

3.6.2. Setting Time measurement

The setting time is measured on corresponding cement pastes with normalised
consistency, according to the EN 196-3 standard, as already reported in
Section 1.7. In particular, only LC3 binders with CC1 and CC2 are analysed
since those with CC3 and CC4 cannot be classified as cements according to
EN 197-1.
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The initial and final setting time of OPC and LC3 with CC1 and CC2 clays
are reported in Table 19. The substitution of OPC with CCs and LS causes an
increase in the final setting time due to the dilution effect given by their lower
specific surface area and reactivity compared to OPC [157] [158]. In
particular, CC1 provokes to LC3 paste higher initial and final setting times
then CC2. However, both LC3 with CC1 and CC2 can be classified as
cements also from the setting time point of view since both the corresponding
normalized pastes reach initial setting times exceeding the limit equal to 75
minutes set by the EN 197-1 standard.

Table 19. Initial and final setting time of OPC and LC3 with CCI and CC2.

Initial setting time ~ Normative limit  Final setting time

Mixtures (min) (min) (min)
OPC 275 > 45 203

LC3 CCl 281 > 75 494

LC3 CC2 255 > 75 480

3.7. New LC3 cements in concrete
manufacturing

The effect of new LC3 cements manufactured with CC1 and CC2 on fresh
(workability) and hardened properties (stress strain curve in compression) of
concretes is investigated. OPC concretes with 3 different w/b ratios are used
as reference mixes for comparison.

3.7.1. Concrete specimens manufacturing

The w/c ratio used for LC3 and one OPC concrete is 0.50. For comparison, 2
additional OPC mixes with w/c of 0.65 and 0.60, respectively, have been also
considered for a total of 5 mixes:
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CLS OPC 0.50
CLS OPC 0.60
CLS OPC 0.65
CLS LC3 CC1
CLS LC3 CC2

A S5 consistency class with a slump flow > 220 mm, according to EN 206-1
and UNI 11104, (Table 20) is chosen for all the mixes.

Table 20. Consistency classification of concrete.

Consistency slump [mm)]
S1 10 to 40
S2 40 to 90
S3 100 to 150
S4 16 to 210
S5 > 220

To manufacture concrete the mix design procedure is followed.

The first step is the choice of concrete workability to determine the content
of water of the mix. The amount of water (w) (kg/m?) depends on the
workability of the mix, the type and size of aggregate, and the presence of
additives. In this case, the desired workability class was S5. Referring to
Lyse's table, since the maximum aggregate diameter is 16 mm 245 kg/m? of
water should be added with the reduction of 10 kg/m? due to the rounded
shape of aggregates.

After choosing the w/b ratio to reach a desired Rc by Abrams’ Law, the
cement amount is calculated from the water content.

Finally, to determine the volume of aggregates, the following equation is
used.

Vels = Vi + Va + Ve + Vad'
where:
Vels is the concrete volume (equal to 1000 m?)

102



Vi is the aggregate volume

Va is the water volume
Ve is the binder volume

Va'is the volume of air entrapped within the mix in relation of the
maximum aggregate diameter.

The aggregates amount is given in ssd condition. Since the aggregates are in
dry conditions, water and aggregates amounts have been corrected
considering their water absorption of 0.4, 0.9 and 0.7% for sand, small gravel

and coarse gravel, respectively.

The resulting the mix design of concrete is reported in Table 21.

Table 21. Mix design of concretes.

Sabbia | Gravel | Gravel

Mixing | Lavata | Pisello | Ghiaino
Mix PC cc1 cC2 LS water 0/4 5/10 10/15 wle

(kg/m3) | (kg/m3) | (kg/m3) | (kg/m3) | (kg/m3) | (kg/m3) | (kg/m3) | (kg/m3)
OPC 0.50 1880 0 978 3246 1301 1924 0.50
OPC 0.60 1567 0 980 3386 1357 2007 0.60
OPC 0.65 1446 0 980 3439 1379 2039 0.65
LC3 CC1 940 620 0 320 977 3177 1274 1884 0.50
LC3 CC2 940 0 620 320 978 3214 1289 1905 0.50

The powders are mixed with the sand. Later, larger aggregates are added, and
only after mixing all the dry ingredients water are added. After mixing for 5
minutes by drill mixer, concrete is cast in cubic plastic moulds with a side
length of 100 mm (Figure 65).
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Figure 65. Cubic plastic moulds for concrete specimens.

