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A B S T R A C T

Utilizing fly ash (FA) to partially replace Portland cement (PC) in formulating sustainable cemen-
titious binders can significantly mitigate environmental impacts associated with PC manufactur-
ing and improper disposal of FAs. The main objective of this research is to employ a cost-efficient
and simple method to assess the reactivity of FAs in PC. This is intended to enhance the replace-
ment level of FAs in PC, without scarifying its performance. In this study, 10 FAs—each with
unique chemical composition and molecular structure—are used to substitute two PCs at 10-to-
50%mass replacement levels. Hydration kinetics and compressive strength of [PC + FA] binders
are investigated. Equilibrium phase assemblages obtained from thermodynamic simulations were
used to estimate the volume fraction of hydrates formed in [PC + FA] binders. The correlation be-
tween compressive strength of [PC + FA] binders and their volume fraction of hydrates is ex-
plored and employed to determine the degree of reaction of FA. The number of constraints derived
from the topological constraint theory are used to represent the reactivity of FAs. Outcomes indi-
cate that FAs with low value of number of constraints tend to show, resulting in enhanced hydra-
tion heat release and improved compressive strength. This improvement occurs irrespective of PC
composition and replacement level of FA. The reactivity of FA ranges from 3 % to 29 % at 3 days.

1. Introduction

Coal serves as one of the most major sources of energy worldwide. It currently contributes to over 37 % [1] of global electricity
production. However, in recent past, there has been a notable shift towards renewable energy sources, resulting in a corresponding
decrease in the usage of coal. Despite this shift, it is projected that by 2040, coal will still be accountable for approximately 22 % [2]
of the electricity generated worldwide. Despite this trend, many Asian countries, such as China, continue to increase their coal con-
sumption. For instance, the primary coal demand in China is projected to grow from 1308 million tons in 2002–2402 million tons in
2030 [3,4]. However, this extensive consumption of coal comes with significant environmental implications, particularly in the form
of waste by-products. One of the most substantial by-products of coal combustion is coal ash, which includes fly ash (FA) and bottom
ash. These ashes are the solid remnants of the burnt coal, with the lighter FA being carried off in the flue gas and the heavier bottom
ash settling at the bottom of the furnace. Globally, the production of fly and bottom, with an estimated 800 million tons produced an-
nually [5,6]. Forecasts suggest that this trend will continue, with global FA production set to surpass 1.04 billion tons by 2030 [7].
The recycling and utilization of this coal ash vary widely across the world. Utilization rates range from a low of 3 % to as high as 90 %
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in different countries [8]. According to research [9], the United States has a FA utilization rate of 50 %, while the European Union
surpasses this with a rate of over 90 %. India and China have utilization rates above 60 %. Despite these promising utilization rates in
some parts of the world, the global average remains low, having increased from 16 % to a mere 25 % of the total ash produced
[8,10,11]. This data highlights that a substantial proportion of coal ash is simply discarded into landfills. This mismanagement of coal
ash is prevalent in numerous parts of the world and poses a considerable risk to the environment. The ash can infiltrate the subsoil,
contaminating groundwater with heavy metals and leading to various environmental issues, both in the past and in the future
[12–14]. The disposal of FA in landfills can also lead to the release of harmful gases such as methane and carbon dioxide [15–17].
These gases contribute to the greenhouse effect and contribute to global warming, which has severe implications on the environment.
Another significant drawback associated with the disposal of FAs is their contribution to chronic health issues in both humans and an-
imals, stemming from the heavy metals in them. The contamination of vegetation by such waste materials has been linked to severe
health concerns (e.g., cancer, liver complications, neurological disorders, etc.) [18]. This correlation underscores the criticality of ad-
dressing the mishandling and improper disposal of FAs. A recent study [19] has demonstrated the importance of effective waste man-
agement practices for FAs to mitigate their adverse environmental impacts. Furthermore, this research highlights the inherent safety
and user-friendliness of FAs, owing to their potential antimicrobial properties, when managed properly. Thus, it becomes crucial to
prioritize the recycling and utilization of coal ash to mitigate its environmental impact.

