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Abstract: To promote the sustainable development of eco-efficient calcium sulfoaluminate (CSA)
cements through the partial replacement of the CSA clinker with supplementary cementitious waste
products, the effects of coal fly ashes on the early-age and mature-age properties of a calcium
sulfoaluminate (CSA)-based cement paste were investigated. The impacts of both Class C and Class
F fly ashes on the rheological properties, hydration kinetics, and compressive strength development
of CSA cement paste were studied. Rheology-based workability parameters, representing the rate
of loss of flowability, the rate of hardening, and the placement limit, were characterized for the
pastes prepared with fixed water-to-cement (w/c) and fixed water-to-binder (w/b) ratios. The results
indicate a slight improvement in the workability of the CSA paste by fly ash addition at a fixed
w/b ratio. The isothermal calorimetry studies show a higher heat of hydration for the Class C fly
ash-modified systems compared to the Class F-modified systems. The results show that fly ash
accelerates the hydration of the calcium sulfoaluminate cement pastes, chiefly due to the filler effects,
rather than the pozzolanic effects. In general, ettringite is stabilized more by the addition of Class F
fly ash than Class C fly ash. Both fly ashes reduced the 1-day compressive strength, but increased
the 28-day strength of the CSA cement paste; meanwhile, the Class C modified pastes show a higher
strength than Class F, which is attributed to the higher degree of reaction and potentially more
cohesive binding C-S-H-based gels formed in the Class C fly ash modified systems. The results
provide insights that support that fly ash can be employed to improve the performance of calcium
sulfoaluminate cement pastes, while also enhancing cost effectiveness and sustainability.

Keywords: sulfoaluminate cement; fly ash; hydration; rheology; eco-efficient cement; sustainability
of cements

1. Introduction

Calcium sulfoaluminate (CSA) cements are one of the most promising low-CO2 sus-
tainable alternatives to Portland Cements (PC) [1–3]. CSA cements feature a lower carbon
footprint than PC, mainly because the raw material-derived CO2 emission arising from
the formation of the major CSA clinker phase, ye’elimite (C4A3S), is about a third of that
arising from the formation of the major PC clinker phase, alite (C3S) [4]. In addition, the
lower clinkering temperature of 1250 ◦C used for CSA cement production leads to a lower
fuel-derived CO2 emission compared to PC, with a clinkering temperature of 1450 ◦C.
Furthermore, the CSA clinker generally requires lower energy to grind. In addition to the
reduced CO2 emission and energy consumption, CSA cement features superior properties,
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for example, high early-age strengths [5,6] and shrinkage minimization [7,8]. However,
unanswered questions regarding durability have limited the adoption of CSA cements
in mainstream construction applications in many countries [9]. Nevertheless, one of the
significant limitations of the general use of CSA is, arguably, its high cost, which is about
twice the cost of an equivalent bag of PC.

To make CSA cement greener and to reduce its cost, it can be blended with supplemen-
tary cementitious materials (SCMs), for example, fly ash and slag [10,11], silica fume [12],
or limestone powder [13–15]. Expectedly, the addition of SCMs to cement will modify their
properties; this is via SCMs’ participation in the hydration reaction (e.g., like a pozzolan),
via a filler effect, or via a combination of the two. The effects of fly ash and other SCMs
in PC systems have been extensively studied [16–18], wherein fly ash in PC is known to
serve both as a filler and as a pozzolan [16–21]. The pozzolanic effect enhances cement
hydration via the reaction of the siliceous components of the fly ash with free portlandite
to produce new hydration products (e.g., C-S-H gel), while the filler effect accelerates the
hydration reaction via the additional nucleation sites for reaction product precipitation
on the extra surfaces provided by the SCM particles [22]. Secondly, the filler effect is also
attributed to the dilution effect of replacing cement with SCM, which increases the effective
water/cement (w/c) ratio and results in an increased hydration of the cement. Given the
generally low reactivity of fly ash, the filler effect is known to be the most dominant effect
of fly ash at the early ages of cement hydration [17,19,20].