After the cast, concrete specimens are vibrated for 30 seconds and then
wrapped with plastic film and placed in a climate chamber ata T of 20 + 1°C
and RH of 50 + 5%. After two days, the specimens are demoulded (Figure
66), covered again by plastic film and placed in the climate chamber at T =
20 £ 1°C and RH = 50 £ 5% until 28 dd of curing.

Figure 66. Concrete cube specimens (from left to right: OPC 0.50, LC3
CC2, LC3 CCl1, OPC 0.60 and OPC 0.65).
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3.8.  Concretes Characterization:
Compressive strength

After 28 days of curing, 3 specimens for each concrete mix are tested under
compression (Figure 67). The test is conducted under deformation control
measured with a strain gauge. In this way the constitutive stress strain curves
for each concrete are obtained at 28 days of curing (Figure 68).

Figure 67. Compression tests for concretes.
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Figure 68. Stress strain curve of OPC and LC3 concretes with CCI and
CC2.

By comparing the constitutive diagrams of different concrete mixes, it is clear
that stiffness of the concretes (modulus of elasticity), given by the slope of
the initial linear part of the stress/strain curve, is not significantly affected by
the type of the binder.

On the other hand, at the same w/c of 0.50, it is evident the highest
compressive strength given by OPC whereas the stress/strain curve of LC3
cements is comparable to that of OPC with a w/c of 0.65.

Between the new LC3 cements, at the same w/c ratio, CC2 gives to concretes
a higher mechanical performance that CC1 (Table 22). This confirms the
higher mechanical strength of LC3 cement with CC2 than with CC1 as
already found in the corresponding standard mortars, in agreement with the
higher reactivity of CC2 compared to CC1 (Chapter 2).

106



Table 22. Compressive strength of OPC and LC3 concrete with CCI and
cC2.

Rem2s
(MPa)
OPC 0.50 45.2
OPC 0.60 37.5
OPC 0.65 32.5
LC3 CC1 27.2
LC3 CC2 28.9

Mix

3.9. New LC3 cements characterization:
LCA

The Life Cycle Assessment (LCA) allows to obtain a score, namely the
Global Warming Potential (GWP) according to UNI EN ISO 14040, that
quantitatively indicates the sustainability of a product throughout its life
cycle. The GWP unit is kg of CO: equivalent: the higher the GWP of a
product, the more COz it releases into the atmosphere.

The LCA of the new LC3 cement and CEM I 52.5R, as comparison, is
calculated on 1 ton of powder binder. Moreover, the LCA of OPC and LC3
concretes is calculated on 1 m® of concrete at the same mix design (w/b =
0.50), as already reported in section 1.9.

As evidenced in Figure 69, the reference CEM I approximately releases twice
the CO; equivalent of new LC3 cements (CEM II/C-M).

Between LC3 CCI1 cement and LC3 CC2 cement there is only a slight
difference in environmental impact. This is due to the C1 higher availability
and closer proximity of C1 extraction quarry to the cement production plant
in Switzerland compared to C2. The reduction of transportation distance of
the raw material also slightly reduces the environmental impact of binders
and then of corresponding hardened concretes.

Regarding the impact of 1 m? of the same concrete but manufactured with the
3 different cements, LC3 cements reduce the environmental impact of OPC
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concrete more than 40%. On the other hand, the 2 new LC3 cement with CC1
and CC2 has similar environmental impact.
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Figure 69. Total GWP (expressed in kg of CO2 equivalent) of (a) 1 ton of
CEM I and LC2 powder cement and (b) 1 m*> of OPC and LC3 concretes.
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However, the 3 cements at the same mix design give different mechanical
strengths to concretes. Therefore, also GWPs of concretes, normalized with
respect to their R¢ at 28 days of curing are compared.