Portland cement (PC) is the most widely used human-made material in construction, with a global annual production of over 4 bil-
lion tons. However, the production of this ubiquitous material comes with a substantial environmental cost. It is responsible for ap-
proximately 4–9% of anthropogenic CO2 emissions [20–22]. This considerable carbon footprint is largely due to the decarbonation of
limestone and the calcination of raw materials at very high temperatures. Given the expected increase in global population, which is
estimated to be around 82 million yearly [23], the applications of PC continually grow, further exacerbating greenhouse gas emis-
sions. In response to this pressing environmental issue, the International Energy Agency and World Business Council for Sustainable
Development have proposed various roadmaps to conserve energy and substantially reduce CO2 emissions in the cement industry
[24,25]. In alignment with these roadmaps, the cement industry has undertaken measures to improve energy efficiency. This includes
the adoption of renewable energy, CO2 capture, and more efficient manufacturing processes [26–28]. However, these efforts are not
sufficient to meet the CO2 reduction target, and thus, additional options for reducing cement demand must be explored. To further im-
prove the sustainability of the cement industry, partial replacement of PC with FA is currently the most practical solution, while also
maintaining good mechanical properties and durability. This application offers a dual benefit by not only reducing the amount of FA
that ends up in landfills, which negatively impacts the environment, but also contributing to a reduction in CO2 emissions from the PC
industry. This dual benefit approach has the ability to make a considerable contribution to global efforts to alleviate the effects of cli-
mate change, as well as encourage sustainable waste management practices.

FAs demonstrate substantial batch to batch heterogeneity in their chemical compositions, which are attributed to differences in
upstream coal sources, combustion technologies, cooling processes, and collection methodologies. This inconsistency in composition
stands in stark contrast to other Supplementary Cementitious Materials such as quartz, silica fume, metakaolin, etc. FAs comprise of
CaO (C), SiO2 (S), Al2O3 (A), SO3 ($), and other metal oxides abbreviated based on cement chemistry. FAs participate in the hydration
of PC through two key reaction mechanisms. Firstly, the silicate ions from FAs participate in a pozzolanic reaction by reacting with
portlandite (CH, H2O abbreviated as H)—a secondary hydration product—to produce C–S–H [29]. Secondly, FAs offer additional sur-
faces for the heterogeneous nucleation and growth of C–S–H, an effect commonly referred to as the filler effect [30,31]. Unlike other
Supplementary Cementitious Materials, the distinctive presence of SO3 in FA facilitates reactions with highly reactive C3A, producing
ettringite in the early stages, and monosulfoaluminate coming after ages. The amorphous phase contents of FAs generally vary be-
tween 50 and 90%mass, causing their reactivity to span over a wide range. FAs are broadly classified into two types based on ASTM
C618 [32]: Class-C, where the FA comprises more than 18 % CaO; and Class-F, where the FA contains less than 18 % CaO. Neverthe-
less, multiple studies have suggested that this classification doesn't adequately present the reactivity of FAs. Previous research has
demonstrated that the Topological Constraint Theory (TCT) is a simple but effective method to estimate the reactivity of FAs. Based
on the topology of atomic structures in the amorphous phases of FAs, the TCT simplifies the complexities associated with amorphous
materials into a single parameter: “number of constraints (nc)”. It estimates the reactivity of FAs based solely on the content of three
major oxides present in the FAs (i.e., C, S, and A) as determined by X-Ray Fluorescence (XRF). Our previous studies [33,34] have evi-
denced that nc is an excellent indicator to represent the reactivity of FAs.

Previous studies [35–42] have focused on developing sustainable cementitious binders using FAs. These investigations primarily
delved into the hydration kinetics and subsequent microstructural evolution of the [PC + FA] binders. While these studies have shed
light on various aspects of the interactions between PC and FA, they have not provided a comprehensive understanding of the under-
lying influences of FAs, particularly in terms of their chemical composition and molecular structure, on the hydration kinetics and mi-
crostructural development of cementitious binders. This is because the reactivity of FAs was ignored. As previously noted, even FAs
that exhibit similar compositions can manifest disparate behaviors during the hydration reaction due to their distinct reactivity and
molecular structures. Several studies have shown that the reactivity of FAs in cementitious binders can be measured by the following
methods. Haha et al. [43], used different techniques to determine the reactivity of FA such as selective dissolution, dissolution of FA
in a diluted alkaline solution and image analysis. Glosser et al. [44], presented a model to quantify the dissolution of glassy phases in
fly ashes. Li et al. [45], quantitatively determined the anhydrous FA in hydrated cement-FA binders using selective dissolution, X-ray
diffraction and energy-dispersive X-ray analysis. These studies have used very complex and expansive techniques to evaluate the reac-
tivity of FAs, which cannot be accessed by many researchers. It is valuable to employ a simple method to discover the reactivity and
performance of FA in PC. Moreover, previous research has predominantly focused on a single type of PC, coupled with a limited type
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of FA, usually one or two at most. This has subsequently led to an incomplete understanding of the influence from FA with various
chemical compositions and molecular structures of FAs on PC hydration and microstructure development.

