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Conventional and potential alternative non-conventional raw
materials for the production of calcium aluminates-based
cements of different hydraulic activity.

Dominika Madej'", Wojciech Kagan?, Piotr Palichleb? and Michat Karolczyk?

TAGH University of Krakow, Faculty of Materials Science and Ceramics, Department of Ceramics
and Refractories, al. A. Mickiewicza 30, 30-059 Krakow, Poland
*dmadej@agh.edu.pl

2Gorka Cement Sp. z 0.0., ul. Lipcowa 58, 32-540 Trzebinia

Abstract: Calcium aluminate cements (CACs) are well known for their rapid
setting characteristics and refractory performance, owing to their significant early
strength gain and excellent thermal stability. The properties of CACs vary based
on their alumina content. Global demand for CACs has shown consistent growth
in recent years. However, this projected rise in production is likely to intensify the
demand for natural raw materials such as limestone and bauxite, thereby
increasing the environmental impact-particularly due to emissions associated with
limestone calcination. Numerous conventional and alternative raw materials have
been identified and studied within CAC technology, owing to their multiple
advantages, including cost reduction, lower carbon emissions, and enhanced
sustainability. This study tackles the combined challenges of incorporating
alternative raw materials and developing hydraulic binders exhibiting diverse
hydration characteristics.

Keywords: calcium aluminate cement, hydration, raw materials, high-temperature
processes, refractory castables

1. INTRODUCTION

The current development of engineering and technology is strongly dependent on
the type and availability of binding materials, particularly those designed for
specialized applications such as unshaped refractories and building materials.
aluminate cement from bauxite and limestone [1-2].

Calcium aluminate cements (CACs) are a class of hydraulic binders
characterized by rapid strength development, high refractory performance, and
good resistance to chemical attack. They are typically synthesized from alumina-
and calcium-rich raw materials, most commonly bauxite and limestone. Bauxite
serves as the primary source of Al,O3, while limestone provides CaO upon thermal
decomposition.



The production process generally involves the homogenization of raw materials
followed by high-temperature treatment, during which a series of solid-state
reactions and partial melting phenomena occur. These processes lead to the
formation of key calcium aluminate phases, such as CaAl,O, (CA) and CaAl,O,
(CA,), which are primarily responsible for the hydraulic properties of CAC. The
phase composition and microstructure of the final product depend strongly on
factors such as the Al,0O5/CaO ratio, impurities (e.g., SiO, and Fe,03), and the
applied thermal regime.

During synthesis, the presence of silica and iron oxides may result in the formation
of secondary phases, including calcium aluminosilicates and ferrites, which can
influence both the melting behavior and the mechanical performance of the
cement. Therefore, careful control of raw material composition and processing
conditions is essential to tailor the properties of CAC for specific applications,
particularly in refractory and high-temperature environments.

In recent years, increasing attention has been paid to the use of alternative
alumina sources in the production of calcium aluminate cements, driven by the
limited availability and rising cost of high-grade bauxite. Among these alternatives,
electrocorundum has emerged as a promising raw material due to its high Al,O;
content and well-defined phase composition, which can enhance the formation of
desired calcium aluminate phases [3-4].

Additionally, secondary industrial by-products, such as return dusts generated
during clinker production, are being explored as supplementary raw materials.
These dusts often contain significant amounts of reactive oxides, including Al,O3,
CaO0, SiO,, and Fe,03, and can contribute to the formation of complex phase
assemblages during high-temperature processing. Their utilization not only
reduces the consumption of natural resources but also supports waste valorization
and circular economy approaches.

However, the variability in chemical composition and the presence of minor
impurities in such alternative materials require careful characterization and
process optimization to ensure consistent phase development and desirable
performance of the final cement product.

The aim of this study is to investigate the synthesis of calcium aluminate
cement using alternative alumina-bearing raw materials, specifically metallurgical
electrocorundum and secondary return dusts from clinker production, as
substitutes for conventional bauxite. The work focuses on evaluating the influence
of raw material composition on phase formation, high-temperature behavior, and
the resulting phase evolution of the synthesized materials. Particular attention is
given to the development of key calcium aluminate phases and the potential
formation of secondary phases associated with impurity elements.

Additionally, the study seeks to assess the feasibility of utilizing industrial by-
products as sustainable raw material sources, with the objective of reducing



dependence on primary resources while maintaining or improving the functional
properties of calcium aluminate cement.

In this work, Gérka Cement company has developed and commercialized a
new class of hydraulic binders utilizing alternative raw materials derived from local
and recycled sources. This innovative approach not only improves application
performance but also enhances process efficiency and reduces overall production
costs.

2. METHODOLOGY

2.1 Materials

A commercially produced cement clinker composition and four laboratory-
developed clinker compositions were created and produced using alternative raw
materials. The batch compositions of the samples were as follows: Sample 1 (as
reference) was composed of bauxite and limestone; Sample 4 was composed of
metallurgical electrocorundum, limestone and return dust from GORKAL 40 clinker
production with reduced SiO2 content; Sample 5 was composed of metallurgical
electrocorundum, limestone and return dust from GORKAL 40 clinker production
with increased content of SiO2; Sample 6 was composed of metallurgical
electrocorundum, limestone and bauxite with reduced content of SiO2; Sample 7
was composed of metallurgical electrocorundum, limestone and bauxite with
increased content of SiO2. The samples were wet-milled to obtain suspension,
thoroughly homogenized, and then dried to produce a fine powder. In the next step,
the dry powder was pressed into cylindrical samples and then fired at 1350°C for
2 hours.

2.2 FACTSAGE 8.4 thermodynamic simulation

Thermodynamic evaluations of the sinterability of cement clinkers were performed
using FactSage (version 8.4). The simulations utilized the FTmisc 8.4, FToxid 8.4,
and FactPS 8.4 databases in combination with the EQUILIB module to establish
equilibrium conditions. The chemical compositions of the mixtures were
determined based on the data presented in Table 1. Calculations were conducted
under an air pressure of 1 atm across a temperature range of 1000°C to 1700°C,
with increments of 50°C. The results provided insights into the temperature-
dependent evolution of the liquid phase content.

Table 1. Chemical composition of samples.

Oxides Sample 1 Sample 4 Sample 5 Sample 6 Sample 7
SiO2 4.79 2.99 5.02 3.36 4.26
TiO2 2.23 0.38 0.37 0.34 0.33
Al203 53.96 51.55 51.15 50.41 50.69
Fe203 2.01 2.72 2.66 2.84 2.63
CaO 37.00 42.35 40.80 43.06 42.08




2.3 Heating Microscope Thermal Analysis (HMTA)

Laboratory-scale heating microscopy thermal analysis (HTMA) was used to
examine the dimensional changes of mixtures derived from raw materials during
thermal treatment. Homogenized powder mixtures were formed into cubic
specimens with a height of 3 mm using a manual press. The samples were heat
treated from room temperature up to 1500°C at a heating rate of 10°C/min. The
measurement were carried out using Linseis L74 Heating Microscope. Sample
height measurements were collected at 1°C intervals, from which shrinkage curves
were derived. The relative height change (dh) was calculated according to Eq. (1).

5, (T) = ? x 100, % (1)
0
where:
ho — initial height of the sample,

h(T) — height of the sample at elevated temperature T.

2.4 Phase composition (XRD)

X-ray diffraction (XRD) patterns were recorded using the PANalytical X'Pert Pro
diffractometer over a 20 range of 15°-50°, with Cu Ka radiation (A = 1.54060 nm)
at an operating voltage of 45 kV and a step size of 0.008°. Phase identification was
performed using HighScore Plus in conjunction with the ICDD PDF-2 and JCPDS
databases (Powder Diffraction Files, Philadelphia, PA, USA, 1997). Prior to
analysis, the castable samples were ground in a ball mill to obtain fine powders
with particle sizes below 63 pm.

3. RESULTS AND DISCUSSION

3.1 FACTSAGE 8.4 thermodynamic simulation and Heating Microscope
Thermal Analysis (HMTA)

The synthesis of cement clinker is a highly complex, multidimensional process,
making its accurate reproduction under laboratory conditions inherently difficult.
One experimental approach that approximates this process is Heating Microscope
Thermal Analysis (HMTA), which is now often supplemented with thermochemical
modelling. The FactSage software was used to model the quantity of the liquid
phase as a function of temperature. The results of modelling are presented in Fig.
1. Figure 2 illustrates the relative change in sample height, dn(T), for the tested
materials. Based on the results from the high-temperature microscope, it can be
observed that up to 1300°C the curves follow a similar trend. However, above
1300°C, Sample 1 exhibits the highest thermal stability. As shown in Figures 1 and
2, the shrinkage curve of these samples is closely correlated with the liquid phase
content determined in FactSage thermochemical calculations. This relationship is
most clearly observed for the two extreme samples, 1 and 6, as well as for sample
5. In contrast, no clear correlation is found for samples 4 and 7, which may be



related to the viscosity of the liquid phase. Images of the samples at 1350 °C
recorded during in situ measurements clearly confirm shrinkage in Samples 1, 4,
and 5, as well as softening in Sample 7 and melting in Sample 6 (Fig. 3).
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Fig. 1. Liquid phase content of the individual samples as a function of temperature,
calculated by the FactSage software, additionally pictures of the samples after
heat-treatment at 1350°C.
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Fig. 3. Images of the samples at 1350°C (right) recorded during in situ
measurements. On the left-hand side, the sample is shown at room temperature.



3.2 Phase composition (XRD)

A XRD-based phase-composition analysis of (Fig. 4) shows the presence of
CaAl204 (CA) and Caz2Al2SiO7 (C2AS) in Sample 1; CaAl204 (CA), Ca12Al14033
(C12A7), Ca2AlSiO7 (C2AS), CazxSiOs4 (C2S) and CaAlosFeos025 (C4AF) in
Samples 4, 6 and 7; CaAl204 (CA), Ca12Al14033 (C12A7), Ca2Al2SiO7 (C2AS) and
Caz2SiO4 (C2S) in Sample 5.

The results indicate a clear variation in phase assemblage depending on
the sample composition, particularly with respect to the presence of iron-bearing
phases. The occurrence of C,AF in Samples 4, 6, and 7 suggests the incorporation
of Fe into the crystal structure, which may significantly influence the high-
temperature behavior of these materials, including their melting and softening
characteristics. In contrast, the absence of this phase in Samples 1 and 5 points
to a comparatively simpler phase composition.

Furthermore, the coexistence of calcium aluminate (CA, C1,A;) and calcium
aluminosilicate (C,AS) phases across most samples indicates partial interaction
between alumina- and silica-rich components. The presence of C,S in selected
samples (4, 5, 6, and 7) may also contribute to the formation of a liquid phase at
elevated temperatures, thereby affecting densification, shrinkage, and viscosity
during thermal treatment.
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5000 CiA7
4000
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@ 3000 -
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2000 -
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1000
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Fig. 4. X-ray diffraction patterns of the samples.



Conclusions

The results of this study demonstrate that the unique raw material composition has
a significant influence on the phase assemblage of the investigated materials.
Variations in the proportions and types of alumina- and calcium-bearing
components, as well as the presence of minor constituents such as iron and silica,
lead to noticeable differences in the formation and stability of crystalline phases.
In particular, the use of alternative alumina sources and secondary raw materials
promotes the development of complex phase systems, including calcium
aluminate, calcium aluminosilicate, and ferrite phases.

These findings confirm that the specific chemical and mineralogical characteristics
of the starting materials play a decisive role in determining the final phase
composition, and consequently the high-temperature behavior and potential
performance of the synthesized products.

Importantly, the application of secondary raw materials enabled a reduction in the
firing temperature required for material synthesis. This effect is attributed to the
presence of admixtures, which promote earlier liquid-phase formation and
enhance solid-state diffusion processes during thermal treatment. As a result,
densification and phase formation occur at lower temperatures compared to
compositions based solely on conventional raw materials.
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ABSTRACT

Addressing the significant CO, emissions from calcium aluminate cement
(CAC) production is a critical challenge for the building and infrastructure
sectors, with fossil fuels accounting for a large portion of the greenhouse
gas (GHG) footprint. To tackle this, we initiated the PRECIZE (PRocédé
ECologique et Innovant de liants de spécialité Zéro Emission) project, a
strategic collaboration with Air Liquide, “Laboratoire de Génie Chimique”
(LGC) in Toulouse, and “Conditions extrémes et Matériaux: Haute
Température et Irradiation” (CEMHTI) in Orléans. Funded by the French
state as part of the France 2030 program and operated by ADEME, this
initiative is a strategic component of our commitment to science-based
targets. One of the key objectives of this project is to demonstrate a scalable
pathway to decarbonize CAC production by replacing fossil fuels with a
carbon-free alternative like hydrogen. Our study presents the methodology
and findings of a successful 12-day pilot trial conducted at our Dunkerque
site, detailing the progressive transition from a mixture of 100% natural gas
to a 100% hydrogen. The results of this extensive pilot trial will be presented
in this paper. We will provide a comprehensive analysis of the impact on
CAC quality and performance, as well as on kiln behavior and stability.

INTRODUCTION

The PRECIZE project, a France 2030 initiative led by Imerys Aluminates
and supported by ADEME, aims to decarbonize calcium aluminate
production using hydrogen combustion. Central to this project is the
validation of the proprietary Furnace Innovative Technology (FIT), following
a successful 12-day industrial trial at the Dunkirk pilot plant in May 2025.
Beyond fuel substitution, the study evaluates the impact of H,/O,
combustion on clinker mineralogy, refractory corrosion, and the calibration

*bela.kumar@imerys.com
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of 3D CFD models. This paper details the trial methodology and provides a
technical assessment of hydrogen’s viability as a primary energy source.
These findings establish the foundational scaling laws required to transition
this low-carbon technology to full-scale industrial manufacturing.

METHODS

FIT pilot Operating principle

The FIT pilot is located at the Imerys Aluminates site in Dunkirk. This
patented! furnace, developed over several years, has validated the
production of calcium aluminates using alternative fuels. It also
demonstrates the feasibility of producing clinker from alternative
decarbonated raw materials sourced from the circular economy.

As part of the PRECIZE project, the pilot has been re-engineered with new
refractories to accommodate a hydrogen combustion process. The process
involves precisely dosing and conveying raw materials (limestone and
bauxite with a small correction with sand) into the furnace via a screw
feeder. A specialized multi-fuel burner was developed by consortium
partner Air Liquide. Before injection, the hydrogen pressure is reduced to
the required levels. The combustion sequence begins with the introduction
of natural gas and/or hydrogen, using pure oxygen as the oxidizer for both.
The burner targets the material pile to produce a molten clinker that exits
the furnace in a liquid state, while combustion and reaction fumes are
evacuated through the chimney.

Campaign

The campaign began and concluded with natural gas to establish a
baseline. The hydrogen proportion was increased in 25% increments every
two days, with a proportional decrease in natural gas, reaching 100% H, as
shown in Figure 1., with a temporary return to natural gas on Day 7 due to
supply logistics (Sunday). Although volumetric CO, emissions in the flue
gas decreased as expected, residual CO, remained present even at 100%
H, injection, due to the calcination of limestone within the process.

—@— %NG —@®— %H, B CO; [%vol, dry basis]

120 End of

trial
100

80

g
o 60
o
= 40
20
0
0o 1 2 3 4 5 6 7 8 9 10 11 12 13
Time (Days)
Figure 1. Evolution of Hydrogen and Natural Gas Power Consumption vs. Volumetric CO,
Percentage

10



Air Liquide supplied the gaseous hydrogen via semi-trailers Figure 2, with
an on-site pressure-reduction station regulating the flow. For the oxygen
supply, a large-capacity storage tank was refilled throughout the campaign.
To ensure precise monitoring during these transitions, a rigorous sampling
protocol was implemented : samples were collected three times per shift.
This systematic approach provided representative data to validate the
material's consistency as the hydrogen ratio increased. The size of the
sampler Figure 3 was designed and validated to obtain similar results to our
Fusion plants.

Figure 2. Hydrogen semi-trailers secured by ~ Figure 3. Clinker cooling in sampler
chain-link fencing and mandatory safety
clearance distances

KEY FINDINGS

Product Quality: The clinker's chemistry, mineralogy, and color remained
entirely unaffected by the switch to hydrogen/oxygen combustion, ensuring
a seamless transition for existing applications. Chemical analyses under
75% and 100% H, atmospheres demonstrate the same proportions of major
oxides—lime, alumina, iron, and silica—as observed in commercial calcium
aluminate (Ternal Fondu). Regarding mineralogy, phase distributions
remained consistent with reference values. Chemical compositions were
accurately measured using X-ray Fluorescence (XRF), while mineralogical
phases were determined via X-ray Diffraction (XRD) and quantified using
the Rietveld refinement method.

o o
= Ternal Fondu ref.  m75%H, 100% Ha A m Ternal Fondu ref. m75%H, 100% H, B

50
35
30 40
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20 330
15
20
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> . . 10
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Ca0 ALO; 5i0,
ca

C12A7 GSB

eqFeO 0

Figure 4. Comparison of major chemical oxides (A) and mineralogical phases (B): Clinker
produced with 75% and 100% H, vs. standard Fondu.
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Product Performance : Extensive application tests confirmed that the
product works exactly as expected. Setting times and mechanical strengths
(flexural and compressive) are equivalent (75% to 100%) to our traditional
commercial calcium aluminate product (Ternal Fondu). These results were
strictly validated according to international standards and internal protocols:

e Mortar Preparation: According to EN 14647.

e Setting Time : Measured via Vicat needle under demineralized water

with an additional 700g mass, according to EN 196-3.
e Mechanical Strength: Test bars prepared according to EN 196-3.

A B

Figure 5 : Comparison of setting times (A) and compressive strengths (B) of clinker
produced with 75% and 100% hydrogen vs. standard Fondu.

Kiln stability: The furnace performed reliably throughout all project phases.
Furthermore, a post-mortem analysis confirmed that the refractory materials
showed no signs of degradation despite the tough, hydrogen-rich and H,O
atmosphere.

CONCLUSION

The pilot tests for FIT technology, conducted as part of the Precize Project,
have successfully validated the use of oxy-hydrogen combustion for the
production of calcium aluminates at the Imerys Aluminates site in Dunkirk.
Experimental results demonstrate that performance remains consistent,
with the product’s physicochemical properties staying strictly unchanged
compared to conventional methods. This study represents a world-first
demonstration of oxy-hydrogen as a primary fuel source for calcium
aluminate fusion, offering a significant breakthrough for the decarbonization
of high-temperature industrial processes.
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HYDRATION AND CONVERSION REACTIONS OF CALCIUM
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ABSTRACT
The reaction and potential transformation behaviour during hydration of a
calcium aluminate cement (CAC) mixed with reactive calcium carbonate
(Cc) were investigated at different temperatures.

By introducing CO3? into the pore solution of the hydrating CAC
through calcite dissolution, a promising way was investigated to avoid or
limit the metastable hydrate phases (CAH10, C2AHy) that typically occur dur-
ing the early hydration of pure CAC. Instead, the precipitation of mainly
monocarbonate (Mc = C3A*Cc*11H), is favoured. Analysis of the extensive
data base (10-90°C) has shown the general conditions and temperature
limits under which Mc is formed and stabilized. At 60°C, no thermodynamic
stability or formation limit of Mc is found. In closed systems studies no con-
version of Mc to C3zAHe (or dissolution-precipitation) was observed up to
80°C. This probably only occurs above a critical temperature, which is spec-
ified in databases as approximately 90°C.

We were able to show in a large number of measurements that
C2AHx acts as a precursor for Mc formation in the early hydration of mix-
tures of CAC and Cc. Below 20°C no or only a small amount of C2AHx and
thus also no or only minor Mc should initially form in CA-dominated CAC-
Cc pastes. Here, CAH1o is prevailing. At elevated temperatures (40°C and
60°C), at which CAH1o does not initially precipitate, Mc is formed as a result
of the rapid conversion of the precursor phase CoAHx.

INTRODUCTION | BACKGROUND

CACs are mainly used in refractory applications and - together with OPC
and calcium sulphate and/or CSA cement - in ternary mixtures (e.g. self-
levelling screeds and grouts), as the addition of CACs promotes early set-
ting and reduces shrinkage. White CACs contain mostly CA along with CA2,
often with minor amounts of C12A7 or Al2O3. However, CA is mostly domi-

*friedlinde.goetz@fau.de

13



nant and greatly determines the hydration behaviour. The frequently men-
tioned problem of "conversion” is unfortunately still very often interpreted as
a disadvantage for the use of CAC in binder formulations.

The prevention of subsequent, often harmful conversion was inves-
tigated for mixtures of CAC with silicate-containing materials such as blast
furnace slag, micro silica or fly ashes'? or limestone-containing additives*®
or both®8, Studies on these mixtures have shown that much lower amounts
of metastable hydrate phases were formed in the presence of Si- or COo-
containing materials. The mechanical properties of many of these mixtures
also showed significantly better results compared to reference mixtures
without. Among the materials added, limestone proved to be the most suit-
able 68,

CAH10, Monocarbonate (Mc) and C3AHs, the stable phases that can
form in CAC-Cc pastes, play a particularly interesting and crucial role here.
However, some ambiguity remained regarding their formation and stability.
Several authors reported differing temperature or stability limits®' of Mc,
others the potential conversion of Mc to C3AHe (the reverse is also possible).

Since the formation of Ca-Al-hydrate phases during CAC hydration
were reported to be highly temperature-dependent, the investigations were
carried out at four different temperatures (10, 23, 40, and 60 °C). Despite
many individual studies, there is a lack of comprehensive research and
deeper understanding of very early hydrate phase formation in combination
with long-term stable hydrate phase contents for a single type and source
of CAC. We therefore chose mixes of Fe-free CAC with reactive calcite in
order to specifically improve the state of knowledge. Within the scope of the
investigation, all experimental parameters, such as the w/c ratio, storage
conditions, sample size, parameters for XRD analysis, etc., were kept un-
changed and only modified for specific questions.

METHODS

We mainly performed time-resolved QXRD on the hydration of a commer-
cial CAC mixed with reactive calcite (Cc) (w/CAC ratio = 1.1) stored for pe-
riods ranging from 1 d to 12 months and analyzed them in terms of their
absolute phase fraction using the Rietveld method and G-factor quantifica-
tion Thermodynamic calculations using GEMS modeling were used to indi-
cate which hydrate phases are the predicted stable phases under the re-
spective conditions.

KEY FINDINGS
The results of the extensive study are summarized for early hydration (0-
16 h, Figure 1) and long-term hydration (up to 12 months, Figure 2).

Summary of early hydration (Fig. 1)
Dissolution of CA, CA2, and calcite during early hydration is shown by in-
situ XRD at different temperatures as upper part of the diagrams in Fig. 1.
At 10°C and 23°C, main hydration begins shortly before 4 h, with CA rapidly
dissolving to a residual level. At 40°C, the induction period is shorter, while
at 60°C, CA is completely dissolved within the first 16 h. Hydration of CAz is
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not detected at 10°C, but at 23°C and above CA: starts dissolving simulta-
neously with CA, albeit at a slower rate.

The formed hydrate phases are presented in the lower part of Fig. 1.
At 10°C, “metastable” CAH1o is the first and only hydrate phase. At 23°C,
both CAH1o and C2AHx precipitate. While CAH+o is not re-dissolving within
the first 16 h, the initially formed C2AHx decreases and Mc is formed instead.

Figure 1: Mean values of the in-situ QXRD of the CAC-Calcite mixture with a w/CAC ratio
of 1.1 of the first 16 h of the hydration are shown '2. Rietveld scale factors of C2AHs are
plotted in dotted lines.

Overview of long-term hydration (Fig. 2)
Results of the CAC-Cc long-term tests demonstrated stable phase compo-
sitions and thus a high potential for applications in construction chemistry.
At 5°C CAH+o remained the predominant hydrate phase until the end of the
experiment after one year, with no signs of conversion. The coexistence of
AHz@am) appears to condition CAH+o.

Figure 2: Mean values of the long-term sample QXRD (0-365 d) of the CAC-calcite mix-
ture with a w/CAC ratio of 1.1 1314
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After the first day of hydration, C2AHx was no longer observed at any tem-
perature in our investigations.

Mc was found to be stable'®'* alongside AHs (Gibbsite) as the dominant
phase across the entire temperature range from 5 to 60 °C. The conversion
of Mc to C3AHse could not be observed in a closed system at temperatures
up to 80°C. However, evaporation of mixing H20 in the early hydration stage
stabilizes C3AHe with a stoichiometric lower H20 requirement than Mc.

CONCLUSIONS

e CA and CA:z were completely dissolved within 365 days - at different
rates - but only in the 5 °C samples were residues of <2 wt% detected.

e CAH1 is a “stable” hydrate phase at low temperatures for up to 365 d.

e The formation of Mc from CA in early hydration is preceded by precipi-
tation of the precursor phase C2AHx.

e The AH3 phase precipitates at all temperatures.

e No thermodynamic instability or formation limit of Mc was observed up
to 60 °C.

e The evaporation of mixing H20 at elevated temperatures shifts hydrate
phase stability towards C3zAHs (lower w/Ca-ratio) instead of Mc.
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ABSTRACT
Mayenite based cements allow for reduction of the global warming potential
of dry-mix recipes compared to typical ternary binder system. With this
technology you can achieve the same early age properties at a lower total
binder content of the recipe compared to conventional ternary dry-mix
recipes. Typically, these formulations are poor in Portland cement and
calcium sulfates are added to maximize the early ettringite yield during
hydration. The type and amount of calcium sulfate plays a critical role in the
hydration behavior of mayenite-based systems and not a lot of research has
been performed on this topic. In this work we investigated the influence the
types and amounts of calcium sulfates have on the hydration of a C12A7-
based cement. We investigated both a model system as well as a self-
leveling underlayment recipe based on this technology.
It is shown that the reactivity of the calcium sulfate plays a significant role in
the early strength build-up and ettringite formation rates. In addition, long
term expansion is also significantly influenced by changes in the calcium
sulfate types and different hydrate phase assemblages are observed.
This work provides a basis for further investigations within this system, in
which, for example, the influence of various retarders and the amount of
Portland cement on the hydration behavior and mechanical performance
will be examined.
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INTRODUCTION | BACKGROUND
In several special mortar applications rapid strength build-up and drying of
the product is required. Conventionally ternay blends composed of calcium
aluminate cement, ordinary Portland cement and calcium sulfates are used.
The calcium aluminate cement used in these applications is generally based
on monocalcium aluminate (CA). New calcium aluminate cements based on
the more reactive C12A7 offer alternative formulation pathways where the
same mechanical properties can be reached in an eco-optimized mix
design.
Only little research has been published so far on these binders. This study
aims to contribute to a better understanding of the underlying mechanisms
determining success in application. Varying amounts and types of calcium
sulfates have been dosed to a C12A7-based cement in a self-levelling
underlayment recipe. The mechanical performance and dimensional
stability of these blends was investigated over 28 days.

METHODS

The basis for the investigation is an application like binder formulation
consisting of a C12A7-rich cement (Recipro 40-S by Cimsa), a commercial
beta hemihydrate and a commercial natural anhydrite. In addition, two
different grades of limestone fillers (ultrafine and fine) and a quartz filler are
used.

The chemical composition & Blaine values of these materials are given in
Table 1. The chemical composition was determined via energy dispersive
XRF.

Table 1: Blaine & chemical composition of the used binders and fillers. XRF results in wt.-
%, for clarity only the main oxides are listed.

Material Recipro 40- b- natural limestone limestone

S hemihydrate | anhydrite filler UF filler F
Al203 37.2 0.1 0.1 0.1 0.1
Si02 4.2 1.2 0.1 0.3 0.6
S03 0.1 52.7 58.7 0.0 0.0

Cao 46.5 38.4 41.6 56.4 56.4

TiO2 1.8 - - - -

Fe203 7.5 0.1 - - 0.1

Lol 0.3 6.4 0.2 42.9 42.4
Blaine (cm®/g) 3200 7100 3700 9900 7100

The mix design of the investigated self-levelling recipes is given in Table 2.
The employed water to solid ratio is 0.25. All experiments were performed
at 20°C. The used additive package is identical for all mixes. It contains
Li2CO3 as accelerator, tartaric- and citric acid as retarders, a VAE based
polymer powder, a PCE based superplasticizer, a high molecular weight
copolymer thickener, a defoamer and an air entraining agent.
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Table 2: Mix design of the five investigated recipes.

70% b- 50% b- 30% b-
combonents 100% b- 70% b- HH &30- | HH&50- | HH & 70-
P HH HH % % %
anhydrite | anhydrite | anhydrite
Recipro 40-S 16.0% 16.0% 16.0% 16.0% 16.0%
beta hemihydrate 12.8% 9.0% 9.0% 6.4% 3.8%
natural anydrite 0.0% 0.0% 3.8% 6.4% 9.0%
ultra fine limestone filler 7.0% 10.8% 7.0% 7.0% 7.0%
fine limestone filler 24.4% 24.4% 24.4% 24.4% 24.4%
sand filler 36.5% 36.5% 36.5% 36.5% 36.5%
dispersion polymer | 5 40, 3.3% 3.3% 3.3% 3.3.%
powder & additives
Pot-life (min) 25 25 29 34 35

For each mix mortars 4x4x16 cm?® mortar moulds were prepared, and
strength was measured based on the methodology described in EN 196-1.
The moulds were stored at > 90% r.H. and 20°C for 6 h. Then the prisms
were demoulded and subsequently stored at >90% r.H. / 20°C. The
dimensional stability was measured according to EN 12617-4.

KEY FINDINGS | FUTURE RESEARCH NEEDS |

CONCLUSIONS
The compressive strength results are shown in Figure 1. After 6h the 100%
b-HH shows 40 — 50% decreased strength compared to all other blends.
For the 100% b-HH strength even further decreases with ongoing storage
until 24h. At the same time a significant expansion is evident for this blend
(see Figure 2).The dimensional change between 6h and 24h translates to
an expansion of 3.9 mm/m, which likely results in the formation of
microcracks and thus reduced strength. All other systems show further
increase in strength with further hydration progress from 6 to 24 hours. The
100% b-HH system cannot recover from the significant expansion occurring
in the early hydration stages and shows the worst performance at all times.
After 7d of curing the 70% b-HH system falls short compared to the systems
with a mix of calcium sulfate types. This blend is also the only blend showing
continuous shrinkage from the point of demoulding on. The total calcium
sulfate content in this system thus is too low to utilize the full reactive
potential of the binder system. For all blends only minor changes in strength
between 7 to 28 days is observed, highlighting the early reactive potential
of the binder system. The three blends comprising mixtures of b-HH and
anhydrite show the best, comparable mechanical performance up to 28
days of hydration. They also follow a similar trend in the dimensional
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changes over 28 days. In the early stages minor expansion is observed,
which is compensated in all systems by subsequent shrinkage between 7
to 14 days. After 28 days these systems show a net dimensional change of
< 0.1 mm/m.

Figure 1: Compressive strength measured on 4x4x16 cm?® mortar prisms. Each data point
corresponds to the average of three individual measurements.