In this case (Figure 70), all the concretes have similar value of GWP/R..

—_ —
N O o W

GWP/Re (kg CO2 eq./MPa)
W

OPC 0.50 LC3 CC1 LC3 CC2

Figure 70. Total GWP (kg of CO2 eq) normalized on Rc at 28 days of
curing for 1 m* of OPC and LC3 concretes.

3.10. Conclusions

In this chapter, the possibility of valorising four low-grade calcined kaolinitic
clays, previously characterized in Chapter 2, to develop new LC3 cements,
composed of 50% OPC, 33% CC, and 17% LS by mass, and classifiable by
EN 197-5 standard as CEM II-CM, is investigated.
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According to EN 197-1, which imposes to characterize standard mortars
manufactured with the same calcined clays, only LC3 binders containing CC1
and CC2 can be classified as CEM II-CM cements.

At the same water/cement ratio of 0.50 by mass, concretes manufactured with
CClI1 and CC2 LC3 cements show a reduction in Rc of 40% and 36%,
respectively, if compared with a reference OPC concrete.

In any case, the new LC3 cements release half of the CO- eq/ton against CEM
I, whereas the corresponding concretes release more than 40% less CO; eq/m?
if manufactured with LC3 cement instead of OPC. On the other hand, the
differences in Global Warming Potential of 1 ton of LC3 cement or 1 m? of
concrete manufactured with CC1 and CC2 at the same mix design are of few
%, with only a slight environmental advantage for CC2.

In the next Chapter (Chapter 4), the combination of low-grade kaolinitic clays
with limestone will be investigated without the use of Portland cement,
activating the binders through solid alkaline activators to manufacture
mortars for non-structural applications.
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Chapter 4.

4. VALORIZATION OF LOW-GRADE
KAOLINITIC CLAY IN ALKALI
ACTIVATED MATERIALS (AAMs)
FOR NON-STRUCTURAL
APPLICATIONS

4.1. Introduction

Alkali Activated Materials (AAMs) [133], [159], [160] are a class of binders
produced by activating alumino-silicate materials with an alkaline solution
and are a promising alternative to conventional Portland cement.
Unlike conventional Portland cement, which is primarily made from
limestone and clay, AAMs can be obtained by several aluminosilicate
precursors [132], [161], [162], which can be calcium-rich precursors like slag
[163], [164] or low-calcium raw materials such as industrial by-products, like
fly ash and rice husk ash [165], [166], natural pozzolans [167], [168] and
calcined natural clays like metakaolin [169], [170], [171]. Geopolymers
[161], [162], [172], [173], are a particular sub-class of AAMs obtained by
low-calcium precursors.
AAMs are typically synthesized by mixing a source of alumino-silicate
precursors with a strong alkaline solution. The alkaline solution, often
represented by hydroxides (i.e., NaOH or KOH) and/or silicates (like sodium
silicate - Na2SiOs - or potassium silicate — K2SiO3), dissolves silica and
alumina in the raw materials, leading to the formation of a gel-like binder that
hardens over time.
This reaction occurs into 3 main steps:
- Dissolution of Silicates and Alumina: The first step involves the
interaction of the aluminosilicate precursor (such as fly ash or slag)
with an alkaline solution, typically sodium hydroxide (NaOH) or
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sodium silicate (Na.Si0s). The high pH of the alkaline solution causes
the aluminosilicate minerals to dissolve, releasing aluminum and
silicon atoms into the solution.

- Formation of Silico-Aluminate Gel: The dissolved aluminum and
silicon atoms then undergo polymerization, forming a gel-like
substance often referred to as AA gel. This gel is formed by a structure
of alumino-silicate tetrahedra linked by oxygen atoms, forming a
three-dimensional network that is the key binder that holds the
material together.