Unlike PC, limited studies have been devoted to understanding the effects of SCMs in
CSA cement systems [10,23,24]. It is known that the pore solutions of CSA cement generally
have a lower pH than that of PC at early hydration ages [1,25,26], which suggests that
the dissolution of fly ash will be slower in CSA systems. In addition, contrary to the PC
system, pozzolanic reactions are limited in the CSA cement system due to portlandite
unavailability. However, for CSA cements containing belite and alite, C-S-H gel may form
upon the dissolution of these calcium silicate clinker phases. This can potentially provide
accessible calcium ions that may react with fly ash, leading to C-S-H gels with a decreased
calcium/silica ratio [18,21]. Previous studies have shown that the addition of fly ash to CSA
cement leads to an increase in the 28-day compressive strength by up to 6 MPa for CSA
cement, substituted by up to 15% fly ash. Conversely, a higher replacement, above 15% fly
ash, has been reported to lead to a decrease in the compressive strength [10,11]. It is also
reported that fly ash may promote the early formation of ettringite in CSA cements [10,24],
whereas the product of the fly ash reaction in the system (i.e., strätlingite) was detected
after about half a year of hydration, suggesting that there was a minimal degree of fly ash
reaction in the CSA system [10].

One of the most critical challenges that constrain the general applicability of CSA
cement in conventional construction is its poor early-age workability. CSA cement paste is
a shear-thickening material that features a rapid-changing rheological behavior [10]; as a
result, chemical admixtures (e.g., retarders and dispersants) are frequently employed to
control the rheology [27]. Moreover, mineral admixtures (e.g., fly ash, silica fume, and slag)
have been reported to improve the rheological properties of CSA cement paste in a few
studies [12,28]. The studies show different trends for different supplementary cementitious
materials, for example, silica fume lowers the plastic viscosity but increases the yield stress,
while fly ash and granulated blast furnace slightly reduce both the plastic viscosity and
yield stress [12]. Similar effects of SCMs on cement paste rheology have been reported for
PC systems [29–32], however, unlike the extensive studies available for PC systems, studies
on the effects of fly ash on the early-age characteristics of CSA pastes are still limited.

To better understand the impact of fly ash on the early-age and mature-age properties
of CSA cements, this study investigates the impacts of ASTM C618-compliant Class C and
Class F on the rheology and hydration kinetics of belite-CSA cement pastes. ASTM C618 [33]
specifies the chemical and physical characteristics of Type C and Fly ashes, suitable for
use in cement and concrete. Class C fly ash is typically produced from burning lignite or
subbituminous coal, and may also be produced from anthracite or bituminous coal, while
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Table 1. Oxide composition of CSA cement and fly ashes (%mass).

Species MgO CaO Al2O3 SiO2 P2O5 SO3 Na2O + K2O TiO2 Mn2O3 Fe2O3 LOI

CSAC a 0.94 48.85 20.94 11.61 0.48 11.49 0.34 0.53 0.09 2.96 1.65

FA-C b 5.22 32.13 16.64 32.31 1.46 1.74 1.47 1.40 0.03 6.07 1.16

FA-F c 1.51 6.04 18.88 56.50 0.73 1.21 3.08 0.75 0.05 10.11 1.06
a CSAC = Calcium sulfoaluminate cement; b FA-C = Class C Fly ash; c FA-F = Class F Fly ash.

2.2. Mixing Protocol

Twelve CSAC paste mix designs were prepared with six different dosages of FA-C
and FA-F (0%, 1%, 3%, 5%, 10%, and 15% dry mass of cement) for the rheology study at
a fixed water-to-CSA cement (w/c) of 0.5 (mass basis). To regulate (retard) the hydration
rate, a fixed 2% citric acid was used. The proportion of the chemical admixtures was kept
constant in all the pastes, while the dosage of fly ash was varied. Grade II deionized water
was used in preparing the cement pastes. A second set of pastes was prepared with a
fixed water-to-binder (w/b) = 0.5 (mass basis) to help explicate the effects at fixed w/c
versus w/b. The water content in the chemical admixtures was accounted for as part of the
total water.