Figure 2: Dimensional stability of the mortar prisms cured at 20°C and > 90% r.H. The

reference time for the dimensional stability is after 6h of hydration which corresponds to

the time of demoulding. Each data point corresponds to the average of three individual
measurements.

In conclusion: the amount and mix design of calcium sulfates play a key role
in application success when formulating with C12A7 based cement. Too
high amounts of highly reactive calcium sulfates result in severe expansion
and long-term reduced strength. Too low amounts of calcium sulfates
reduced the potential strength of the binder system. The data indicates that
the best practice is a mix of calcium sulfates with varying reactivity.

20



THE ROLE OF SLAG AND CALCINED CLAY IN THE
HYDRATION AND CONVERSION OF CALCIUM ALUMINATE
CEMENT

Basi¢, Alma-Dina', Serdar, Marijana’ Gerz, Alexandra?
" University of Zagreb, Faculty of Civil Engineering, Department of
Materials, Fra Andrije Kaci¢-Mio$i¢ 26, 10000 Zagreb, Croatia, 2Calucem
d.o.o., Revelanteova 4, 52100 Pula, Croatia

Keywords: slag, calcined clay, hydration, microstructure, conversion

ABSTRACT

One of the widely accepted approaches to decarbonizing the cement sector
is the partial replacement of clinker with supplementary cementitious
materials (SCM), such as slag, limestone, fly ash. Previous studies have
shown that slag helps to inhibit the conversion of calcium aluminate cement.
Due to the problems with the availability and cost of slag, there is a need to
investigate other possible SCMs and their application potential in CAC.
Calcined clay with medium kaolin content available in the region was used
in this study. The evaluation of the hydration and conversion process was
monitored by analyzing the microstructure and compressive strength up to
56 days. The results show the influence of stratlingite hydrate formation on
the conversion process of CAC.

INTRODUCTION

The specificity of CAC is that it undergoes a conversion process depending
on the temperature and humidity of the environment, which leads to a
decrease in strength'. The conversion process is accelerated when the
temperature exceeds 30°C, and rapid formation of stable C3AHes and AH3
occurs?®. Several previous studies® 4 have confirmed that the conversion
process can be mitigated by the use of ground granulated blast furnace slag
(GGBFS). The reaction of silicon dioxide in the slag with CAC cement
hydrates leads to the formation of the stable phase stratlingite (C2ASHg)®.

Despite all the advantages of using slag as a partial replacement for CAC
cement, there are certain challenges in using slag in the cement industry.
More than 90% of the available slag is already used in the production of
cement or as an additive to cementitious mixtures. Moreover, the availability
of slag does not follow the trend of global cement production. In the case of
OPC, calcined clay (CC) in combination with limestone (LC3) has been
shown to be a possible solution to reduce the environmental footprint of
cement without compromising the mechanical properties and durability of
OPCS. Unlike industrial by-products, the availability of calcined clay is not
dependent on industrial production volumes, making it a more reliable and

*marijana.serdar@grad.unizg.hr
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sustainable alternative. The research question remains whether calcined
clay could be a promising material for use in combination with CAC, to inhibit
the conversion process in a similar way to the addition of slag already
confirmed in the literature.

METHODS
Calcium aluminate cement with 52.67 % Al>2O3 produced by Calucem
company from Pula, Croatia was used. To evaluate the effects on
conversion process, slag (S) and calcined clay (CC) supplied from South-
East Europe region were used. Slag used in this study was received
industrially milled with Blaine size 4580 cm?/g, while clay was received as
raw material without prior processing. Prior to mixing, clay was first dried for
24h at 60°C to remove the moisture, then ground (for 90s) to Blaine size of
5980 cm?/g, and at the end calcined at 850 °C for one hour. Used clay was
investigated by the authors in previous research, where detailed analysis of
clay is given®.
To access conversion process of CAC cement, three different mixes were
prepared. One reference mixture (labelled CAC100), one mixture with 30%
replacement of CAC by slag (labelled CAC70S30), and one mixture with
30% replacement of CAC by calcined clay (labelled CAC70C30). The
replacement level of 30% was used to ensure that any changes induced by
the addition of SCM are visible in properties and microstructure. The mixes
were prepared according to EN 14647.
First 24 h samples were covered and stored in humidity chamber at 20 °C
with 95% of relative humidity. After 24 h samples were demoulded. To
access conversion process one set of samples was cured in water bath at
20 °C, and one set in water bath at 38 °C. The compressive strength was
measured according to EN 196-1:2016. Impact of elevated curing
temperature on microstructural changes of CAC cement in combination with
slag or calcined clay were evaluated by thermogravimetric analysis (TGA),
qualitative powder analysis (XRD), and mercury intrusion porosimetry (MIP)
after 28 days of curing at 20°C and 38°C.

RESULTS

The development of compressive strength over 56 days for specimens
cured at 20°C and 38°C is shown in Figure 1 a) and b) respectively. During
curing at 20°C, the mixture with slag exhibited a lower initial compressive
strength. However, at the end of the measurements, after 56 days of curing,
the compressive strength was higher than that of the reference mix. When
cured at 20°C, the mixture with calcined clay had a lower compressive
strength than the reference mixture throughout the test period. All mixtures
showed an increase in compressive strength during the 56-day curing
period at 20°C. However, the mix in which 30% of the CAC cement was
replaced with calcined clay showed slightly lower strength compared to the
other two mixes.
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Figure 1. Development of compressive strength over 56 days for samples cured at: a) 20
°C,b)38°C

After curing at 38°C, the compressive strength of the reference CAC mix
started to decrease after five days, indicating a conversion process. With
longer curing, the speed of the conversion process increased and the
compressive strength began to decrease rapidly. After 28 days of curing,
the compressive strength of the CAC mixture reached the lowest value,
indicating that the conversion process was complete. In contrast, both
mixtures with slag and calcined clay showed a continuous increase in
compressive strength after curing at 38°C compared to the initial values.
The comparison of DTG for mixtures cured at 20°C and 38°C is shown in
Figure 2.
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Figure 2 Comparison of DTG for mixtures cured at: a) 20°C and b) 38°C

For sample with 30% replacement of CAC by slag for both curing regimes
dehydration of a new peak designated to stratlingite hydrate (CoASHs) was
detected. Similarly, for sample with calcined clay, metastable (CAH10 and
C2AHg), stable hydrates (C3AHg) and stratlingite (C2ASHg) did occur, but the
intensities of the mass loss peaks attributed to each of these hydrates were
different compared to the intensities of the same peaks in the case of
mixture with slag. The formation of stratlingite in CAC with slag and in CAC
with clay was additionally confirmed in XRD (results not shown in the
abstract)’.

Figure 3 shows capillary pore classification according to Mehta (2005). In
this case, capillary pores were divided into three groups, micro (0.01 — 0.1
pgm), meso (0.1 — 1 ym), and macro (1 — 10 ym) capillary pores. The
reference mix cured at 38°C, where conversion process occurred, had a
higher proportion of larger capillary pores than the reference mixture cured
at 20°C. Therefore, once metastable phases were transformed into stable
phases, critical pore entry diameter increased, and capillary pores became
larger.
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Figure 4. Capillary pores classification for all three mixes after 28 days of curing at 20 °C
and 38 °C

KEY FINDINGS
Exposure of CAC mortar to elevated temperatures (38 °C) resulted in the
conversion of metastable hydrates to stable hydrates, leading to the
formation of new macro capillary pores (1 — 10 ym), a significant increase
in critical pore diameter and a loss of 60% of compressive strength. The
substitution of 30% CAC with calcined clay resulted in a slight reduction in
1-day compressive strength (15% reduction in compressive strength
compared to pure CAC cured at the same temperature), but a reduction in
compressive strength was avoided when curing was carried out at a higher
temperature. The formation of stratlingite in the calcined clay mix densified
the structure and reduced the critical pore entry diameter, especially during
curing at 38°C.
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ABSTRACT

The calcium-aluminate-hydrate C2AHg (2CaO-Al203-8H20) is the most
prominent representative of the so called CoAHx phases, which are de-
scribed in XRD studies on hydrated calcium aluminate cement (CAC). The
“x” in the formula stands for the moles of H20 content of the unit cell. Due
to problems of structure determination using XRD—in early hydration, often
several metastable C>AHy phases with different basal spacing appear in
XRD diagrams—no structural data are available for quantification using the
Rietveld method. This paper presents an hkl model for quantifying these
phases based on an extended PONKS methods [1,2]. An F-factor corre-
sponding to the product of the volume square and density of CoAHx was
determined herewith. The underlying hkl-model enables quantifications
based on XRD diffractograms.

INTRODUCTION | BACKGROUND

C2AHy plays an important role in the hydration of calcium aluminate cement
(CAC), as it is a metastable hydrate phase and thus affected by the phe-
nomenon of conversion as a thermodynamically metastable hydrate phase.
Quantification of this phase is essential for evaluating the progress of con-
version, both for academic and industrial applications. Important crystallo-
graphic research on C>AHx was carried out by [3—9]. During the hydration
of CAC, not only C2AHs but also C2AH75and, secondarily, the form C2AHsg 2
(with the highest basal spacing) are usually visible in XRD diffractograms
as two or three reflections with d-values of their different (00l)-lattice plane.
No structure for the Rietveld refinement of C2AHx has been published to
date. However, in a diffractogram of pure C2AHx (where x can be attributed
to a known value), a so-called “hkl-model” can be created with a Rietveld
analysis software [1]. The scale factor of this model (the integrated area of
the peaks, considering effects such as preferred orientation and reflection
multiplicity) must then be proportional to the crystalline content of the phase
in the sample, provided that the amorphous fraction approaches zero. To

Julian.goergens@hilti.com
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meet this requirement, numerous syntheses are necessary, ultimately lead-
ing to an error-free evaluation of the crystallinity of the C2AHx phase in the
sample.

This scale factor is the decisive parameter (eq. 1) that enables absolute
quantification of the crystalline phases and is later required for the G-factor
approach [30]. When cell volume and density of a phase are unknown,
which is the case when using an hkl-phase-model, an F-factor must be de-
termined to replace this term (eq. 2). The procedure has previously been
explained in a similar way for a C-S-H hkl-phase-model [1,2]. The newly
calculated C2AHx hkl-phase-model then must be calibrated via the mass
balance (knowledge of the amount of hydrated reactant) and stoichiometric
balance and ultimately delivers the scale factor.

METHODS

C12A7 in combination with CH from lab-syntheses was selected for the syn-
thesis of all CoAHy calibration samples investigated. CH and C12A7 were
synthesized and evaluated as pure (>97%) by XRD. The C12A7-CH powder
was mixed with deionized and decarbonated water (water/powder = 10) in
a COx-free glove box. Immediately afterwards, the sealed containers with
the suspensions were left for their early hydration in different temperature-
controlled environments: 23 °C or 29 °C £ 2 °C or 10°C or combinations of
temperatures. After reaction times of 2—-24 hours, depending on the reaction
temperature, the samples were centrifuged and dried at room temperature
in a CO2-free glove box over a CaCl; solution and then stored further at the
corresponding temperature. In total, more than 100 recorded diffractograms
from 42 C.AHx syntheses with variations in temperature and hydration and
storage times were compiled and evaluated in this work to approximate the
maximum scale factor and thus the crystallinity of C2AHx for calibration. The
term “crystallinity” in connection with XRD evaluations is used synony-
mously with the C2AHx content in this work and therefore with the scaling
factor of CoAHy, provided that the other parameters in Equation 1 do not
change. The G-factor method was used for all XRD quantifications [10].

 si-pi-VZi-pi o si-Fi-pi
= = eq. 1
xt G G g
xXi-G

Si-pz

Fi=pi V3=

eq. 2

G is the G-factor determined with an external standard [10]. The content of
the phase of interest C2AHx = x; can be calculated if Fi is known (eq.1). Fi
can be calculated indirectly from eq. 2, without knowing the density and cell
volume of C2AHy, if xi is known. The value for xi in eq. 1 is at most 100 w%
minus all quantified minor phases in the powder. The maximum possible
content of precipitates, like minor CAH1o or monocarbonate, is added up,
considering a stoichiometric mass balance to account for amorphous AHs.
The difference between this sum and 100 w% is then the correct x;.
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KEY FINDINGS | CONCLUSIONS

For C2AH75, an hkl-model was generated based on the samples with the
highest x; value (fig.1, fig 2). For the transfer of the model to the other two
phases, CoAHs and C2AHs 2, the c-lattice parameter must be adjusted in the
Rietveld evaluation software according to their corresponding value [11].
Each diffractogram was analyzed and refined using the Rietveld analysis
software TOPAS, Bruker AXS, V5: The 26 range between 7- and 40- was
selected. The first reflection of C2AHx occurs at approximately 8 26, while
no C2AHy peaks of significant intensity are found at angles >40- 26. First, a
“‘peaks phase model”’ is created in the evaluation software, and peaks of
smaller hydrate phases (monocarbonate, CAH10, and C3AHs) are excluded.
The indexing solutions of different space groups were compared in terms of
their goodness of fit (GOF) as well as the volume and lattice parameters ao
and co for a hexagonal unit cell (and ao, bo, and co as well as 3 for a mono-
clinic unit cell). The indexing solution with a P6 space group was selected
and the required parameters (space group, ao, Co, volume of unit cell) were
used for the generated “hkl-phase-model”. The primitive hexagonal space
group (P6) provided the best GOF and thus an optimized fit for Rietveld
quantification. All synthesized samples of CoAHx were subsequently evalu-
ated with the generated hkl-model.

Figure 1: Plot of the hkl-model determined for C2AH7.5 (C2AHx with a lattice spacing that fits
samples, were C2AHx with x=7.5) and the lattice plains indexing.

After all samples had been evaluated with respect to their non-determinable
content (so the hypothetical C2AHx-content plus the potential over-all amor-
phous content of the sample) which is achieved by considering minor phase
contents and an internal error analysis (errors for G factors, quantified
phases, evaluation routines and microstructure limitations), a assumed Xx;,
initially neglecting amorphous contents (eq. 2) could be plotted for all sam-
ples (fig. 2). It becomes visible that this value — regardless of the hydration
condition and storage time — approaches a value that must be considered
a 100% benchmark (fig. 2). No C2AHx crystallinity achieves a higher value,
so it is concluded that this must be the maximum content of C2AHx with no
or marginal amorphous content in the sample and therefore equals x; (eq.
2) within the scope of this study. Based on this x; (red, dotted line in fig. 2),
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a final F; of 262.565 for eq. 2 is determined: Together with the hkl-model, as
published in [11], this factor enables a correct quantification of C2AHx in hy-
drated CAC.

Figure 2: C2AHx content of all synthesized samples of this study, quantified with the hkl-
model in fig. 1. A maximum value for crystallinity of C2AHx is approached.
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ABSTRACT
Calcium aluminate cement is widely used as a binder in refractory castables
because it enables shaping complex geometries and allows the material to
withstand extreme temperatures. Their typical manufacturing process consists of
mixing, curing, demoulding, drying and firing. In modern dense and highly
dispersed castables with very low permeability, water remains in the castable body
during the drying up to 200°C and beyond. This leads to an increase in internal
pressure and hydrothermal conditions occur. Consequently, problems such as
cracking and explosive spalling can arise.
Different temperatures during hydration of CAC lead to the formation of distinct
hydrate phases and consequently, different microstructures can develop in the
hardened material. Hydrothermal conditions lead to the transformation of the
original hydrate phases, while still preserving microstructural features inherited
from the initial hydration stage. This study presents the influence of curing
temperature (5, 23, and 40 °C) on phase development and porosity in a refractory
castable model system subjected to hydrothermal conditions.
Quantitative X-ray diffraction measurements revealed that CAH+o, C2AHx, C3AHs
and AHs are formed during curing at different temperatures and that the degree of
hydration also varies. When hydrothermal conditions occur, the remaining clinker
phases react and the already formed hydrate phases first transform to AH; and
C3AHe. While C3AHs remains stable with increasing temperature and pressure, AH3
converts to boehmite above 140 °C.
Although the final mineralogical phase composition is the same, microstructural
analyses via SEM and mercury intrusion porosimetry revealed differences in the
three initially differently cured materials. While the total porosity is comparable, the
samples that were cured at 40 °C have a higher proportion of large pores and a
different appearance of C3AHs. The study could show that the initial microstructure
that is created during curing is preserved after hydrothermal conditions induce
additional reactions and phase conversions.
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INTRODUCTION
Refractory castables undergo several manufacturing steps during production. In
the first step, the dry raw materials, consisting of calcium aluminate cement,
different aggregates, fillers and additives are mixed with water and poured into a
mould. In the following curing step, the cement starts to dissolve and hydrate
phases are formed which leads to an increase in green strength. The kind of
hydrate phase as the reaction speed are strongly temperature dependent’. When
a sufficient strength is reached, the castable can be demoulded. Afterwards the
material is first dried to evaporate the unbound water before firing at high
temperature where the crystalline bound H.O is removed. In the drying and firing
step problems such as cracking or explosive spalling can occur which makes it the
most critical part of the manufacturing process. These problems can occur
because modern, highly dispersed castables are so dense that water cannot
readily escape from the green body during heating, and the resulting steam buildup
can cause an increase in pressure. These hydrothermal conditions can change the
phase composition and microstructure of the castable. This study aims help to
understand problems during the drying/heating step by determining how a different
phase composition and microstructure after curing at low, moderate and high
temperature affects the mineral phases and porosity after hydrothermal conditions.

METHODS

All samples had the same initial composition (40 wt.% calcium aluminate cement
and 60 wt.% alumina filler). A higher cement content than typically used in modern
castables was selected to better visualize the effects of cement and hydrate phase
formation during hydration and after being exposed to hydrothermal conditions.
The cement was a commercial 70% Al,O; CAC (Almatis CA14-S), mainly
composed of CA and CA, with some a-Al,O3. The alumina filler (Almatis tabular
alumina T60/T64 <45 pm) consisted primarily of corundum with traces of p-Al,O3
(NaAl;1045). The dry mixture was homogenized with deionized water, poured into
a sealed plastic mould and cured for 48 h at 5, 23, or 40 °C respectively. Afterwards
the plastic was removed and the tablet was transferred to a PTFE-lined autoclave
for hydrothermal treatment. The maximum temperature and pressure investigated
were 180 °C/~11 bar. After autoclaving, the samples were analyzed using X-ray
diffraction (XRD), scanning electron microscope (SEM) and mercury intrusion
porosimetry (MIP). The quantitative phase composition was determined by XRD
by applying the G-factor method? to Rietveld data® using quartz as an external
standard. A more detailed description of the sample preparation and methodology
can be found in Koehler et al. 2022*°.

KEY FINDINGS AND CONCLUSIONS

After hydrating the samples in a closed system at 5, 23 and 40 °C for 48 h
respectively, a different degree of hydration was reached and different hydrate
phases were formed (Figure 1). At low temperatures (5 °C) the clinker phases,
especially CA, only partially reacted and CAH1o was formed as the only crystalline
hydrate phase. Hydration at moderate temperatures (23 °C) led to the formation of
CAH1o next to CoAHx and AHs. While higher amounts of CA and CA; reacted at 23
°C, still 9.6 wt.% unreacted clinker phases were left after 48 h of hydration. Curing
at 40 °C resulted in a complete reaction of CA and CA.. At 40 °C hydration
temperature, C3AHs and AHs are formed. Those differently cured samples were
placed in the autoclave afterwards to simulate the hydrothermal conditions that can
occur during the drying/heating step.
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Figure 1. Phase compositions of the samples after curing for 48 hours at 5, 23 and 40 °C. Start
column: Initial phase composition of the paste (water, cement and Al>Os filler)

While all samples have a different phase composition after curing at different
temperatures, hydrothermal conditions lead to exactly the same phase
composition. Remaining clinker phases react and all existing hydrate phases
convert to C3AHe and Boehmite. While C3AHs is already present after curing, it is
freshly formed from unreacted clinker phases and conversion of CAH1o and C2AH..
Boehmite is freshly formed in all three samples. However, similar to C3AHg it is
formed from conversion of different hydrate phases and reaction of unreacted
CA/CA; in the 5/23 °C curing samples. In the 40 °C sample it is purely formed by
conversion of AHs. Although samples subjected to hydrothermal conditions (180
°C/~11 bar) reach the same final phase composition, the path leading to it differs.

Investigations with SEM and MIP revealed that while the phase composition is the
same, the microstructure differs after autoclaving. Large-area BSE segmentation
showed distinct differences between the 40 °C—cured samples and those cured at
5 and 23 °C after autoclaving. The pores in the 40 °C samples are in general bigger
and more heterogeneously distributed. Find more information in the publication by
Koehler et al°. To verify those findings, MIP measurements were performed on the
samples after autoclaving. The measurements show that the bulk density (~1.69
g/cm?®) and total porosity (~43%) is the same in all samples. The pore size
distribution shows that all samples have a dominant pore diameter near ~1 uym.
However, the samples cured at 40 °C show a markedly lower intensity at this peak
and instead displays a secondary maximum around ~3 um (Figure 2). Compared
with the 5 and 23 °C samples, the 40 °C sample contains fewer fine pores and a
higher fraction of larger pores, which are absent in the lower-temperature samples.
Although hydrothermal treatment yields the same phase composition, the resulting
microstructures differ. This indicates that the curing conditions, particularly
temperature, establish an initial microstructural framework whose “footprint”
persists despite subsequent hydrothermal exposure and phase transformations.

The higher fraction of large pores (2—10 um) observed only in the 40 °C autoclaved
samples can be attributed to the mineral phases formed during hydration. At high
curing temperatures, substantial amounts of C3AHg and AH; form rapidly. Among
calcium aluminate hydrates, C;AHs incorporates the least water and has the
highest density (2.53 g/cm?)®, leaving water either bound in crystalline phases or
as free pore water. Under hydrothermal conditions, preformed C;AH¢ remains
stable, while AH; transforms to boehmite, releasing additional water and
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generating extra porosity. Thus, hydrothermal treatment does not substantially
change the microstructure. In contrast, samples cured at low or moderate
temperatures initially contain CAH4, (1.78 g/cm®), C,AHg (1.95 g/cm?®)®, poorly
crystalline AH3, and unreacted clinker. These less dense phases produce a finer,
less permeable pore network. When hydrothermal conditions arise, the phases
convert to C3AHg and boehmite, but the finer microstructural framework largely
persists. Castables cured at low or moderate temperature can therefore be
considered more susceptible to explosive spalling and other pressure-related
failures. More results can be found in Koehler et al. 2022°.

Figure 2. Pore size distributions of the samples after autoclaving First derivative of the MIP pore
volumes as function of pore diameter.
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ABSTRACT

High-performance (HP) refractory concretes utilize dense matrix systems
and micro-powders to achieve superior durability. However, their extremely
low permeability creates a significant industrial challenge: during the initial
heat-up, trapped water cannot escape easily. This leads to internal pressure
build-up, risking structural cracks or explosive spalling if the heating process
is not strictly controlled. This paper explores how to improve permeability
without sacrificing the benefits of a low-porosity structure. The key lies in
the hydration path of the calcium aluminate cement. By triggering the
formation of gel-like hydrates instead of traditional crystalline hydrates (such
as CAH10, C2AHg, C3AHe, AH3, and AH), the material's behaviour changes
fundamentally. This specific gel releases its water at much lower
temperatures between 100°C and 150°C. Thus, the system becomes more
permeable before high-pressure hydrothermal conditions can develop. This
allows for a safer, faster, and more economical dry-out process for industrial
furnace linings.

INTRODUCTION
Explosive spalling remains a critical issue in the refractory industry when
the dry-out stage is poorly managed. This failure is caused by excessive
steam pressure build-up within the material’. To prevent this, increasing the
permeability of the castable is essential. While polymeric fibers are
systematically added to create permeable networks upon burning out
(between 180°C and 250°C), the choice of the bonding system is equally
decisive for drying sensitivity. Traditionally, Calcium Aluminate Cements
(CAC) are the preferred hydraulic binders due to their predictable properties
and high green strength. However, they require strict, slow heating
schedules up to 600°C to safely remove water. Alternatives like Colloidal
Silica (CS) offer faster dry-out capabilities through increased permeability
with the decomposition of the silica gel at 100°C, yet they suffer from
storage difficulties and low green strength. Conversely, Hydratable Alumina
forms a boehmite-like gel that densifies the structure, unfortunately reducing
permeability and raising the risk of explosive failure. To bridge these gaps,
a recent development of a proprietary permeability enhancing active
compound, an organo-mineral powder (abbreviated here as code MP30

*jeanmichel.auvray@imerys.com as corresponding author
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Imerys) offers a hybrid solution?. It combines the mechanical advantages of
CAC with the drying efficiency of gel/sol technologies. This paper
investigates the hydration characteristics of CAC+MP30 compared to a
standard 70% Al-O3z CAC. By proposing a specific reaction mechanism, this
study demonstrates how MP30 modifies the hydration path responsible for
a highly permeable microstructure at 110°C.

MP30 Concept

MP30 is a hydraulic binder that can be combined with a large range of CAC
and already contains a deflocculating system adapted to most of castable
formulation types. The recommended dosage is 2.5% by weight of castable
by replacing all other dispersants and additives, as well as the balance of
2.5 wt.% of the matrix (mainly the binder). Table 1 gives the chemical
compositions of MP30 and CAC.

Table 1. Main compositions of CAC (70%Al203) and MP30 binders.

Chemistry (%wt.) Al,03 CaO MgO SiO; Lol (950°C)

MP 30 34-38 16-18 16-20 <0.9 24-30 %

CAC 68.7-70.5 28.5-30.5 <0.5 0.2-0.6 <1%
METHODS

A specific apparatus to measure the electrical conductivity was used to
analyse the typical stages of dissolution and precipitation of the hydrates
from CAC and MP30 containing diluted suspensions Solid/Liquid=1/10 at
ambient temperature. Neat pastes (calcined alumina+CAC+MP30) have
been prepared to follow the hydration evolution with CAC up to 7 days.
Exothermic profiles, DSC and XRD measurements were performed to
characterise the hydration behaviour of the two systems. Last, an example
of applicative performance is given by measuring the drying behaviour of a
refractory castable composition.

KEY FINDINGS

Hydration characteristics

Whilst a sharp increase of conductivity attributed to the partial dissolution is
observed in Fig. 1.a for CAC suspension, it is seen a plateau of conductivity
up to 7 hours before observing an increase of conductivity C for the MP30
containing suspension. This later is associated with a pH increase of the
suspension from 9 to 12. The massive precipitation of hydrates, as
characterised by a sharp decrease in the C curve is observed at 5 hours for
the CAC suspension whilst never observed for CAC+MP30 suspension up
to 24h. Fig. 1.b shows the exothermic profiles of neat pastes comprising of
CAC as reference compared to the same material but with addition of two
dosages of MP30. At very low dosage, it can be considered a high retarding
effect of MP30 on the CAC hydration (peak located at 80h). At higher
dosage, a first peak is observed during the first hours whilst a second peak
appears later at around 60h that could be attributed to alumina hydrates
formation.
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Figure 1. Conductivity / pH curves vs. time (a) and Exothermic profiles (b) for CAC and
CAC+MP 30 neat pastes.

DSC and XRD measurements have been performed on the same neat
pastes containing CAC vs. CAC+MP30 (150gr CAC+10gr MP30) to follow
the hydration until 7 days from the casting (see Fig. 2). At 24h, it is
suggested that MP30 inhibits the hydration of the CAC since only alumina
gel is observed (that decomposes at around 100°C according to the DSC
curve).
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Figure 2. DSC (a) and XRD (b) measurements for CAC and CAC+MP30.

After 7 days, a marginal amount of CAH1o is detected with MP30. This
suggests that MP30 significantly inhibits or reduces the formation of these
crystalline calcium aluminate hydrates, likely through a gelling mechanism.
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At 110°C, whilst C3AHe and AH3 Gibbsite are formed for CAC paste, only
AHg3 Norstrandite is obtained for MP30. It is assumed that it derived from the
removal of water from the aluminous gel during this first drying stage.

Applicative performances

An example of the drying ability of a refractory alumina castable is given in
Fig. 3. In CAC castables (5%wt. CAC with and w/o PP fibers), dry-out
typically spans a broad range from 100°C to 400°C (Fig. 3.a). However,
MP30 castable (2.5%wt CAC+2.5%wt MP30) releases water much earlier
(100-150°C) due to a unique hydration/dehydration mechanism that creates
a highly permeable microstructure according to the permeability values
measured at 110°C, facilitating a faster mass transfer during heating. The
advantage of this behaviour is that internal pressure build-up is largely
decreased (Fig. 3.b) and reducing the risk of explosive spalling of the
castable.
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Figure 3. TGA (a) and pore pressure (b) measurements vs T°C for CAC and MP30
castables.

CONCLUSION

The new binder MP 30 significantly reduces the risk of explosive steam
spalling in refractory concretes by modifying the hydration path of calcium
aluminate cement. By triggering the formation of gel-like hydrates instead
of traditional crystalline structures, the material releases water at lower
temperatures (100°C-150°C). This early dehydration creates a highly
permeable microstructure that minimizes internal pressure build-up,
enabling a faster, safer, and more economical industrial dry-out process.
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ABSTRACT

In technical applications, the hydration kinetics of calcium aluminate cement
(CAC) are commonly modified by chemical admixtures. In this
phenomenological study, we investigate the influence of five strong acids -
HCI, HNO;, HCIO,, H,SO,, and H3;PO, - on CAC hydration in dilute
suspensions (w/s = 100). In-situ pH and conductivity measurements show
that all acids inhibit the initial dissolution of monocalcium aluminate (CA).
Thermodynamic modeling suggests that early precipitation of AI(OH); plays
a key role. Notably, the acids differ in their inhibiting efficiency at equivalent
proton dosages. Phosphoric acid stands out, which is attributed to the
simultaneous formation of hydroxylapatite and Al(OH);. For the other acids,
the inhibition follows the order SO,*” > CI~ > NO;™ > CIO,". This sequence
is in line with the Hofmeister series, indicating that anion-specific effects
influence calcium solvation. At the same time, the anion influence may also
result from differences in the solubility of anion-containing aluminum
hydroxide phases that form in the presence of the respective acid. In
summary, this work provides new insights into acid-specific mechanisms
during initial CAC dissolution by combining experimental data with
thermodynamic modeling.

INTRODUCTION | BACKGROUND

Calcium aluminate cement (CAC) is widely applied in refractory systems
and chemically resistant construction materials due to its rapid strength
development and distinct hydrate assemblage [1]. Hydration is initiated by
dissolution of monocalcium aluminate (CA), followed by a dormant period.
During the main reaction, metastable hydrates such as CAH,, and C,AHg
precipitate, which later convert to stable phases including C;AH¢ and

*torben.gaedt@tum.de
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AH; [2]. Additives significantly influence CAC hydration kinetics. Lithium
salts strongly accelerate the reactions, while hydroxides [3] and polymers
like alginates [4] show smaller acceleration. In contrast, phosphates and
various organic acids act as retarders [5,6], with effects linked to calcium
complexation, salt solubility, surface precipitation, or formation of
amorphous Al(OH); layers. The mechanisms by which retarders interact
with different cement types during hydration remain unclear, and no
consensus exists on the rate-determining steps or overall process.

