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Sustainable cementitious binders

Supplementary cementitious materials (SCMs) are utilized to partially substitute Portland cement (PC) in
binders, reducing carbon-footprint and maintaining excellent performance. Nonetheless, predicting the hydra-
tion kinetics of [PC + SCM] binders is challenging for current analytical models due to the extensive diversity of
chemical compositions and molecular structures present in both SCMs and PC. This study develops an advanced

phase boundary nucleation and growth (pBNG) model to yield a priori predictions of hydration kinetics—i.e.,
time-resolved exothermic heat release profiles—of [PC + SCM] binders. The advanced pBNG model integrates
artificial intelligence as an add-on, enabling it to accurately simulate hydration kinetics for [PC + SCM] binders.
This study utilizes a database that includes calorimetry profiles of 710 [PC + SCM] binders, encompassing a
diverse range of commonly-used SCMs as well as both commercial and synthetic PCs. The results show that the
advanced pBNG model predicts the heat evolution profiles of [PC + SCM] in a high-fidelity manner.

1. Introduction

With the steady growth of the global population and rural-to-urban
migration, there is an ever-increasing demand for Portland cement
(PC) for use in infrastructure construction, repair, and rehabilitation.
Every year, the PC manufacture contributes to 9% of anthropogenic CO5
emissions [1-3], which accelerates global warming as well as its asso-
ciated manifestations (e.g., rising sea levels; increase in frequency and
severity of natural disasters; etc.). COy emissions from the cement in-
dustry are attributed to two reasons: decomposition of CaCOs (a cement
precursor); and combustion of fossil fuels (e.g., coal, oil, etc.). To pro-
duce PC clinker, the raw materials must be heated to ~ 1500 °C. This
high temperature is necessary to form the main constituent of cement
clinker, known as alite (C3S; where: C = CaO; S = SiOy; A = Al,O3; $ =
SOs3; and H = H,0). Some cement manufacturers [4,5] have developed
and employed manufacturing technologies that utilize renewable ener-
gy—instead of COs-intensive fossil fuels—for the production of PC
clinker. However, these innovative technologies are not yet widely
adopted by production plants, primarily due to high capital and
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operational costs. Governments have encouraged manufacturers to
install CO5 capture-and-storage technologies to reduce emissions, but
only a few manufacturers have done so due to the high costs involved
[6]. As an alternative, reducing the use of PC in cementitious binders (e.
g., mortars and concrete) is a more plausible solution—at least in the
short term—to reducing its carbon-footprint. There are two potential
methods to reduce the use of PC in infrastructure without sacrificing
performance: use of alternative cements (instead of PC); and replace-
ment of PC with supplementary cementitious materials (SCMs). Use of
alternative cements is appealing, as it fully replaces PC with a more
sustainable counterpart (e.g., geopolymer [7]; calcium sulfoaluminate
cement [8]; magnesium oxychloride cement [9]). However, due to our
incomplete understanding of hydration kinetics, microstructural evo-
lution, and property evolution in alternative cementitious binders, it is a
challenge for manufacturers to produce alternative cements that would
satisfy rather strict construction and compliance criteria. Based on state-
of-art of research and practice in the field, the use of SCMs as partial
replacement of PC is more prevalent. In cementitious binders, SCMs can
potentially substitute up to 60% of PC. The common SCMs are: fly ash
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(FA); limestone (LS); slag; metakaolin (MK); silica fume (SF); and quartz
(QZ) [10-14]. Chemistry and content of SCMs can substantially alter
mechanical properties [14,15], hydration kinetics [16,17], and rheology
[14,18] of PC-based systems. Comprehensive research on evaluating,
cataloging, and elucidating the influences of SCMs on properties of PC
binders is important for developing sustainable cementitious binders.