- Solidification and Hardening: Over time, this gel hardens as the
polymerization continues, forming a solid material with binding
properties. The hardening process is similar to the setting of
traditional cement, but it occurs at room temperature or under
relatively low heat (usually from 40 to 80°C), which makes it more
energy-efficient compared to conventional cement production.

AAMs can achieve high Rc depending on factors such as type of source
material, concentration of the alkaline solution, curing conditions, the ratio
between the alkaline and the alumino-silicate material.
AAMs are highly resistant to chemical attacks such as sulfate and chloride
exposure [174], [175] which makes them ideal for use in harsh environments.
Also the resistance against freeze-thaw, acid attack, and alkali-silica reaction
(ASR) is generally superior to that of ordinary Portland cement-based
materials.
The alkali activation process is recognized for its potential to reduce the
environmental footprint of construction materials, especially in terms of
carbon emissions [164], [166][176], [177], [178] [55] [56] [179] since AAMs
of industrial by-products such as fly ash and slag reduces the need of natural
raw materials. Additionally, the production of AAMs requires less energy
compared to Portland cement manufacturing.
To produce AAMs, these steps should be followed:
- Raw Material Selection: Choose an appropriate alumino-silicate
material.
- Alkaline Solution Preparation: An alkaline solution is prepared using
a hydroxide, a silicate, or a combination of both. The concentration of
the alkaline solution is critical for the reactivity of the raw material.
Generally, to facilitate the polymerization, the alkaline solution after
preparation should be cooled to room temperature for about 24 hours.
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- Mixing: The alumino-silicate material is mixed with the alkaline
solution to initiate the activation process. This can occur in a batch or
continuous mixing process.

- Curing: The mixture is then cured under controlled conditions. Even
if some AAMs can cure at ambient temperature, others should be heat
cured (e.g., 60-90°C) to accelerate the setting and hardening
processes.

- Hardening: Over time, silica and alumina react with the alkaline
solution, forming a gel-like structure that binds the materials together,
resulting in a solid.

AAMSs can be classified based on:

e Source Materials (Precursors):

o

o

o

o

O

Fly Ash-based AAMs: if made from class F or class C fly ash,
which is a by-product of coal combustion in power plants.
Slag-based AAMs: if made from ground granulated blast
furnace slag (GGBFS) which is a by-product of steel
manufacturing.

Metakaolin-based AAMs: if made from Metakaolin, produced
by calcining kaolin clay.

Natural Pozzolans-based AAMs: Natural pozzolans, such as
volcanic ash, can be used to produce AAMs.

Geopolymers: produced with aluminosilicates having SiO; +
AL O3 content > 80 wt% and a low CaO content.

e Activation Solution/Solid Activators:

o

O

O

Sodium-based AAMSs: activated by sodium hydroxide
(NaOH) or sodium silicate (Na2SiO3).

Potassium-based AAMs: activated by potassium hydroxide
(KOH) or potassium silicate (K2SiO3).

Mixed Alkali-based AAMSs: activated by a combination of
sodium and potassium hydroxide or silicates.

e Chemical Composition and Structure:

o

o

Single-phase AAMs: These AAMs generally have a single
solid phase as an aluminosilicate gel.

Multi-phase AAMs: These AAMs might contain multiple
phases such as zeolite, amorphous gels, or crystalline phases
in addition to the aluminosilicate phase.
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e Mechanical Properties:

o Structural AAMs: AAMs giving mortars/concretes with
Rc28dd > 25 MPa for structural applications like buildings,
bridges, and infrastructures.

o Non-structural AAMs: AAMs giving mortars/concretes with
Rc28dd < 25MPa for non-structural applications such as
decorative materials or non-load-bearing elements.

AAMs can be used in concrete production, providing an alternative to
traditional cement in applications such as structural elements, pavements, and
precast elements [180], [181], [182]. Moreover, geopolymers have been
shown to be effective in stabilizing hazardous wastes, including heavy metals
and radioactive materials, due to their excellent chemical resistance and
fireproofing, thanks to the superior thermal stability.