In this study, ten FAs possessing different chemical compositions and molecular structures are employed to partially substitute two
PCs at 10-to-50%mass. This study decodes the calorimetry results of [PC + FA] binders to gain a comprehensive understanding of how
FAs influence the hydration kinetics of PC. Furthermore, this study also explores the impact of FAs on the mechanical properties (i.e.,
compressive strength) of [PC + FA] binders. This includes uncovering the correlations between the compressive strength, FA replace-
ment level, and reactivity (i.e., number of constraints). In addition, thermodynamic simulations are utilized to develop the phase as-
semblages of [PC + FA] binders. By combining these phase assemblages with the measured compressive strength, the degree of reac-
tion of FA in each binder is evaluated. Subsequently, the degree of FA reaction is correlated with the number of constraints to assess the
effectiveness of these constraints in estimating the reactivity of FA. This is a first study use a broad range of FAs with varied chemical
compositions and structures to explore their influence on hydration kinetics and mechanical properties. This provides a comprehen-
sive guideline for researchers to select FAs for the development of sustainable cementitious binders. Additionally, it introduces an in-
novative methodology, combining thermodynamic simulation and compressive strength measurement, to evaluate the reactivity of
FAs.

2. Experimental methods

This study utilized 10 fly ashes (FA-1-to-10, supplied by Boral Resources, USA) to partially replace two Type I/II PCs (PC-1 and PC-
2, supplied by Boral Resources, USA). The phase composition, chemical composition, and specific surface area of PCs and FAs are pre-
sented in Table S1 and Table S2, respectively. The TCT was used to derive the number of constraints (shown in Table S2) for all FAs us-
ing the main oxides (i.e., C, S, and A). The number of constraints consolidates the chemical structure and reactivity of FAs into one sin-
gular chemo-structural parameter. Based on their chemical compositions, FAs used in this study can be classified into: partially de-
polymerized regime (high reactivity) and fully polymerized regime (low reactivity). Isothermal calorimetry was used to record the
hydration kinetics of [PC + FA] binders, and the compressive strength at 3 days was tested based on ASTM C109 [46]. Thermody-
namic simulations encompassing all the [PC + FA] binders were obtained using the Gibbs Energy Minimization software (GEMS)
[47], simply based on the bulk chemical composition, liquid-to-solid ratio, and curing temperature. Additional details about experi-
mental methods, topological constraint theory, and thermodynamic simulations can be found in Supplementary Information.

3. Results and discussions

3.1. Hydration kinetics

Isothermal calorimetry measured the heat evolution profiles for [PC-1 + 30%FA] binders over 72 h (shown in Fig. 1). Similar hy-
dration behaviors were observed for [PC-2 + 30%FA] binders. Both cumulative heat release and heat flow rates were normalized per
gram of cement. The 30 % replacement level was chosen as it adequately demonstrated the influences of FA on cement hydration
without dominating the hydration reaction. As aforesaid, FAs can physically and chemically influence hydration kinetics, depending
on their chemical compositions and molecular structures. Therefore, the hydration kinetics were divided into two categories based on
the types of FA (i.e., partially depolymerized, and fully polymerized). Previous studies [48–50] have shown that depending on the
chemical composition and structure, FAs can either accelerate or retard the hydration reaction.

As depicted in Fig. 1a and b, the early age hydration of PC is slowed down by replacing PC with partially depolymerized FAs,
where hydration peaks occur later in comparison to those observed in plain PC. Partially depolymerized FAs, which have a higher
amorphous content, could exhibit great solubility and reactivity in solutions, leading to the release of a large abundance of ions (i.e.,
SO4

2−, Al(OH)4
-, and H2SiO4

2−). Previous studies [29,51] have shown Al(OH)4
- absorbs on the topological sites of cement particles,

inhibiting water contact and consequently suppressing the hydration process. As is known, C3A reacts instantaneously with water to
form hydrogarnet. To retard this reaction, gypsum is added to PC, resulting in the formation of ettringite and monosulfoaluminate
[52]. However, an excessive amount of SO4