This study investigates the influence of five strong acids (HCI, HNO3,
HCIO,, H,SO, and H;PO, as a reference [5]) on the initial dissolution to
focus on the role of pH and solubility of the different phases involved.
Therefore, simple yet rigorous methods are applied. We combine in situ
CAC dissolution experiments (high dilution) monitored by pH and
conductivity measurements in combination with thermodynamic modeling
to clarify the fundamental interactions between strong acids and calcium
aluminate cement.

The objective of this work is to differentiate between proton-controlled
thermodynamic effects and anion-specific mechanisms governing early
CAC hydration.

MATERIALS AND METHODS

A commercial calcium aluminate cement (64.0% CA; 15.2% CAz;
20.8% Al203) was used as the reactive phase. Hydration experiments were
performed at high dilution (w/s = 100) in acidic solutions. The five strong
acids - HCI, HNO3, HCIO,, H,SO, or H;PO, - were dosed to achieve defined
proton concentrations. The high dilution allowed the use of pH and electrical
conductivity sensors, which track the pore solution conditions from the
beginning of the hydration with high time resolution over two hours.
Supporting pore solution analysis was carried out by ICP-OES to determine
the calcium and aluminum concentrations.

Thermodynamic calculations were performed using GEM-Selektor v.3.6
(GEMS) and the Cemdata18 database. Assuming only the reactive phase
CA reacts in the studied timeframe, we modelled the phase development
over the CA reaction degree.

RESULTS AND DISCUSSION

Compared to a reference (CAC in water), we found that pH and conductivity
increase are delayed after binder addition to the stirring acidic solution. The
temporal accordance with the delayed increase of calcium and aluminum
concentrations in the pore solution confirms the observations from the
sensors. This proves that the acid-introduced CA dissolution inhibition can
be accurately tracked with the two sensors. Based on thermodynamic
calculations, the inhibition of CA reactivity could be triggered by the rapid
precipitation of Al(OH); (whose solubility minimum occurs in mildly acidic
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conditions). One possible explanation is that AI(OH); precipitates directly on
the surface of the reacting calcium aluminate phase(s), blocking active
dissolution sites and thereby slowing further dissolution. Alternatively, the
saturation state with respect to Al(OH); restricts the aluminum transport
from the CA phase in solution, which in turn reduces the overall dissolution
rate.

Figure 1. Influence of different mineral acids at equimolar proton concentrations of
82 pmol on the course of pH during hydration of CAC at w/s = 100.

At identical proton dosages (see Figure 1), pronounced acid-specific
differences are observed. H;PO, exhibits the strongest inhibition, consistent
with additional precipitation of hydroxylapatite, which further reduces
calcium activity in solution. For the remaining acids, the retarding efficiency
follows the order: SO,2” > CI” > NO3;™ > CIO,". Thermodynamic calculations
suggest that this ion specific inhibition effect cannot be explained with
calcium salts or anion incorporated AFm phases precipitation, since they do
not form under the given conditions. However, it was found that these
anions can be incorporated into the aluminum hydrate phase [7,8].
Unfortunately, solubility data are only available for the sulfate-containing
phase (basaluminite) [8]. Yet, the experimentally determined solubility of the
three phases that precipitate immediately after neutralization increases in
the following order: AI(OH),.5(Cl)o.5-xH,O < AI(OH),.5(NO3).5-xH,O <
Al(OH),.95(ClO4)0.05-XH2O [7]. The formation of phases with lower solubility
has been shown to be associated with stronger inhibition of dissolution.
Accordingly, in our systems, anion incorporation into the aluminum-
containing phase may modify the solubility of the rate-limiting phase,
leading to distinct inhibition times.

At the same time, we note that the observed sequence — SO, > CI™ > NO;~
> CIO,~ — aligns with the Hofmeister Series [9]. The series ranks ions by
their effects on aqueous processes, with kosmotropes stabilizing water
structure and chaotropes disrupting it. In mineral dissolution, stronger
water-cation binding lowers the entropy of dissolution and slows the
process. Electrolyte anions can stabilize the hydration shell of dissolving
cations, reducing the entropy gain and decreasing dissolution rates. Thus,
kosmotropes tend to inhibit dissolution, while chaotropes promote faster
dissolution.
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Although the exact understanding of the mechanism is incomplete, the
results indicate the coupled impact of protons and anions on the hydration
kinetics of CAC.

KEY FINDINGS | FUTURE RESEARCH NEEDS |
CONCLUSIONS

o The addition of strong mineral acids inhibits early CA dissolution.

« Proton concentration governs early Al(OH); precipitation and
dissolution inhibition.

o H3PO, exhibits the strongest retardation due to combined formation
of Al(OH); and hydroxylapatite.

e The anion-specific inhibition trend (SO,*> > CI~ > NO3;™ > CIO,")
might be related to anion-influence on the stabilization of calcium
ion solvation, or anion-incorporation into the aluminum-containing
phase, thereby altering the solubility of the rate-limiting phase.

Conclusion:

Early CAC hydration is controlled by coupled dissolution—precipitation
equilibria in which both proton activity and anion identity play decisive roles.
The integration of in-situ measurements and thermodynamic modeling
provides a mechanistic framework linking solution chemistry to practical
hydration kinetics.
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ABSTRACT
The study is focused on how the hydration of a refractory binder system
consisting of commercial white CAC and tabular alumina is changed by the
addition of different silica fumes. Four silica fumes, two each of identical
quality grade, but obtained from different batches, were selected and
characterized by their physical and chemical properties. Then they were
added to the system with a SF/CAC ratio of 1 and w/c of 1.4 at 23 °C. Even
though no clear differences could be observed between the fumes of the
same grade regarding chemical bulk analysis and specific surface area,
they exhibited different rheological behavior after paste preparation.
To examine this, the hydration was followed via heat flow calorimetry, in-
situ XRD and pore solution analysis. Additionally, hardness development
within the first hours of hydration was measured with a Gillmore-needle
device (IMETER).
It was found that the mixes with lower viscosity show an additional heat flow
event located between the initial heat flow after mixing and the main
reaction. This intermediate event is likely correlated to an initial dissolution
of CA, which occurs directly after water addition in the mixes without this
event. Also, an increased rate of hardness development was observed
during the intermediate event. A potential link to the amount of dissolved
silicon provided by the silica fumes shown in the pore solution data was
examined by adding solutions containing low amounts of sodium silicate to
the mixes. By this, the event could be induced in the two systems previously
not showing this reaction. Higher concentrated solutions retard the
hydration until a critical point, where the main reaction is eventually
suppressed for at least 48 h.

INTRODUCTION | BACKGROUND
White, iron-free calcium aluminate cements (CAC) are widely used as
binding component in refractory castables, particularly due to their high
Al203 content which contributes to heat resistance. In such systems low
porosity is of utmost importance since open porosity increases infiltration
e.g. during steel production which accelerates wear and reduces lifetime.

tillmann.schramm@fau.de
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To counteract, fine materials such as silica fume (SF) are added to the
matrix. Besides increased mechanical strength, this can also contribute to
a reduction of the water demand by filling the pore space and improve flow
behavior [1]. SF is a byproduct of the (ferro-)silicon industry and consists of
fine, amorphous, SiOz-rich powder, with spherical primary particles less
than 1 ym in diameter. Past studies [2,3] have shown that SF can induce
an additional heat flow event between initial period and main reaction. This
intermediate event (IE) is correlated to a premature stiffening of the paste
which can critically impair the flow of castables. It was observed that the
appearance of the |IE depends on the SF/CAC ratio in the mix (the higher,
the later it begins) and that there may be a correlation to the readily soluble
amount of Si initially released by SF upon first contact with mixing water.
Therefore, different SFs were investigated regarding their influence on
hydration kinetics and hardness development and were additionally mixed
with Na2SiOs3 solutions to evaluate the potential effect.

METHODS
The materials used were a pure white CAC (CA14-S by Almatis), tabular
alumina (T60/T64 -45 micron LI by Almatis) and four silica fumes: quality
grade “A”, batch “1” and batch “2”, and quality grade “B”, batch “1” and batch
“2”. The chemical compositions of these components were analysed via
XRF (Table 1). The investigated pastes were composed based on these 3
ratios: SF/CAC = 1, Alumina/CAC = 1.5 and water/CAC = 1.4 or 2.8 (the
higher w/c was necessary to extract sufficient solution amounts via
centrifugation). The Naz2SiO3-5H20 was added to the mixing water and the
bound water was accounted for to keep the water/CAC constant (Table 2).

Table 1. XRF analysis and specific surface area (SSA) determined by BET of the
materials used. Sulfate content was determined via nephelometry.

[Wt%] CAC Alumina  SF(A1)  SF(A2)  SF(B1)  SF(B2)
CaO 29.2 <0.1 0.3 0.3 0.3 05
Al203 69.4 99.2 <0.1 <0.1 <0.1 <0.1
Naz0 <0.1 0.2 0.6 0.4 0.6 0.5
K20 <0.1 <0.1 0.2 0.2 0.6 0.4
MgO 0.2 <0.1 0.1 0.1 0.3 0.4
Fe20s 0.2 <0.1 0.1 0.1 0.1 0.1
SiO» 0.2 <0.1 97.4 97.5 95.5 95.5
SOs - - 0.2 0.2 0.3 0.4
LOI 0.2 0.3 1.0 1.1 2.3 2.1
SSA

[m?/g] 0.840.1 1.5+0.1 26.1+0.2  25.7+0.2 20.4+0.2  20.0+0.2

Every experiment was executed at 23 °C. Heat flow calorimetry was
performed for every mix with a TAM air calorimeter. Hardness
measurements were executed with an automated Gillmore-needle device
(“Imeter” by MSB Breitwieser). For selected SFs quantitative in-situ XRD
measurements were performed over the course of 24 h with a D8
ADVANCE diffractometer by BRUKER-AXS. Pore solutions were extracted
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via centrifugation, filtered with a 0.2 ym syringe filter and measured by ICP-
MS.

Table 2. Composition of pastes. SF(X) is calculated to 100 g, Na2SiO3-5H20 is added on
top. Nomenclature: e.g. SF(A1)+0.1NaSi = To the mix containing SF(A1) 0.1 %bwoc (by
weight of cement) Na2SiO3-5H20 was added.

[9] CAC SF Alumina NazSiO3-5H20  Deion. H20
wic=1.4

SF(X) 20.4082 20.4082 30.6122 - 28.5714
+0.4NaSi “ “ “ 0.0816 28.5368
+0.5NaSi “ “ “ 0.1020 28.5281
+0.6NaSi “ “ “ 0.1224 28.5194
w/c=2.8

SF(X) 15.8730 15.8730 23.8095 - 44.4444

KEY FINDINGS | CONCLUSIONS

The heat flow curves and hardness developments of samples with every
investigated SF are shown in Figure 1. Independently of quality grade (A or
B) pastes display a sharp heat flow peak after a few minutes of hydration
(batches A1 and B1) or directly after water addition (batches A2 and B2).
This makes paste preparation, especially in SF(B2), extremely hard, which
is why SF(A1) and SF(A2) were chosen for further investigations on
systems of “good” and “bad” initial rheology.

Figure 1. Heat flow curves and hardness development of mixes containing different SFs.

In the left section of Figure 2 the in-situ phase developments of SF(A1) and
SF(A2) are shown. Precipitation of the hydrate phases CAH10 and C2AHx
starts with the main reaction, and no crystalline precipitates are detected
during the intermediate event. However, in SF(A1) it can be seen, that a
small amount of CA is dissolved during the IE. This becomes more obvious
in the pore solution data (Figure 2, right section). Before the IE in SF(A1),
Ca and Al concentrations as well as pH (around 8-9) are comparatively low.
During this period, Si present in solution is consumed until no Si is
detectable anymore at the start of the IE. The initial CaO/Al2Os3 ratio is very
high (950/1 at the first measurement point after 5 min) and the dominant
aqueous Si species at the given pH of 8.6 is Si(OH)4°. We therefore suggest
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adsorption of Si(OH)4° on a metastable Al-rich layer on CA surfaces formed
due to incongruent dissolution is causing its stabilization and leading to a
retardation of the initial CA dissolution.

Figure 2. Phase development (left) and pore solution compositions of SF(A1) and SF(A2)
(right).

Addition of Na2SiO3-5H20 provides dissolved Si and is causing a retardation
in the investigated mixes (Figure 3). This underlines the suggested
mechanism of readily soluble Si provided by SF potentially being the reason
for the observed hydration kinetics. Higher pH of these solutions could lead
to different Si species which might explain e.g. the reduced hydration rates.
Further investigations are needed to verify this hypothesis.

Figure 3. Heat flow curves of pastes containing Na2SiO3-5H20.
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ABSTRACT
This study examines the role of limestone and metakaolin as cement substitute in
CAC-PC-calcium sulfate ternary binders. Combinations of CAC-PC-C$ with
amounts of 5 up to 25% wt.% metakaolin/limestone were investigated in terms of
heat evolution, setting time, phase formation, dimensional stability and strength
development up to 90 days of hydration.
Within the first 24 hours of hydration both metakaolin and limestone lead to an
acceleration of the heat of hydration, presumably serving as nucleation sites for
both PC and CAC rich formulation.
Compressive strength increased by ~ 36%, in the metakaolin based compositions
over 90 days compared to the control, while shrinkage was mitigated in the CAC
rich samples. No major difference between samples with 5, 15 and 25 wt.% of
substitution were observed, hence indicating that even small additions are sufficient
to achieve an improvement in strength. Formation of AFm-carbonate equivalent
phases was favored in presence of limestone. The content of AH3 decreased with
the increase of substitution level for CAC rich samples with metakaolin.

INTRODUCTION

Ternary binders composed of Portland cement (PC), calcium aluminate cement
(CAC) and calcium sulphate have (CSHx) are widely applied as tile adhesives, self-
leveling underlayment, and other technical formulations for repair work.

With the cement technology moving towards low embodied CO:2 cements,
optimization of these systems that meet the sustainability need becomes relevant.
Previous reports demonstrate that replacement of CAC by slag, silica fume or fly
ash hinders the conversion process. Experimental evidence suggests that the silica
present in the SCMs reacts with the calcium aluminates by avoiding the formation
of C2AHs and subsequently the conversion to C3AHs. Instead, formation of
strétlingite occurs [1]. However, the incorporation of SCMs in PC-CAC- CSHx
ternary binders, has been overlooked and their role in such compositions has been
hardly reported in the literature [2][3][4]. In the OPC rich quaternary formulations
the limestone-based paste develops the highest compressive strength and lowest
porosity, in respect to samples with fly ash and slag where a reduction in the
compressive strength and increased in porosity was reported.

*Corresponding author: E.Qoku@ibmb.tu-bs.de
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Similar results were observed in the CAC-rich quaternary binders. The increase of
compressive strength in presence of limestone powder has been linked with
formation of AFm-carbonate equivalents, thus leading to an increased volume of
hydrates [3] [4].

In this work we expand the investigations and show selected results in terms of
macroscopic properties as well as hydration for ternary systems composed of PC-
CAC- CSHx and limestone/metakaolin at different substitution levels.

MATERIALS
Table 1 shows the composition on the systems investigated in this work. CEM 1
42.5 R was used as PC, along with Secar 51 as CAC. Anhydrite was used as
sulphate source for the PC rich system and hemihydrate for the CAC rich
formulations. Relatively pure limestone powder (LSP) and highly amorphous
metakaolin (MK) at substitution levels of 5,15 and 25 wt.% of PC/CAC were varied
through the study, whereas the sulphate content was kept constant.

Tablel: Composition of the investigated systems.

System PC CAC CSHx LSP/MK
92 0 8 0
. 87 5 8 5
PC rich 77 15 8 15
67 25 8 25
741 0 25.9 0
. 69.1 5 25.9 5
CACrich 59.1 15 25.9 15
49.1 25 25.9 25

Hydration was characterized though calorimetry measurements and vicat during the
first 24 hours of hydration. All pastes were prepared at w/s = 0.55. Compressive
strength was tested using 40 x 40 x 160 mm? prisms according to EN 196-1 up to
90 days of hydration storage conditions: 20 °C, 65% RH. Length change
measurements in dry conditions were carried out up to 90 days of hydration.
Additionally, qualitative analysis through TGA measurements was carried out at
selected times of hydration.

SELECTED RESUTLS

Fig.1 shows results of the PC-rich formulation in presence of metakaolin in terms
of calorimetry, compressive strength development and length change over 90 days
of hydration. The use of metakaolin at substitution levels of 15 and 25 % slightly
accelerates the hydration as shown in the calorimetry curve. Faster initial setting
times were also measured, with the reference sample exhibiting an initial set time
(data not shown herein) at 360 min vs 340 min, 300 min for the samples with 15
and 25 % substitution respectively.
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Fig 1: (a) Calorimetry heat flow measurement in presence of metakaolin (b) compressive strength
measurements and (c) length change measurements up to 90 days of hydration for PC rich
formulations.

An increase of compressive strength (Fig.1b) by ~ 36% in respect with the reference
sample is observed across all substation levels at 90 days of hydration, whereas
length change measurements in Fig.1c indicate that the use of metakaolin slightly
mitigates shrinkage only at 90 days of hydration.

Fig 2 shows selected results for the CAC-rich formulations. The heat flow curves
for each of the pastes in presence of metakaolin are depicted in Fig.2a. Almost three
hydration peaks are evident in each of the curves, indicating a complex hydration
behaviour. Most evident is the absence of the hydration event between 12-20 hours
for compositions with 15 and 25% metakaolin substitution. In presence of liestone
an acceleration of the main hydration peak by almost 4 hours was evident (data not
shown here). In term of compressive strength (Fig. 2¢), no major difference was
observed across all samples with metakaolin in respect with the reference sample
except the samples at 90 days of hydration. In presence of limestone an improved
strength was identified only for samples with 5% substation. Finally, in contrast
with PC-rich systems, in the case of CAC formulations, the use of metakaolin is
found to mitigate shrinkage across all substitution levels (Fig 2b).
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Fig. 2: (a) Calorimetry heat flow measurement in presence of metakaolin (b) length change
measurements and (c) compressive strength measurements up to 90 days of hydration for CAC rich
formulations.

Fig.3: (a) Portlandite content in presence of metakaolin for the PC rich samples (b) AH3 content in
presence of metakaolin the CAC rich samples.

Finally, Fig. 3 shows semiqualitative results obtained from the TGA data for the
portlandite and AH3 content of PC rich and CAC rich samples in presence of
metakaolin up to 28 days of hydration. A decrease of Portlandite content is observed
for the samples with 15 and 25 wt.% of metakaolin substitution, most likely due to
pozzolanic reactions. For the CAC rich formulations, the AH3 content decreases
with the increase of substitution level. Formation of AFm-carbonate equivalent
phases was favoured in presence of limestone (data not shown herein).
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SUMMARY

The use of metakaolin in both CAC and PC formulations leads to strength gain,
mostly enhanced for PC based pastes.

In the CAC rich formulations, the use of metakaolin leads to shrinkage
mitigation.

The presence of metakaolin influences the formation of portlandite in the PC-
rich formulation as well as the formation of AH3 in the CAC rich formulation.
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ABSTRACT
Additive manufacturing (3D printing) continues to advance as an alternative
to conventional construction techniques due to its numerous technical and
operational advantages. This study aims to develop a mortar system
incorporating Calcium Aluminate Cement (CAC), White Portland Cement
(WPC), and microencapsulated Phase Change Materials (mPCMs) for 3D-
printing applications. The inclusion of mMPCMs provides latent heat storage
capability, offering potential benefits for energy-efficient construction
materials. The CAC used in the formulations contains a minimum alumina
content of 50%, and the mineralogical characteristics of both CAC and WPC
were determined by XRD—-Rietveld analysis.

Printability requirements for extrusion-based additive manufacturing were
evaluated through extrudability, buildability, workability loss, open time,
green strength, and early-age compressive strength. The results
demonstrate that the combined use of CAC and WPC induces the
thixotropic behavior essential for maintaining structural stability during layer-
by-layer deposition. The designed mortar mixtures exhibited sufficient
flowability for extrusion while achieving high green strength to ensure
dimensional stability. Furthermore, the incorporation of mPCMs was found
to enhance buildability, indicating their potential to improve the performance
of 3D-printed cementitious systems.
INTRODUCTION | BACKGROUND

Additive manufacturing has emerged as a promising alternative to
traditional construction due to reductions in material waste, elimination of
formwork, and improved labor efficiency." For extrusion-based 3D printing,
the performance of cementitious mortars relies on achieving an appropriate
balance between pumpability during deposition and sufficient stiffness to
sustain the load of subsequent layers.?

Calcium aluminate cement (CAC) has been investigated in printable binder
systems because its rapid strength development and controllable setting

S.kurtsonmez@cimsa.com.tr
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profile can support the early-age stiffening required for layer stability.> When
blended with white Portland cement (WPC), CAC can contribute to
thixotropic behavior, which helps maintain the geometry of printed layers by
increasing structural build-up after extrusion.*

Parallel to fresh-state rheological requirements, there is a growing interest
in developing energy-efficient cementitious materials for digital fabrication.
Incorporating microencapsulated phase change materials (mPCMs) into
printable mortars enables latent heat storage, improving thermal regulation
in building elements without additional insulation layers.®~'* These
microcapsules can absorb and release heat during phase transitions,
providing functional thermal performance in addition to structural behavior.
In this study, several CAC-WPC combinations were first screened to
evaluate workability, open time, thixotropy, and green strength. Based on
these assessments, two optimized formulations were selected: a control
CAC-WPC mortar and a modified formulation containing 2% mPCM.
Focusing on these two mixes allowed the investigation to isolate the
influence of PCM incorporation on printability, setting behavior, and
thermo-mechanical performance while maintaining suitability for
extrusion-based additive manufacturing.

METHODS
Materials and Mix Selection
Several CAC-WPC mortar formulations were initially prepared to identify
mixtures suitable for extrusion-based 3D printing. Based on fresh-state
behavior—including flowability, thixotropic stiffening, open time, and
green-strength performance—one optimized mix was selected as the
control formulation, while a second mix was produced by incorporating 2%
mPCMs to introduce latent-heat storage functionality. The microcapsules,
consisting of polymer-coated organic PCM cores, were chosen for their
spherical morphology, thermal stability, and durability documented in prior
studies.®="" All mortars were prepared with standardized silica sand
(maximum particle size 1 mm), and high-range water-reducer and
polymer-based additives were used to achieve appropriate workability and
rheological response during extrusion.
Workability evolution was evaluated using a flow table test (ASTM C230),
where reductions in flow diameter over time served as indicators of
early-age stiffening and thixotropy—two essential characteristics governing
pumpability and shape retention in layered deposition."—? Green strength,
representing the structural stability of freshly deposited layers, was
measured 30 minutes after mixing using a loading-to-failure procedure, and
the resulting stresses allowed direct comparison of buildability between the
control and PCM-modified mortars.® Setting behavior was examined using
a modified Vicat needle protocol adapted from ASTM C191, and early-age
mechanical performance was assessed through compressive and flexural
strength testing at 1, 3, and 7 days according to EN 196-1 standards.
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KEY FINDINGS | FUTURE RESEARCH NEEDS |
CONCLUSIONS

Effect of mMPCM on Workability and Early-Age Rheology

The control mix showed a gradual reduction in flowability, reflecting
thixotropic stiffening beneficial for shape retention. The PCM-modified mix
exhibited slightly faster workability loss, suggesting accelerated structural
build-up—yet remained within printable limits.
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Figure 1: Flowability evolution of sWPC- Recipro 50 Blended mortars with time.
Green Strength and Buildability Performance

The PCM-modified mix demonstrated higher green strength at 30 minutes,
indicating enhanced layer-support capability due to microcapsule-induced
internal resistance.?
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Figure 2: Green strength of sWPC- Recipro 50 Blended mortars 30 min after mix-ing.

Setting Behavior and Early-Age Strength Development
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Both mixes achieved suitable setting times for extrusion processes. PCM
addition caused moderate reductions in compressive/flexural strength but
maintained acceptable structural capacity for printable mortars.
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Table 1. Compressive and Flexural Strength values for mortar samples

Thermal Functionality and Latent Heat Contribution

Differential scanning calorimetry (DSC) results confirmed that the mPCMs
provided a latent-heat storage capacity of approximately 50J/g at a
phase-change temperature near 24 °C, enabling the mortar to absorb and
release thermal energy during the transition process.

This thermal functionality enhances the potential of the printed elements to
regulate temperature fluctuations without the need for additional insulation
layers. The microcapsules maintained their spherical morphology during
mixing, and their integration did not disrupt fresh-state performance,
demonstrating the feasibility of combining energy-storage capability with
extrusion-based printability.

CONCLUSIONS
This study demonstrated that CAC-WPC mortars modified with
microencapsulated PCMs can meet the fresh-state and mechanical
requirements for extrusion-based 3D printing while offering energy-storage
capability. PCM incorporation slightly accelerated rheological stiffening but
improved buildability and maintained sufficient printability. Although
early-age strength values were moderately reduced, structural integrity
remained within acceptable limits. The combined thermal and mechanical
performance highlights the potential of CAC-WPC-mPCM blends as
multifunctional materials for energy-efficient 3D-printed construction. Future
research may optimize PCM dosage and microcapsule properties to
enhance durability and latent-heat performance.
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ABSTRACT

Hydration phenomena of a commercial white calcium aluminate cement
(CAC (Gorkal 70); Al203 — 69-72%) at 20°C was modified by adding silica
nanoparticles addition in varying amounts and additives in the context of
using CACs in the aspiration to achieve climate neutrality and the goal of
net zero. The hydration process of CAC modified with silica sol (SS) was
tracked by heat flow calorimetry, XRD and SEM experiments supplemented
by mechanical strength determination at different curing ages. The findings
demonstrate the potential to modify the traditional early (24 hours) hydration
pathway of CAC-based systems by both SS and additives, leading to an
accelerated process, in terms of the second exothermic peak of paste, and
improved mechanical strength, even though no crystalline hydrates were
formed. The results indicate that the evolution of the hydration is closely
related to the effect of the SS content and additives on the densification and
microstructure properties. CAC-based mortar containing 5 wt.% SS and
additives exhibited the highest compressive strength, suggesting that early
strength development may be attributed to silica nanoparticles acting as a
filler. It is also evident that silica sol promotes the formation of CAH10 rather
than C2AHS8. All binder systems remain strength increase when exposed to
28-days curing conditions.

INTRODUCTION
Global carbon dioxide (CO:) emissions remain at critically high levels, with the
Global Carbon Project emphasizing the increasing vulnerability of natural carbon
sinks to climate change. Cement production is a major contributor to these
emissions due to both energy-intensive processes and inherent chemical reactions.
In particular, the calcination of calcium carbonate (CaCOs) during clinker
production releases significant amounts of CO:. Since emissions from cement-
based composites are directly related to the proportion of Portland cement (PC)

*email address of corresponding author
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used, reducing its content is essential for lowering the environmental impact of
construction materials [1,2].

Portland cement dominates global clinker production, accounting for
approximately 99.8% of total output. Its composition mainly includes calcium
silicates (CsS, C:S), tricalcium aluminate (CsA), and calcium aluminoferrite
(C4AF). In contrast, calcium aluminate cement (CAC), composed primarily of
calcium aluminate phases such as CA, Ci2A7, and CA., is produced in much smaller
quantities—around 1,000 times less than PC. However, CAC offers environmental
advantages due to its lower calcium oxide content, resulting in reduced CO:
emissions during production. As a result, CAC is increasingly considered a
promising alternative binder for sustainable and potentially net-zero construction
materials. The development of such alternative hydraulic binders is essential for
reducing environmental impact while maintaining performance [3].

A key challenge associated with CAC is its hydration behavior, particularly
the formation and transformation of hydrated phases. During hydration, metastable
hydrates such as CAHio and CoAHg are formed, which can convert into the more
stable C3AHs phase depending on temperature, time, and water availability. This
conversion process leads to increased density and often a reduction in mechanical
strength. Since these transformations strongly influence long-term performance,
understanding and controlling hydrate conversion is critical.

The hydration reactions of the CA phase are temperature-dependent. At low
temperatures (below ~10-15°C), CAHio is predominantly formed. At moderate
temperatures (15-30°C), C2AHz and aluminum hydroxide (AHs) are produced,
while at higher temperatures (above ~30-60°C), the stable hydrate CsAHs becomes
dominant. Although the exact temperature ranges vary across studies, it is generally
accepted that higher temperatures accelerate the formation of stable hydrates and
promote conversion.

To improve both sustainability and performance, various strategies have
been explored, including the incorporation of supplementary cementitious materials
such as microsilica, blast furnace slag, fly ash, metakaolin, and other pozzolanic
additives. These materials not only reduce CO: emissions but also influence
hydration processes and mitigate the negative effects of hydrate conversion [4-5].
Microsilica, an ultrafine amorphous silica with particle sizes around 150 nm, is
particularly effective in modifying CAC hydration. It promotes the formation of
additional hydration products, especially stratlingite (C2ASHs), which helps
stabilize the microstructure and reduce the extent of conversion. An optimal
replacement level of around 15% microsilica has been reported to enhance
beneficial phase formation and improve long-term performance. However,
microsilica does not completely prevent the formation of stable hydrates such as
CsAHs.

The effect of microsilica on CAC hydration is multifaceted. It acts as a
nucleation site for hydrate formation, refines pore structure, binds free water and
ions, and participates in reactions that produce more stable microstructures. These
effects generally improve long-term strength, although early-age strength may
decrease due to accelerated reactions and shorter setting times [6-7].

Despite increasing interest in low-CO. CAC-based binders, systems
incorporating nanocolloidal silica remain less studied. This is mainly due to
challenges such as poor rheological properties, rapid setting, and low early strength.
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These limitations are likely related to insufficient understanding of the interaction
mechanisms between calcium aluminates and nanoscale silica, as well as the lack
of suitable admixtures for such systems [8,9].

Various analytical techniques, including calorimetry, X-ray diffraction,
thermal analysis and electron microscopy, have been widely used to investigate
CAC hydration. These methods provide valuable insights into phase development,
microstructure evolution, and reaction kinetics [10,11].

This study aims to advance the understanding of CAC systems modified
with colloidal silica by investigating their hydration behavior, phase composition,
and microstructural evolution. The findings are expected to clarify the mechanisms
governing hydrate formation and conversion, and to support the development of
more sustainable and high-performance CAC-based binders.

METHODS
CAC, grade Gorkal 70, was produced at the interprise Gorka Cement sp. z
0.0 in Trzebinia (Poland). The XRD spectrum of CAC are shown in Figure
1. The chemical composition and main phases, is shown in Table 1. As
determined by XRD, the minerals monocalcium aluminate (CA) and calcium
dialuminate (CA2) were predominant. The phases a-Al.O3 and C12A7 were
also identified and existed in small amounts in CAC.

Silica sol LITHOSOL 1540, additives GIESSFIX PT 88 (Additive 1) and
DOLAPIX FF 44 (Additive 2) were provided by the Zschimmer & Schwarz
(Lahnstein, Germany). The characteristics of silica sol LITHOSOL 1540 are:
average particle size — approximately 15 nm, specific surface area —
approximately 200 m?/g and SiO2 content — approximately 40%.