The main challenges for AAMs are the cost and scalability of the production
processes and the standardization, as AAMs are not already regulated by
consistent standards and guidelines for their use in construction projects, at
least in Europe.

4.2.  Scope

The aim of this research section is to valorise the 4 low low-grade kaolinitic
clays already characterized in Chapter 2 as AAMs by using 3 different types
of solid activators provided by CRH plc. The corresponding standard mortars
have been characterized in terms of workability and mechanical tests at 2, 7
and 28 days of curing.
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4.3. Materials

4.3.1. Binder

AAMs are manufactured using as binder a mix of limestone and calcined low-
grade kaolinitic clays at 2:1 by mass ratios that is low-grade kaolinitic clay
(67%) and limestone (33%).

Fels limestone filler (LS) (Figure 71) from in Germany is used.

» 2 s
KRS T 2

Figure 71. Fels limestone filler.

As pozzolanic sources, low-grade kaolinitic calcined clays (CC) (Figure 72)
supplied by Jura-Cement-Fabriken AG (CC1 and CC2), CemGreen
Production ApS (CC3) and CRH Materials Polska Sp (CC4) and
characterized in Chapter 2 have been used.
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Figure 72. Calcined clay 1 (CCI) (a) by Jura-Cement-Fabriken AG,
Calcined clay 2 (CC2) (b) by Jura-Cement-Fabriken AG, Calcined clay 3
(CC3) (c) by CemGreen Production ApS, Calcined clay 4 (CC4) (d) by
CRH Materials Polska Sp.

4.3.2. Aggregates

Standard sand, CEN-NORMSAND siliceous sand (Figure 73), with a grain
size of 0-2 mm, is used to prepare mortars, according to EN 196-1.
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Figure 73. Standard sand used for mortars.

4.3.3. Activators

For the production of AAMs solid alkaline activators are used. In particular,
alkaline activator 1 (Act 1) (Figure 74) is a disodium metasilicate powder,
while alkaline activator 2 (Act 2) (Figure 75) and 3 (Act 3) (Figure 76) are
sodium silicate powders. The activators have different composition with
different content of SiO2 and NayO. In particular, Act 1 is the activator most
commonly used by CRH because it is easier to use and more cost-effective
than others. Act 3 is the most effective but also the most difficult to use due
to its high fineness and volatility. For that reason CC3 and CC4 are activated
only with Act 1.
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Figure 74. Solid alkaline activator 1 (Act 1).

Figure 75. Solid alkaline activator 2 (Act 2).
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Figure 76. Solid alkaline activator 3 (Act3).

4.3.4. Superplasticizer

The Superplasticizer Sika Visco Crete 5000CC (Figure 77), developed by
Sika Nederland BV, are used to enhance the workability of the mortar mixes
since the combination of limestone and calcined clay result in lower
workability compared to traditional Portland cement.

The superplasticizer is added until a consistent plastic workability, with a
slump of 160-190 mm, is achieved for all mixes.
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Figure 77. Superplasticizer Sika Visco Crete 5000CC.

4.4.  Specimens manufacturing

AAMs standard mortars are prepared with a water/binder (w/b) and
aggregate/binder (a/b) ratios of 0.5 and 3.0 by mass, respectively, according
to EN 196-1. As reference, also mortars with the same proportion of CC and
LS and with the same w/b and a/b mass ratios but without activator (LC2
mortars) are prepared.

The mortar mixes are reported in Table 23. All solid activators are added at
7% of the binder weight (clay and limestone). In this way, a Si/Al molar ratio
> 1.88 and (Na+K)/Al molar ratio < 1 to ensure good mechanical strength of
mortars and prevent the formation of efflorescence [183], [184], [185], is
assured for all mortars.