Hydration kinetics is the most vital property of PC because it can be
used to estimate—if not accurately, at least crudely—other properties (e.
g., degree of hydration; compressive strength; set time; rheology; and
durability). SCMs affect PC hydration through several mechanisms, the
origins of which can be traced back to the SCM’s physical and chemical
characteristics. SCMs can act as fillers, providing additional surfaces for
heterogeneous nucleation and the ensuing growth of the main hydration
product (or hydrate), calcium silicate hydrate (C-S-H) [19,20]. How-
ever, if the SCM particulates are small (median particle size < 1 pm), the
filler effect may be diminished due to coagulation and agglomeration of
the particulates [17,21]. SCMs with high aluminate content may sup-
press PC hydration by releasing AI(OH); [16,17,22]. The AI(OH)3 spe-
cies can absorb onto surfaces of PC and SCM particles, thereby
preventing them from coming into contact with water, and suppressing
their ability to dissolve or participate in nucleation and growth of C-S-H
and other hydrates. Furthermore, aluminosilicate SCMs—upon dis-
solution—can release silicate ions (e.g., H3SiOg; H,Si03), which can
react with portlandite (CH) to form additional C-S-H via a process
known as the pozzolanic reaction [16,17,22]. Sulfate dissolved from
SCMs (e.g., fly ash) also can absorb onto PC particles and inhibit the
hydration of PC’s major phase, alite. Furthermore, sulfur reacts with C3A
to form additional ettringite and monosulfoaluminate, which consume
calcium ions, thereby decelerating the hydration of alite and precipita-
tion of C-S-H [23,24]. Moreover, the aqueous reactivity of SCMs varies
over a wide range owing to their diverse chemical compositions and
molecular structures. Due to such intricate influences of SCMs, the
pathway of developing theory-based models that produce high-fidelity
predictions of hydration kinetics—i.e., time-resolved exothermic heat
release profiles—of [PC + SCM] remains unclear. Many studies [25-31]
have attempted to investigate simple PC binders (e.g., C3S and C3S-C3A-
gypsum binders) and develop theory-based models to predict their hy-
dration kinetics. Although these studies have demonstrated a compre-
hensive understanding of correlations between mixture design and
hydration kinetics of simple binders, such knowledge fails to interpret
highly nonlinear and mutually-interacting processes in the more com-
plex [PC + SCM] systems that have substantially greater degrees of
freedom and larger number of parameters that can influence the hy-
dration behavior. Simply put, the models developed for simple binders
cannot produce reliable predictions of hydration kinetics for complex
[PC + SCM] [32-35].

The dominant mechanism of the hydration of PC is phase boundary
nucleation and growth (pBNG) [30,36-38]. Several studies
[19,30,39-41] have developed numerical models to reproduce hydra-
tion kinetics of cementitious materials based on the pBNG mechanism,
which assumes C-S-H is the sole hydrate with a constant density. The
first pPBNG model, developed by Thomas [41], was premised on the
hypothesis that the driving mechanism for PC hydration is the time-
dependent nucleation of C-S-H on and around PC particles, followed
by its isotropic growth at a constant rate. However, further studies and
experiments indicated that the formation of C-S-H was more complex
than initially thought, and that it involved a short burst of heterogenous
nucleation—akin to a singular site-saturation nucleation event—on sur-
faces of PC particles. Scherer et al. [39,42] modified the pBNG model by
incorporating heterogeneous, site-saturation nucleation and anisotropic
growth of C-S-H along with other mechanisms (e.g., chemical shrinkage)
that affect PC hydration kinetics. However, this model had some
drawbacks, including the assumption of a constant growth rate of C-S-H
which did not agree with experiments, and the inability to simulate
hydration kinetics of [PC + SCM] binders. These—and oth-
er—limitations were addressed in recent modifications of the pBNG
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model [16,22,38,43-45]. The modified pBNG model incorporates
several features to accurately reproduce heat evolution profiles of [PC +
SCM], including a growth rate that changes with time to mimic the
experimentally-observed temporal variations in supersaturation of C-S-
H. This process begins with heterogeneous nucleation of C-S-H on the
surfaces of PC and SCM particles, followed by outward, anisotropic
growth of the nuclei into the contiguous capillary pore space with a
time-varying rate. As the hydrates impinge onto other hydrates and
anhydrous (unreacted) PC and SCM particles, and the abundance of
ionic species in the solution declines, the hydration rate slows down.
However, the time-varying growth rate of C-S-H is one of the free pa-
rameters of the pBNG model; and, to obtain these free parameters, either
complex and cumbersome experiments (e.g., scanning transmission
electron microscope [46]) need to be conducted, or the values simply
need to be estimated (e.g., best guess) and refined through trial-and-
error based optimizations. Because of this, the modified pPBNG mod-
el—while good at reproducing hydration kinetics of cementitious
binders and extracting the time-dependent growth rate of C-S-H from
experimentally-measured calorimetry profiles—is unable to produce a
priori predictions of new PC binders.