The CEN-NORMSAND according to the DIN EN 196-1 (Normensand
GmbH, Beckum, Germany) was also used to prepare the CAC-based
cement mortars bonded with silica sol [12].

Distilled water was used for making the samples.

For all experiments, the powder components (cement, additives), the
liquid components (silica sol, water), and small laboratory equipment glass
(baker, spatula) were equilibrated at 20°C for 24 h. The solid and liquid
components were weighted according to the compositions listed in Table 2.
This table also includes the nomenclature for all mixtures. Moreover,
Additive 1 and Additive 2 were added in an amount of 0.2% by mass each
to attain good rheology of CAC-based pastes
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Fig. 1. XRD pattern of CAC Gorkal 70

Table 1: Composition and properties of the CAC used

Component -(I;%;“cal values Main phases

Al2O3 69.0-71.0 CA: CaO-ALO
28.0- ) . "RAI2U3

Cao 8.0-30.0 CAz: Ca0-2A1,05

SiOo <0.5 " _

Additional phases:

Fe;05 <0.3 C12A7:

Naz0 + K20 <0.5 12Ca0-7A10;

Flnezness Blaine 4000-4500 A: Al,Os3

(cm</g)

Table 2. Composition and nomenclature of investigated CAC-based pastes
bonded with silica sol.

Components / grams
Silica Total W/(C#silica
No | Sample name | Dry CAC- hano- water nano-
G70 - particles)
particles | content ratio
1 | G70C 10 - 5.0 0.5
2 | G70_5SS_SP |10 0.2 5.1 0.5
3 | G70_10SS_SP |10 0.4 5.2 0.5
4 | G70_20SS_SP |10 0.8 54 0.5
5 | G70_30SS_SP | 10 1.2 5.6 0.5
6 | G70_40SS_SP |10 1.6 5.8 0.5
7 | G70_125SS 10 5.0 7.5 0.5

The cubic cement mortar samples of dimensions 40 x 40 x 40 mm?
were used for compressive strength testing after curing periods of 1, 3, 7,
and 28 days. Cube specimens were prepared in accordance with the EN



196-1 standard, using a W/(C+silica nano-particles) (water to cement and
silica nano-particles ratio) of 0.5, with the mix proportions detailed in Table
3. Moreover, Additive 1 and Additive 2 were added in an amount of 0.2%
by mass each to attain good rheology of CAC-based mortars

Table 3. Mix proportions and nomenclature of CAC-based mortars modified
with silica sol mixed with different additives.

Components / grams
Dry Silica W/(C+si|iqa
No | Sample name CAC | sand | nano- Water | Mano-particles)
-G70 particles ratio
1 | M_G70C 450 | 1350 |- 225.0 | 0.5
2 |M_G70_5SS_SP |450 |1350 |9.0 229.5 | 0.5
3 | M_G70_10SS_SP | 450 | 1350 |18.0 234.0 | 0.5
4 | M_G70_20SS_SP | 450 | 1350 |36.0 243.0 | 0.5
5 | M_G70_30SS_SP | 450 | 1350 |54.0 252.0 | 0.5
6 |M_G70_40SS_SP | 450 | 1350 |72.0 261.0 | 0.5
7 | M_G70_125SS 450 | 1350 | 225.0 337.5 | 0.5

The heat generated during the binder hydration process and the rate
of heat release are assessed using a TONICAL Il calorimeter (Toni Technik
GmbH, Berlin, Germany). A mixture consisting of 35g of water and 100g of
solid material has been studied for 48 hours at a constant temperature of
20°C, the heat evolution curves being documented throughout the test.

The microstructure of samples was investigated with the scanning
electron microscopy (SEM) device SEM JEOL JSM-7600F (Oxford
Instruments, High Wycombe, UK). Electron microscopy parameters: Power
10 kW, distance to specimen surface from 7 to 10 mm. Characteristics of
the microstructure was identified by testing the specimen splitting surface.
Before testing, the splitting surface was coated with electrically conductive
thin layer of gold by evaporating the gold electrode in the vacuum using the
instrument QUORUMQ150R ES (Quorum, Laughton, UK).

The X-ray diffraction (XRD) analysis of the phase composition of
materials was carried out upon applying diffractometer DRON-7
(Bourevestnik, St. Petersburg, Russia). In order to obtain X-ray radiation Cu
Ka spectrum (A = 0.1541837 nm), a graphite monochromator was used. The
parameters of the tests were following: voltage - 30 kV; current - 12 mA,; the
range of the diffraction angle — from 4 to 60°, the detector movement step —
0.02°; the duration of the intensity measuring in a step — 0.5 s. Phase
identification was carried out by decoding the XRD patterns according to
International Centre for Diffraction Data (ICDD) diffraction databases. The
quantitative changes in the XRD patterns were assessed according to the
height of the peak of the main diffraction maximum of a mineral.
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According to the standard EN 1015-11:2007, the compressive strength
tests were carried out. A cement bonded with silica sol strength was
determined using the H200KU hydraulic press (Tinius Olsen, Redhill, UK).

Results and Discussion

The hydration heat evolution of reference and silica sol-modified cement
pastes (Figure 2 a—b) showed similar profiles with five stages: dissolution,
induction, acceleration, deceleration, and stabilization. All samples
exhibited an initial exothermic peak within minutes due to early hydration.
The reference sample (G70C) showed the slowest reaction and lowest heat
release, while silica sol-modified pastes displayed sharper peaks, indicating
accelerated hydration due to nanoparticle-induced nucleation of C-A-H/C-
A-S-H phases.
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Fig. 2. Variation in the (a) hydration exothermic rate and (b) cumulative
hydration heat of samples G70C, G70_5SS_SP - G70_40SS_SP and
G70_125SS with time.

Silica sol significantly shortened the induction period, from ~5 h for

G70C to ~2 h for G70_125SS, with other samples showing ~2.5 h. During
the acceleration stage, peak intensity increased with silica content,
reflecting enhanced hydration kinetics, likely due to Ca** interactions with
silica nanoparticles.
Despite faster reactions, modified systems exhibited lower total heat
release, suggesting suppressed crystalline hydrate formation, confirmed by
XRD after 24 h. After the second peak, hydration slowed, and all samples
reached a stable state within 24 hours (Fig. 3, a).

The mineralogical evolution of the binders was evaluated by XRD at
1, 3, 7, and 28 days of curing. All samples consisted of unhydrated calcium
aluminate phases (mainly CaAl,O, and CaAl,O;) and newly formed
hydrates. With increasing curing time, the intensities of CaAl,O, (26 = 30.0°)
and CaAl,0, (20 = 25.4°) gradually decreased, confirming progressive
consumption of anhydrous phases.

At 1 day, silica sol strongly influenced early hydration. The reference
sample and G70_125SS showed lower CaAl,O, intensity than mixes
containing both silica sol and chemical additives, indicating a complex
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interaction between silica and admixtures. G70_125SS favored the
formation of CaAl,0,-10H,0, while the reference sample contained both
CaAl,0,4-10H,0 and Ca,Al,O5-8H,0. Samples with combined silica sol and
additives showed partially hindered early hydration.
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Fig. 3. XRD patterns collected on the reference paste and pasted modified
with silica sol after 1, 3, 7 and 28 days of hydration (a-d)

At later ages (3-7 days), hydration progressed in all systems, but
silica-containing samples exhibited reduced anhydrous phase content and
altered hydrate formation. Increased amorphous content was observed in
the reference paste. By 28 days, G70_125SS predominantly contained
CaAl,;0,:-10H,0, whereas other mixes showed both CaAl,0,:10H,0O and
Ca,Al,05-8H,0 alongside residual anhydrous phases.

Overall, silica sol promoted stabilization of CaAl,O,-10H,O and
inhibited formation of Ca,Al,05-8H,0, suggesting suppression of
conversion toward stable C;AHg and long-term modification of hydration
pathways.

The microstructure of CAC pastes was investigated by SEM at 1, 7,
and 28 days of curing, supported by EDS analysis. The control sample
(G70C) showed well-defined CAH,, crystals at early ages, while C,AHg was
less clearly observed. Its microstructure remained relatively porous and
disordered, indicating limited densification over time (Fig. 4).

In silica sol-modified samples, early-age (1 day) crystalline hydrates
were difficult to distinguish, suggesting that silica nanoparticles promote the
formation of very fine or partially amorphous hydration products. These
nanoparticles likely act as nucleation sites, leading to a more compact and
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homogeneous microstructure and accelerating hydration. The G70_125SS
sample clearly contained CAH,,, consistent with XRD results. At 7 days,
silica-containing systems exhibited a denser structure with tightly packed
crystals. CAH,, and C,AH; were identified in most modified samples, while
G70_125SS predominantly contained CAH,, embedded in an amorphous
matrix, which increased with silica content. At 28 days, the control sample
showed formation of cubic C3;AH¢, confirming hydrate conversion (CAH1,
— C,AHg — C3AH). In contrast, silica-modified samples exhibited a
denser, more uniform microstructure with reduced conversion and a higher
proportion of amorphous phases.

Overall, silica sol acted as a nucleation and structure-refining agent,
producing a denser microstructure and improving mechanical performance,
with 5 wt.% SS showing the most favorable results.
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Fig. 4. The microstructure images of G70C (a-c), G70_5SS_SP (d-f),
G70_10SS_SP (g-i), G70_20SS_SP (j,k,l), G70_30SS_SP (m,n,0),
G70_40SS_SP (p,r,s) G70_125SS (t,u,v) after 1 (a,d,g,j,m,p,t); 7
(b,e,h,k,n,r,u) and 28 (c,f,i,l,0,s,v) days of curing.

The compressive strength results (Fig. 5) show that all mortars
increased in strength with curing time. The highest early-age strength (56.5
MPa at 1 day) was achieved by the M_G70_5SS_SP mixture, attributed to
the filling effect and nucleation activity of silica nanoparticles in the cement
matrix. At 1 day, both M_G70_5SS_SP and M_G70_10SS_SP exhibited
higher strength than the reference mortar, confirming the beneficial effect of
low silica sol contents.

However, increasing silica sol content to 20 wt.% (M_G70_20SS_SP)
reduced early strength to 38.9 MPa, indicating a detrimental effect at higher
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dosages. At later ages (3, 7, and 28 days), all samples followed a similar
trend, but mortars with 10 wt.% and 20 wt.% silica sol consistently showed
lower compressive strength compared to both the reference and 5 wt.%
modified mortar. Overall, results indicate that silica sol enhances
compressive strength of CAC mortars only at optimal low contents, with 5
wt.% providing the most favorable performance.
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Fig. 5. Compressive strength of development in calcium aluminate
cement-based mortars bonded with silica sol versus time

CONCLUSIONS

1. This study investigated the effect of silica sol on the hydration and
performance of calcium aluminate cement (CAC). The results show
that silica sol significantly modifies the hydration behavior, phase
development, and microstructure of CAC systems up to 28 days of
curing at 20°C.

2. At early ages, silica sol strongly influences hydration kinetics,
shortening the induction period and accelerating exothermic
reactions. This effect is most pronounced at low silica sol contents
(5—10 wt.%), which also lead to enhanced early strength
development. However, higher silica sol contents reduce the
beneficial effect on compressive strength.

3. XRD and SEM results confirm that silica sol affects hydrate
formation, promoting CAH,, development and contributing to a
denser microstructure compared to the reference system. The
modified pastes exhibit a more compact structure with refined
hydration products and reduced porosity.

4. Compressive strength results show that the optimal performance is
achieved at 5 wt.% silica sol, which provides the highest strength at
both early and later curing stages. Overall, silica sol improves CAC
hydration and mechanical performance when used at appropriate
dosages, primarily by accelerating early hydration and refining the
microstructure.
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ABSTRACT

Ternary binder systems composed of calcium aluminate cement (CAC),
ordinary Portland cement (OPC), and calcium sulfate (C$) can provide rapid
setting, rapid hardening, and controlled expansion properties depending on
the binder composition and the type of calcium sulfate source. In this study,
the effect of calcium sulfate source and curing temperature on the hydration
behavior of CAC-OPC-C$ ternary systems was investigated. Different
calcium sulfate sources, anhydrite, a-hemihydrate, natural gypsum and
phosphogypsum, were considered because they have different dissolution
rates and sulfate release behavior. These differences are expected to
influence reaction kinetics, setting behavior, and phase formation. The
study also focused on understanding how the calcium sulfate source
influenced the hydration process of CAC-based ternary systems under
different curing temperatures. Since CAC hydration is sensitive to
temperature, curing condition is also an important parameter affecting the
reaction rate and stability of hydration products. Isothermal calorimetry was
used as the primary technique to evaluate reaction kinetics and heat
evolution characteristics. Complementary analyses including X-ray
diffraction (XRD) and setting time measurements were conducted to
support the interpretation of hydration mechanisms. The results indicate
that the type of calcium sulfate source strongly affects the early-age
hydration kinetics. Systems containing a-hemihydrate exhibited the highest
initial reaction rate and fastest setting behavior due to rapid dissolution,
whereas phosphogypsum-containing systems showed slower reaction
kinetics but higher cumulative heat release, indicating prolonged hydration.
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Anhydrite and gypsum systems demonstrated intermediate behavior
depending on their dissolution rates. These differences are directly linked
to sulfate availability and ettringite formation mechanisms. Overall, this
study aims to clarify the combined effect of calcium sulfate source and
curing temperature on CAC-based ternary systems. The findings can
contribute to the selection of suitable sulfate sources for designing ternary
binders with controlled hydration and setting behavior.

INTRODUCTION | BACKGROUND

Ternary cementitious systems composed of ordinary Portland cement,
calcium aluminate cement, and calcium sulfate are used to obtain systems
having improved properties compared to their individual components.
Depending on the ratio of the components, these systems can provide rapid
setting, rapid hardening, rapid drying, and shrinkage or expansion
compensation properties. Therefore, they can be used in different
applications such as self-leveling mortars, tile adhesives, grout mortars, and
rapid repair materials [1]. Hydration of CAC-OPC-C$ ternary systems is
complex because different phases from OPC and CAC participate in
hydration reactions at the same time. Formed hydration products change
depending on the mixture ratio. While OPC-based systems generally
include C-A-S-H, portlandite, and ettringite, CAC-based systems mainly
include ettringite and gibbsite [2]. Ettringite formation is especially important
because it affects early hydration, setting behavior, and volume stability of
the system. Different calcium sulfate sources can be used in ternary
systems. Gypsum, a-hemihydrate, anhydrite, and phosphogypsum provide
calcium and sulfate ions, but they have different solubility and dissolution
rates. Therefore, the type of calcium sulfate source influences hydration
kinetics, ettringite formation, setting time, strength, and porosity of the
system [3,4]. Previous studies showed that anhydrite can lead to longer
setting time due to its slower dissolution rate compared with gypsum and a-
hemihydrate, while a-hemihydrate can cause different expansion behavior
compared with gypsum and anhydrite [5,6]. Phosphogypsum is also a
potential alternative calcium sulfate source because it is a by-product of the
phosphate fertilizer industry. However, impurities in phosphogypsum can
affect hydration reactions and setting behavior. Therefore, its use in CAC—
OPC-C$ ternary systems should be investigated carefully [7]. Curing
temperature is another critical parameter because CAC hydration is highly
temperature sensitive. Different hydrated phases can be formed at different
temperatures, and this situation can influence reaction kinetics and
performance [8]. For this reason, the combined effect of calcium sulfate
source and curing temperature should be considered in the design of
ternary CAC-OPC-C$ systems. Therefore, this study focuses on the
hydration behavior of CAC—OPC-C$ ternary systems by changing the
calcium sulfate source and curing temperature. The main aim is to
understand the effect of sulfate source selection on hydration reactions and
to generate reference systems for further studies.
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METHODS

Calcium aluminate cement (CAC 40), ordinary Portland cement (CEM | 42.5
R), and four different types of calcium sulfate sources, namely anhydrite (A),
a-hemihydrate (H), natural gypsum (G), and phosphogypsum (PG), were
used to prepare CAC-based ternary binder systems. In order to investigate
only the effect of sulfate source, the component ratios of the systems were
kept constant, and only the type of calcium sulfate was changed. All cement
paste samples were prepared with a constant water-to-binder ratio of 0.5.
The hydration behaviour, phase evolution, and setting characteristics of the
systems were investigated under different curing temperatures. Isothermal
calorimetry was used to evaluate the hydration kinetics of the systems. In
addition, X-ray diffraction (XRD) analysis was conducted to identify the
phase assemblage and to monitor the evolution of hydration products.
Setting time measurements were performed using automatic Vicat
equipment to determine the initial and final setting behaviour of the systems.
The selected experimental methods were used to establish the relationship
between sulfate source and hydration behaviour under different curing
conditions.

KEY FINDINGS | CONCLUSIONS

According to the isothermal calorimetry results, the type of calcium sulfate
source has a significant effect on the hydration behavior of CAC-OPC-C$
ternary systems. Even though the binder composition was kept constant,
changing only the sulfate type resulted in clearly different reaction kinetics.
The system including a-hemihydrate (H) shows the highest initial peak at
very early ages, indicating very fast dissolution and rapid reaction. This
behaviour also explains the rapid consumption of sulfate ions and the
relatively lower heat flow at later ages, suggesting a fast but short-lived
hydration process. The anhydrite (A) containing system also shows high
reactivity; however, its behaviour is more gradual, with multiple peaks
indicating stepwise reactions and a slower but sustained sulfate release.
The gypsum (G) containing system exhibits intermediate behaviour, with a
slightly delayed main peak and a smoother heat flow curve, indicating a
more balanced hydration process. On the other hand, the phosphogypsum
(PG) system shows clearly delayed hydration behaviour, with a later main
peak and lower early-age reaction rate. This indicates slower sulfate
release, while the broader peak suggests a more prolonged hydration
process. These observations are also consistent with the setting time
results. The hemihydrate system shows the shortest setting time, while
gypsum and phosphogypsum systems show longer setting times, and
anhydrite shows intermediate behaviour. When all systems are compared,
it can be concluded that the dissolution rate of the calcium sulfate source
directly controls the hydration kinetics and setting behavior of CAC-OPC-
C$ ternary systems. The order of reactivity can be summarized as:

a-hemihydrate > anhydrite > gypsum > phosphogypsum
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BACKGROUND

Ternary binders composed of Portland cement (PC), calcium aluminate
cement (CAC) and calcium sulphate have (CSHx) are widely applied as tile
adhesives, self-leveling underlayment, and other technical formulations for
repair work. In the literature one can distinguish between PC-rich and CAC-
CSHX rich formulations. The later ones are also known as ettringite
systems, with ettringite being the main hydrate phase, whereas for PC-rich
formulations the hydration mechanisms are to an extent similar to pure PC.
The hydration and microstructure development of such binders is relatively
complex and for a holistic understanding a multi-method approach with a
wide range of analytical techniques is required. Such fundamental studies
are limited. For instance, the work of (Lamberet, 2005), addresses the issue
of microstructure development and durability mechanisms under controlled
atmosphere and natural weathering in both PC and CAC rich formulations.
In this work, the influence of the formulation was investigated with respect
to hydration mechanism, porosity and transport properties. Later, a more
quantitative study was carried out by (Qoku, 2019) investigating
mineralogical development of hydrates ternary binder systems with a
special focus on the characterization and quantification of hydrated X-ray
amorphous phases. An in—depth study was conducted in selected
formulations of the ternary diagram PC—CAC— CSHX by combining XRD,
TGA, ?7Al NMR, 2°Si NMR spectroscopy and thermodynamic calculations
(Qoku, 2019).In a recent review paper, research regarding conditions that
influence ettringite stability in ternary binders composed of CAC—-PC-C$
and CSA-PC-C$ were synthetized. The authors highlighted limitations of
current analytical techniques and proposed techniques for further research.
One special focus was the use of MAS NMR spectroscopy as well as
Xray/Neutron imaging techniques (Noor et al., 2023a).

Environmental exposure studies are relatively limited in ettringite systems
(Lamberet, 2005) and this remains an area for further work, particularly as
interest in these systems grows for outdoor application. Mechanical
properties and volume stability are amongst the most used techniques for
investigation. Neutron radiography was recently used to investigate the
efficiency of curing in high early strength systems (calcium sulfoaluminate,
calcium sulfoaluminate — OPC blends, and accelerated OPC system).

*Corresponding author: E.Qoku@ibmb.tu-bs.de
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Ettringitic systems were shown to develop a discontinuous microstructure
at a smaller depth compared to OPC systems, have lower evaporable water,
and that a surface coating of curing compound applied after finishing and
near initial set was generally the most efficient curing technique. (Noor,
2023b).

In this short summary we show selected results related to microstructure
and performance of CAC rich ternary binders, with a special focus on MAS
NMR spectroscopy, thermodynamic modelling and performance-based
data. For the performance-based study, these systems were investigated
for stability (volume, strength, phase assemblage) under exposure to
different conditioning regimes. A detailed review of the role of temperature
and relative humidity (RH) on ettringite based systems can be found in
(Noor et al., 2023a).

PC (%)
Fig.1: Composition of the systems in the ternary diagram described in this work.

A detailed description of each of the above compositions can be found in
the literature (Qoku, 2019) and (Noor, 2023b).

KEY FINDINGS

The hydration and microstructure of ettringite based systems is depended
on several factors, such as water to solid ration, OPC/CAC ratio, type of
sulphate or mineralogical composition of the raw cements. For instance, Fig
2. shows data from thermodynamic modelling and 2’Al MAS NMR for a CAC
rich composition (M3), with three different types of CAC cement. The main
difference of the CAC cements is their chemical and mineralogical
composition with (M3-c) having the highest content of alumina.

Modelled hydrate phase assemblage for formulations (M3-a) and (M3-b)
predict the formation of ettringite, monosulphate, AHs, and stratlingite, along
with Si—hydrogarnet with iron incorporation. In both cases the amount of
predicted ettringite, increased up to 7 days of hydration and afterwards
decreases. Experimentally from QXRD, the content of ettringite was
observed to decrease from day 1 of hydration. Hydrogarnet was
experimentally observed only at 28 days of hydration. By comparing system
M3(a) and the main difference is route of stratlinigte formation. In the first
case (Fig.2a) it occurs through the consumption of AHs, whereas in the
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second system (Fig.2b) the precipitation of stratlingite is predicted earlier
during hydration and is proposed that formation occurs through the
hydration of gehlenite. These observations were supported from TGA and
QXRD experimental data where decrease of AHs content and enhanced
degree of hydration of C2AS over time was observed respectively.

Fig.3b shows the 2’Al MAS NMR experimental spectra for M3-c hydrated
compositions at 1 and 28 days of hydration. The anhydrous CAC is
characterized by signals in the range of 75 — 80 ppm, which corresponds to
the Al (IV) coordination of anhydrous phases such as CA, C2AS, CA:.
Ettringite and other signals related to the Al(VI) coordination are also
indicated. The signal at 10.5 ppm includes the contributions of AHs,
monosulphate and possibly C-A-H phases. Surprisingly for this system,
stratlingite is also detected by the tetrahedrally coordinated aluminum sites
~68.5 ppm at 28 days of hydration. The detection of stratlingite in this case
remains unclear, as AHs was found to increase experimentally over time
whereas the content of gehlenite in high alumina CAC is relatively low.
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Fig.2: Thermodynamic modelling and 2’Al MAS NMR data for M3 ternary binder. The
figure has been adapted from (Qoku, 2019).

To investigate the performance of these systems in simulated exterior
conditions two main conditioning regimes were investigated: exposure at
23C and 50% RH; 60C and 50% RH. Selected results for dynamic vapor
sorption after long-term conditioning are shown in Fig.3 for M1 and M2
controls and M1 and M2 with the addition of 1.5% styrene acrylic latex
(SAL). In general, the CAC-rich system (M2) showed a higher quantity of
ettringite formation compared to the OPC-rich system (M1) and this resulted
in less shrinkage, and a more stable retention of ettringite quantity over the
course of conditioning. It was noted that both systems experiences little to
now compressive strength loss over time. However, at 50% RH the M2
system did show a decrease in flexural strength. The flexural strength in the
M1 also showed a reduction in strength at elevated temperature; this system
was less sensitive to RH changes than the M2 system.

Styrene acrylic copolymer latex (SAL) is often used in cementitious
materials for building chemistry applications. The role of SAL on ettringite
stability in these systems is not completely clear. A typical dosage rate is
1.5% SAL by mass of cementitious material and that was investigated as
an addition in M1 and M2 systems following the same conditioning regimes

71



as previously outlined. Further, ettringite stability was also investigated
using quantitative XRD and dynamic vapor sorption between 10-50% RH.
In the most aggressive condition (60C and 0% RH) there was a decrease in
ettringite content in the M2 system up to 7 days, with no further change
noted after 28 days. In contrast, the ettringite content increased in the M1
system up to 7 days and then after 28 days did not show further change.

In the M1 system, the surface water adsorption was lower in 1.5%SAL
samples at 60C-50%RH samples measured by dynamic vapor sorption
(DVS) measurements. However, no significant improvement was observed
in M2 systems.

Fig.3: Dynamic vapor sorption isotherms for M1 and M2 systems with and
without 1.5% SAL, after conditioning (from Noor, 2023b).

FUTURE RESEARCH NEEDS

e Ettringite systems exhibit complexity in the microstructure and only a
multi-method approach allows for a full understanding of mechanisms
that govern hydration, durability, and performance. These vary systems
based on composition, exposure, and conditioning.

e Chemical thermodynamic modelling, reactive transport modelling and
machine learning can help to optimize the systems and perhaps reduce
or better focus experimental work.
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ABSTRACT

Ternary mixtures composed of calcium aluminate cement (CAC), Portland
cement (OPC) and calcium sulfates (C$Hx) are commonly used as tile
adhesives, self-levelling compounds, repair cements or technical mortars.
Different setting and hardening times as well as expansion, shrinkage and
early strength can be easily controlled by varying the proportions of the
three components. Many studies have shown that formation of different
hydrate phases in the mixtures is strongly influenced by both the OPC/CAC
and the CAC/C$ ratio. In general, calcium aluminates (C3A and/or CA) can
react with the calcium sulfate, which is leading to formation of ettringite.
However, the quality of the CACs, which is related to the reactive clinker
composition, also influences the composition of the phase formed during
and after hydration in the mixture. Depending on the CAC and C$ content
or limestone addition (Cc), the conversion of ettringite to AFm (monosulfate
or -carbonate) can also be accelerated or prevented.

The influence of two different CACs (iron-containing and iron-reduced) on
the hydration of application-related ternary mixtures was therefore
investigated. The reaction kinetics were determined using heat flow
calorimetry and quantitative X-ray diffraction analysis (QXRD). Storage
samples for up to 90 d at 10 °C and 23 °C were examined with G-factor
method in order to clarify the influence of the CA and iron content of the
respective clinker on the stable hydrate phase composition and on the
amorphous phase content. It could be shown what differences in the phase
composition occur during storage at 10 °C or 23 °C. In addition, strength
measurements could provide further insights into the influence of the
various CACs on the development of strength during hydration.

*email address of corresponding author
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INTRODUCTION | BACKGROUND

The hydration behaviour and resulting properties of cementitious materials
can be finely tuned by combining calcium aluminate cement (CAC), ordinary
Portland cement (OPC), and calcium sulfates (C$Hx). A decisive factor
controlling hydrate phase development in these systems is the balance
between OPC and CAC, as well as the amount of calcium sulfate relative to
the aluminate phases [1]. In the presence of sufficient sulfate, reactive
calcium aluminates such as CA or C3A preferentially form ettringite during
early hydration. Thereby, the mineralogical quality and reactivity of the CAC
clinker can play a crucial role in determining which hydrate phases form and
remain stable over time. Furthermore, depending on the availability of
silicon and the relative calcium aluminate content left during the late
hydration reaction the formation of straetlingite may occur [2]. The hydrate
phase development of such a ternary mixture was therefore investigated in
relation to the added CAC source, examining the role played by the iron and
silicon contained in the CAC during hydration.

METHODS
An Fe-rich CAC (CAC 40) and an Fe-reduced CAC (CAC 50) were each
examined in combination with OPC and hemihydrate (C$Ho.5) with a w/s
ratio of 0.65 (Table 1 and Table 2). An additional 0.003 wt.% citric acid was
added to both pastes to delay the reaction and thus ensure good workability
of the paste.

Table 1. XRF analysis of the components used, sulfate content was determined by
nephelometry.

[wt. %] CAC 40 CAC 50 OPC Hemihydrate
CaO 35.1 36.7 65.1 39.2
Al2O3 39.6 53.3 4.9 0.2
SiO2 4.2 3.9 19.9 0.7
Fe203 17.1 1.3 3.3 -
MgO - 0.1 1.0 -
TiO2 1.9 2.5 0.2 -

K20 0.2 0.3 0.6 -
SOs3 - --- 3.2 54.9

LOI 1.3 1.8 1.9 5.0

Table 2. Compositions of the used mixtures with w/s=0.65.

CAC40mix CAC50mix
CAC 40 (Fe-rich CAC) 31.8 ---
CAC 50 (Fe-reduced CAC) --- 31.8
OPC 15.2 15.2
Hemihydrate (C$Ho.5) 13.6 13.6
Water (H20) 39.4 39.4
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The phase composition of storage samples after 1, 7, 28 and 90 d at 23 °C
and 10 °C was examined using quantitative X-ray diffraction analysis. The
samples were stored at 100% r.H., then sawn in half and a fresh surface
was prepared using sandpaper. At least two samples were stored for each
test point and each mixture, so that four samples per test point could be
measured after sawing. A Rietveld analysis was performed using the
TOPAS 5.0 software and the absolute crystalline phase composition and
amorphous fraction were determined using G-factor analysis [3].

KEY FINDINGS | CONCLUSIONS

The QXRD analysis of the storage samples at 23 °C for both systems is
shown in Figure 1. The upper section shows the development of the clinker
phases, with the triangles near the left axis indicating the starting contents.
The lower section displays the hydrate phases and the amorphous fraction.
Only minor differences between the two systems and thus between the two
CACs can be seen. In both systems, CA and hemihydrate in particular
reacted within one day, forming ettringite. In CAC40mix, CA has completely
reacted after 7 d, while in CAC50mix CA takes 90 d. C2S and CsS were
dissolving in both systems within 90 d. CsA and C4AF dissolved in
CAC40mix within 90 d. It is remarkable that gehlenite (C2AS) reacted
completely in both systems within the measurement period.

Figure 1. Main phase composition of stored samples determined with QXRD after 1, 7, 28
and 90 d at 23 °C; triangles on the left side of the upper sections indicate the starting
values of the phases in the paste (C$Ho s is not shown as it dissolves within 24 h).

After the maximum possible amount of ettringite (calculated based on
sulfate content) has formed at the beginning of hydration, ettringite
dissolved again during late hydration. Additionally, during the late hydration,
monosulfate (partly from the dissolving ettringite) and straetlingite (from the
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Si-containing clinker phases such as gehlenite) were precipitated. In the
CACS50mix system, small amounts of crystalline AH3 can also be detected.
The results at 10 °C are shown in Figure 2, whereby the structure of the
Figure is comparable to Figure 1. No significant difference in the (hydrate)
phase development can be observed. Only a delay in the hydration reaction
is visible, particularly with CAC40mix, as CA only dissolved significantly
after 28 d, initially formed gypsum (from the hemihydrate) redissolved and
only then the maximum possible amount of ettringite was detected.