To prepare AAMs mortars, the powder components are first mixed by hand
with the powder activator and then combined with standard sand, following
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the EN 196-1. After, tap water and then the superplasticizer are gradually
added during mixing in a laboratory planetary mixer, starting at low speed to
ensure uniform incorporation of all ingredients and then high-speed mixing
for 120 seconds in total.

To achieve the same workability for all the mixes, in LC2 mortars, CC4 seems
to need a slightly higher dosage of sps (0.4%) to reach the same slump of
other mortars (0.3%) (Table 23).
On the other hand, in AAMs, Act 1 increases the workability of the mix that
does need any spf addition to achieve the desired workability. On the
contrary, AAMs with Act 2 and Act 3 need more sps than the corresponding
LC2 mortars with Act 3 needing about the double content of sps than Act 2,
probably due to the higher fineness.

Table 23. Mix proportion of AAMs and LC2 mortars.

Mixres | CCS LS SS Water plfs‘iiei;er St"s‘zﬂzrd Stmp  SAL  (NatK)AL
gD @) (g (@) (mm) (mol/mol) (mol/mol)
(%) (g

LC2 CCl 330 165 0 248 0.3 1486 171 3.8 0.4
AAMCCI Act1 316 158 35 237 0.0 1420 180 4.1 0.9 05 3.0
AAMCCI Act2 309 155 35 232 0.4 1392 170 43 0.9 ‘ ‘
AAMCCI Act3 309 155 35 232 0.8 1392 170 42 0.8
LC2 CC2 331 165 0 248 0.3 1489 173 23 0.2
AAMCC2 Act1 316 158 35 237 0.0 1424 190 2.4 0.5 05 3.0
AAM CC2 Act2 310 155 35 233 0.5 1396 170 2.5 0.5 ' '
AAM CC2 Act3 310 155 35 233 0.9 1396 170 2.5 0.5
LC2 CC3 331 165 0 248 0.3 1489 172 3.2 0.3 05 30
AAMCC3 Act1 316 158 35 237 0.0 1424 170 3.4 0.6 ' '
LC2 CC4 331 165 0 248 0.4 1489 165 1.65 0.1 05 30
AAM CC4 Act1 316 158 35 237 0.0 1424 169 1.88 0.6 ‘ ‘

w/b*: water/binder (where binder is the sum of LS and CC).
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The Styrofoam moulds are filled with mortars and vibrated on a vibrating
table for 10secs to compact the mix. The specimens are covered with
Styrofoam top to prevent water evaporation and left at room T and RH for 24
hours as already described in chapter 3. Then specimens are demoulded,
cleaned by a metallic grid and cured under water at T = 20 + 5°C.
Surprisingly, also LC2 mortars without activation hardened (Figure 78).

Figure 78. LC2 with CC2.

The standard mortars are tested at 2, 7 and 28 days of curing to obtain their
flexural and compressive strengths.

4.5. Mechanical characterization: flexural
and compressive strength

According to UNI EN 1015-11, the flexural strength test is performed on
prismatic specimens with dimensions of 40 mm x 40 mm x 160 mm using an
automatic hydraulic press. For each mix and curing time, 2 specimens are
tested and the average result reported (Figure 79).
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Figure 79. Flexural strength of LC2 and AAMs mortars with CC1, CC2,
CC3 and CC4 activated at 2, 7 and 28 days of curing.

Even if hardened, as expected LC2 mortars without AA developed extremely
low mechanical resistance at early curing and reaching Rf lower than 2MPa
after 28 dd of curing. In particular, CC3 and CC4 LC2 mortars were not
completely hardened after 2 dd of curing.

Referring to the AAMs, in general powder alkaline activators seem to be very
effective only in increasing the mechanical strength development at early
curing times.

In particular, for the CC1 all Act increase the Rf at 28dd with the best
performance for Act 2,

For CC2, all Acts do not affect the R at 28 days of AAMs which remain
similar to the one of LC2.