2− ions can substantially prolong the induction period. H2SiO4
2− released from FAs can re-

act with free lime present in the solution, leading to the formation of additional hydrates and the release of more heat. These are the
reasons for the induction periods of all partially polymerized binders are longer than the plain binder. By comparing the heat flow
rate profiles of [PC-1 + FA-1] and [PC-1 + FA-7] in Fig. 1a, [PC-1 + FA-7] shows a sharper decline in heat flow rate following the hy-
dration peak. Although both FAs have similar compositions, especially A content, FA-7 is more reactive because FA-7 has the lowest
mean particle size (d50–7.45 μm) amongst all partially depolymerized FAs and releases a higher amount of Al(OH)4

-. This observa-
tion reinforces the notion that Al(OH)4

- suppress the hydration reaction. As a result, less amounts of hydrates are formed, causing the
[PC + FA-7] to release less heat than plain PC. This explanation also accounts for the lower cumulative heat release observed in the
[PC + FA-8]. In Fig. 1b, it is observed that [PC-1 + FA-7] shows a much lower cumulative than plain binder and other partially de-
polymerized FA binders. FA-7 has the highest A content among all partially depolymerized. Therefore, a high amount of Al(OH)4

- can
be released to the pore solution. Excessive Al(OH)4

- prevents cement particles to contact water, resulting in a slow hydration reaction.
Whereas [PC-1 + FA-6] exhibits the highest cumulative heat release. FA-6 has the lowest number of constraints (nc = 3.28), which im-
plies a high solubility of ions. Therefore, a strong pozzolanic reaction is expected to occur. Additionally, $ content in FA-6 is the high-
est among all partially depolymerized FAs, enabling $ to react with C3A and form excessive ettringite and monosulfoaluminate. The
formation of ettringite and monosulfoaluminate produces more heat than the hydrogarnet formation [53–55].

Fig. 1c and d illustrate the heat flow rate and cumulative heat profiles over a 72-h period for binders that have partially replaced
PC with fully polymerized FAs. Owing to their high crystalline content, fully polymerized FAs release ions gradually. It can be ex-



Journal of Building Engineering 88 (2024) 109191

4

R. Bhat et al.

Fig. 1. Heat evolution profiles of [PC-1 + 30 % FA] binders: (a) heat flow rate substituted by partially depolymerized FAs; (b) cumulative heat substituted by partially
depolymerized FAs; (c) heat flow rate substituted by fully polymerized FAs; and (d) cumulative heat substituted by fully polymerized FAs. Heat evolution profiles were
recorded by isothermal calorimetry over 72 h. The FA type is shown in the legend.

pected that fully polymerized FAs perform more physical influence on hydration kinetics than partially depolymerized FAs. As ob-
served in Fig. 1c, fully polymerized FAs tend to reduce the induction period of PC, resulting in a sharp incline during the acceleration
phase until the primary hydration peak is reached. This phenomenon can be attributed to the filler effect, where fully polymerized
FAs provide additional surfaces for the nuclei of hydrates to grow. FA-3 demonstrates a unique behavior compared to other fully poly-
merized FAs. [PC-1 + FA-3] exhibits the highest intensity of heat flow peak, the shortest induction period, and the most substantial
heat release. FA-3 contributes to this high heat flow peak via two mechanisms. First, FA-3 has little-to-no $ content, and hence its in-
fluence can be disregarded. Although FA-3 has low solubility, its high S content (77.1 % mass) ensures that sufficient H2SiO4

2− ions
are released into the solution, thereby causing an intense pozzolanic reaction. Second, amongst all low-Ca FAs, FA-3 had the lowest
particle size (d50–8.69 μm) resulting in the highest specific surface area, providing additional surfaces for the heterogeneous nucle-
ation and growth of C–S–H and thus, resulting in the highest heat flow peak. In Fig. 1d, despite the strong filler effect, it is surprising
that PC with fully polymerized FA exhibit similar cumulative heat release compared to plain PC. This can be explained by the fact that
small amounts of released Al(OH)4