In conclusion, it can be said that, despite different CACs, no significant
differences occur during hydration at either 23 °C or 10 °C with regard to
the phase development.

Figure 2. Main phase composition of stored samples determined with QXRD after 1, 28
and 90 d at 10 °C; triangles on the left side of the upper sections indicate the starting

[1]

[2]

[3]

values of the phases in the paste (C$Hos is not shown as it dissolves within 24 h).
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ABSTRACT

Ettringite (AFt) is a key phase influencing the early-stage hydration and
rheology of calcium aluminate, calcium sulfoaluminate and blended
cements. However, a quantitative and mechanistic understanding of early-
stage hydration - specifically nucleation and growth - remains unclear.
Through a controlled titration-precipitation method, we synthesized AFt
monitoring the physiochemical process through potentiometric techniques
including ion selective electrodes (ISE). These data are further implemented
to a model framework based on classical nucleation theory (CNT) and
population balance model, estimating thermodynamic parameters such as
solubility, interfacial energies alongside the nucleation kinetics. Addition of
polycarboxylate ethers (PCEs) were observed to stabilize monosulfate
(SO4-AFm), in addition to causing nucleation delay. A concentration
dependence of PCEs on this effect was also observed. Along with the
model, crucial insights on the nucleation and growth stages could be
obtained, even in presence of various admixtures. This could potentially
open a new domain of design and development of various admixtures,
optimizing the workability in blended cements.
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BACKGROUND

To advocate for the decarbonization of the construction sector,
supplementary cementitious materials (SCMs)'are widely investigated as
clinker replacement, as clinker production accounts for 8% of anthropogenic
global CO2 emissions. Such SCM containing blended cements often faces
challenges maintaining durability and strength of concrete, necessitating the
usage of superplasticizers (SPs). In the early stages of cement hydration,
calcium sulfoaluminate hydrates, particularly ettringite (AFt) plays a key role
in influencing the yield stress?* due to its network of high aspect ratio
needles, affecting the rheological behaviour®. While this could be mitigated
through PCEs due to their dispersion abilities, their interaction and influence
on the early formation stages are of extensive research®-2 indicating a high
affinity of PCEs to adsorb on AFt. Additionally, a delay of cement hydration
in the presence of PCE has been widely reported with various mechanisms
proposed.

Most of the previous studies have been carried out in (model) cements with
the interference of other phases and often at uncontrolled (T, pH)
conditions. A clear understanding of the interaction of PCEs in the early
hydration stages requires isolation of the reacting phases and efficient
monitoring. In our study, we focus on the calcium sulfoaluminates and their
interaction with PCEs through a controlled titration-precipitation
methodology. Dilute concentrations of the constituent ions allow sufficient
timeframe to uncover the nucleation and growth effects of the solid
formation, monitored through potentiometric measurements and
subsequent model framework.

METHODS

AFt was synthesized in a controlled titration — precipitated method, where
dilute solution of CaCl, was titrated to the solution containing excess
Alx(SO4)3 and NaOH at constant T (22°C) and pH (12.4), to remain within
the stability limit of AFt. The solid formation was monitored through Ca?*
ISE, conductivity and pH electrodes, correlating depletion of ionic species.
Additionally, an optical electrode was used to monitor the evolution of solid.
All these data are obtained in timestep of 5s throughout the experimental
timeframe of 3-4 hours. To investigate the influence of PCEs, it was added
in early addition mode i.e. before start of titration. PCEs with varying charge
density and side chain lengths were used.

Further, these temporal data were introduced into a model framework. The
activity coefficients of the species were estimated through extended Debye-
Huckel approximation and further saturation of the system was estimated at
each time step. For Ca?* species, ISE potential was translated to activity.
The kinetic model was formulated based on CNT assuming primary and true
3D secondary nucleation. A linear growth rate was estimated through
assumption of Ca?* diffusion growth validated through maintaining excess
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of Al2(SOa4)3 in the starting solution. A monovariate population balance with
non-linear class size distribution was implemented for modelling the
evolving particles.

KEY FINDINGS

Preliminary thermodynamic model revealed the supersaturation of AFt,
SOs- AFm and gibbsite in our experimental conditions. The saturation of AFt
was found to be 10° times higher than that of SO4-AFm. In the experiments
without PCEs, AFt was predominantly formed, with a small fraction of SOs-
AFm occurring in few experiments and no gibbsite formation. Notably, our
experimental conditions are in the excess sulfate regime that should ideally
favour AFt formation.

When PCEs are added, the system shifted towards forming SOs-AFm as
the predominant product. In some cases, minor amount of AFt was
observed. The PCEs with lower sidechain lengths induced a higher delay of
nucleation (delay = 35 mins) as compared to the PCEs with higher sidechain
lengths (delay =15 mins), even with the varying charge density of backbone.
From the perspective of delay in nucleation, it is probable that PCEs with
the higher side chain lengths might not effectively interact with the surface
or evolving entities as compared to the ones with shorter side chain lengths.

When PCEs were dosed in varying amounts, delay in nucleation was
observed to increase with concentration. Similarly, phase assemblage shifts
from AFt dominated to SO4-AFm dominated with increase in PCE
concentration. However, the threshold concentration to shift towards SOs-
AFm also varies with PCEs. TEM analysis during the evolution of solid
formation, in the absence of PCEs, validated the simultaneous presence of
both the phases from the start, without intermediate transformation.
However, to reveal the mechanistic influence of PCEs, further in-situ
measurements during the solid growth are underway.

Thermodynamic parameters such as saturation, solubility of the freshly
precipitated solid, interfacial energies corresponding to both primary and
secondary nucleation are estimated based on model calculated wrt
predominantly formed phases. Furthermore, based on the time resolved
data, growth of the needles or SO4-AFm platelets in case of PCE
experiments are estimated. Thereby, we could obtain the fundamental
information on the early stages and correlate physically significant
parameters which are crucial for further design and development of various
admixtures.
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Figure 1. Influence of PCE on the solid formation in the controlled titration methodology
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ABSTRACT

The incorporation of Calcium Aluminate Cements (CACs) into modern
building chemistry products enable rapid set, fast hardening and quick
drying. Apart from application demands, the CO> footprint of the products
needs to be lowered as well to minimize climate impact. One avenue to
reduce COz is to decrease the cement content in the product formulation.
The patented CAC Flex offers a solution due to its high reactivity and the
cement saving potentials are demonstrated by a comparison with CACS50
and CAC505 in a Self-Levelling Compound (SLC). CAC505 offers
increased cement fineness when compared to the reference CAC50,
enabling a reduction of the CAC content by 10 % without sacrificing product
performance. CACFlex combines the increased cement fineness with a
higher content of the main reactive phase CA. As a result, SLCs containing
CACFlex display better performance than the reference even after reducing
CAC in the recipe by 20 %. The in-situ XRD and calorimetry investigations
presented give insights in SLC phase development and reaction kinetics.

INTRODUCTION
The combination of CAC, Ordinary Portland Cement (OPC) and a sulfate
source into a ternary system is characterized by ettringite formation, rapid
hardening and quick drying and is the basis for SLCs [1]. The contribution
of CAC to the SLCs’ CO2 footprint is not negligible as they are a main
component of the binder system. More efficient CACs can be used at a
lower dosage, thus improving the overall CO2 balance. There are various
ways to achieve higher efficiency of the CACs. Increasing the cement’s
fineness results in more small particles partaking in the early reaction with
water. Klaus et al. [2] showed that the fineness of the main reactive phase
monocalcium aluminate (CA) influences the degree of hydration with an
increased CA fineness leading to a higher value. Further studies proved that
highly efficient CACs enable the formulator to either boost overall
performance or to reduce the CAC amount in the formulation without
impairing physical-mechanical properties and with only slight formulation
adjustments required [3][4]. The present study expands on these results
and investigates how the cement content can be further reduced in SLC
formulation by not only increasing the cement’s fineness but also increasing
the amount of the reactive mineral phase CA.

*Alexandra.Gerz@calucem.com
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METHODS

Three CACs with an Al2O3 content between 50-55% are included in this
study: Reference CAC50 has a specific surface area of ~3500 cm?/g,
whereas the CAC505 and CACFlex offer higher fineness with a Blaine
above 4000 cm?/g. CAC505 has a reduced Ci2A7 content compared to
CAC50. While CAC50 and CAC505 have similar CA content below 70%,
CACFlex has a CA content above 70%. SLC mix designs are displayed in
Table 1. Formulations are adjusted to an open time of approx. 30 min.

Table 1. SLC mix compositions

Sample name SLC50 SLC505 SLCFlex
Binders [%] CAC 50 20
CAC 505 18
CAC Flex 16
OPC (CEM 1 52.5 R) 6 6 6
Sulfate (a-Hemihydrate) 6 6 8
Aggregates [%] Quartz sand 394 41.4 41.4
Limestone filler 28.6 28.6 28.6
Admixtures™ [%] Hydrated Lime 1.2 1.2 0.6
Accelerator and Retarder 0.59 0.59 0.50
Plasticizer, Stabilizer, Defoamer 1.5 1.5 1.5
and Redispersible Polymer Powder
Water addition™ [%] 22 22.5 22.5

*Admixtures and water are added on top of main components (binders + aggregates = 100%)

Cement hydration was characterized in a paste with w/c=0.7 using an
isothermal microcalorimeter. Flowability was determined with a 68 x 35 mm
flow ring. Compressive strength was tested using 40 x 40 x 160 mm prisms
according to EN 196-1 after 4h, 6h, 24h and 28d (storage conditions: 20 °C,
65% RH). The hardening process was examined with ultrasonic
measurements. SLC hydration was characterized by isothermal
microcalorimetry at 20°C. In situ XRD was performed with a cooling stage
at constant 20°C with the sample covered with Kapton® foil. Rietveld
refinements were performed using Topas with external standard method.
Results are considered semi-quantitative due to challenges in the
experimental setup like e.g. short measurement times and sedimentation.

RESULTS

CAC50, CAC505 and CAC Flex calorimetry paste results are displayed in
Figure 1. The initial heat release is associated with the dissolution of the
binder in the mixing water and the additional energy uptake of the system
during rapid stirring [2]. After the subsequent induction period the main
asymmetrically shaped hydration peak of CAC50 and CACS505 starts to
develop. CAC505 shows a delayed and more intense hydration reaction.
On the other hand, CACFlex has a shorter induction period. The peak is
narrow with a nearly symmetric rise and fall, indicating a punctuated and
intense hydration reaction. Correspondingly, the total heat increases
steeply and reaches 400 J/g within 5.2 h after the reaction starts.
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Fig. 1: Heat flow calorimetry of CAC50, CAC505, and CACFlex (paste with w/c = 0.7)

Calorimetry results of the SLCs are displayed in Figure 2, showing three
reaction peaks P1, P2 and P3. P1 directly follows the start of hydration, due
to the dissolution and stirring energy input. The shape of P2 is comparable
for CAC50 and CAC505, but CAC505 reaches a higher maximum heat flow.
A third broad reaction peak (P3) follows, which starts earlier in case of
SLC505. The SLCFlex heat flow curve also shows three peaks but with
different intensities and timings. P2 reaches its maximum earlier and
overlaps with P3 reaction peak. The corresponding ultrasonic
measurements show a similar hardening for SLC50, SLC505 and SLCFlex.
Two major velocity increases can be observed concurrently with the heat
flow reaction peaks P2 and P3. The main difference is the speed of the
hardening process and the maximum velocity reached, in ascending order:
SLC50<SLC505<SLCFlex. Corresponding phase development is
qualitatively identical for all samples. In reactions P2 and P3 ettringite is
formed. a-Hemihydrate (Bassanite) acts as a sulfate source for ettringite
formation and continuously decreases due to its consumption in reactions
P2 and P3. CA depletion mainly coincides with reaction peak P3. The major
share of ettringite is formed in reaction P3 in all samples. The ratio between
the determined ettringite values indicate an increased ettringite formation
for SLCFlex, as compared to SLC505 and SLC50. The increased ettringite
formation is likely not only due to the increased availability of CA, but also
due to a higher sulfate content in the formulation.

Fig. 2: Heat flow calorimetry of SLC50, SLC505, and SLCFlex with corresponding
ultrasonic measurements (left) and corresponding semi-quantitative phase development
— only phases involved in the reaction are included (right)
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Application tests of the SLCs are displayed in Figure 3. SLC50 shows good
initial flow and a slight flowability decrease after 15 min, caused by the start
of the P1 reaction shortly before the 30 min flow. SLC505 and SLCFlex
achieve stable and higher flows over 30 min. SLC50 and SLC505 show a
comparable compressive strength development up to 28 d, though SLC505
contains 10 % less CAC. SLCFlex with 20 % less CAC in the recipe reaches
slighter higher compressive strength after 4 h and 6 h due to an intense
ettringite formation.

Fig. 3: Flowability [mm] after 5 min, 15 min, 30 min (left) and Compressive strength [MPa]
after 4h, 6h, 24h, 28 d (right) of SLC 50, SLC 505 and SLCFlex

CONCLUSION

Results confirm the possibility of CAC reduction in the SLC formulation by
using CAC505 (10 % less) and CACFlex (20 % less) without sacrificing
application properties. Increased cement fineness leads to a higher early
availability of CA for the ettringite formation. Only slight formulation
adjustments are required when switching from CAC50 to CAC505. CACFlex
combines higher cement fineness with increased CA content resulting in a
punctuated, intense, and nearly symmetrical hydration peak, highlighting its
high reactivity. To match the higher reactivity requires a sulfate increase in
the SLC formulation but also allows to use less admixtures. The SLCFlex
shows an enhanced ettringite formation which causes an overlap between
the associated reaction peaks P2 and P3, leading to a homogeneous
reaction. Within the first 6 h SLCFlex displays the highest heat evolution,
velocity, and early compressive strength values even at 20 % reduced CAC
content. This points out the possibility to reduce the CAC content even
further and to save additional CO: in the overall SLC balance.
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ABSTRACT

One of the challenges of the precast industry is the ability to quickly increase
productivity to face demand peak for specific job sites. Thermal curing is a
classical option, but it can be limited by availability of heating devices and more
challenging the effectiveness when an ultra-fast turnaround (4h) is required.
Incorporating ettringite accelerator (EA) based on calcium aluminates as strength
boosters is a more effective option’2. A complementary study showed that
incorporating such a type of EA in a self-compacting concrete (SCC) formulation
for the precast industry led to an improvement of the resistance to chloride and
had no significant effect on carbonation®. The focus of this study is to investigate
the strength development of an SCC formulation including 50kg/m?3 and 100kg/m?3
of EA as Portland cement substitute.

Compressive strength can reach up to 17 MPa at 6h with 100 kg/m?3 of EA with
30 min workability, versus no strength at 6h for the non-accelerated formulation.
Early strength is mainly due to early ettringite formation. No decrease in strength
over time have been observed with EA, reaching the same or higher strength
level at 1 year than the non-accelerated reference. The degree of hydration of
C3S remains more or less the same for all investigated systems. Pore structure
assessment at 28d shows that the system incorporating 100kg/m3 EA has the
lowest total porosity.

INTRODUCTION

Heat curing effectiveness is physically limited when an ultra-fast turnaround (4h)
is required. The necessity of a mandatory "preset period" to prevent thermal
expansion damage, combined with strict limits on the rate of temperature rise to
avoid cracking, makes it nearly impossible for heat-based systems to achieve
release strength within such a narrow window. EA accelerators can bypass the
delays of traditional curing cycles, achieving high early strength at ambient
temperatures while eliminating the energy costs and infrastructure maintenance
associated with steam production.

*sarra.elhousseini@imerys.com

85


mailto:sarra.elhousseini@imerys.com

METHODS

Flow measurements on fresh concrete were carried out at 20°C according to EN
12350-8. Compressive strength measurements on concrete were carried out
according to EN 12390-3. To understand the strength results, X-Ray Diffraction
(XRD) measurements were carried out using a Bruker, D8 Advance device. The
used program starts at 20 = 5° and ends at 80° with a step size of 0.01°. The
Rietveld quantification method is used with the Topas V6.0. software from Bruker
to quantify the ettringite and the unreacted C3sS contents. The external method
was used to quantify the amorphous content. Thermogravimetric analysis (TGA)
were carried out with NETZSCH device, open crucible. The measurement starts
at 30°C and ends at 1000°C with a temperature ramp of 10°C/min under N2
atmosphere to avoid carbonation. The bound water content is obtained from the
differences between the mass losses between 30°C and 550°C. Pore structure
was characterized by Mercury intrusion porosimetry (MIP) using a Porotec 140
and 440 devices. The contact angle between mercury and concrete is 140°.

Three systems are investigated: the reference and the reference
accelerated with 50 and 100 kg/® of EA (amorphous calcium aluminate and
anhydrite Al203=23%, Ca0=42%, SO3=30% from Imerys).

RESULTS

Applicative results

Figure 1 (a) and (b) respectively show the flow measured at 5 and 30 minutes
and the compressive strength results of concrete samples up to 1 year for the
reference, the reference accelerated with 50kg/m?® EA and -100kg/m?3. Results
show that concrete accelerated with EA is still within the SF2 requirement needed
for our SCC. Regarding the compressive strength, a clear acceleration of the
compressive strength development at 6h thanks to the use of EA without
compromising the long-term strength. The compressive strength at 6h increases
with the % of EA. This is suitable for precast concrete applications where a rapid
strength development is needed to increase production cycles.

(a) (b)

Figure 1 Flow values at 5 min and 30 min (a) and compressive strength development at 6h,1d,
28d,180d and 1 year (b) for the reference, reference with 50kg/m3 EA and -100kg/m3 EA.

86



Understanding the compressive strength results

Ettringite content and degree of hydration of C3S by XRD

Figure 2 (a) and (b) show respectively the ettringite and the hydration degree of
C3S (DoHcss) calculated at 6 hours and 1 year on concrete samples. Results
show that mixes incorporating EA leads to a higher ettringite content than the
reference. The higher the EA content is the higher the ettringite content is both at
6h and 1 year. This explains the higher strength at 6h in systems incorporating
EA. On the other hand, the hydration degree of CsS at 6h is slightly lower than
the reference with 50kg/m3 EA. With 100kg/m?® of EA, the difference in terms of
DoHecss is not significant. XRD-Rietveld results are coherent with the compressive
strength results. It is worth noting that no conversion products (C3AHs, C2AHs,
CAH10) have been detected by XRD. This is thanks to the presence of calcium
sulfate that changes the phase assemblage and leads to ettringite formation
instead.

(2) (®)

Figure 2 Ettringite content (a) and hydration degree of C3S at 6h and 1 year for the
reference, reference with 50kg/m3 EA and -100kg/m? EA.

Bound water content by TGA

Figure 3 gives the bound water content from TGA for the reference, the reference
with -50 and 100kg/m?3 EA at 6h and 1 year. Results show that the bound water
content is higher at 6h for mixes incorporating EA compared to the reference.
This could be explained by the fact of having comparable or only slightly lower
degrees of hydration of C3S with additional ettringite content from the EA reaction.
At 1-year, comparable bound water values are obtained between the reference
and the system with 50kg/m® EA. The concrete mix incorporating 100kg/m® EA
have a higher bound water content. This could explain the slightly higher
compressive strength obtained at 1 year with this dosage of EA.
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Figure 3 Bound water from TGA at 6h and 1 year for the reference, reference
with 50kg/m3 EA and -100kg/m? EA.

Pore structure characterization through MIP at 28d

To confirm that incorporating EA does not induce an increase of the porosity, the
pore structure was characterized after 28d of hydration of concrete samples.
Results are plotted in Figure 4. Similar total porosity with 50kg/m3® compared to
the reference is obtained. A reduction of the total porosity is observed with
100kg/m? of EA highlighting the positive effect of incorporating EA. The reduction
of porosity is attributed to the additional ettringite formation and its good capacity
to fill space. On the other hand, it can be seen that the reference has the smallest
critical pore entry size followed by 50kg/m3 then by 100kg/m? of EA.

(a) (b)

Figure 4 Total porosity (a) and cumulative pore volumes at 28d for the
reference, reference with 50kg/m3 EA and -100kg/m? EA.

CONCLUSIONS

The incorporation of EA as a partial Portland cement substitute (50 kg/m?* and
100 kg/m?) successfully accelerated the early-age strength development of the
self-compacting concrete (SCC) formulation, achieving 6h compressive strength
up to 17 MPa while maintaining long-term performance, with no detrimental
strength decrease up to 1 year. This acceleration is primarily attributed to a higher
early-age ettringite content, as confirmed by XRD-Rietveld analysis, with no
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detection of conversion products. Furthermore, the 100 kg/m® dosage positively
impacted the microstructure, leading to a reduction in total porosity (MIP).
These findings demonstrate the feasibility of using EA based on calcium
aluminates as Portland substitutes in a SCC precast formulation without major
changes in the phase assemblage and with no long-term strength decrease.
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ABSTRACT

Quaternary cementitious systems consisting of calcium aluminate cement (CAC),
ordinary Portland cement (OPC), calcium sulfate (C$), and supplementary
cementitious materials (SCMs) can be designed to obtain systems having
improved performance compared to individual binder components. The
incorporation of SCMs is important not only for modifying hydration behavior and
performance, but also for reducing clinker content and improving sustainability. In
this study, the hydration behavior of CAC-OPC-C$-SCM quaternary systems was
investigated under different curing temperatures. Ground granulated blast furnace
slag (GGBFS) and natural pumice (NP) were selected as supplementary
cementitious materials to observe their influence on hydration kinetics, phase
development, setting behavior and strength progression. The effect of curing
temperature was also considered because CAC-containing systems are highly
sensitive to temperature changes. The study aims to understand how the
incorporation of different SCMs affects the hydration behavior of CAC-based
quaternary systems. Results showed that the type of SCMs has influences on the
reaction mechanism depending on their chemical composition, physical properties,
and reactivity. While slag can contribute to the system due to its latent hydraulic
character, natural pumice can affect hydration through its pozzolanic nature and
filler effect. Overall, this study focused on the interaction between SCM type and
curing temperature in CAC-OPC-C$-SCM systems and provides a basis for
optimizing these binders for rapid repair and specialty mortar applications.

ozge.demirdogan@metu.edu.tr / ozge.demirdogan@ sabancibs.com
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INTRODUCTION | BACKGROUND

In ternary systems, ordinary Portland cement (OPC), calcium aluminate cement
(CAC), and calcium sulfate are combined to generate a system having superior
properties compared to individual properties of their components. These systems
can be used in different applications such as self-leveling mortars, tile adhesives,
grout mortars, and rapid repair mortars because they can provide rapid setting,
rapid hardening, shrinkage, or expansion compensation properties [1, 2]. In these
systems, ettringite is formed as a major hydration product at early ages, which
plays a key role in strength development and dimensional stability. A ternary
system composed of OPC, CAC, and calcium sulfate can be prepared as OPC-
based or CAC-based depending on the mixture ratio and application requirement.
The formation mechanism of ettringite depends on the availability of sulfate ions
and the reactivity of the aluminate phases present in the system [3]. Since CAC
introduces additional reactive aluminate phases into the system, hydration kinetics
and phase assemblage differ significantly from pure OPC systems. In CAC-based
systems, ettringite and gibbsite are generally the main hydration products, and the
formation of ettringite plays an important role in early-age behavior and volume
stability [4]. Moreover, previous studies have shown that the stability of ettringite in
OPC-CAC-C$ systems is strongly affected by environmental conditions such as
temperature and relative humidity, which can influence phase assemblage and
long-term performance [5]. Supplementary cementitious materials (SCMs) can be
incorporated into these systems to improve performance and sustainability. The
addition of SCMs can decrease clinker or cement amount, contribute to lower
carbon dioxide footprint, and modify hydration reactions. Also, depending on their
properties, SCMs can act as filler materials, participate in pozzolanic or latent
hydraulic reactions, and influence the pore structure of the system. In previous
studies, slag addition was reported to improve strength and durability of OPC—
CAC-CS$ systems, especially in aggressive environments [6, 7]. Furthermore, the
stability of hydration products, particularly ettringite, has been shown to be closely
related to moisture availability, pore structure, and phase assemblage, which can
be influenced by SCM incorporation. Curing temperature is another important
parameter for CAC-containing systems because hydration reactions of CAC are
temperature sensitive. It has been reported that increasing temperature and
decreasing relative humidity can significantly affect ettringite stability, leading to
dehydration, phase transformation, and changes in mechanical and dimensional
properties [8]. In this study, ground granulated blast furnace slag and natural
pumice were selected as SCMs. Slag was chosen due to its latent hydraulic
character and its potential contribution to additional hydration reactions. Natural
pumice was chosen as an alternative pozzolanic material because it can contribute
to sustainability and may affect hydration behavior through its fine particle size and
reactive silica content. Therefore, the combined effect of SCM type and curing
temperature should be investigated to understand the behavior of CAC-OPC-C$—
SCM quaternary systems. Although there are studies related to ternary systems,
the effect of different SCMs on CAC-based quaternary systems under different
curing temperatures is still limited. Therefore, this study aims to investigate the
hydration behavior of quaternary systems including SCMs and to provide
information for further optimization of these binders.
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METHODS

Calcium aluminate cement (CAC 40), ordinary Portland cement (CEM | 42.5 R),
and four different calcium sulfate sources, anhydrite (A), a-hemihydrate (H),
natural gypsum (G), and phosphogypsum (PG), were used to prepare CAC-based
binder systems. In order to evaluate the effect of sulfate source, the binder
composition was kept constant, and only the type of calcium sulfate was varied.
Also, at the same ratio of SCMs was substituted for CAC-ternary binder systems
by diluting the composition of CAC-ternary binder systems. Ground granulated
blast furnace slag (GGBFS) and natural pumice (NP) was chosen as the types of
SCMs. The physical properties of the materials used to generate quaternary
systems are given in Table 1. All cement paste samples were prepared with a
constant water-to-binder ratio of 0.5. To assess the temperature sensitivity of each
formulation, curing was carried out at 5 °C, 23 °C, and 45 °C. The hydration
behavior, phase evolution, setting characteristics and strength performances of the
systems were investigated. Isothermal calorimetry was used to observe the
hydration kinetics. In addition, X-ray diffraction (XRD) analysis was performed to
identify the phase assemblage and to follow the evolution of hydration products.
Setting time measurements were carried out using automatic Vicat equipment to
determine the initial and final setting behavior. Early and long term compressive
and the flexural strength performances were also conducted. The selected
experimental methods were used to establish the relationship between sulfate
source and hydration behaviour under different curing conditions.

Table 1. Physical properties of components

PSD Ana A OP A D = »
D10 1.43 1.43 1.34 1.61 158 | 1.15| 1.56 1.17
D50 945 | 10.28 | 573 | 1546 | 13.15 | 7.71 | 9.62 | 4.79
D90 46.66 | 36.98 | 14.97 | 52.99 | 39.64 | 35.5 | 34.82 | 26.85
Mean Size 18.66 | 16.30 | 7.53 | 23.28 | 18.35 | 15.5 | 15.33 | 10.00
3 3 A OF B P
De g 3.25 3.1 2.91 2.36
= 0 3277 | 3250 | 5370 | 6011

KEY FINDINGS | CONCLUSIONS

According to the calorimetry results, both the type of calcium sulfate source and
the type of SCM have a significant effect on the hydration behavior of the systems.
Even though the binder composition was kept similar, different sulfate sources
resulted in clearly different reaction kinetics in both slag and pumice-containing
systems. Both type of SCMs and curing temperature significantly influenced the
hydration kinetics and product formation. In both systems, the a-hemihydrate-
containing mixtures show the fastest reaction with a high initial heat flow, indicating
rapid dissolution and accelerated early hydration. The anhydrite systems exhibit a
more gradual behavior with multiple peaks, suggesting slower but sustained sulfate
release. The gypsum systems show intermediate behavior, while phosphogypsum
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systems clearly present delayed hydration with a later main peak and broader
reaction profile. When the effect of SCM type is evaluated based on calorimetry
results, slag-containing systems show higher early-age reactivity compared to
pumice-containing systems. This indicates that slag contributes to hydration due
to its latent hydraulic character, while pumice mainly influences the system through
pozzolanic and filler effects. These observations are also consistent with the
setting time results. The hemihydrate systems show the shortest setting times,
while gypsum and phosphogypsum systems show significantly longer setting
times. Anhydrite systems again show intermediate behavior. Slag enhanced early-
age reactivity and caused earlier setting, particularly at elevated temperatures. On
the other hand, delayed hydration happened at lower temperatures. The strength
results also follow a similar trend for slag-containing systems. Systems with faster
early hydration generally show higher early-age strength, while systems with
delayed reactions show lower strength at early ages. Overall, it can be concluded
that both calcium sulfate source and SCM type play a key role in controlling
hydration kinetics, setting behavior, and strength development of CAC-OPC-C$
systems. Among the parameters studied, sulfate dissolution rate controls early-
age behavior, while SCM type influences both reaction kinetics and mechanical
performance.
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ABSTRACT
Mineral foam technology, despite being known for decades, has faced limitations
in use due to technical challenges. The main issues include slow setting and
hardening, low mechanical performance at early age, particularly in low-density
foams, as well as shrinkage problems, and limited application range.

To address these challenges, an ettringite accelerator (EA) based on
amorphous calcium aluminate and calcium sulfate has been developed.
Temperature monitoring, rheological measurements under oscillatory conditions,
mechanical characterisations, and dimensional variation measurements are
employed to understand the mechanisms involved. It has shown promising
results in improving performance: such as structure development and hardening
kinetics, enhanced mechanical strength and lower residual moisture. Thermal
expansion appears to be a key parameter to master dimensional change, a
compromise has to be found. The enhanced foams show potential for
applications in thermal insulation and lightweight system, high-rise construction
and to contribute to more efficient and sustainable construction practices.

INTRODUCTION | BACKGROUND

Improving building thermal efficiency is a global priority. While organic foams and
mineral wools dominate the market, they face challenges regarding flammability,
environmental footprint, and recyclability. Cementitious mineral foams offer a
promising non-combustible and recyclable alternative, with applications ranging
from load-bearing blocks (400-800kg/m?3) to high-performance insulation (<200
kg/m?3). However, pure Ordinary Portland Cement (OPC) foams are limited by
slow setting kinetics - causing fresh-state instabilities like coalescence and
drainage - and drying shrinkage leading to early-age cracking’.

In dense mortars, these reactivity and dimensional issues are successfully
mitigated by incorporating calcium aluminate cements and calcium sulfates in
propriatory binders such as LEAP FIT to trigger rapid ettringite formation?. It
therefore seems logical to extrapolate these results and apply this solution to
improve performance of mineral foams. A major scientific uncertainty exists: the
drastic reduction in solid matter (from 2000kg/m? in dense mortars to 70kg/m? in
insulating foams) fundamentally modifies the reaction environment. This research
aims to evaluate the performance of amorphous calcium aluminate and calcium
sulfate system as an ettringite-based accelerator (EA) to control setting kinetics
and compensate for shrinkage within these lightweight structures.