In past decades, artificial intelligence has proven to be a highly
effective tool for predicting properties of cementitious materials.
Numerous studies have utilized machine learning (ML) models to pre-
dict mechanical properties [47-52], rheological properties [53,54], and
hydration kinetics [32-35] of PC. Therefore, we hypothesize that ML
models can be used to guess (predict) the free parameters of the pBNG
model, such as the time-dependent C-S-H growth rate. Furthermore, we
hypothesize that the advanced pBNG model integrating ML as an add-on
can compensate for the shortcomings of conventional models and yield
reliable, a priori predictions of hydration kinetics of [PC + SCM] that
ensure compliance with fundamental materials laws (e.g., kinetic
mechanisms). Here, the pBNG component distills the calorimetry pro-
files of hundreds of [PC + SCM] into a database of simple, monotonous
time-dependent C-S-H growth rate profiles. This database is used to train
the ML component; and subsequently, the ML model predicts C-S-H
growth rate profiles for new [PC + SCM]. Finally, by knowing C-S-H
growth rate profiles of new [PC + SCM], the pBNG component calculates
their heat evolution profiles. Through this merger, a priori and param-
eter-free predictions of calorimetry profiles of [PC + SCM] are possible.

In this paper, we develop an advanced pBNG model that integrates a
deep forest (DF) model to yield predictions of time-dependent calo-
rimetry profiles of sustainable cementitious binders. Emphasis is given
to predict the first 24 h of cement hydration; since, within this early-age
period, cement hydration transitions through multiple mechanisms
including dissolution, induction period, and nucleation and growth of
the hydrates. Furthermore, focus is given to predict the differential heat
flow rate profiles—rather than the cumulative heat release profi-
les—because: the former is more sensitive to changes in the driving
mechanism of hydration (e.g., from dissolution to induction period and
then to acceleration up to the peak); and can be readily integrated with
respect to time to obtain cumulative heat release profiles. The research is
conducted based on a database contains 710 [PC + SCM] binders,
including a wide range of common SCMs (i.e., QZ, LS, FA, MK, and SF.)
and both commercial cement (CC) and synthetic cement (SC). The
advanced pBNG model predicts heat flow rate profiles of [PC + SCM] in
a high-fidelity manner based on their mixture designs. This study also
aims to understand the influence of SCMs on calorimetry profiles and
growth rates of C-S-H. Overall, this study develops a novel, theory-
guided prediction tool to understand and predict hydration behaviors
of complex [PC + SCM] systems, thereby aiding in the design and dis-
covery of sustainable cementitious materials.
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2. Modeling method
2.1. Phase boundary nucleation and growth model

The pBNG model is kinetic model to simulate the heat evolution
profiles of [PC + SCM] binders. This section presents a brief information
about the pBNG model; further details can be found elsewhere
[16,38,43]. Among the four anhydrous phases (C3S; C3A; C2S; and C4AF)
present in PC, C,S and C4AF exhibit a low intrinsic dissolution rate, and
do not contribute significantly to early-age hydration of PC [23,39,55].
In contrast, C3A and gypsum rapidly react and form ettringite in the first
couple minutes after mixing, releasing a substantial amount of heat
[27,56,57]. After the initial burst of nucleation and rapid growth,
ettringite precipitation slows down dramatically [27,56,57]. In the
PBNG model, C3S reacts with water to form C-S-H, which is the primary
hydration product and has a constant density [19,39-41]. C-S-H nu-
cleates and grows on boundaries of solid phases (i.e., PC and SCM sur-
faces). The rate-controlling mechanism is site saturation nucleation and
growth of C-S-H; and therefore, the pBNG model assumes that a fixed
number of nuclei are formed during the initial nucleation burst, and no
further nuclei are allowed to form after this point [58,59]. Based on
those assumptions, Eq. (1) [16,38,43,44,60] shows the volume fraction
[X(t), unitless] of C-S-H at any given time (¢, hour).

X(r) =1 exp(ZrG e G, (t)eag ete <1

_ FD (Gour(t) L4 v e g.Iden.xiry ° t) (1)
Guu!([) i V e g.ld:'nxiry o7

Herein, Fp is the f-Dawson function [61]. The growth rate of C-S-H is
anisotropic, with a faster rate in the direction perpendicular to solid
surfaces than in the lateral direction. The variable Gy (um.h ™) is the
outward (perpendicular direction) growth rate of C-S-H. Gy (um.h™H)
changes with respect to time, which allows the pBNG model to account
for the changes in the degree of saturation of C-S-H [16,38,43,44,60].