- released from FAs compensate for the filler effect. It is also worth noting that [PC-1 + FA-2] re-
lease significantly more heat than the hydration reaction of plain PC. This occurs because FA-2 is the most inert FA – with the highest
nc value – and contains the highest content of $ (∼4 %). Consequently, the filler effect predominantly influences PC hydration, while
the increased heat release can be attributed to the consumption of $ resulting in the precipitation of ettringite and monosulfoalumi-
nate. [PC-1 + FA-9] binder, has the lowest cumulative heat released amongst all fully polymerized FAs. This can be attributed to the
fact that FA-9 has the second highest number of constraints value resulting in a rigid structure and low intrinsic ion dissolution rate.
Even though FA-9 has sufficient amount of S (63.1 % mass) to ensure sufficient H2SiO4

2− are released into the solution, the A content
in FA-9 is the highest amongst all fully polymerized FAs, thereby resulting in the lowest cumulative heat. Upon comparing the hydra-
tion kinetics between cement replaced by partially depolymerized FA (i.e., [PC-1 + FA-6]) and fully polymerized FA (i.e.,[PC-1 + FA-
3]), it is clear that FA-6, releases substantial amounts of ions in the solution allowing the formation of PC hydrates due to the low
rigidity of their topological structure. While FA-3, a fully polymerized FAs, provides additional surfaces for the heterogenous nucle-
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ation and growth of PC hydrates showing a predominant filler effect which can be observed by shortening of the induction period,
leftward shift in the heat flow peak, and the highest intensity of the heat flow peak.

After acknowledging the impacts of the chemical composition and reactivity of FAs on the hydration of PC, it is equally crucial to
understand the influence of FA content. Fig. 2 illustrates the effect of FA content on the hydration kinetics of PC-2, utilizing the heat
evolution profiles of [PC-1 + FA-9] at five replacement levels. Notably, the hydration behaviors were found to be similar to the se-
lected binder. In [PC-2 + FA-9] binder, FA-9 was chosen as the representative FA due to its rich aluminosilicate composition and neg-
ligible $ content (∼0.63 %). As the FA-9 content increases, the filler effect becomes substantially more pronounced in PC hydration.
This results in a leftward shift of the heat flow rate, a steeper slope for the hydration peak, and a shortening of the induction period.
Additionally, elevated levels of FA-9 replacement result in a higher abundance of nucleation sites for the heterogeneous nucleation of
C–S–H. This is further evidenced by the intensified hydration peak and the increased cumulative heat, indicating a substantial en-
hancement in the kinetics of C–S–H precipitation at these replacement levels.

The effect of FAs on the hydration kinetics of both PC-1 and PC-2 are similar, wherein the fully polymerized FAs shorten the induc-
tion period, provide additional surfaces for heterogenous nucleation and growth of C–S–H due to the filler effect. Whereas, partially
depolymerized FAs, due to a less rigid structure, release more ions (e.g., H2SiO4

2−; Al(OH)4
-; Ca2+; SO4

2−; etc.) into the pore solution
and showed a greater contribution towards the pozzolanic reaction.

3.2. Compressive strength

The compressive strength of [PC + FA] binders was measured at 3 days, and Fig. 3 shows the relationship between compressive
strength and cumulative heat release. Herein, the unit for cumulative heat is J. gwater

−1 instead of J. gcement
−1 because normalizing the

cumulative heat by the initial water content accounts for the capillary porosity in the binders. Compressive strength is not solely a
function of solid-to-solid connectivity within PC but is also related to capillary porosity [56–60]. Numerous studies [31,61–64] have
demonstrated that compressive strength is broadly correlated with cumulative heat (normalized by water content) in PC binders, gen-
erally in a linear manner. As depicted in Fig. 3, compressive strength increases monotonically with increasing cumulative heat encom-
passing all [PC + FA] binders investigated in this study. The compressive strength of [PC + FA] binders falls within the range of
15–45 MPa at 3days, aligning with standard performance range of cementitious materials [65–67]. This linear trend emerges because
greater cumulative heat entails a higher degree of hydration, leading to the formation of a substantial amounts of hydrates, high solid-
to-solid connectivity, and minimal porosity. Hence, the high degree of hydration leads to high compressive strength. The compressive
strength of the [PC + FA] binders is inversely proportional to the replacement level. Although FAs can form hydrates through the poz-
zolanic reaction, the impact on compressive strength is insignificant due to the relatively low intensity of this reaction. In this context,
FAs can be considered similar to aggregates, which, as a previous study [68] has shown, can decrease the compressive strength of con-
crete when their proportion is increased.