*jeannoel.bousseau@imerys.com
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RAW MATERIALS | FORMULATIONS | METHODS

Mineral foam production: the principle is to mix mineral slurry with a foamed
solution. Mineral slurries are mixed with a Gertec CIM30E during 4min at
1700RPM. Two slurries (d=2040kg/m?) are produced. The first is 100% OPC
based: 100 parts OPC CEM II B LL 42.5R (Holcim SPLC), 0.09 parts Conpac 500
(PCE) and 35 parts water. The second slurry is composed of 85 parts OPC, 15
parts LEAP FIT (EA: amorphous calcium aluminate and anhydrite Al2O3=23%,
Ca0=42%, S0O3=30% from Imerys), 0.4 parts Na>COs, 0.4 parts tartaric acid, 0.09
parts Conpac 500 and 35 parts water). The foamed solution (d=45kg/m?®) is
generated with a Gertec SBL (95 parts water and 5 parts Isocem SB — animal
protein + compressed air). The slurry and foamed solution are assembled in the
mixing chamber of the Gertec SBL with a volume’s ratio slurry/foam solution/air
of 20/4/76 to achieve a 440kg/m?® mineral foam wet density. Final targeted dry
density is 400kg/m3, the 100 OPC containing 299.2kg/m3 of OPC, the
850PC/15EA containing 254.3 and 44.9kg/m3 of respectively OPC and EA.
Oscillatory mode rheology: Anton Paar MCR 302 rheometer, vane geometry
and a cylindric cup are used. A Time scan is carried out through a G’ and G”
sweep over time: y = 0.1%, f =1Hz (strain below the visco-elastic domain limit,
material is not irreversibly destroyed). G’ (storage modulus) and phase angle ()
are collected to describe structuration from liquid to solid state (hydraulic set).
Dimensional change: Walter&Bai method allows continuous measurements
during plastic phase and beyond. Moulds (triangular, 6.5 x 6.5 x 6.5cm cross-
section, 36cm length) are poured with mineral foam, a plastic film is placed at the
surface to initiate endogenous conditions during two days and then removed.

KEY FINDINGS
The use of an ettringite accelerator (EA) based on amorphous calcium aluminates
in mineral foams has a significant impact on the kinetics of mechanical
structuration kinetics during the liquid-to-solid states, compared to pure OPC.
Rheological measurement (oscillatory mode — Fig. 1) allows for a precise
description of the evolution of structure development from the liquid to the solid
state (hydraulic setting) through measurements of the storage modulus G' (how
high is the “strength level”) and the phase angle & (how quick the solidification is
0=0°). The addition of EA allows reaching a pure solid state in 1Th30min with a G'
of 85000Pa, compared to 5h for pure OPC with a G' of 46000Pa.

Figure 1: 2 Storage modulus (G’: full line) and phase angle (d: dotted line) evolution over time of
100% OPC (blue) and 85% OPC/15% EA: red) mineral foams (440 kg/m? wet)
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The addition of EA, thanks to its faster mechanical structure development,
gives mineral foam superior short- and long-term mechanical strength compared
to 100% OPC foam (Tab 1). No strength development is observed after 2 and 3h
with pure OPC mineral foam; for longer durations, the mechanical strength of the
EA-based foam is better.

Table 1. Compressive strength measurements (440 kg/m3 wet) - carried out on a RP-50 Syntris
(3R) Press on 12x12x11.5 cm cubes according to the DIN EN 826 standard.

, # .1 $00"$P4$ngth BI: ;
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!llll# NOC' n n 690 *+l| ),ll !Il+ll
-# %C N# 01 +" ™ 1040 '+™ 1400 1400

An improved mechanical strength is observed regardless of the mineral foam
density (Fig. 2). After 24 h, the mechanical strength of the EA-based systems
reaches the same performance level as that of the pure OPC system after 7 days.
After 7 days, the compressive strength (CS) of the EA-based mineral foam is 1.5
times greater than that of the pure OPC mineral foam (precise correlation for each
density tested — R* = 0.99 — not shown on the graph below).

Figure 3: Compressive strength evolution over mineral foam dry density of 100% OPC formulation
(light blue A) after 7 days, 85% OPC/15% EA formulation after 7 days (red full line ¢) and after
24 h (orange full line m)

One way to explain these improvements in mechanical strength with the
addition of EA is likely due to the early generation of ettringite, as suggested by
the temperature evolution of the mineral foams over time (type K thermocouple
ina 11.5 x 12 x 12 cm polystyrene cube filled with foam).The 100 OPC exhibits
a single temperature peak after 6h (26°C), whereas the 85 OPC/15 EA exhibits
two peaks, 1st after 1.5h (48°C), followed by 2" at 6h (28°C). 15! peak is
interpreted as early ettringite formation, 2" peak mainly C3S hydration. The EA-
based mineral foam generates hydrates more rapidly than OPC mineral foam,
promotes faster mechanical structuration, and stabilizes the bubble network. A
secondary benefit is to accelerate drying. To achieve a residual moisture
(measured by carbide bomb method) of 60 kg/m3 (equivalent of 3% for a dense
mortar of 2000 kg/m3) it takes 1.5 days for 85 OPC/15 EA versus 11 days for 100
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OPC, these times are increased to 7 and 28 days respectively to reach 40 kg/m3
(equivalent to 2%) of residual moisture.

Dimensional variation measurements (Fig 3) show significant shrinkage
for 100 OPC, whereas 85 OPC/15 EA exhibit expansion. Final expansion will be
moderate, but early expansion on endogenous conditions is very strong reaching
6000pum/m.

Figure 3: Dimensional change (full line) of mineral foams (440 kg/m3 wet) during 7 days (2 days
endogenous, 5 days air drying)

For conventional (high-density) mortars, expansion is mainly due to the
crystallization pressure induced by ettringite, but also, to a lesser extent, to
thermal expansion. For mineral foams, thermal expansion could have a
significant impact on dimensional changes. In this case, the intrinsic mechanical
strength is much lower (on the order of kPa) and the material is also very porous
(76% air by volume), unlike conventional mortars where this effect can be
compensated for by a higher intrinsic mechanical strength (on the order of MPa)
and lower porosity. This point will need to be studied in more detail.

CONCLUSIONS

This study demonstrates that amorphous calcium aluminate accelerator EA
(LEAP FIT) optimize cementitious foams by enhancing hardening kinetics,
mechanical strength, and moisture management. Success probably hinges on
balancing heat release from hydration with structuration rates to ensure
dimensional stability. These findings gives promising technical solutions for
advanced thermal insulation and lightweight structural applications for the future
of construction.
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ABSTRACT

In recent years, the increasing requirements for thermal insulation in building
construction and society's growing environmental awareness have led to the
increased development of highly thermally insulating, recyclable cement-based
mineral foams with low thermal conductivities (Aiooc, ary < 0,035 W/(m-K)) and low
dry densities (p < 70 kg/m?®). Their production and application are associated with
several challenges. One of the main ones is the stabilization of the pore structure
through early and rapid structure formation, which can be solved by using CAC as
an accelerator system.

Through extensive research and development work in cooperation with its partners,
the IAB investigated different rapid binder systems with different combinations of
ordinary Portland cements (OPC) and calcium aluminate cements (CAC). It was
found that laboratory tests are already sufficient to estimate and monitor the foam
stability and setting behaviour of industrially produced mineral foams. First and
foremost, rheometric measurements to characterise the setting behaviour of the
binder slurries and the mineral foams should be mentioned here.

The knowledge gained contributes both to resource efficiency in mineral foam
production and to the wider application of this technology, which has the potential
to sustainably increase the energy efficiency of buildings.

INTRODUCTION | BACKGROUND

The IAB has developed a patented manufacturing process for mineral foam in
which two mineral foams are continuously and controllably mixed [1]. While the
binder of one mineral foam can be an OPC, the second mineral foam is based on a
CAC. By combining the two mineral foams in a targeted manner, the start of the
structure formation can also be adjusted during the manufacturing process
depending on the building materials to be filled and the ambient conditions. The
user of this process is free to select the raw materials independently, but this
requires specific expertise and suitable methods.

*email address of corresponding author
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Therefore, specific requirements must be defined, above all a processing window
for the begin of the setting under real production conditions. Figure 1 shows the
overall specifications for the filling of bricks with accelerated mineral foam.

Figure 1. Processing window for accelerated mineral foam for filling bricks

During the industrial production and filling several more challenges must be
considered, which are specific to mineral foam. If these challenges, as shown in
Table 1, are not taken into account, problems such as the following may arise: Large
bubbles, cracks or collapsing.

Table 1. Challenges for mineral foam during industrial production

Water In-process handling Coalescence/Ostwald-
migration/drainage ripening
* Suction of porous * Movement * Thermodynamically
materials =  Shocks/bumps driven spontaneous
* Drainage caused by = Lifting processes
gravity

In order to ensure the high quality of the manufactured products, the raw materials
must be tested for usability in advance and during production. The focus here is on
the used binders (OPC/CAC).

METHODS

Characterising the setting behaviour is the key. The Viskomat NT was chosen as
the preferred method to measure on the slurries of the which the mineral foam is
produced. Rheometric measurements using a VANE geometry at very low speeds
allowed the increase in torque and shear stress to be observed. This measurement
method is hereinafter referred as ‘shear test” and was chosen due to the following
constraints: very high water/solid ratios (1.5 - 2.0) of the slurries, high temporal
resolution and sensitivity of the measurements during setting within 15 minutes,
temperature insensitivity of the measuring equipment and the possibility of using
the determined shear stresses in the physical unit Pascal for modelling. In addition,
it is possible to transfer the results of the slurries to those of the mineral foams,
which can be characterised rheometric using the same or similar equipment in
future.
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KEY FINDINGS

To determine whether the shear test is a suitable tool for predicting the setting
behaviour of mineral foams, various combinations of OPC and CAC were
investigated. The challenges here were, on the one hand, to test at comparable
temperatures and, on the other hand, to determine the begin of the setting of the
mineral foams. This was done manually and was therefore subjective and
inaccurate. To test the practical suitability of the mineral foams produced using a
foam generator, several vertically perforated bricks were filled.

One general finding is, that all tested CAC slurries were foamable, which is a
essential requirement for the foam generator tests.

In order to examine the various combinations, the same basic recipe consisting of
binder, filler, water, foaming agent and hydrophobic agent was used, with only the
binders being replaced 1:1 in mass. The ratio OPC/CAC = 3.7 and the temperature
of the slurries was between 25 °C and 26 °C, which was in the range of the produced
foams. Table 1 shows three examples of combinations of different OPCs and CACs,
which were tested with the shear test and the foam generator.

Table 2. Comparison of the shear test and foam generator test of three different
combinations of OPC and CAC

Example 1 Example 2 Example 3
OPC1 + CAC1 OPC1 + CAC2 OPC2 + CAC1
Shear test

time@10Pa: N/A

time@10Pa: 4.14 min

time@10Pa: 4.72 min

Foam generator test

No begin of setting could

be detected. Due to slight
collapse of foam, no pary
and Aioec, dry Were tested.

Begin of setting: 6.5 min
Prresh = 122 kg/m?
pary = 61 kg/m?
Moec, dry = 34.1 mW/(mK)

Begin of setting: 5.5 min
Pfresh = 115 kg/m3
pary = 52 kg/m?
Aioec, dry = 35.1 mW/(m'K)




The results shown here indicate that it is possible to distinguish between setting and
non-setting combinations. However, due to the inadequacy of manual testing, it is
currently difficult to make accurate predictions based on the shear test regarding
the setting behaviour of mineral foam itself. Results are currently available for eight
different CACs that were combined with different OPCs, which show, that the shear
test is a suitable screening method. The results also show that CACs can work
different depending on the used OPCs. The differences consist of whether structure
formation takes place at all in the intended processing window, when setting begins
and how quickly it progresses. In special cases, a plateau may form, i.e. early setting
can be detected, but then the setting process stops, so that no further structure
formation takes place. This scenario poses a particular challenge with the testing
methods currently available in foam production: Setting can be detected manually,
but the structure strength that has been built up and remains is not sufficient to
prevent the mineral foam from collapsing as a result of progressive water migration.

FUTURE RESEARCH NEEDS

The construction industry's demand for a higher degree of automation is raising
new questions regarding mineral foam application in terms of material optimisation
and adaptation, measurement technology options (inline/offline) and process
engineering implementation. This extended abstract emphasises that clarification
of the differences between the setting behaviour of suspensions (shear test) and the
foams produced from them is a pressing issue. Furthermore, measurement methods
need to be developed to characterise the setting behaviour of mineral foams. At the
same time, the process engineering development of large-scale solutions for the
automated production and filling of mineral foam must be carried out.

CONCLUSIONS

Fundamental knowledge was gained about the rapid binder system in terms of
methodology, cement chemistry and measurement technology. As part of research
projects [2,3], a measuring method was developed that enables the characterisation
of the setting behaviour of the rapid binder system in a quick and uncomplicated
way. The developed shear test offers a range of further options for analysing rapidly
setting binder systems. The patented manufacturing process and mineral foam
formulations developed for this purpose based on CAC offer a wide range of
applications. First and foremost, among these is the filling of ceramic and
cementitious wall building materials. Another area of application is the precast
concrete industry.
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ABSTRACT

Civil infrastructure assets such as underground pipes, manholes, access
chambers, and pumping stations are frequently exposed to aggressive
environments including sulphates, chlorides, and biogenic sulphuric acid.
Traditional general-purpose (GP) and blended (GB) cements often lack the
chemical resistance required, resulting in reduced service life and higher
maintenance costs. This study evaluates commercially available specialty
binders—calcium aluminate cements (CAC) and geopolymers—as durable
alternatives for precast sewer infrastructure, with potential to support lower-
carbon construction compared with conventional GP systems. Assessment
followed Australian standards AS 4198 and AS 3600, together with WSAA
specifications WSA 160 and WSA 161. Durability was evaluated through in-
situ exposure across sewer corrosivity environments and complementary
accelerated corrosion testing. Casting suitability was assessed using mixes
representative of Australian precast supply chains. Results demonstrate
that selected specialty binders satisfy both durability and casting
requirements across multiple sewer environments, supporting their
application in resilient and lower-carbon wastewater infrastructure.

INTRODUCTION | BACKGROUND
Sewer infrastructure is highly susceptible to microbiologically induced
corrosion (MIC), driven by sulphur-oxidising bacteria that generate sulphuric
acid on concrete surfaces.'-® These conditions are particularly severe in
manholes and access chambers due to gas-phase exposure and cyclic
wetting environments. Conventional GP and GB cement concretes often
exhibit limited resistance, leading to premature deterioration and increased
lifecycle costs.?, * Recent work has proposed classification of sewer gas-
phase corrosivity based on environmental parameters such as H,S
concentration, temperature, and humidity, enabling differentiation of
exposure severity and improved linkage between environmental conditions
and material durability. Specialty binders such as calcium aluminate cement

*marjorie.valix@sydney.edu.au
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(CAC) and geopolymer systems offer enhanced resistance to acidic
environments due to stable hydration products and modified
microstructures.®~" In addition to durability benefits, improved service life
may contribute to reduced lifecycle carbon impacts compared with
conventional GP systems. This study evaluates specialty binders for
manhole construction across sewer corrosivity environments while
assessing compatibility with precast manufacturing requirements.

METHODS

Standards, Exposure Classification, and Compliance

The evaluation was conducted in accordance with AS 3600 and AS 4198,
with sewer durability aligned to WSAA specifications WSA 160 and WSA
161.2,° Durability assessment was structured using a sewer gas-phase
corrosivity classification framework (Table 1), where environments were
categorised based on measured H,S, CO,, temperature, and relative
humidity—parameters known to drive microbiologically induced corrosion.'—
3 This classification enables comparison of material performance across
exposure severities and links durability outcomes to service-life relevance.

Table 1. Sewer gas-phase corrosivity classification (C1-C5 severity levels)

. s Predicted Depth of | Corrosion Corrosion
Environmental Conditions . e
Corrosion (mm) Impact Classification
10
H2S CO2 T4(°C) RH years | 100 years
(ppm) | (ppm) | ° (%) of of service
service
>155 <2500 | 15-30 | 95-99 | >30 >180 Very High C5
135-155 | 2000" | 15-30 | 95-99 | 21-30 | 166-180 | High ca
70-135 | $20% | 15-30 | 95-99 | 1421 | 120166 | Medium c3
1570 | 720 | 15-30 | 95-99 | 6.7-14 | 55-120 Low c2
0-15 >0400 | 15-30 | 95-99 | <6.7 <55 Very Low C1

Durability Assessment

Durability was evaluated using both field and laboratory methodologies
structured around the corrosivity classification. In-situ exposure trials were
conducted in operational sewer assets representing multiple severity
classes, supported by accelerated acid exposure testing.?® Durability
assessment considered chemical stability, microstructural integrity,
mechanical performance, and acid resistance.

Corrosion model
To relate durability results to service-life relevance, a semi-empirical
corrosion model was applied:

t; = fn(kec Cei Fric) (1)

where environmental corrosivity (C.i) reflects gas-phase drivers such as
H,S, CO,, humidity, and temperature, and the material term (F) captures
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binder chemistry and microstructure. The model was used to interpret
durability differences between binder systems across corrosivity classes.

Casting Compliance

Casting suitability was evaluated using precast-representative mixes,
focusing on workability, early strength, demoulding, and handling
performance.

KEY FINDINGS

Durability Across Corrosivity Classes

Both CAC and geopolymer binders demonstrated improved resistance
compared with conventional GP systems (Figures 1 and 2). Performance
differentiation increased with corrosivity severity. CAC binders exhibited
strong resistance across moderate to high severity environments, attributed
to stable alumina-rich hydrates and reduced calcium hydroxide availability.,
& Geopolymer systems showed formulation-dependent behaviour
influenced by binder chemistry and microstructural densification’.
Microstructural stability emerged as a key determinant of corrosion
resistance across corrosivity classes. The observed durability trends were
consistent with corrosion model predictions, with CAC systems exhibiting
longer estimated initiation periods under equivalent exposure conditions.

Year 3

Classification 1
c M Classification 2
Classification 3
25.0 A Classification 4

£ 200 - W Classification 5 pe

CAC-1 CAC-2 CAC-3 CAC-4 CAC-5 CAC-6 GEO-1GEO-2GEO-3GEO-4 OPC
Cement

Figure 1. Comparative corrosion depth of CAC, geopolymer, and OPC systems after 3
years across sewer corrosivity classifications

Casting Compliance

Specialty binder mixes demonstrated production characteristics consistent
with precast manufacturing requirements, including workability, early
strength development, and demoulding behaviour. Observations are
reported qualitatively due to confidentiality constraints but indicate
compatibility with conventional precast workflows. Representative precast
access chambers produced using specialty binders are shown in Figure 2,
illustrating compatibility with standard casting and handling practices.
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Figure 2. Precast access chambers manufactured using specialty binder concrete during
pilot-scale casting trials.

IMPLICATIONS FOR MANHOLE CONSTRUCTION AND CONCLUSIONS
The combined durability and casting results indicate that specific specialty
binders met both performance and manufacturability requirements across
sewer corrosivity environments. Selected calcium aluminate cement (CAC)
and geopolymer systems demonstrated improved resistance compared with
GP cement while remaining compatible with precast manufacturing
workflows, supporting practical implementation.

8.
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ABSTRACT
Calcium aluminate cement (CAC)-based coatings have demonstrated
superior resistance to microbially-induced concrete deterioration (MICD) in
wastewater infrastructures and are widely used to protect Portland cement-
based concrete. However, in the penalizing case of cracking within the
underlying substrate, cracks might propagate into the coating and act as
pathways for aggressive agents. This study investigates the behavior of a
thin sprayed CAC-based coating in the presence of cracks to understand
the mechanisms that govern the coupling of cracks and biodeterioration.
Representative cracks were generated in coated mortar specimens using a
displacement controlled three-point bending test, producing different crack
width ranges: 150-200 um (complying the Eurocode 2 recommendations)
and beyond 700 ym. These specimens were exposed to the Biogenic Acid
Concrete (BAC) test, which reproduces the aggressive conditions
encountered in sewer networks. During the exposure period, the leaching
solutions collected from the exposed surfaces were analysed followed by
microstructural and chemical analyses of the structure using coupled SEM-
EDS analysis.
Results show that the leaching of calcium was not significantly impacted in
the presence of cracks. SEM-EDS observations revealed the formation of
newly precipitated phases within the crack openings. These phases are
suggested as a potential physical barrier, limiting the penetration of
aggressive agents and contributing to the crack sealing of the coating in the
stated conditions of exposure.

INTRODUCTION | BACKGROUND
Wastewater treatment facilities are constructed mainly using cement-based
materials that undergo progressive degradation throughout their service life.

* hoballah@insa-toulouse.fr 1
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Approximately 10% of their concrete deterioration has been attributed to
biodeterioration processes arising from coupled biological and chemical
activity®. This form of degradation is primarily associated with the production
of hydrogen sulfide (H,S) and its subsequent biological oxidation to sulfuric
acid (H,SO,) by sulfur-oxidizing microorganisms.

Calcium aluminate cements (CAC) have shown superior resistance to
microbially-induced concrete deterioration (MICD) in wastewater
infrastructures?® and are widely used in coatings to protect Portland cement-
based concrete. The key factor in this resistance lies in its chemical and
microstructural nature. However, cracks develop in the protected structure
and might propagate into the coating, serving as preferential pathways for
the ingress of aggressive agents into the underlying concrete®.

In this context, this paper studies the behavior of a thin CAC-based
coating, developed by Imerys, in the presence of cracks to improve the
understanding of the mechanisms that govern the coupled effect of cracks
and biodeterioration. Using a controlled 3-point bending test, cracks of
different crack width ranges were initiated: 150-200 ym and more than 700
Mm. These specimens were exposed to BAC test during which the leaching
solutions collected from the exposed surfaces were analyzed and coupled
microstructural and chemical analyses were performed.

METHODS
Fiber-reinforced mortars were cast into the substrate formulation using CEM
[lI/A 42.5 N-LH cement, suitable for exposure class XA3 according to EN
206, and amorphous metallic fibers in 7 cm x 7 cm x 28 cm molds, with a
water-to-cement ratio (w/c) of 0.47. The prisms were submerged in water
for 14 days then covered in plastic bags at 20°C for 14 days.

The coating is based on calcium aluminate cement and calcium
aluminate synthetic aggregates. It was mixed with 14% by mass water using
a portable mixer and then sprayed onto one face of the substrate prisms
with a target thickness of 5 mm. The composite specimens were then kept
for 7 days in the lab in ambient temperature then cracks were introduced
into the substrate-coating composite specimens using a three-point bending
test on a servo-hydraulic press under displacement control.

To evaluate the influence of cracking on the coating’s protective
performance, different surface crack-width ranges were investigated: a
crack width between 150 and 200 pm falling below the Eurocode 2 crack-
width limit and a crack width exceeding 700 um.

Biodeterioration was studied using the BAC test, developed at INSA
Toulouse®, which simulates sewer conditions through biofilm inoculation
and continuous feeding with a reduced sulfur source (K;S,04). The
exposed specimens included uncoated substrates (CEM Ill) and CAC-
coated substrates with different ranges of crack width. Biodeterioration was
monitored through analysis of the leached solutions using ICP-OES
analyses for the quantification of the cementitious leached cations and acid
(H*) calculations were based on sulfate and sulfite quantification using
HPIC. These analyses were followed by SEM-EDS microstructural and
chemical characterization after the end of the exposure period.
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KEY FINDINGS

The standardized calcium leaching results are presented in Figure 1 in
which the results are presented for a CEM lll-uncoated substrate, a CAC-
coated uncracked substrate and cracked substrates with two ranges of
surface crack width: one between 150 and 200 ym and one whose width
exceeds 700 uym. The cumulative leached calcium was normalized® by its
initial content in the material per unit surface area of the exposed surface
as a function of the quantity of acid produced on the exposed surface
calculated from the quantified sulfite and sulfate.

Figure 1. Evolution of the standardized leached calcium as a function of acid production
during the 3-month exposure period

The presence of the CAC-based coating on the CEM lll-based
substrate, reduced calcium leaching by up to three times compared to the
uncoated substrate, demonstrating the coating’s superior resistance relative
to the underlying material. Among the crack-width ranges in the coated
specimens, the one between 150 and 200 um, which complies with
Eurocode 2, had no impact on calcium leaching. In contrast, although wider
cracks (>700 um) increased calcium leaching, the coating’s performance
was not fully compromised as leaching remained substantially lower than in
uncoated specimens. Moreover, this range of cracks significantly increased
the leaching of calcium in CEM Il uncoated cracked specimens.

At the end of the exposure period, SEM-EDS analyses were performed
on specimens from different experimental campaigns. In all coated
samples, a newly-formed phase was detected near the exposed surface
and within the crack openings (Figure 2). While it partially clogs a crack of
width between 400 and 600 um, it appears to completely fill the smaller
crack (150-200 pm). Its presence likely contributes to the enhanced
performance of the coating even in the presence of cracks. In contrast, this
phase was not observed in CEM lll-based cracked substrates (>700 pm).
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Figure 2. SEM images showing the newly-formed phases (in orange) in the crack opening

CONCLUSIONS

This study investigated the biodeterioration mechanisms of calcium
aluminate cement-based (CAC) coatings spray-applied onto CEM lll-based
substrates under simulated sewer conditions using the BAC test in the
presence of cracks. The results demonstrated that the application of this
CAC coating significantly reduced calcium leaching compared to uncoated
CEM lll substrates, confirming its protective performance and the reliability
of the BAC test in evaluating biodeterioration of complex coating systems.
While cracks compatible with Eurocode 2 limitations (150—-200 um) showed
negligible impact on calcium leaching, wider cracks (>700 pm) increased
leaching without completely compromising the protective function. SEM-
EDS analyses revealed the formation of a phase near the surface and within
cracks in the coating, which likely contributes to its superior resistance to
biodeterioration. These results suggest the potential of the CAC coating to
engage self-healing mechanisms under such aggressive conditions.
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ABSTRACT

Concrete and protective materials deteriorate under biologically induced
corrosive conditions commonly found in sewer systems. Understanding
corrosivity—the severity of corrosion in a given environment—is essential
for selecting materials, designing mitigation strategies, and estimating
service life and lifecycle costs. This study examines corrosion of concrete
sewer infrastructure, including large-diameter pipes, access chambers, and
wet wells, where degradation is driven by microbial generation of sulphuric
acid under specific environmental conditions. A quantitative classification of
sewer gas-phase corrosivity was developed using field data from ordinary
Portland cement (OPC) assets in service for 17-81 years across Australian
utilities. Corrosivity was correlated with environmental parameters including
H,S, CO,, temperature, and relative humidity, which served as surrogate
indicators. To validate the framework, commercially available materials,
including calcium aluminate and geopolymer cement-based systems, were
deployed in sewers representing different corrosivity classes. Comparative
observations demonstrated clear differences in material performance
across exposure severities, confirming the framework’s practical relevance.
The proposed classification enables improved alignment between
environmental exposure and material selection, supporting enhanced
durability, optimised lifecycle costs, and more resilient wastewater
infrastructure.

INTRODUCTION | BACKGROUND
Concrete and protective materials in sewer environments are vulnerable to
biologically induced corrosion driven by microbial sulphuric acid formation
under aggressive gas-phase conditions.'-* Corrosion severity varies widely
depending on environmental exposure and directly influences durability,
service life, and lifecycle cost. Despite this variability, sewer environments
are often classified generically as “severe,” limiting differentiation of

*marjorie.valix@sydney.edu.au
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exposure conditions and optimisation of mitigation strategies.*,® Corrosivity,
defined as the severity of corrosion under a given environment, is a key
parameter for material selection and asset management. However,
quantitative frameworks linking environmental parameters to field corrosion
outcomes remain limited. This study presents a field-based classification of
sewer gas-phase corrosivity developed under the CRC-P Smart Lining
program. The framework links measurable environmental parameters to
long-term corrosion observations and provides a practical basis for
durability-informed decision-making in wastewater infrastructure.

METHODS

Field Assets and Environmental Monitoring

The classification was developed from field investigations of ordinary
Portland cement (OPC) sewer assets in service for 22—-81 years across
Australian utilities. Assets representing a wide range of deterioration levels
were selected to capture diverse corrosive environments. Environmental
monitoring followed WSAA protocols® and included hydrogen sulphide
(H2S), carbon dioxide (CO,), gas temperature, and relative humidity—key
drivers of biogenic corrosion.?,”

Corrosion Assessment and Normalisation

Cores extracted from representative locations were analysed for depth of
corrosion. A semi-empirical dose-response approach was used to
normalise corrosion rates and enable comparison across assets with
different exposure histories.

Validation Using Protective Materials

To validate the framework, commercially available protective mortars—
including calcium aluminate cement (CAC) and geopolymer systems—were
installed in live sewer environments spanning a range of corrosivity levels.
Periodic inspection and coring over up to three years were used to evaluate
relative material degradation.

CLASSIFICATION OF SEWER GAS-PHASE CORROSIVITY

Biogenic corrosion results from interactions between microbial
communities, environmental conditions, and cement chemistry.® Field
observations identified H,S concentration, moisture availability,
temperature, and gas-phase chemistry as dominant drivers of corrosion
progression.” Using normalised corrosion data and environmental
measurements, sewer gas-phase conditions were categorised into five
corrosivity classes (C1-C5), representing increasing severity from very low
to very high corrosion potential (Table 1). The classification was anchored
to observed corrosion depths in OPC assets and corresponding
environmental ranges, enabling differentiation of sewer environments using
measurable exposure parameters rather than generic severity assumptions.
Field observations also suggest that extremely high H,S conditions may not
always correspond to proportionally higher corrosion rates, highlighting the
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importance of multi-parameter classification. The framework is therefore
adaptive and can be refined as additional field data become available.

Table 1. Proposed classification of sewer gas-phase corrosivity (C1-C5) based on field-

normalised OPC corrosion data

. s Predicted Depth of | Corrosion Corrosion
Environmental Conditions . e
Corrosion (mm) Impact Classification
10
H2S CO2 T4(°C) RH years | 100 years
(ppm) (ppm) g (%) of of service
service
>155 <2500 | 15-30 | 95-99 >30 >180 Very High C5
135-155 ii%%‘ 15-30 | 95-99 | 21-30 | 166-180 | High c4
70135 | 200 | 1530 | 95-99 | 14-21 | 120-166 | Medium c3
1570 | 20 | 1530 | 9599 | 6.7-14 | 55120 Low c2
0-15 >9400 | 15-30 | 95-99 | <6.7 <55 Very Low C1
VALIDATION AND IMPLICATIONS

Exposure trials using CAC and geopolymer mortars demonstrated
degradation trends consistent with the proposed classification (Figures 1
and 2). Materials installed in higher corrosivity classes exhibited greater
corrosion depths compared with those in lower classes, confirming that the
framework captures meaningful differences in environmental severity.

While CAC systems generally showed lower degradation than geopolymer
mortars, the objective was not comparative material ranking but validation
of classification sensitivity. The results demonstrate that environmental
classification can be used to predict relative material performance and guide
targeted deployment of protective systems.