It should be noted that C-S-H cannot grow and penetrate into solid
surfaces at the early age of hydration [39,42]. Consequently, the
multiplier rg (= 0.5 [16,38], unitless) is applied to compensate for the
growth rate toward the surface. The variable g (=~ 0.25, unitless) is a
constant (Eq. (2) to reproduce the needle-like geometry of C-S-H
observed in experiments. Previous studies [16,42] have shown that the
ratio of the growth rate of outward direction (G,y) to lateral direction
(Gpar) is a constant ratio (2:1). The variable Igensity is nucleation density
(um’z), the number of C-S-H nuclei per unit surface area of solids. In the
PBNG model, the nucleation density is assumed as constant for C-S-H (i.
e., 12 [38,60]). The variable agy (umfl) is the boundary area per unit
volume of solids, shown in Eq. (3). Eq. (3) contains three sub-equations
to calculate agy in plain, binary, and ternary binders. Therein, w/b
(unitless) is the water-to-binder ratio. The binder’s volume is equal to
the total volume of solid (i.e., PC and SCMs). The binder area (SSApinder,
em?.g™1) is the available solid area for producing nuclei C-S-H, which is
calculated in Eq. (4). Eq. (4) contains three sub-equations to calculate
SSApinder in plain, binary, and ternary binders. The variable p (g.cm’l) is
the density; and SSA; (cm®g™!) is the specific surface area of PC and
SCM solids. The variable a,., (unitless) is the fraction of effective surface
area of the SCM. Here, due to the agglomeration or ion-specific effects (i.
e., sulfate and AI(OH)y), the acceleration of hydration caused by the
filler effect of the SCM could be diminished; and as.,, accounts for this
effect [16,62,63].

o (0 @
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Previous studies [16,38,60] have shown that the degree of hydration
[a(t), unitless] of PC is linearly related to the volume fraction of C-S-H.
This correlation is shown in Eq. (5). The variable B (unitless) is a con-
stant described in Eq. (6), where p¢sy is the density of C-S-H (2.07 g.
cm™3 [64,65]) and ¢ (=-7.04 x 102) is chemical shrinkage over the
course of hydration.

a(t) =BeX(t) (5)
-1
Peement c 1
B= o PcsH ° /;Lwtwn/ Prater (6)
b*Pcement 41 B -5
CSH water

Pwater

With the aforementioned equations and assumptions, the pBNG
model requires two variables (i.e., ay,, and Gy to be optimized to
simulate the hydration kinetics of [PC + SCM]. The variable a, is
determined based on physicochemical properties of SCMs as explained
in our prior studies [16,22,38,43]. Gy is a time-dependent variable,
which can be obtained from calorimetry profiles by using pBNG model
with the Nelder-Mead-based simplex algorithm [66,67]. Fig. 1 shows
that the pBNG model can accurately reproduce heat evolution profiles of
[PC + SCM] when given the values of ayn,, Gy and other
experimentally-measured parameters pertaining to the mixture design
and physicochemical properties of precursors. In this study, we used a
DF model to predict Gy for new [PC + SCM] systems; and then used Gy
as an input in the pBNG model to predict the systems’ heat evolution
profiles.

2.2. Advanced pBNG model

In this study, an advanced pBNG model is developed to accurately
predict heat evaluation profiles of [PC + SCM]. The model incorporates
DF component (description can be found in Section S1.2) to guess the C-
S-H grow rate and then simulates heat evaluation profiles. Fig. 2 shows
the architecture of the advanced pBNG model. After the database is
collected from experiment, the database is split into training and testing
datasets. Then, based on the physicochemical properties of precursors,
PBNG model calculates C-S-H growth rate profiles for [PC + SCM] in the
training dataset. Subsequently, the DF component of the advanced
PBNG model learns input-output correlations from the C-S-H growth
rate profiles and leverages such knowledge to predict the C-S-H growth
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Fig. 2. Schematic of the advanced pBNG model that is used to predict heat
evolution profiles of [PC + SCM].

rate profiles for the testing dataset. The predicted C-S-H growth rate
profiles are implemented in the pBNG component to reproduce heat flow
rate profiles. It is worth noting that the fraction of effective surface area
for each SCM is a critical parameter that must be manually determined,
with the fraction of effective surface area of each SCM listed in Table S1.
All surfaces of QZ and LS can nucleate C-S-H. Due to the agglomeration,
the effective surface area of SF substantially decreases. Additionally, the
filler effect from MK and FA is compensated by AI(OH); suppressing the
hydration. The reactivity and SO3 content of each FA also play a role in
determining the specific fraction of effective surface area assigned to
them.