The target mixture proportions of solids (CSA cement, fly ash, and citric acid powder)
were first homogenized by handshaking before mixing with water to prepare the pastes.
For the rheology study, 10 g of CSA cement was used, and the mixture was mixed in a
250 mL plastic beaker with a four-blade overhead stirrer (RW 20 Digital, IKA, Wilmington,
NC, USA) for one minute at 1000 rpm. The mixed slurry was immediately loaded into
the rheometer for the measurements. For isothermal calorimetry tests, similarly, mixed
liquids were added to the mixed solids in a glass vial, and the manual mixing of the pastes
continued for one minute. Then, the sample vial containing the obtained paste was lowered
into the micro reaction calorimeter for analysis.

2.3. Parallel Plate Rheometry

The development of yield stress in the fresh cementitious pastes was measured as a
function of time with a hybrid rheometer (DHR-2, TA Instruments, New Castle, DE, USA).
The rheometer was equipped with 40 mm in diameter crosshatched top and bottom parallel
plates. The cement pastes were contained in a fixed geometry gap of 1000 µm between the
top and bottom plates. The temperature during the experiment was maintained at 25 ◦C.
During measurement, a solvent trap filled with deionized water was used to maintain a
constant humidity around the pastes.

The rheology measurements were started immediately after 5 min, from the time of
the mixed solid’s contact with the mixing water. The yield stress measurement by the stress
growth method was used. The pastes were first pre-sheared for 30 s, followed by a 30 s
rest, and then sheared at a very low fixed shear rate of 0.01 s−1 for 180 s to collect the
static yield stress data. The shear stress at which the paste began to flow plastically during
the fixed shear rate 0.01 s−1 was used to determine the “yield stress”, as illustrated in
Figure 2. The peak shear stress is a realistic approximation of the static yield stress [41,42].
The above measurement steps were repeated at intervals of 3 min on the same sample to
track the time-dependent evolution of the yield stress of the CSAC+FA pastes until setting,
or when the pastes could no longer be sheared by the rheometer or stress ≥ 15,000 Pa.
Figure 2a displays a representative flow curve at a shear rate of 0.01 s−1 for a paste showing
the determination of yield stress; meanwhile, Figure 2b shows a typical time-dependent
yield stress evolution curve for concrete systems, showing two linear regimes with slopes
m1 and m2, representing the rate of loss of flowability (or plasticity retention) and the
rate of hardening, respectively [38,39]. The time, tp, which marks the point of transition
from flowability regime to rapid hardening regime, represents the placement time; i.e.,
the time at which the rapid loss of flowability sets in as the paste accelerates to setting,
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2.6. Thermodynamic Simulation

To investigate the potential long-term effects of the fly ashes on the hydrated phase
assemblage in the CSAC pastes, a geochemical modeling package, GEM-Selektor v.3
(GEMS3) [47], based on the principle of Gibbs Energy Minimization, was used to sim-
ulate the hydration as a function of the amount of fly ash reacted, similar to related
studies [48,49]. The thermodynamic properties of the relevant cement phases were taken
from the built-in GEMS3 default database [50–52], and the published cement databases
(CEMDATA18) [53]. The effects of solution non-ideality resulting from the presence of
dissolved compounds were accounted for with the Truesdell–Jones form of the extended
Debye–Hückel model [54].