CC3 and CC4 were activated only with Act 1 with great increase in Rrat early
curing times compared to the respective mortars without activation.
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Among all LC2 and AAMs mortars, the best performance was given by CC2,
followed by CC1, due to its highest reactivity as already concluded in chapter
2.

As already reported in chapter 1 and 3 and following the EN 196-1 standard,
compression tests were carried out on two halves obtained by the flexural test
of 40 mm x 40 mm x 160 mm prismatic specimens. For each mix, 3 specimens
are tested and the corresponding average value has been reported in Figure
80.

20.0
18.0 ~
16.0 -
14.0 ~
12.0
10.0 ~
8.0
6.0
4.0 -
2.0 4

Rc (MPa)

2 7 28
Time (days)

mLC2CC1 BAAMCClactl ®mAAM CCl1 act2 AAM CC1 act 3
mLC2CC2 5 AAM CC2 act 1 AAM CC2 act 2 AAM CC2 act 3
LC2 CC3 AAMCC3actl m®mLC2CC4 AAM CC4 act 1

Figure 80. Compressive strength of LC2 and AAMs mortars with CCI, CC2,
CC3 and CC4 activated at 2, 7 and 28 days of curing.

Even if hardened, as expected, LC2 mortars without activation develope
extremely low mechanical resistance at early curing but reaching Rc values
up 10MPa after 28 dd of curing. In particular, CC3 and CC4 LC2 mortars
were not completely hardened after 2 dd of curing. Among all LC2 mortars,
again the best performance was given by CC2, due to the higher reactivity of
CC2 than other CC as already concluded in chapter 2.
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Referring to the AAMs, in general again powder alkaline activators seem
particularly effective in increasing the mechanical strength development at
early curing times. In particular, for CC1 all Act increase the Rc at 2, 7, 28dd
with the best performance for Act 2 and Act 3.

For CC2, all Acts increase Rc at 2 and 7 dd of curing but at 28 dd only Act 3
is able to increase the mechanical performance of the same mortar without
activation (LC2).

Similarly for CC3 and CC4 activated only by Act 1, Act 1 increases Rc at 2
and 7 dd of curing but not that at 28 dd of curing.

Among AAMs, in this case the best performance was given by CC1 activated
by Act 2 and Act 3 reaching Rc of about 16 MPa at 28dd of curing. The mortar
mixes with CC1 when activated gain higher Rc than CC2 from 7 days of
curing. Since CCl1 has slightly higher Si/Al compared to CC2 as detected by
reactivity test in alkaline environment (Chapter 2) its corresponding lower
reactivity permits a higher increase in mechanical strength when activated
compared to CC2. Moreover, the higher Na>O content of RC1 compared to
RC2, as detected by XRF analysis (chapter 2), is summed to the Na>O of solid
activators enhancing the final mechanical strength of the corresponding
AAMs mortars

Comparing the different Acts, Act 2 and Act 3 give the highest mechanical
performances to AAMs regardless the type of CC. At 28 dd of curing, Act 3
increases the Rc of CC1 and CC2 AAMs of about 37% and 8%, respectively,
compared to the same mix without activation. On the other hand, Act 1 does
not affect the Rc of AAMs with CC3 and CC4 compared to the same mix
without activation.

However, all the developed AAMs regardless the type of activator or CC

reach the minimum Rc of 25 MPa at 28 dd of curing suggested for possible
structural applications.
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4.6. Conclusions

Four different types of low-grade kaolinitic calcined clays (CC1, CC2, CC3,
CC4) were used to produce alkali-activated mortars (AAMs) with three
different types of solid activators (Actl, Act2, and Act3). As references, four
LC2 mortars, prepared with the same calcined clays but without alkaline
activation, were prepared. Mortars were characterized through mechanical
tests at 2, 7, and 28 days of curing. As expected, LC2 mortars developed
mechanical strength slowly, reaching a compressive strength (R¢) of 10 MPa
after 28 days of curing. In contrast, alkaline activation with 7% activator by
mass, was most effective on CCl when Act2 was used, since the
corresponding standard mortars achieved a R¢ of 15.5 MPa after 28 days of
curing. This was related to both CCl1 slightly higher Si/Al molar ratio and
higher Na>O content compared to CC2, CC3, and CC4 (as discussed in
Chapter 2) which increased available alkalis for the activation of calcined clay
itself.
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S.Final synthesis

As a final synthesis, the outcomes of the four chapters are integrated to
provide a comprehensive perspective on the development of sustainable
binders based on limestone and low-grade kaolinitic clays.