As previously mentioned, FAs show an insignificant impact on compressive strength by comparing the replacement levels. How-
ever, at the same replacement level, the compressive strength of [PC + FA] binder is related to chemical composition and reactivity of
FAs. Fig. 4 demonstrates the relationship between the compressive strength of [PC + FA] and the reactivity (number of constraints) of
FAs at the same replacement level. Fig. 4a and b represent PC-1 and PC-2 substituted by partially depolymerized FA. As observed ear-
lier in Section 3.1, these partially depolymerized FAs are expected to release a large amount of ions (e.g., H2SiO4

2−; Al(OH)4
-; SO4

2−;
etc.) into the solution, enabling them to participate in the pozzolanic reaction. Their ability to consume portlandite leads to the for-
mation of additional strength-providing hydrates, thus increasing compressive strength [69]. As a result, the general trend indicates
that higher reactivity (lower nc) of FAs contributes to increased compressive strength. However, FA-6 (nc = 3.28) slightly deviates

Fig. 2. Heat evolution profiles of [PC-2 + FA-9] binders: (a) heat flow rate and (b) cumulative heat profiles at various replacement levels. The replacement levels of
FA-9 are shown in the legends. Heat evolution profiles were measured by isothermal calorimetry over 72 h.



Journal of Building Engineering 88 (2024) 109191

6

R. Bhat et al.

Fig. 3. Correlations between compressive strength and cumulative heat (J. gwater
−1) at 3 days. The solid blue line represents the trend of the correlation.

from this trend due to its low S content. Although it releases a substantial number of ions into the solution, the intensity of the poz-
zolanic reaction is not sufficient to enhance the compressive strength. As shown in Fig. 4c and d, the compressive strength of
[PC + FA] binders further decrease as the FAs' number of constraints increases (low reactivity). This is because fully polymerized FAs
have a more rigid, networked structure, making them less reactive and unable to participate in pozzolanic reactions that would pro-
mote the formation of strength-providing hydrates. Also, the prominent filler effect observed in fully polymerized FAs provide sub-
stantial sites for the heterogeneous nucleation and growth of PC hydrates, thereby only demonstrating an accelerated effect on PC hy-
dration which has been confirmed previously [70]. Consequently, binders replaced by partially depolymerized FAs exhibit higher
compressive strength than those replaced by fully polymerized FAs. Overall, the trend observed in both [PC + FA] binders indicates
that, regardless of the composition of PC and the replacement level of FAs, the compressive strength of [PC + FA] decreases with an
increase in the number of constraints of FAs.

3.3. FA reactivity estimation

The previous section demonstrated that FAs could influence the compressive strength of cementitious binders. To further under-
stand the role played by FAs, it is essential to understand their reactivity of FAs at 3 days. This section uses the thermodynamic simu-
lation and compressive strength to evaluate the reactivity of FAs. The thermodynamic simulations were performed using GEMS, based
on the mixture design provided as the bulk chemical composition, liquid-to-solid ratio, and curing temperature. The thermodynamic
simulation produces phase assemblages of plain PCs, which are presented in Fig. 5. The major phases include C–S–H, portlandite, et-
tringite, and monosulfoaluminate. Similar simulation results are shown in previous research [42,49]. These phase assemblages pro-
vide insight into the volume fraction of hydrates and anhydrate precursors in relation to the degree of hydration of PC. The volume
fraction of hydrates is particularly useful for estimating compressive strength, as it is a direct metric to present the solid-to-solid con-
nectivity within the cementitious binders. The degree of hydration for plain PC-1 and PC-2 is estimated to be 50.65 % and 53.53 % at
3 days, respectively. The degree of hydration for both PCs is evaluated using the ratio of short- and long-term calorimetry experi-
ments. Here, the ratio of cumulative heat at 3 days–21 days is considered, with the assumption that PC-1 and PC-2 are fully reacted at
21 days [29]. Fig. 5a and b exhibit the volume fraction of hydrates with respect to the degree of hydration for PC-1 and PC-2. It is
worth noting that the strength-providing phase (i.e., C–S–H) is more abundant in PC-2 than in PC-1. The volume fraction of C–S–H in
PC-1 at 3 days is 0.244, while that of PC-2 is 0.275. This difference arises because PC-2 has a higher degree of hydration than PC-1.
This has also been observed in the measured compressive strength of PC-1 and PC-2 at 3 days: PC-1 has a compressive strength of
39.51 MPa, while PC-2's compressive strength is 41 MPa. Consequently, the thermodynamic phase assemblages show a strong corre-
lation with the compressive strength.