3. Database collection

Heat evolution profile database of [PC 4+ SCM] is collected from our
previous studies [32-35]. The database consists of heat flow rate profiles
of 710 [PC + SCM] binders (i.e., plain; binary; and ternary binders). The
SCMs include QZ, LS, MK, SF, and FA. The binary binders (PC + 1 SCM)
contain all SCMs, and the ternary binders (PC + 2 SCMs) include the
combination of all SCMs except for FA. The database consists of 10 types
of PCs [3 commercial cements (CCs); and 7 synthetic cements (SCs)] and
10 types of FAs. The chemical compositions and physical properties of

SCMs and PCs are shown in Tables S1 and S2, respectively.

The parent database is separated into two distinct datasets: the
training dataset, which comprises 79,200 data-records from 660 [PC +
SCM] binders, and the testing dataset, which contains 6,000 data-
records from 50 [PC + SCM] binders. The training dataset is utilized
to train the DF model, allowing it to learn input-output correlations and
optimize hyperparameters. Subsequently, the performance of the ML
model is evaluated using the testing dataset to assess its accuracy in
predicting heat flow rate profiles. To evaluate the ML models, five sta-
tistical parameters, including the coefficient of determination (RZ),
Pearson correlation coefficient (R), mean absolute error (MAE), root
mean squared error (RMSE), and mean absolute percentage error
(MAPE), are employed. Both datasets include physicochemical attri-
butes of binders as inputs: C3S content (Y%omass); C2S content (Y%omass); CsA
content (Yomass); C4AF content (Yomass); CSHa content (Yomass); water-to-
solid ratio (unitless); content of each SCM (%p,as5); Specific surface area
(SSA) of PC and SCMs (cmz. g’l); number of constraints of FA (unitless);
SO3 content of FA (%mass of asm); and time (hour). The hydration time is
0-to-24 h, and the interval step is 0.2-hour. The number of constraints is a
parameter to evaluate the aqueous reactivity of FA. The reactivity of FAs
in PC depends on their chemical compositions and molecular structures,
which can vary in a wide range. Generally, FAs with high values of
number of constraints exhibit low aqueous reactivity due to containing a
large volume of crystalline structure and vice versa. The detail and
equations for number of constraints can be founded in our previous
studies [68,69]. Furthermore, Weerdt et al. [70] and Han et al. [35]
have found that SO3 from FA can significantly alter the hydration ki-
netics of PC. Therefore, it is important to use the SO3 content of FA as an
input variable to improve the prediction accuracy. The output of model
is the time-dependent heat flow rate (mW. g'clem) of [PC + SCM]. Sta-
tistical parameters pertaining to input and output variables are shown in
Tables S3 and S4.

4. Results and discussion

For a 24-hour hydration period with a 0.2-hour step size, the DF
model was utilized to yield predictions of heat flow rate profiles for [PC
-+ SCM] in the testing dataset for a 24-hour hydration period with a 0.2-
hour step size. The prediction performance from the DF model is
employed as a benchmark for evaluating and compare the performance
of the advanced pBNG model. Fig. 3 demonstrates a comparison be-
tween predicted heat evaluation profiles of representative binders and
the experimental measurements. The model’s accuracy and reliability
are evaluated using statistical parameters, which are provided in Table 1
and offer a quantitative measure of how well the model’s predictions
match the experimental measurements. Based on the results shown in
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Fig. 3. The standalone DF’s predictions of heat flow rate profiles for representative binders: (a) [CC-1 + QZ]; (b) [CC-1 + SF]; (¢) [CC-1 + LS + MK]; (d) [SC-3 + LS
+ MK]; (e) [CC-2 + FA-2]; and (f) [CC-3 + FA-7] compared against experimental measurements. Mean absolute error (MAE) of each prediction is shown in legends.

Table 1

An analysis of the prediction accuracy of the standalone DF and DF-pBNG
models on heat flow rate profiles of [PC + SCM] over 24 h hydration, utilizing
five statistical parameters as a measure of performance.