2.7. Compressive Strength Tests

To evaluate the evolution of the mechanical properties, the compressive strength of
the selected CSA cement pastes with and without fly ash modification was studied. The
same mix proportions (Section 2.2, w/c = 0.5) were maintained in the preparation of 1-inch
cubes. The ASTM C 305, ASTM C 109, and ASTM C 511-19 standards were followed for
preparing and storing the cubes. The cubes were cured in a Perfa-Cure concrete curing
box maintaining ≥ 95% humidity and a curing temperature of 23 ± 2 ◦C. A 200,000 lb
servo-controlled Tinius Olsen universal compression machine with a data acquisition PC
workstation was used for the compressive strength measurement. A load rate of 200 lb/s
was maintained for every test. The compressive strength was obtained as the mean of three
independent measurements.

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Effects of Fly Ash on the Rheological Properties

The time-dependent evolution of yield stress for the twelve investigated mixtures is
presented in Figure 3a–d as a function of hydration time, showing the effect of the dosage
rates of the different fly ashes. As expected, the curves feature two linear regimes, wherein
the slopes of both regimes increased with the increasing dosage of fly ash. At fixed w/c
(Figure 3a,b), the time of transition from the slow rising to the steep rising regime decreased
with the increasing dosage of fly ash. These trends are a typical indication of a gradual
loss of flowability, followed by a rapid acceleration to setting or hardening [39,55], which
agrees with the rheology trends in previous studies of fly ash-blended CSAC systems with
a fixed water-to-cement (w/c) ratio [10]. Conversely, at a fixed w/b (Figure 3c,d), the
time of transition from the slow rising to the steep rising regime increases (shifts to the
right) with the addition of fly ash, wherein a small difference is observed for the two fly
ash types. In general, there are two potential causes of the observed rheology trend for
the fly ash-modified cement pastes, namely, an increase in the hydration reaction due to
pozzolanic effects, or due to the filler effect of the added fly ash at a fixed w/c ratio. Both
processes lead to an increase in the hydration reaction and the precipitation of hydration
products, resulting in an increased solid content and local structuring in the paste. Hence,
high shear stress is required to sufficiently deform the material and cause it to flow due
to the local structuring. On the other hand, when the w/b is fixed, the effective water
increases with the addition of fly ash due to the lower water demand of fly ash compared
to CSA cement powder, causing a slightly better rheology behavior (lesser slope of the two
linear regimes).
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The hardening rate (m2), shows a linear increase with the increasing fly ash content
(Figure 4c) at a constant w/c, similar to, but stronger than the trends observed for m1.
Among the three rheology-based workability parameters, m2 shows the strongest corre-
lation with the fly ash dosages, with the trendline R2 value of 0.95 for the pastes with
a constant w/c. A high m2 value suggests a paste that would be more suitable for 3D
printing [60,61], while the opposite is the case for self-consolidating concrete or pastes
for pumping applications. Corresponding data at a fixed w/b ratio show a downward
trend, indicating a deceleration of the hardening rate with fly ash addition. However, the
trend plateaus after about 3–5% fly ash, suggesting that a threshold exists where additional
fly ash content may not significantly change the m2 parameter at constant w/b. Previous
studies have also found that the effects of fly ash on some properties of CSAC pastes are
more significant at low dosages, and in some cases, a higher dosage may lead to a trend
turnaround; these include the reported effects on compressive strength [10,11]. These
findings could provide important guidelines on blended CSAC mix proportioning for
specific purposes. Overall, it can be deduced that, due to the low water demand of fly ash
compared to CSAC, the effects of fly ash at a fixed water-to-binder (w/b) ratio tend toward
the retention of paste workability, while the opposite is the case at fixed w/c ratio.

Although the described early-age rheological behavior of the pastes can inform some
aspects of reaction kinetics for optimizing the workability of the CSAC+FA pastes, no clear
contrast is revealed regarding the action of Class C vs. Class F fly ash, despite the obvious
difference in their chemistry (e.g., the high Ca content of Class C). Some differences are
envisaged to exist in the interaction of the two types of fly ashes with the CSAC system.
Hence, to provide more insight into the underlying mechanisms, this area is pursued to
understand the impacts of both fly ash variations on the hydration kinetics and the hydrate
phase assemblage in the following sections.