1. Sustainable Hydraulic Cements

The initial phase of this study focused on developing two sustainable
hydraulic cements, CEM II/B-LL and CEM VI, through the partial
replacement of traditional raw materials with limestone. The experimental
results demonstrated that both cements could be classified as structural, albeit
with different strength classes depending on the limestone replacement level.
CEM II/B-LL exhibited prolonged setting times due to the reduced content of
reactive Portland cement, whereas CEM VI maintained stable performance
even at lower curing temperatures, highlighting its suitability for cold
climates. Moreover, increased limestone content generally led to higher
porosity and capillary water absorption; however, CEM VI showed a less
increase, supporting its potential for broader applications.

The Global Warming Potential (GWP) analysis revealed a significant
reduction in environmental impact with higher limestone substitutions.
Notably, CEM VI displayed an approximately 50% lower GWP compared to
CEM II/B-LL, underscoring its superior sustainability.

2. Characterization of Low-Grade Kaolinitic Clays

The second phase addressed the comprehensive characterization of four
different clays from Switzerland, Denmark, and Poland, including tests on
chemical composition, amorphous content, and reactivity.

Among the tested clays, CC2 calcined at 850 °C emerged as the most
promising supplementary cementitious material (SCM) due to its higher silica
and alumina content, elevated amorphous phase, and enhanced reactivity in
an alkaline environment. Then, a selection of the most critical tests was
proposed for a standardized protocol, facilitating the reliable identification
and optimal utilization of low-grade kaolinitic clays in binder formulations.

3. Development of LC3 Cements
Based on the clay characterization protocol of Chapter 2, the third phase
explored the valorisation of low-grade calcined kaolinitic clays in the
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production of LC3 cements. The new LC3 binder systems, composed of 50%
OPC, 33% calcined clay, and 17% limestone, yielded the following insights:

- Structural Viability: Only LC3 binders incorporating the most reactive
clays (CC1 and CC2) met the classification criteria as structural cements.

- Environmental Benefits: The LC3 formulations achieved a substantial
reduction in CO2 emissions—both per ton of cement and per cubic meter
of concrete—compared to traditional OPC, even when some loss in early-
age mechanical strength was observed.

4. Alkali-Activated Mortars

The final phase investigated the potential of alkali-activated mortars (AAMs)
produced from low-grade kaolinitic clays with various solid activators.
Mortars activated with a 7% dose of solid alkaline activators, particularly
when using Act 2 on CCl, exhibited accelerated strength development
compared to reference mortars without activation. Although the AAMs were
primarily suitable for non-structural applications, the promising mechanical
performance and rapid early strength gain highlight their potential as an
alternative sustainable binder system.

The integrated results of this study underscore the dual benefits of using
limestone and low-grade kaolinitic clays in cementitious systems by:

- Reducing Environmental Impact: Significant reductions in GWP and CO:
emissions were achieved without compromising the essential structural
performance.

- Optimizing Material Use: The valorisation of locally available, low-cost
raw materials like limestone and low-grade clays presents a viable
pathway for sustainable construction.

- Enhancing Versatility: The diverse binder systems developed—ifrom
conventional hydraulic cements with limestone substitutions to
innovative LC3 and alkali-activated mortars—offer tailored solutions for
different construction requirements and environmental conditions.
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Future research should aim to further optimize mix designs, scale up
production processes, and conduct long-term durability studies to fully
harness the potential of these sustainable binders in real-world applications.
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