Depth of Corrosion (mm)

0 200 400 600 800
Time (days)

o B, N W B~ U o N o O
T T T T T T T T 1
N
\
\

25

- [ )
@ 1S
T T

i,

o
T
~

\
Depth of Corrosion (mm)

1001 0 200

Time (days)

Figure 1. Corrosion depth of calcium Figure 2. Corrosion depth of geopolymer

aluminate mortars across
environments classified as C1-C5

sewer

classified as C1-C5

mortars across sewer environments

112



IMPLICATIONS FOR ASSET MANAGEMENT

The proposed classification provides a practical tool for aligning material
selection and rehabilitation strategies with environmental exposure
conditions. By linking measurable environmental parameters to corrosion
outcomes, the framework supports improved asset prioritisation, risk-based
maintenance planning, and optimisation of lifecycle costs. The classification
also enables more informed selection of corrosion-resistant materials and
protective linings, contributing to improved durability and resilience of
wastewater infrastructure. Given its field-based foundation, the framework
is readily transferable across sewer networks and can be refined through
continued monitoring and integration of long-term corrosion datasets.

CONCLUSIONS

A quantitative classification framework for sewer gas-phase corrosivity was
developed based on long-term field observations of OPC sewer assets.
Corrosivity was shown to correlate with measurable environmental
parameters including H,S, CO,, temperature, and relative humidity,
enabling classification into five exposure categories (C1-C5). Validation
using CAC and geopolymer mortars demonstrated degradation trends
consistent with the proposed framework, confirming its practical relevance.
The classification provides a robust basis for linking environmental
exposure to material performance and supports improved durability
planning for wastewater infrastructure. Future refinement is expected
through integration of additional long-term monitoring data and broader
material validation.
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Reducing the clinker content in calcium aluminate cement (CAC) is crucial
for improving environmental sustainability. This study investigates the
partial replacement of CAC clinker with activated pumice to optimize
setting time and mechanical strength. Experiments were conducted by
gradually decreasing the clinker content and replacing it with varying
proportions of activated pumice. The hydration kinetics, setting behavior,
compressive strength, and microstructural evolution were analyzed.

Results show that, despite a significant reduction in clinker content, early
and long-term strength values were maintained when using properly
activated pumice. Additionally, the setting time was found to depend on
the surface activity and chemical composition of the pumice.

This study demonstrates that clinker substitution in CAC-based systems is
feasible, and mechanical performance can be preserved using activated
pumice as a supplementary material. The findings provide a foundation for
developing low-carbon cement formulations. Future research should
explore the effects of different activators and curing conditions."

INTRODUCTION | BACKGROUND

The cement industry significantly contributes to global CO, emissions due
to energy-intensive clinker production. While sustainability efforts have
primarily focused on Portland cement, strategies for reducing the
environmental impact of calcium aluminate cement (CAC) remain limited.
CAC is widely used in refractory applications, rapid repair systems, and
chemically resistant environments because of its rapid strength
development and high-temperature performance.” However, its clinker
production requires alumina-rich raw materials and elevated burning
temperatures, resulting in considerable environmental impact.

Natural pumice (tras) represents a promising supplementary material due

to its high silica content and porous structure, although its reactivity is
generally limited without activation. Mechanical activation through fine

b.polat@cimsa.com.tr

114



grinding enhances surface area and exposes reactive silica phases,
increasing its potential contribution to hydration reactions.?

Methods

Commercial CAC and mechanically activated pumice were used. Chemical
compositions were determined by XRF (Table 1). The Blaine fineness of
CAC was 3350 cm?/g, while activated pumice reached 9070 cm?/g after 20
minutes of ball milling. Mortars (4x4x16 cm) were prepared with 5% and
10% clinker replacement at constant water content (28%) and cured at 20°C
and 96% RH.

Table 1.Chemical composition of CAC and activated pumice (% by mass)

Oxides CAC 40 Activated Pumice
Al,O4 40.6 12.53
SiO, 3.72 64.96
CaO 36.38 5.5
Fe,O; 15.82 2.64
MgO 0.5 1.2

Figure 1. XRD pattern of the CAC clinker

Mechanical Activation

The pumice was mechanically activated using a ball mill for 20 minutes. The
activation process aimed to increase the specific surface area. After
grinding, particle size distribution analysis indicated a D45 value of 18.85
pum.

Mixture Design

Partial replacement of CAC with activated pumice was performed at
different substitution levels. The reference mixture contained 100% CAC,
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while other mixtures included 5%, 10%replacement of CAC by activated

pumice.
Table 2. Mix proportions and replacement levels
Mix ID CAC (%) Activated Pumice (%)
Reference 100 0
P5 95 5
P10 90 10

* The water content was kept constant at 28%.

Test Methods

Setting time was determined according to the Vicat method. Mechanical and
physical tests are done accordingly EN 197-1 to check standard cement
sample performance.

Compressive strength tests were performed at 6 hours and 24 hours using
a universal testing machine. The performance of pumice-substituted
cement was evaluated in self-levelling mortar formulations.

CONCLUSIONS
The setting time and compressive strength results of the reference and
pumice-substituted mixtures are summarized in Table 3. The reference
CAC mixture exhibited initial and final setting times of 260 and 285 minutes,
respectively. In contrast, mixtures incorporating mechanically activated
pumice showed a significant acceleration in setting behaviour. The P5
mixture (5% pumice replacement) reached setting times of 150/230
minutes, while the P10 mixture (10% replacement) demonstrated even
shorter values of 145/175 minutes. This marked reduction in setting time
suggests that finely ground pumice particles enhance early hydration
kinetics, likely by increasing nucleation sites and accelerating dissolution
processes in alumina-rich systems. Compressive strength results further
highlight the beneficial effect of pumice substitution, particularly at early
ages. At 6 hours, the reference mixture achieved a strength of 35 MPa,
whereas the P5 and P10 mixtures reached
48.8 MPa and 47 MPa, respectively, corresponding to approximately 39%
and 34% improvement compared to the reference system. This significant
enhancement demonstrates that mechanically activated pumice does not
behave merely as an inert filler but actively participates in hydration
reactions contributing to early microstructural development.

Table 3. Setting time and compressive strength results of reference and pumice-
substituted CAC mixtures
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At 24 hours, the reference mixture reached 70 MPa, while the P5 and P10
mixtures achieved 67 MPa and 61 MPa, respectively. Although a moderate
reduction in 24-hour strength is observed with increasing pumice content,

Mix ID Pumice Setting 6h Compressive | 2dh Compressive
Replacement (%) | Time (min.) | Strength (MPa) Strength (MPa)
REF 0 260/285 35 70
P5 5 150/230 48.8 67
P10 10 145/175 47 61

the values remain within a high-performance range suitable for practical
applications.

Table 4. Effect of partial clinker replacement on setting behavior and early-age strength
of CAC-based self-levelling underlayment (SLU) formulations

Mix ID Setting time(min.) 3h Compressive 6h Compressive
Strength (MPa) Strength (MPa)
REF. 40/50 11.2 16.2
P5 30/50 10.6 16
P10 35/50 11.5 15

The performance of pumice-substituted cement was additionally evaluated
in self-levelling mortar formulations. The incorporation of activated pumice
allowed a reduction in CAC content within the application recipe while
maintaining high early strength and appropriate setting behaviour.
Consequently, clinker consumption in the final formulation was reduced,
leading to a more sustainable binder design with lower embodied carbon.
These findings demonstrate that clinker reduction in CAC systems can be
successfully implemented not only at laboratory paste level but also in
practical self-levelling applications.
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ABSTRACT

Specialty binders for premium drymix products commonly consist of a “ternary”
blend of calcium aluminate, calcium sulfate and Portland cement. Target
performance for each application is achieved by carefully tuning the relative
proportions of these constituents together as well as the type & dosage of several
set regulators. Simple substitution of CEM | by a blended Portland cement to
lower carbon footprint therefore perturbs this balance and can be
counterproductive — altering paste rheology, surface appearance and early
strength that are critical for drymix formulations — unless the mix design is re-
optimized.

Because the clinker content of the overall drymix largely governs its carbon
footprint, we present several low-clinker mix designs that preserve or improve key
functional properties while reducing footprint by 35%—-40% relative to reference
formulations.

We further investigate the effect of metakaolin (MK) on these mix-designs,
beyond its pozzolanic contribution, and demonstrate a direct beneficial effect of
MK on surface quality and abrasion resistance of self-leveling compounds
formulated with these designs. Microstructural and phase analyses combined
with rheological characterization elucidate the role of MK and its influence on
early-age properties, workability and strength development. The results indicate
viable pathways to substantially lower clinker content in premium drymix
products, while improving the set of performance of the ternary binders.

INTRODUCTION | BACKGROUND
Metakaolin is successfully used to decrease the carbon footprint of concrete, and
mortars, especially tile adhesive, thanks to the pozzolanic reaction' [REF].
Unfortunately, this reaction between MK & Portlandite is not adapted to decrease
the carbon footprint of specialty binders used in drymix. These binders are blends
of mainly Portland cement, Ettringite precursor (eg. CAC & Calcium Sulfate), and
setting regulators (eg. Tartaric acid, Sodium carbonate, Lithium Sulfate...). In
these binders, upon hydration, once Ettringite has massively precipitated in the
early age, Portlandite and even water are sufficiently depleted to significantly
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hinder the pozzolanic reaction. Here, we show that a better strategy to decrease
the carbon footprint, is (i) to use the right Ettringite precursor, with the least impact
on Portland hydration and (ii) Substitute a high proportion of Portland Cement by
limestone filler, as much less Portland Clinker will be needed to reach the desired
strength target. Using this strategy, we decreased the carbon footprint of a
specialty binder by 40%.

Then, we design two Self Levelling Compounds, one based on this low carbon
binder and one based on a CAC-Rich formulation. We show that in both cases,
Metakaolin brings an added value with regards to surface aspect & abrasion
resistance, which are important benefits for such application.

MATERIALS & METHODS

LEAP® Fit (LF): Ettringite precursor with d50=7um, 50% ultra-reactive,
amorphous calcium aluminate (molar ratio CaO/Al2O3 = 1.8) & 50% calcium
sulfate anhydrite. TERNAL® FONDU (CAC) is a well known fused calcium
aluminate binder, with Calcium Monoaluminate as its major phase and Mayenite
as a minor phase. We note CAC+C$ the Ettringite precursor composed of 66%
of CAC and 33% of natural Calcium Sulfate Anhydrite (C$). TERNAL® White
(TW) is a high-alumina sintered calcium aluminate, manufactured with Calcium
Monoaluminate as major phase and Dicalcium Aluminate as minor phase. We
note TW+C$ the Ettringite precursor made with 73% of TW and 26% of Natural
Anhydrite. The grey Portland Cement used here is CEM II/A-LL, 52.R from Holcim
and the white Portland is a CEM | 52.5N from Dyckerhof. Argical M1000 (MK) is
a metakaolin with a Chapelle value of 1100 mg/g, a R3 Value of 900 J/g, and with
d50=6um.

Self-Leveling Compound (SLC): it is a fluid, cementitious product used to level
out shallow dips and humps in a floor. Most of the time, these formulations are
used as an underlayment, prior to installing a finished floor covering (e.g. PVC or
tile). SLC with the highest performances can be used as an overlayment and
remain visible. SLCs are covered by the norm EN 13813 and local reference
documents, e.g. CSTB QB11-2 in France. The measures done in this article are
compliant with the above documents, with the mechanical strength measured on
2x2x16 cms samples, covered for 24h in the mold, then cured in air at 23°C,
50%RH for the remaining 27d.

KEY FINDINGS

We work on a model drymix in order to optimize the carbon footprint of formulation
with respect to mechanical strength (Fig1 left.) Portland Cement is the main
component of the binder. Keeping the setting regulators constant, we decreased
the amount of Portland from 20% down to 10% (by weight of formulation). In all
cases, we used 5% of ettringite precursors, either CAC+C$ or LF. The target
compression strength for such model formulation is 5SMPa at 4h and 30MPa at
28d (Fig1 right). On one hand, 5% of the tested Ettringite precursors is enough
to pass the 4h strength threshold. On the other hand, we see that contrary to LF,
CAC+C$ has a detrimental effect on the 28d strength.

119



80

N7 CAC Eco .
T 70
CEMI/A-LL52.5R 25 20 20 10 2 0
Filler CaCOs 10 =
50
LEAP” Fit 5 5 p
»n 40
CAC+C$ 5 L
g 30
Set Regulators 0.2 0.2 0.2 Q 20
AFNOR Sand 75 75 75 75 - 10
O
% water 12.5% | 12.5% | 12.5% | 12.5%
0

4h 24h 7d 28d

Figure 1: Compositions of model drymix. The set regulators are 0.1% Sodium carbonate, 0.05%
tartaric acid, and 0.05% Lithium Sulfate. The three formulations on the left have a carbon footprint
close to 180kgCO2/T, while the one on the right has a footprint of 100kgCO2/T. Mechanical
strength is measured on 2x2x16 samples, covered for 24h and then cured at 23°C, 50%RH.

This is consistent with the poor C3S hydration (40% at 28d, down from 70-90%
otherwise) observed specifically when CAC+C$ is used. As a consequence,
when LF is used, it is possible to reach 30MPa at 28d with half the Portland
Cement needed when CAC+C$ is used.This drastically reduces the amount of
clinker in the formulation, and the carbon footprint of the formulation drops to
100kgCO2/T, down from 180kgCO2/T.

All subsequent trials to further decrease the carbon footprint while maintaining
the mechanical performance, by adding MK or by using a Portland with less
clinker (eg. CEM 1IB, CEM IIIB...), have all been unsuccessful due to one or more
of the following reason: (i) there is not enough Portlandite, (ii) there is not enough
water remaining as samples are cured in air, (iii) further reduction of clinker
creates a lack of calcium at early age, which is detrimental to the 4h strength
threshold.

We used this study to design a SLCs with a low carbon footprint, with and without
5% of MK. The formulations obtained are consistent with what is expected in
terms of flowability (150mm flow spread for more than 20min) and setting time
(60min). These formulations reach 30MPa at 28d. The carbon footprint of this
binder is around 165kgCO>/T, down from 240kgCO2/T of most SLCs binders
within this class of performance (Fig.2). The effect of MK is also evaluated on
premium SLC based on TW.

For both formulation logic In order to keep the same fluidity, the use of metakaolin
implies a small reformulation - 0.04% decrease in cellulose ether and a 0.04%
increase in PCE. In both cases, as discussed above, the pozzolanic reaction is
not significant enough for MK to play a role with regard to the mechanical
strength. Nonetheless, it generates a strong improvement of the surface aspect,
observable with a binocular microscope. In the cas of the SLC with TW, it also
improves the Taber abrasion by 15%, and yields a much smoother surface (Fig
3). This confirms what was seen elsewhere on other formulation logic?.
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Figure 2: Compositions of SLCs. The set regulators for LEAP & L+MK formulations are 0.12%
Sodium carbonate, 0.08% tartaric acid, 0.12 citric acid, and 0.05% Lithium Sulfate. The set
regulators for TW & T+MK formulations are 0.15% tartaric acid, and 0.03% Lithium Sulfate.The
mechanical strength is measured on 2x2x16 samples, covered for 24h and then cured at 23°C,
50%RH.

Figure 3: Surface aspect with binocular microscope of the surface of TW (left) and T+MK (right)
at 28d.

CONCLUSION

For rapid specialty binders with a strength requirement at 4h, the pozzolanicity of
MK does not help with regard to carbon footprint or clinker reduction. A much
more efficient carbon footprint reduction is achieved by using LF as an Ettringite
precursor, and reducing the Portland cement amount. Nonetheless, we show
here that MK plays a direct role in improving the surface aspect & abrasion
resistance of flooring compounds. This improvement is a key progress for SLC
dedicated to serve as overlayments, as the abrasion resistance is an important
criteria to pass
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ABSTRACT

Calcium aluminate cements (CACs) are often treated as specialty binders,
but recent work suggests their performance merits broader consideration.
Here, the performance of CAC and CAC blends is evaluated in the context
of other alternative cementitious materials (ACMs) - including calcium
sulfoaluminate (CSA) cements, alkali-activated binders, magnesium
phosphate cements, and blended systems - and benchmarked against
ordinary portland cement (OPC). The work emphasizes durability-critical
behaviors relevant to transportation and other infrastructure applications,
including resistance to chemical sulfate attack, alkali—silica reaction (ASR),
and transport-controlled deterioration. Microstructural characterization is
used to interpret observed durability trends and to clarify the roles of
hydration and conversion products, pore solution composition, and pore
connectivity. While CACs are well known for rapid strength development
and sulfate resistance, results drawn from a broader experimental dataset
demonstrate that well-designed CAC systems can also exhibit favorable
resistance to ASR expansion and chloride ion penetration relative to OPC.
At the same time, the findings reinforce that no single binder system is
universally optimal. Instead, this study identifies application contexts in
which CACs and other ACMs may offer meaningful durability advantages in
conventional concrete construction.
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INTRODUCTION
Growing interest in alternative cementitious materials is driven by both
sustainability objectives and the need for improved durability in aggressive
service environments. Calcium aluminate cements occupy a unique position
within this landscape: they are commercially mature, well understood in
specialty applications, yet rarely considered for conventional reinforced
concrete construction.

A recently published US Federal Highway Administration report’
evaluated and compared the performance of CACs and other ACMs to PC,
examining mechanical behavior, dimensional stability and durability. This
extended abstract presents previously unpublished long-term durability
data, together with transport-based and microstructural interpretations that
enable more confident differentiation of CAC, CAC blend, and other ACM
performance relative to OPC. The focus here is durability-relevant findings
most pertinent to infrastructure applications, including sulfate resistance,
ASR mitigation, and transport-controlled deterioration mechanisms.

METHODS

Tested systems included an ASTM C150 Type I/l OPC, and multiple

compositions of CAC, CSA, and magnesium phosphate cements, and

alkali-activated binders. Cement compositions and concrete mixture
designs have been previously reported’2. Durability-focused testing
included:

» Chemical sulfate resistance, using standard testing (ASTM C1012), and
constant-pH sulfate exposure coupled with strength retention and
microstructural analysis;

« ASR assessment, incorporating both accelerated tests (ASTM C1260)
and long-term concrete prism tests (ASTM C1293) extending to two years;

 Transport characterization, including formation factor (F), sorptivity, and
resistivity-based indicators of pore connectivity, as well as direct
measures of chloride migration;

» Microstructural analysis, including OM, SEM, and TGA used to interpret
hydration products, bound water evolution, and phase stability.

Mixture designs emphasized compatibility with conventional batching and

placement practices, allowing durability trends to be interpreted in a

construction-relevant context.

KEY FINDINGS AND DISCUSSION
For brevity, only results showing resistance to constant-pH sulfate attack,
ASR (via two-year concrete prism testing), and transport are included.

Sulfate Resistance

Changes in compressive strength during accelerated sulfate exposure at
constant pH (Fig. 1) reveals that sulfate resistance in ACMs is governed not
simply by bulk composition, but by the formation and chemistry of
near-surface reaction layers and the permeability of the underlying matrix.
Ettringite-based systems, including CSA cements and CAC blends (CACT),
develop a dense, aluminum-rich (C,N)-A-S-H “armoring” layer that limits
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sulfate ingress, suppresses internal damage, and promotes retention of
compressive strength. In contrast, converted CAC systems exhibit rapid
degradation due primarily to increased porosity associated with conversion,
which facilitates sulfate transport and extensive ettringite formation
throughout the matrix. Together, these findings demonstrate that sulfate
sulfate in ACMs depends critically on coupled phase chemistry,
microstructural evolution, and transport phenomena, rather than on sulfate
exposure alone.

Figure 1. Average change in compressive strength, relative to strength prior to the
exposure, for OPC and ACM paste cubes, exposed to a 4% (w/w) sodium sulfate
solution. A 100% strength loss indicates the sample integrity was so compromised it
could not be tested.

Figure 2. Comparison of expansion of ASTM C1293 concrete prisms prepared with
different ACMs, compare with OPC and OPC with 50% Class C fly ash at 2 years.
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Alkali-Silica Reaction Mitigation

Two-year concrete prism test data (Fig. 2) demonstrates that CAC concrete
experienced less expansion relative to OPC when tested with a reactive
aggregate. These findings are consistent with the lower pore solution
alkalinity and alkali availability in CAC compared to OPC. However, a
blended CAC (i.e., CACT) experienced higher expansion than OPC,
attributable to increased pore connectivity combined with sufficient alkali
availability from the OPC component.

Transport Properties

As shown in Fig. 3, CAC and CACT mortars generally exhibit lower
formation factors than OPC at comparable total porosity (¢), indicating a
more transport-efficient pore network despite similar void fractions. This
trend is consistent with paste sorptivity performed at varying w/b, which
show higher total water sorption in CAC and CACT at similar w/b compared
to OPC. Of the ACMs examined, sorptivity in CACT also showed the
greatest sensitivity to variations in w/b. These results demonstrate that total
porosity alone is insufficient to assess durability, and that transport metrics
capturing pore connectivity and tortuosity are required.

Figure 3. Formation factor (F) versus total porosity (&) in ACM mortar mixtures compared
to that of OPC at varied water-to-binder ratios (w/b).
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ABSTRACT
Repairing damaged flooring in commercial freezer warehouses presents
significant challenges due to the extremely low temperatures, often below —
25 °C, where continuous forklift traffic and localized freeze—thaw actions
near the entrance area accelerate surface deterioration. This study
describes the development of a self-leveling, ultra-rapid-hardening mortar
designed specifically for subzero applications. The binder system is based
on amorphous calcium aluminates (ACA), which exhibit high reactivity and
excellent early-age performance in low-temperature environments. The
formulation was optimized to ensure adequate flowability and high early
strength without the need for external substrate heating.
Laboratory tests evaluated hydration kinetics, setting time, and mechanical
properties of the mortar at —25 °C. Results demonstrated that the ACA-
based system achieved the initial set within 10 minutes and compressive
strength exceeding 30 MPa after 3 h, even under freezing conditions. The
product was successfully applied in a real-world industrial freezer setting,
confirming its practical applicability.
This paper highlights the potential of ACA as a next-generation binder for
cold-environment infrastructure repair and contributes to expanding the
scope of high-performance calcium aluminate-based materials.

INTRODUCTION
At =25 °C, freezer warehouse floor repair is typically challenging. This is
due to the constraints of continuous operation, and conventional mortars
fail because of immediate freezing, resulting in strength from ice rather
than hydration [l. Organic-based materials are unsuitable in food
environments due to food safety compliance. Amorphous calcium
aluminates (ACA) offer a promising alternative, as their rapid dissolution
and highly exothermic hydration enable reaction even under subzero
conditions >4, This study develops and evaluates an ultra-rapid-
hardening ACA-based mortar for freezer floor repair and compares its
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performance with that of a ternary system composed of calcium aluminate
cement (CAC), ordinary Portland cement (OPC), and anhydrite.

METHODS

Materials
Two repair mortar systems were evaluated under subzero conditions:

ACA-based system

The ACA-based system consists of the following: anhydrite blended with
ACA, lithium carbonate, polycarboxylate ether (PCE) superplasticizer,
retarder (oxycarboxylic acid), redispersible polymer powder, and defoamer.
The dry mix had a binder content of 60 wt% and a water-to-powder ratio of
20.0%.

Ternary system (as a reference fast-setting mortar)

The ternary consists of crystalline CAC + anhydrite + rapid OPC, lithium
carbonate, PCE superplasticizer, retarder (oxycarboxylic acid),
redispersible polymer powder, and defoamer. The dry mix had a binder
content of 61 wt% and a water-to-powder ratio of 18.8 wt%.

Aggregates consisted of standard oven-dry silica sand. The water used was
tap water.

Mix design & batching
Powder components were preconditioned at 10°C. Mixing water was
preheated to 30 °C. Slurries were mixed at a temperature of ~10 °C.

Compressive strength
Compressive strength was measured at —25 °C after 1 h, 3 h, 7 days, and
28 days (950 x 100 mm cylinders; demolding at each curing time).

Substrate and environment
All specimens were cast on frozen concrete paving slabs (300 x 300 x
60 mm) and stored at -25 °C.

Temperature profiling of slurry

Thermocouples were installed on a concrete pavement slab at the center
(casting point), mid-span (~75 mm), and edge (~113 mm) to capture lateral
gradients. Additional thermocouples were embedded at depths
corresponding to the surface (~2 mm), mid-depth (~12 mm), and bottom
(~25 mm).

Field simulation

A refrigerated truck maintained at -25°C was used for pouring and
troweling, covering an area of approximately 1200 mm x 1800 mm with a
25 mm thick mortar layer.
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KEY FINDINGS AND CONCLUSIONS

Figure 1 compares the compressive strength development of the ACA-
based mortar and the ternary rapid system under -25 °C. The ACA system
achieved an initial set within approximately 10 min and exceeded 30 MPa
after 3 h, thereby meeting trafficability requirements for freezer warehouses.
In contrast, the ternary system exhibited almost no setting at an early age,
reaching only approximately 0.9 MPa after 1 h. The subsequent strength
increase was largely attributed to freezing rather than hydration, with the
strength reachlng only approxmately 25 MPa even after 28 days.
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Figure 1. Compressive strength development at' -25°C forACA-based and ternary
systems (graph), with corresponding failure modes after testing: hydrated ACA mortar (left)
and frozen conventional mortar (right).

Figure 2 illustrates the temperature evolution of the mortar at =25 °C. The
left panel captures lateral (in-plane) gradients from the casting point to the
edge, whereas the right panel captures vertical (through-thickness) profiles
at three depths. Hydration heat originated at the center surface and
propagated both depth-wise and laterally, sustaining reactions in the colder
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Figure 2. Temperature evolution at —25 °C: lateral gradients (left) and depth profiles (right).
Lateral gradients at center (casting point), mid-span (~75 mm), and edge (~113 mm); depth
profiles at surface (~2 mm), mid-depth (~12 mm), and bottom (~25 mm).
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Field application trials confirmed the practical feasibility of this approach
(Figure 3). The mortar was successfully poured and troweled inside a
refrigerated truck without external heating, demonstrating that the system
can be applied under real operational constraints.

Figure 3. Field application trial inside a refrigerated truck at =25 °C: (a) test environment
(refrigerated truck), (b) mortar slurry placement, (c) troweling operation, and (d) finished
surface without external heating.

Overall, these results underscore the potential application of ACA-based
binders for ultra-rapid repair in extreme cold environments. Future studies
should address large-area placement strategies and the management of
hydration heat in thick sections, as current formulations exhibit very high
reactivity that may lead to excessive thermal gradients in massive pours.
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ABSTRACT

Previous research’? has demonstrated the successful use of ettringite-based
accelerators to enhance the early-age strength of conventional and low-carbon
binders without compromising long-term mechanical properties. The present
study investigates their effect on the durability, a crucial factor for their use in
concrete, by evaluating key durability indicators including chloride permeability,
water porosity, and carbonation, in concrete mixes with and without ettringite-
based accelerators.

Results indicate that partial replacement of Portland cement with the
accelerator significantly reduced the chloride permeability and had minimal effect
on other parameters such as carbonation.

While initial water porosity measurements showed an increase of porosity in
accelerated systems, this is likely an artifact which can be attributed to the
standard testing method, which involves drying of the concrete at 105°C. At this
temperature the ettringite formed during the hydration of the accelerator is
partially decomposed, leading to an artificially increased porosity of the
cementitious matrix. Alternative testing performed with a 50°C drying temperature
revealed significantly lower porosity levels.

These findings suggest that the addition of the ettringite accelerator does
not have a deleterious effect on the durability of concrete, despite the expected
modifications to the hydrate assemblage, thereby supporting their potential use
in concrete applications.

INTRODUCTION | BACKGROUND

Ettringite accelerators (EA), based on a combination of calcium aluminate and
calcium sulfate, have been utilized for many years to accelerate the strength
development of Portland cement-based mortars'?, but their application in
concrete remains limited. The increasing need to boost productivity in the
concrete industry, particularly with the expanded use of supplementary
cementitious materials (SCMs)—which often negatively impact early-age
strength®—creates an opportunity for using such accelerators. However, this
raises the critical question of their impact on long-term durability.

Literature examining the durability of concrete containing EA as an
accelerator for Portland-based binders is scarce, with most studies focusing on
pure calcium aluminate-based concretes. Nevertheless, some PhD studies have
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addressed this topic*%¢. These studies indicate that accelerators composed of
ettringite precursors do not compromise durability.

The present study complements this existing data set by evaluating the
durability performance of a CEM Il-A-based concrete incorporating an ettringite
accelerator.

METHODS
Three concrete mixes were tested in this investigation. The reference mix
contained 350 kg/m? of CEM II-A and was designed to satisfy the C40/50 XF1
SF1 Dmax12 criteria. Two derivative accelerated compositions were prepared by
replacing 50 kg/m® and 100 kg/m? of the CEM II-A with an ettringite accelerator,
composed of amorphous calcium aluminate and calcium sulfate.

All concrete compositions maintained an effective water/binder ratio of 0.5,
corresponding to 175kg/m3 of water. A polycarboxylate ether (PCE)
superplasticizer was included, with the dosage adjusted to ensure comparable
consistencies across all mixes. The accelerated systems additionally contained
setting regulators.

Compressive strength measurements were performed according to EN
12390-3 and the durability tests were performed following the Performance-
Based Approach (PBA) described in the French Technical Report FD P 18-480,
which employs durability indicators to ensure a concrete mix is appropriately
formulated to achieve its expected service life within a specific operating
environment.

KEY FINDINGS
Compressive strengths
The strength results, displayed in Figure 1, show that the EA significantly
improves early-age strengths, from 6h to 48h, while having no significant impact
on the later-age strengths (7 days and beyond). The magnitude of the early-age
strength increase was proportional to the replacement rate of Portland cement
with the accelerator.

Figure 1: Early (left) and late (right) age strengths of concrete mixes

The fast-forming ettringite generated by the accelerator’ contributes to the
increase in early-age strengths without preventing the subsequent reaction of
Portland cement at later ages and the continued filling of the system's porosity.
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The observed late-age strengths indicate that the hydrates formed from the
accelerator contribute to the densification of the matrix porosity to an extent
comparable with the hydrates formed by an equivalent amount of Portland
cement.

Durability performance

The durability performance indicators for the three concrete mixes are
summarized in Table 1. The results indicate that the partial replacement of
Portland cement by the ettringite accelerator does not alter the durability of the
concrete.

Regarding electric resistivity and chloride ion diffusion velocity, accelerated
systems exhibited superior performance compared to the reference mix,
suggesting enhanced resistance to the penetration of deleterious agents. Similar
observations have been reported in previous studies’, and may be linked to a
densification of the hydrate matrix and alterations in its chemical composition,
particularly an increase in alumina content, which can favor the formation of
Friedel's salt.

Carbonation depths measured across all mixes were extremely low.
Quantifiable carbonation was observed only in the system with 100kg/m® of
accelerator, though the extent remained minimal, probably due to the very low
porosity of the concrete formulations.