Upon establishing that compressive strength is related to the phase assemblage of cementitious binders, thermodynamic simula-
tions are employed to yield the phase assemblages of all [PC + FA] binders, which correlate with the compressive strength at 3 days.
The primary objective of uncovering this correlation is to estimate the degree of reaction of FAs. Due to variations in molecular struc-
tures and chemical compositions, it is important to quantitatively estimate the FAs' degree of reaction in PC at 3 days. The degree of
reaction for FAs spans a wide range. Generally, partially depolymerized FAs are more reactive compared to fully polymerized FAs. To
estimate the degree of reaction of FA at 3 days, thermodynamic simulations of [PC + FA] binders with varying degrees of reaction for
FAs—ranging from 1 % to 30 % with 1 % increments—were conducted. The degree of hydration of PCs in [PC + FA] binders at 3
days ranged from 49 % to 56 % (values obtained from the ratio of short-term and long-term isothermal calorimetry). The volume fraction
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Fig. 4. The compressive strength of [PC + FA] at 3 days corresponding to the number of constraints: (a) PC-1 substituted by partially depolymerized FAs; (b) PC-2 sub-
stituted by partially depolymerized FAs; (c) PC-1 substituted by fully polymerized FAs; and (d) PC-2 substituted by fully polymerized FAs. The solid lines represent the
general trend of the correlation.

of all hydrates at 3 days were plotted against the measured compressive strength, and separate plots were generated for each degree
of reaction of FA. The best correlation between the volume fraction of hydrates and measured compressive strength, showed in Fig.
6a, indicates that the compressive strength increases monotonically with the volume fraction of hydrates. Based on this correlation,
the degree of reaction of FA in each [PC + FA] binder was determined. A key finding from this analysis is that the degree of reaction
of a given FA is independent of the chemical composition of PC and the replacement level in the [PC + FA] binder but solely depen-
dent on their chemical composition. The degree of reaction of each FA represents the average value for each PC and each replacement
level, with a maximum standard deviation of ∼3 %. The degree of reactivity pertaining to all FAs used in this study can be found in
Table S3 of the Supplementary Information.

The reactivity of FA demonstrates an exponential decrease as the number of constraints increases. This is attributed to the fact that
FAs with a higher number of constraints tend to have a more stable structure, where ions are difficult to dissolve into pore solution. In
Fig. 6b, FA-3 (nc = 3.75) distinctly stands out from the general trend as an outlier. This deviation can be traced back to the limitations
inherent in the TCT. It essentially serves as an indirect measure to estimate the amorphous content in FAs. Consequently, there may
be instances where certain FAs, despite a high amorphous content, do not conform to the TCT. This can occur in scenarios where FAs
have significant silica or aluminate content. Further investigations pertaining to FA-3 will follow in the subsequent sections. Another
limitation of TCT is that it does not account for Fe2O3, MgO etc. in FAs, even with a substantial amount. It primarily focuses on the
C–S-A pseudo ternary systems, and Fe2O3 and MgO have no effect on the C–S-A topological network. The presence of Fe2O3 and MgO
can affect the ettringite, monosulfoaluminate, and hydrotalcite formation in PC hydration, observed in the phase assemblages. How-
ever, reactivity of FAs remains unaffected by the presence of these oxides. For a more precise determination of the amorphous con-
tent, advanced analytical methods such as Quantitative X-Ray Diffraction could be employed. However, the primary aim of this study
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Fig. 5. Equilibrium phase assemblage of: (a) plain PC-1; and (b) plain PC-2 binders at 3 days as produced by thermodynamic simulations. The vertical dashed line in
(a) and (b) represents the degree of hydration of PC-1 and PC-2, which are 50.65 % and 53.53 % respectively. The value of degree of hydration was obtained from
short-term and long-term isothermal calorimetry experiments. In all other thermodynamic simulations of [PC-1 + FA] and [PC-2 + FA] binders, the aforementioned
degree of hydration of PC-1 and PC-2 were used.

Fig. 6. The correlation between (a) volume fraction of hydrates and compressive strength at 3 days; (b) number of constraints and reactivity of FAs at 3 days. The blue
line indicates the general trend of the data points.

is to leverage a cost-effective and simple approach to estimate the reactivity of FA in PC. As such, the presence of these exceptional FA
types is acceptable within the scope of this research.