3.2. Effects on Hydration Kinetics

The hydration kinetics of selected pastes with fly ash dosages of 0%, 3%, and 15%
were studied by isothermal calorimetry. The purpose of the isothermal calorimetry was to
investigate the heat release profiles at the early age, elucidate the characteristics relatable to
the rheological behavior of the pastes, understand the effects of the fly ash types, and help
provide insights on the underlying mechanisms. Figure 5a,b shows the time-dependent
heat flow curve and the cumulative heat generation for a 24 h hydration time of FA-C-
dosed CSAC pastes at fixed w/c = 0.5, and Figure 5c,d shows similar data for FA-F-dosed
pastes. Additionally, the data for CSA paste with no added admixture, i.e., no retarder, no
superplasticizer, and no fly ash (labeled as “Neat CSA”) are shown included in Figure 5’s
graphs. As seen, the acceleration peak is almost uncaptured in the neat CSAC used in this
study, due to the rapid reaction (Figure 5a,c); however, the added retarder and dispersant
helped to regulate the hydration and allow for the investigation of the chemical process.
In addition, the cumulative heat of the “Neat CSA” cement after 24 h of hydration is
clearly above all the other samples (0% to 15% FA-C and FA-F) containing retarder and
superplasticizer, as described in the materials and methods.

As shown in Figure 5a,b, the heat flow slightly increased with the increasing FA-C
content (at constant w/c), featuring a small rise in the amplitude of the induction shoulder,
and an increase in the height of the acceleration peak and the slope of the acceleration
regime. The shape and position of the heat flow are essentially similar but slightly shifted to
the right for the 3% FA-C and to the left for the 15% FA-C. The 24 h cumulative heat release
also increased with an increase in the fly ash content (Figure 5b). The heat flow profile of
the FA-F-dosed pastes (Figure 5c) also shows an increase in the induction shoulder, and
the acceleration peak and slope, but the peak position is slightly drifted to the left for the
3% and to the right for the 15% FA-F; meanwhile, the 24 h cumulative heat release shows
very little difference between the 0%, 3% and 15% FA-F dosages (Figure 5d). Considering
the uncertainties, the overall heat of the hydration profile agrees with the rheology data,
suggesting an increase in the hydration rate with the increasing fly ash content at the early
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4. Conclusions

The effects of Class C and F fly ashes on the early-age and mature-age properties of a
belite calcium sulfoaluminate (CSA) cement paste were studied. A rheology-based method
was employed to investigate the effects on workability parameters, specifically, the rate of
loss of flowability (m1), the evolution of placement limit (tp), and the hardening rate (m2).
Both fly ash types show a similar influence on these workability parameters, wherein the m1
and m2 increase with the increasing dosage of both fly ashes, while tp decays monotonically
with increases in the content of both Class C and F fly ashes at a fixed w/c ratio; conversely,
an opposite but less intense trend is obtained at a fixed w/b ratio. Overall, fly ash addition
slightly improves the early-age workability of the CSA cement paste at constant w/b.
The hydration kinetics were also investigated by isothermal calorimetry, which revealed
a slightly higher hydration heat release for the Class C fly ash-dosed pastes compared
to the Class F fly ash, suggesting a slightly higher reaction in class C fly ash pastes. An
experimental and simulated equilibrium mineral phase assemblage indicates that the low-
Ca Class F fly ash enhanced the volume of the ettringite formed, compared to high-Ca Class
C fly ash-dosed pastes. Compressive strength studies show that both fly ashes decreased
the 1-day compressive strength, but slightly improved the 28-day compressive strength
of the CSA cement paste; meanwhile, the fly ash C-dosed pastes outperformed the class
F-dosed pastes in strength development. The findings provide valuable insights into the
effects of the different fly ash types that can help advance mix design selection and fly ash
utilization in CSA cement systems for improved cost-effectiveness and performance.
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