The measured water absorption and porosity to water of the accelerated
mixes are superior to the reference. However, this gap is more likely caused by
the method of drying the samples than by intrinsic differences between the
systems. Ettringite is known to be sensitive to the temperature®, and the drying at
105°C, as prescribed by the standard testing procedure, will potentially degrade
a portion of the ettringite present in the concrete and generate additional porosity.
As the accelerated systems likely contain a higher volume of ettringite, they are
expected to present a more pronounced increase in the porosity after the drying
at 105°C.

By reducing the drying temperature to 50°C, below dehydration temperature
of ettringite, a significant reduction in the measured porosity to water was
observed. Unfortunately, a direct comparison of the systems’ intrinsic porosity is
not possible, as the reference mix was not dried under 50°C.

Table 1: Durability indicators of concrete mixes

50kg/m3 of 100kg/m3 of

PC ettringite ettringite
Reference accelerator  accelerator
Electric resistivity @28 days Q.m 58 57 58
Electric resistivity @90 days Q.m 84 111 95
Water absorption @28d (105°C) % 57 6,8 6,9
Porosity to water @90d (105°C) % 9,0 15,0 15,7
Porosity to water @90d (50°C) % Not measured 10,1 10,4
Chloride ions diffusion @90d 10?2 m?/s 8,8 6,3 6,7
Accelerated carbonation coef. @90d mm/d"? 0,00 0,00 0,27
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CONCLUSIONS | FUTURE RESEARCH NEEDS
The experimental results for this concrete composition demonstrate that the
partial substitution of Portland cement by the ettringite accelerator has a
negligible impact on overall durability, despite the expected modification in the
proportions of ettringite and calcium-silicate-hydrate (C-S-H) within the formed
hydrates, compared to the non-accelerated PC system”?°.

Further investigation is required to quantitatively evaluate the extent of the
changes in the hydrate assemblage.

The high drying temperature required by the current testing standards to
carry out some of the measurements seems to be not well suited for systems with
significant ettringite content. This methodological limitation can lead to an
overestimation of water absorption and porosity, which is not reflective of the true
durability performance of such systems.

The concrete composition chosen in this study was revealed to be too dense
to allow significant carbonation. It would be beneficial to repeat the study with a
composition more prone to carbonation in order to better evaluate the impact of
the EA.

A relevant topic for future work is the evaluation of the ettringite accelerator
effect on the durability of low carbon systems, incorporating SCM, which
themselves influence durability performances.
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ABSTRACT

Concrete made with traditional Portland cement in the sewer system is
subject to severe corrosion. This leads to deterioration of Portland cement,
reducing sewer pipe life and increasing maintenance and repair costs. This
research addresses a pertinent issue by evaluating three types of specialty
cements: calcium aluminate cement (CAC), calcium sulphoaluminate
cement (CSA), and high-belite calcium sulphoaluminate cement (HB-CSA).
These materials underwent durability tests under conditions that simulate
the environment of sewer systems, utilising laboratory-based
methodologies. The findings were unexpectedly significant; in the
accelerated corrosion tests conducted in the laboratory, CAC demonstrated
superior performance compared to the other types. The results indicate that
CAC exhibits enhanced durability in acidic environments, significantly
outperforming Portland cement. CAC offers the densest and most
chemically inert matrix, making it particularly suitable for the most
challenging conditions. In comparison, HB-CSA provides moderate acid
resistance. In addition to this test, sorptivity, compressive strength, alkali-
silica reactivity (ASR-AMBT), and water absorption were measured. In CAC
and HB-CSA, water absorption was around 5%, whereas for CSA, it was
slightly higher, around 7%. For sorptivity, all three binder systems were
within the <6mm/vh range. Strength development for this study was
recorded at 1 and 28 days for mortar and concrete samples.

INTRODUCTION | BACKGROUND
Sewer concrete systems are constantly exposed to biogenic sulfuric acid
corrosion, where H2S generated in the sewer is oxidised to H.SOs, leading
to rapid acidification. Due to this deterioration of concrete, the global annual
maintenance cost is progressively increasing. Corrosion outcomes depend
significantly on the testing method and exposure conditions [1,2]. Thus, a
reproducible and standardised approach is necessary when comparing
binders for server environments. Research indicates that CAC outperforms
Ordinary Portland Cement (OPC) in both field and laboratory settings,
largely due to its unique hydration chemistry and superior neutralisation
capacity [3,4]. However, for CSA and HB-CSA, it has been proposed that
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these binders can be used as alternatives [5]; however, there is still a need
for a direct comparison among all three using a proper test protocol covering
fresh, mechanical, and durability properties.

METHODS

The test plan for this study was organised into two stages. The first stage
focused on analysing the physical and fresh properties of concrete made
with three different binders. It also evaluated their mechanical, durability,
and transport properties. In the second stage, the tests primarily assessed
these binders under aggressive sewer conditions. To achieve this, a widely
used research method was employed: a lab-based testing protocol
designed to mimic the effects of concrete exposure to biogenic acids
present in the sewer environment, using CAC, CSA, and HB-CSA binders.
[2,6,7].

KEY RESULTS AND CONCLUSIONS

A. Fresh properties indicate that concrete made with HB-CSA and CSA
sets the fastest, taking less than 30 minutes at a w/c ratio of 0.35.
CAC was the only binder that remained workable at a w/c ratio of
0.35. However, at a w/c ratio of 0.3, all binders set within 25-35
minutes.

B. CAC and CSA concretes developed a high early strength at Day-1;
however, HB-CSA was at 10.1. At Day 28, all three were above 50
Mpa, and CAC was the highest among all (Figure 1).

C. None of the three binders showed any expansion when used with
reactive sand, and HB-CSA performed best among the three.

D. CAC and HB-CSA have lower water absorption than CSA (Table 1).
Sorptivity revealed that HB-CSA'’s initial and final absorption were
lower than those of the other two binders (Figure 2).

E. Strength loss during acid immersion for CAC and CSA was similar,
ranging from 55% to 58% decrease by 35 days; however, for HB-
CSA, it was the lowest, around 41%.

F. Mass loss recorded during acid immersion was lowest in CAC,
followed by HB-CSA.

G. Depth of corrosion indicates that CAC showed the least amount of
acid permeation, which was 7.4, followed by HB-CSA at 10.5.
However, CSA showed a depth of corrosion of 20.5, even higher than
OPC at 13.5 (Figure 3).

Table 1. Water absorption of concrete made CAC, CSA and HB-CSA

Binders | Imnmersed Absorption; Ai (%) | Boiled Absorption; Ab (%)
CAC 5.06 + 0.02 5.43 £ 0.01
CSA 7.19+0.07 7.26 £ 0.07
HB-CSA 5.75 £ 0.07 5.78 £ 0.07
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Figure 1. Strength comparison of CAC, CSA and HB-CSA with OPC at Day-1 and Day-28

Figure 2. Initial and secondary absorption of CAC, CSA and HB-CSA

Figure 3. Depth of corrosion of CAC, CSA and HB-CSA at different classifications from
C1 to C5 compared with OPC
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FUTURE RESEARCH

The experimental program described here is a specific part of a larger thesis
framework. In this framework, CAC, CSA, and HB-CSA have been
evaluated using standardised protocols to establish a strong performance
baseline across key indicators of fresh properties, mechanical properties,
and durability. Building on this foundation, the next phase will apply the
same testing matrix to newly developed low-carbon binders and directly
compare their performance against CAC, CSA, and HB-CSA under the
same curing and exposure conditions.

[1]

[2]

[3]

[4]

[5]

[6]

[7]
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ABSTRACT

This study explores the valorization of a water-granulated platinum slag
(GPS) as both a fine aggregate replacement and a supplementary
cementitious material (SCM) in mortar formulations. The slag, a byproduct
of platinum smelting operations, contains high amorphous content and
elevated MgO and Al,O; levels—making it a potential contributor to cement
chemistry when properly processed.

The GPS was tested in two ways. First, as a sand substitute (0-100%) sand
replacement, and second, ground to make ground granulated platinum slag
(GGPS) as a 30% Ordinary Portland Cement (OPC) replacement. Three
mortar systems were developed: (A) OPC-only, (B) OPC with 30% fly ash,
and (C) OPC with 30% GGPS. Mixes were evaluated for workability,
compressive strength, alkali-silica reactivity (ASR), and autoclave
expansion.

ASR testing showed that GPS used as sand replacement resulted in
excessive expansion (>0.2%), but this was effectively mitigated with the
addition of fly ash, enabling up to 100% sand replacement without
compromising performance. Autoclave expansion remained within
acceptable limits in all cases, indicating mineralogical stability despite high
MgO content. The GGPS exhibited a Blaine fineness of 441 m?/kg and was
found to be chemically active, with favorable ASR suppression and strength
comparable to control mixes.

These results support the use of alumina-bearing GPS and GGPS as
promising, industrially sourced SCMs that can help cement manufacturers
reach their sustainability and decarbonization goals. Ongoing work is
focused on optimizing hybrid binder systems (e.g., fly ash + GGPS) for
improved performance in durable and resource-efficient calcium aluminate-
based systems.

*kelly@insight-rnd.com
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INTRODUCTION | BACKGROUND

Reducing clinker content while maintaining mechanical and durability
performance is central to cement decarbonization. Supplementary
cementitious materials (SCMs), such as fly ash and slag, enhance
mechanical and durability properties of cementitious composites while
contributing to sustainability objectives [1-3].

SCMs can react with calcium hydroxide released during Portland cement
hydration to form additional calcium silicate hydrate (C-S-H) phases,
thereby densifying the microstructure and improving binder performance in
blended systems [1,2]. Their latent hydraulic or pozzolanic behavior
depends on chemical composition, glass content, and fineness, which
govern reaction kinetics and long-term strength development [1].

Several mechanisms explain why fly ash and slag mitigate alkali-silica
reaction (ASR) expansion, including alkali binding within hydration products,
reduced pore solution alkalinity, refined pore structure leading to lower
permeability, and reduced silica dissolution rates [4,5]. Experimental studies
indicate that fly ash and slag replacements reduce ASR expansion even in
high-alkali systems and represent effective mitigation strategies [4-6].

Granulated platinum slag (GPS), produced through rapid quenching of
molten slag, contains a high proportion of amorphous aluminosilicate
phases. The GPS material evaluated in this work contains approximately
54 wt% SiO,, 5wt% Al,O3;, 11 wt% Fe,O3, and 21 wt% MgO, with
measured glass content between 85-88%. Although elevated MgO levels
may raise concerns regarding delayed expansion, autoclave testing
confirms mineralogical stability of magnesium phases in this system.

This study evaluates two valorization strategies:
e GPS as a fine aggregate replacement
e Ground granulated platinum slag (GGPS) as a 30% OPC replacement

METHODS
Raw Material Characterization

Granulated slag was sieved to obtain the <0.5 mm fraction for aggregate
substitution studies. GGPS was produced by ball milling to a Blaine fineness
of 441 m?/kg, exceeding that of OPC (341 m?kg) and fly ash (365 m?/kg).
Specific gravity of GGPS was measured at 2.84.

Mix Design

Three mortar series were prepared:

e Series A: OPC binder with 0-100% sand replacement by GPS

e Series B: 70% OPC + 30% fly ash binder with GPS sand replacement
e Series C: 70% OPC + 30% GGPS binder with GPS sand replacement
Water-to-binder (W/B) ratios were adjusted to meet ASTM C1437 flow
requirements.
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Performance Testing

Mortars were evaluated according to ASTM standards:
e Compressive strength (ASTM C109)

Autoclave expansion (ASTM C151)

Alkali-silica reactivity (ASTM C1260)

Setting time (ASTM C191)

Bleeding and workability

KEY FINDINGS | CONCLUSIONS

MgO Stability

Despite MgO levels of ~21 wt% , autoclave expansion ranged from 0.01-
0.04%, well below the ASTM C150 Iimit of 0.80%. This confirms
mineralogical stability of MgO and absence of deleterious delayed
expansion.

Compressive Strength

The OPC control achieved approximately 39 MPa at 56 days. Replacement
of 30% OPC with GGPS achieved comparable strength of 38 MPa,
demonstrating that GGPS functions effectively as a supplementary
cementitious material.

Moderate GPS sand substitution (up to approximately 50%) increased
compressive strength in OPC-based systems. At 100% sand replacement,
strength declined, likely due to particle segregation rather than intrinsic
material limitations.

Alkali-Silica Reactivity

GPS used as sand replacement without SCM mitigation resulted in ASR
expansion exceeding 0.2%, indicating potentially deleterious behavior.

Incorporation of 30% fly ash effectively suppressed ASR expansion below
deleterious thresholds, even at high GPS substitution levels. GGPS
provided partial ASR suppression but was insufficient alone at high
aggregate replacement levels.

Overall Technical Implications

GGPS can replace 30% OPC while meeting strength and expansion
requirements. Fine aggregate can be fully replaced by GPS when paired
with fly ash for ASR mitigation.

These findings demonstrate a viable pathway for clinker reduction and the
development of alumina-bearing, sustainable cementitious systems.

A summary of mortar performance can be seen in Table 1.
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Table 1. Summary of mortar performance incorporating GPS as sand replacement and
GGPS or fly ash as SCMs. Shown are 56-day compressive strength and 21-day ASR
expansion values, highlighting technically viable mix designs and ASR mitigation effects.

56-Day Autoclave

GPS Total GPS ASR at21
Binder System MixID Sand 2:) O(;to/) W/B Strength Expansion Da :(o/)
° ° (MPa) (%) ys e
A1l 0 0 0.6 38.89 0.03 0.13
OPC (100%) A3 50 35 0.5 46.63 0.01 0.6
A5 100 69 0.6 34.71 0.01 0.7
B1 0 0 0.6 28.21 0.01 0.02
OPC (70%) +
Fly Ash (30%) B3 50 35 0.6 35.89 0.01 0.04
B5 100 69 0.7 27.65 0.01 0.07
C1 0 9 0.6 37.81 0.01 0.1
OPC (70%) +
GGPS (30%) C3 50 43.9 0.6 43.43 0.04 0.56
C5 100 78.6 0.6 25.67 0.01 0.65
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ABSTRACT

The durability of calcium aluminate cement in aggressive environments is
considered one of its competitive advantages. A property that is attracting
additional attention in concrete research today is resistance to carbonation,
as cement-based materials play a role as carbon sinks in the carbon
neutrality strategy. Previous studies have shown that CAC concrete has a
faster carbonation rate compared to OPC concrete. However, there are no
consistent conclusions on the effects of carbonation on the properties of
CAC and limited knowledge on how SCMs affect the carbonation process
when mixed with CAC. The present study focuses on the evaluation of the
carbonation resistance of mortar based on CAC without and with the
addition of slag and calcined clay. The influence of carbonation was
investigated on non-conversion-promoted (cured at 20°C) and conversion-
promoted samples (cured at 38°C). The experimental results show that
accelerated carbonation has different effects on the microstructure and
mechanical properties of CAC without and with the addition of slag or
calcined clay.

INTRODUCTION | BACKGROUND
The durability of calcium aluminate cement is often cited as the greatest
advantage of this material’. One of the durability properties raising
additional attention in concrete research is resistance to carbonation, due
to the implication cement-based materials as carbon sinks have in the
carbon neutrality strategy?. In CAC cement, according to the literature, the
reaction with CO: leads to the formation of CaCO3 and AHj3 gel, irrespective
of the hydrates present'. Alapati and Kurtis® demonstrated that CAC
concrete exhibits a faster carbonation rate in comparison to OPC concrete.
Additionally, they showed that the decomposition of primary hydration
products due to carbonation can lead to a considerable decrease in
compressive strength and capillary porosity. On the contrary, studies of
CAC exposed to carbon dioxide during curing at early age showed that it is
possible to overcome conversion process by exposing samples to critical
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carbonation (100% of CO2) or by early carbonation curing*. Studies showed
formation of stable hydrates without causing an increase in the porosity of
the cement matrix. Overall, however, there is an absence of uniform
conclusion on the effect of carbonation on CAC and a limited knowledge
about how SCMs impact the carbonation process when incorporated with
CAC.

This research is focused on evaluating the carbonation resistance of mortar
based on CAC cement without and with the addition of slag and calcined
clay. For this purpose, three mixtures were made.

MATERIALS AND METHODS
The studied samples were produced using calcium aluminate cement with
52.67% of Al,O3 produced by Calucem company from Pula, Croatia. The
slag used in this study was industrially milled with a Blaine size 4580 cm?/g,
while clay was received as raw material without prior processing. Prior to
mixing, the clay was first dried for 24h at 60°C to remove the moisture, then
ground (for 90 s) to Blaine size of 5980 cm?/g, and finally calcined at 850 °C
for one hour. According to the mass loss (%) from 350 — 600 °C, the calcined
clay had 40% kaolinite/illite.
To ensure quantifiable changes in the microstructure of CAC cement, 30%
of cement was replaced by GGBFS or calcined clay. Therefore, three mortar
mixtures were prepared. One reference mixture with 100% of CAC cement
(labelled CAC100), second mixture with 30% replacement with GGFS
(labelled CAC70S30) and third mixture with 30% replacement by calcined
clay (labelled CAC70C30). The mixtures were prepared according to EN
14647. The influence of carbonation was evaluated on conversion non-
promoted (cured at 20°C) and conversion promoted samples (cured at
38°C).
Resistance to carbonation was tested according to EN 12390-12. The depth
of carbonation was measured with a phenolphthalein indicator. To assess
the impact of carbonation on the mechanical properties, the compressive
strength of the samples was tested before and after 56 days of carbonation.
To correlate changes in the compressive strength to conversion and phase
assemblage changes, microstructure studies were performed by
thermogravimetric analysis (TGA) — results showed in the extended
abstract, and mercury intrusion porosimetry (MIP), and X-ray diffraction
(XRD) — results not shown in the extended abstract.

RESULTS
Carbonation depth was monitored over 56 days of exposure to CO>. Results
obtained from carbonation depth measurement are shown in Figure 1.
Mixture CAC70C30 20°C exhibited the highest carbonation ingress
throughout all testing periods. Mixtures cured at 38°C before carbonation
have an overall lower carbonation depth than mixtures cured at 20°C.
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Figure 1 Carbonation depth values for all mixtures

This difference also can be seen in, Figure 2, where samples sprayed with
phenolphthalein after 56 days of exposure to CO2 are presented. Both
GGBFS and calcined clay samples show smaller carbonation depth in the
case of samples cured at higher temperature which also can be seen from
samples sprayed with phenolphthalein.

Figure 2 Samples sprayed with phenolphthalein after 56 days of exposure for all three
mixtures: a) 20°C, b) 38°C

Accelerated carbonation had the greatest impact on the change in the
compressive strength of the reference mixture for both curing temperatures,
Figure 3.
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Figure 3 Compressive strength values before and after 56 days of carbonation compared
to compressive strength prior to carbonation
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While the compressive strength of non-converted reference mixture cured
at 20°C decreased for almost 30% after 56 days of carbonation, the same
mixture, which was converted due to curing at 38°C, experienced an
increase in compressive strength for almost 40% after carbonation. In the
case of mixtures with slag and calcined clay, a slight increase in strength
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was recorded for all mixtures after 56 days of carbonation, regardless of
curing conditions prior to carbonation. Figure 4 shows dTG curves for
CAC100, CAC70S30 and CAC70C30 mixture cured at 38°C after 56 days
of carbonation.

" . " " Y . . . 0.1% 01%
) 3w )t 0n M) a8 ) T Yo % ot o0r o HT o oht T s
cccccccccccc °c T

Figure 4 DTG curves of carbonated CAC108‘:‘WBQAC7OSSO and CAC70C36W;1“ir;<ture cured
at 38°C after 56 days of exposure

In the case of CAC100 mixture cured at 38°C after 56 days of carbonation,
there was a decrease in the peak attributed to stable C3AHe and AH3
hydrate. For CAC70S30 and CAC70C30 cured at 38°C, lower peak intensity
was detected for CAH1o after exposure to CO2, while more C>AHs,
decomposing at lower and higher temperatures, was detected after
carbonation. In this case, more C3AHs hydrate was also detected after
carbonation, as well as CaCOs and AH3 hydrate.

KEY FINDINGS

Curing at 38°C for mixtures incorporating slag and calcined clay to CAC
based mortar improved resistance to carbonation compared to those
samples cured at 20°C. Only a plain CAC reference sample cured at 20°C
experienced decrease in compressive strength after 56 days of carbonation,
while compressive strength of samples with slag and calcined clay
increased after 56 days of exposure to CO.. Mixtures with slag and calcined
clay addition did not experience major changes in microstructure after
carbonation, which makes these mixtures more stable, in relation to
compressive strength, compared to the reference mixture.
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ABSTRACT

Calcium aluminate cement (CAC) has demonstrated exceptional durability
under deep-sea conditions. Previous investigations at 1887 m depth
revealed that high-purity CAC (70% alumina) maintains structural integrity
through the stability of aluminium hydroxide (AH) as the binding phase. This
study extends the exposure duration to two years at 980 m depth to evaluate
long-term performance. Microstructural analysis confirms the persistent
stability of the hydrate assemblage. Results demonstrate that calcium
aluminate hydrates selectively uptake chloride from seawater to form
Friedel's salt, while the AH matrix remains chemically stable. This
mechanism prevents the decomposition of hydrates due to leaching of alkali
metal and/or alkaline earth metal, typically observed in Portland cement
systems under seawater ingress, distinguishing CAC as a promising binder
for deep-sea infrastructure applications.

INTRODUCTION | BACKGROUND

The authors have systematically investigated the durability of cementitious
materials under deep-sea conditions. Among various binder systems
examined, high-purity CAC has exhibited superior resistance to deep-sea
environments'. Previous research at approximately 1887 m depth for one
year demonstrated remarkable stability of the hydrate assemblage.

The fundamental distinction between CAC and Portland cement (PC)
systems lies in their binding phases and dissolution behaviour under
seawater attack. In PC systems, calcium silicate hydrate (C-S-H) exhibits
significant solubility under low-pH conditions induced by alkali leaching due
to seawater ingress, leading to microstructural deterioration?. Conversely,
CAC systems feature AH as the binding phase, which demonstrates
exceptional stability even under prolonged seawater exposure’. This study
investigates specimens exposed for two years at 980 m depth.

*takahashi.keisuke@kagawa-u.ac.jp
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METHODS

Exposure site

Field exposure was conducted at 980 m depth offshore Shimizu, Japan, for
two years. Environmental conditions closely resembled those at 1887 m,
with seawater temperatures of 2—3 °C throughout the year. The seafloor
consisted of muddy sediments. Specimens (¢50 mm x 100 mm, water-to-
cement ratio of 0.50, sealed-cured for three months) were positioned on a
platform elevated approximately 20 cm above the seabed (Fig. 1).

i < .«i "\ ‘
Figure 1. Deep-sea exposure site at 980 m depth showing specimen placement.
Photographs courtesy of the Japan Agency for Marine—Earth Science and Technology.

Microstructural characterization

Retrieved specimens were solvent-dried, vacuum-impregnated with low-
viscosity epoxy resin and polished with diamond paste. Microstructural
examination used a JSM-IT-300 (JEOL) scanning electron microscope
(SEM) with backscattered electron (BSE) detector and energy-dispersive X-
ray spectrometer (EDS) at 15 kV accelerating voltage and 10.0 mm working
distance. EDS spot analyses were performed on at least 100 randomly
selected points within 0—1 mm, 4 mm, and 20 mm from the exposed surface,
avoiding cracks and large voids. Results were compared against non-
exposed specimens sealed-cured for 3 years. X-ray diffraction (XRD) and
thermodynamic modelling were carried out to complement SEM-EDS.

KEY FINDINGS

Based on the XRD analysis, the hydrate assemblage in CAC comprises
calcium aluminate layered double hydroxides (Ca-Al LDHSs) including
CAH1o, C2AHs, and C3AHe, together with AH as the binding phase. Non-
exposed replicate specimens show residual unreacted monocalcium
aluminate (CA) clinker present in significant quantities. SEM revealed a
porous microstructure wherein granular Ca-Al LDHs particles are
embedded within the AH binding phase with numerous voids visible (Fig.
2).

Thermodynamic equilibrium calculations established that AH remains stable
with increasing seawater ingress, whereas Ca-Al LDHs undergo anion
exchange by incorporating Cl and S from seawater, transforming into
Friedel's and Kuzel's salts (Fs/Ks), followed by ettringite (Ett) formation’.
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Comparative analysis between the sealed-cured specimen (Fig. 2, right)
and the 980 m exposed specimen (Fig. 3, left) demonstrates Fs formation
from chloride uptake. EDS elemental mapping (Fig. 3, right) confirms that
chloride incorporation occurs exclusively within Ca-Al LDHs phases, while
AH remains unaffected. Given the porous microstructure observed in Figs.
2 and 3—with AH surrounding large Ca-Al LDHs grains—expansion
induced by crystallization pressure is unlikely to occur significantly in this
CAC system.

Figure 2. BSE images of non-exposed replicate specimens sealed-cured for 3 years (left:
500 x, right: 2000 x)

Figure 3. BSE image (2000 x, left) and EDS elemental mapping (right) of deep-sea
specimen exposed at 980 m for 2 years; 20 mm depth from exposure surface.

Figure 4 presents EDS point analysis results at depths of 0-1, 4, and 20 mm
from the exposed surface. The appearance of point clusters linking AH and
Ca-Al LDHs (including calcium aluminate hydrates and Fs/Ks) indicates
intimate phase mixing. At the surface layer, a cluster extending from AH
was observed with moderately reduced CI/Al ratios, potentially indicating
partial Fs decomposition. However, sulfur was minimally detected (S/Ca <
0.01), suggesting that subsequent Ett formation had not yet occurred.

Although detailed data are not presented here due to space constraints,
several additional observations merit discussion regarding chloride uptake
and phase changes. EDS analysis revealed no substantial difference in
chloride uptake between deep-sea and laboratory exposed specimens in
low-temperature seawater (2 °C) for two years. However, XRD analysis
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indicated notably higher peak intensities of Fs in the 980 m deep-sea
specimens.

Figure 4. EDS point analysis of deep-sea specimen exposed at 980 m for 2 years
showing Ca/Al versus CI/Al atomic ratios at different depths.

FUTURE RESEARCH NEEDS | CONCLUSIONS
After two years of deep-sea exposure at 980 m depth, the hydrate phases
in high-purity CAC systems demonstrate exceptional stability. This durability
stems from two synergistic mechanisms: (1) selective chloride uptake by
Ca-Al LDHs to form Friedel's salt, which prevents extensive conversion of
calcium aluminate hydrates and maintains relatively stable dimensions, and
(2) inherent stability of the AH binding phase. Although not detailed in this
study, comparable stability has also been observed in specimens exposed
under more severe conditions—three years at 3515 m depth—with results
to be published in a forthcoming paper.
Extended exposure investigations are necessary to determine whether
phase assemblages progressively evolve toward thermodynamic
equilibrium states. The minimal leaching observed in CAC systems provides
opportunities to investigate interactions between specimen surfaces and
deep-sea sediments. Furthermore, comprehensive evaluation of
mechanical properties under sustained deep-sea hydraulic pressure
remains essential for advancing practical applications in extreme marine
environments.
To address these challenges, the authors have initiated a new research
programme, DuRACS (Durable and Resilient Advanced Cementitious
materials for deep Sea infrastructure), which will continue systematic
investigations in the coming years with support from the UK Research and
Innovation and Japan Society for the Promotion of Science.
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Extended Abstract:

This study presents long-term durability findings for various rapid repair concrete
systems subjected to over a decade of outdoor exposure in diverse environmental
conditions. The systems evaluated include Calcium Aluminate Cement (CAC),
blended CAC-Portland cement systems, and Calcium Sulfoaluminate (CSA)
cement, benchmarked against conventional Portland cement concrete. Key durability
mechanisms monitored were alkali-silica reaction (ASR), external and physical sulfate
attack, delayed ettringite formation (DEF), steel reinforcement corrosion, and
carbonation. Results demonstrate that each alternative binder system exhibited
distinct performance advantages under specific conditions. Overall, the findings
highlight the potential of alternative cementitious systems to outperform traditional
portland cement in targeted repair applications, emphasizing the importance of selecting
repair materials based on anticipated environmental exposures.

In recent years, blended cement systems incorporating both CAC and calcium sulfate
(gypsum) with portland cement (PC) have been developed to utilize the rapid hardening
characteristics of CAC but at a reduced cost. While the durability of CAC is well
researched and documented, the durability of these new blended systems was not yet
fully understood at the onset of this study. The focus of this research was to evaluate the
performance and long-term durability of various blended systems which utilize CAC or
CSA to attain rapid hardening.

Long-term durability of concrete systems is best evaluated through outdoor exposure
monitoring. The University of Texas at Austin established their first large-scale outdoor
exposure site in 2001 to investigate viable techniques for preventing expansion and
cracking due to ASR and/or DEF. In the decades since, the on-site capabilities were
expanded to include long-term evaluation of external sulfate attack, physical sulfate attack
and carbonation. In 2014, a marine exposure site was established along the Texas coast
capable of evaluating steel reinforcement corrosion. The various UT exposure sites have
been employed in this study for over a decade and monitoring will continue indefinitely.

The main conclusions of this study are as follows:
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Alkali-Silica Reaction

Calcium aluminate cement provides superior protection against ASR compared to OPC
concrete. When calcium aluminate cement is blended with OPC or CSA, the durability of
the concrete system is reduced, but still performs superior to pure OPC concrete systems
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Figure 1: (a) Long-term expansion of ASR exposure blocks and (b) ASR exposure block
expansion results shown with a 0.10% maximum expansion

External and Physical Sulfate Attack

As expected from historical documentation, pure CAC concrete systems perform well in
sulfate-rich environments. Conversely, blended CAC systems may not be appropriate for
use when exposed to high sulfate conditions. Blended OPC|CAC and OPC|CSA based
concrete systems and pure CSA base concrete systems fully deteriorated within 3 years
when exposed to 0.89% and 5.0% sodium sulfate in outdoor exposure due to external
sulfate attack. The OPC control concrete also deteriorated within a similar time-frame, but
at a significantly higher level of expansion. Figure 2 shows the CAC system after 10 years
in outdoor sodium sulfate conditions.
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Figure 2: Outdoor vertically placed CAC concretes in 5% Sodium Sulfate Soils

Delayed Ettringite Formation (DEF)

CAC concrete systems have not shown to be susceptible to DEF; however, significant
expansion is observed with CAC blended systems. Though significant, the levels of
expansion observed in blended systems are roughly half that observed in pure OPC
concrete systems at 12 years.
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Figure 3: DEF Exposure Block Expansions

Steel Reinforcement Corrosion

Exposure blocks were lost due to Hurricane Harvey in 2017 and long-term measurements
are not available for these blocks

Carbonation

Concrete systems that employ 100% OPC offer superior carbonation resistance compared
to CAC and CSA blended systems, for the same curing conditions and w/cm ratios. The
maximum depth of carbonation for the OPC control concrete reached 2-mm at 11 years;
whereas, maximum depth of carbonation for the blended systems ranged between 9-mm
and 14.5-mm at 11 years.
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Figure 4: Carbonation depth observed in concrete samples