As shown in Fig. 7a, the replacement level of FA-3 does not compromise the compressive strength of [PC + FA-3], even at a 50 %
replacement level, where the compressive strength is higher than the strength-dilution line (dashed line). This is due to the high S
content in FA-3, which can rapidly react with portlandite and promote the formation of C–S–H. Similar arguments have been dis-
cussed in Section 3.1. The strong pozzolanic reaction, in turn, counterbalances the compressive strength loss caused by the dilution
effect in [PC + FA-3] binders. This can also be observed in the thermodynamic phase assemblages shown in Fig. 7b and c. The dashed
line indicates the reactivity of FA-3 in both [PC + FA] binders. With 23 % and 21 % reactivity, the abundance of C–S–H clarifies the
contribution of FA-3 in the pozzolanic reaction through the consumption of CH. As discussed in Section 3.1, the reactivity of FA-3 can
also be attributed to its low mean particle size (i.e., d50–8.69 μm) which results in a higher specific surface area for the heterogenous
nucleation and growth of C–S–H. The reactivity associated with the high specific surface area of FA-3 has not been quantified in this
study. In summary, FA-3 exhibits distinctive behavior in both [PC + FA-3] binders due to its inherent capacity to contribute to the for-
mation of strength-providing phases, unlike other fully polymerized FAs.
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Fig. 7. FA-3, a fully polymerized FA, yielding high compressive strength (a) Compressive strength in both [PC + FA-3] binders; Equilibrium phase assemblage of: (b)
[PC-1 + 50%mass FA-3]; and (c) [PC-2 + 50%mass FA-3]. In Fig. 7 (a) the dashed line represents the strength dilution when compared to PC-1 and PC-2. In Fig. 7 (b) and 7
(c) the dashed line represents the degree of hydration of FA at 3 days in both PC-1 and PC-2 binders, which was estimated from the correlation between compressive
strength and volume fraction of hydrates in the binder. The reactivity of FAs were within ±3 % in both PCs.

4. Conclusions

This paper investigated the influence of the content and chemistry of FAs on the hydration kinetics, compressive strength, and
phase assemblage of PCs. Ten FAs with unique chemical compositions and molecular structures were used to partially replace two PCs
at 10-to-50%mass. Hydration kinetics and compressive strength of [PC + FA] binders at 3 days were measured. The reactivity of FAs is
evaluated by using a singular unitless parameter (i.e., number of constraints), encompassing the chemical compositions and molecular
structures. Furthermore, thermodynamic simulations were employed to predict the phase assemblages of [PC + FA] binders. By ana-
lyzing phase assemblages and compressive strength, the degree of reaction of FA at 3 days can be estimated.

The study finds that FAs with low values of number of constraints enhance the compressive strength by promoting pozzolanic reac-
tions with PC. FAs with high values of number of constraints act as fillers, thereby decreasing the compressive strength. Experimental
findings reveal that binders incorporating FA-8 (low number of constraints) show the highest compressive strength. In contrast, binders
replaced by FA-2 (high number of constraints) result in the lowest compressive strength. Notably, FA-3, despite being fully polymer-
ized, demonstrates significant reactivity. It was also observed that all FAs influenced the hydration kinetics and compressive strength
of two chemically distinct PCs in a similar manner. Compressive strength of [PC + FA] binders range from 15 to 45 MPa at 3 days.
Thermodynamic simulation combining compressive strength measurement has proven to be an effective approach for estimating the
fly ash reactivity at 3 days, which vary between 3 % and 29 %. The data also indicate that the reactivity of fly ash diminishes as the
number of constraints increases.

This study sheds light on understanding the influence of FAs on the hydration kinetics and compressive strength of substantiable
cementitious binders, providing crucial insights for optimizing carbon efficiency compositions while maintaining high performance.
The research introduces a cost-effective and simple approach to assess FA reactivity in PC, encouraging their wider adoption in the
construction sector. Nonetheless, the simple correlations shown in this study may not fully account for the complex interactions
among components in sustainable cementitious binders, highlighting the need for a more advanced model for further optimizing mix-
ture designs and enhancing performance of sustainable cementitious binders. Overall, this investigation marks a significant step to-
ward widely adopting carbon-efficient, and high-performance [PC + FA] binders.
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