ML Model R R? MAE MAPE RMSE
Unitless Unitless mW. geem % mW. g

DF 0.8247 0.8552 0.3701 17.45 0.7514

DF-pBNG 0.9999 0.9999 0.0106 0.38 0.0161

Table 1 and Fig. 3, the standalone DF model can produce predictions of
heat flow rate profiles with reasonable accuracy, as evidenced by R? ~
0.86 and RMSE = 0.75 mW.g'cﬁm. However, it can be observed in Fig. 2
that the DF does not perform well in predicting heat flow rate at hy-
dration peaks and during the early hours (<12 h) of hydration. This can
be attributed to three reasons. Firstly, the hydration transitions through
three stages (i.e., initial period; induction period; and acceleration
period) in the first 12 h, each with unique hydration behaviors and
distinct mechanisms. This results in two inflection points in the heat
evolution profiles, where the concavity of the profiles changes rapidly,
leading to sudden changes in hydration kinetics. The complexity of those
structures makes it challenging for the DF model to accurately capture
the overall trend in the first 12 h of hydration. The second reason is that
SCMs cast unique influences on the hydration of PC, depending on their
chemical compositions, fineness, and molecular structures. The in-
fluences of each SCM on hydration kinetics are demonstrated in the later
sections. Due to the effects of SCMs, it is a challenge for the DF model to
capture the global trend in the heat evaluation profiles. Third, the DF
model operates solely on mathematical approaches without taking into
account any material laws, where outputs may violate fundamental
material laws and, as a results, decrease prediction accuracy.

The performance of the advanced pBNG model in predicting heat
flow rate profiles of representative [PC + SCM] is demonstrated in

Fig. 4. The performance of the model is further evaluated using statis-
tical parameters listed in Table 1. To facilitate a straightforward com-
parison, Fig. 4 also includes the predictions made by the DF model as the
benchmark. The predictions for the remaining binders can be found in
Fig. S1.

The predictions produced from the advanced pBNG model, as seen in
Table 1 and Fig. 4, demonstrate exceptional accuracy in predicting heat
flow rate profiles, with R?~ 0.99 and RMSE ~ 0.02 mW. g'clem. The errors
made by the model are minimal. The advanced pBNG model also suc-
cessfully captures the hydration peak, which is the most critical juncture
for understanding the hydration behavior of [PC + SCM]. At the hy-
dration peak, cement binders begin to set and gain strength in a short
time due to the formation of large amounts of hydrates [23,71-73]. As
such, the ability to accurately capture the hydration peak is often
considered the primary (or even sole) parameter for evaluating the
performance of kinetic models [19,30,38,39,74]. The accurate pre-
dictions produced by the advanced pBNG model can be credited to two
reasons. Firstly, in contrast to the DF model, the pBNG component
produce the final outputs through kinetic theories, preventing any vio-
lations of fundamental material laws. This, in turn, bolsters the reli-
ability of predicted heat flow profiles. Secondly, the DF component
estimates the C-S-H growth rate profiles in a high-fidelity manner. It is
crucial to recognize that the pBNG component exhibits a strong sensi-
tivity to C-S-H growth rate, wherein even minor variations can sub-
stantially influence hydration kinetics. Given the straightforward
structure of C-S-H growth rate profiles, the DF component is easy to
capture input-output correlations, effectively reducing the demand for
computational resources (i.e., memory and learning time). Fig. 5
directly compares the structures of heat flow rate and C-S-H growth
profiles. As seen in the figure, these growth rate profiles are far simpler
than heat flow rate profiles, with a monotonic decrease over time and no
sharp inflection points. Despite the simple (i.e., monotonous) nature of
growth rate profiles, they retain all crucial information about hydration
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Fig. 4. The predictions of heat flow rate profiles as produced by advanced pBNG and DF models for representative binders: (a) [CC-1 + QZ]; (b) [CC-1 + SFJ; (c)
[CC-1 + LS + MK]; (d) [SC-3 + LS + MK]; (e) [CC-2 + FA-2]; and (f) [CC-3 + FA-7] compared against experimental measurements. Mean absolute error (MAE) of

each prediction is shown in legends.
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Fig. 5. (a) Original heat flow rate profiles and (b) C-S-H growth rate profiles of representative [PC + SCM]. The growth rate profiles have much simpler profile
structure (i.e., low dimensionality); thereby making is easier for the advanced pBNG model to learn the input-output correlations.

kinetics, as the pBNG component can reproduce identical heat flow rate
profiles from growth rate profiles. Additionally, the growth rate of C-S-H
decreases nonlinearly by roughly two orders of magnitude during the
first 24 h of hydration, which contributes to changes in the degree of
saturation of C-S-H. The correlation between C-S-H’s supersaturation
and growth rate has been reported in previous studies [16,43,44,60]. At
early stages, a high degree of saturation of C-S-H leads to a high driving
force for nucleation and growth, resulting in faster growth rates. As the
process continues and the degree of saturation of C-S-H decreases, the
growth rate decelerates.

Having demonstrated the excellent prediction performance of the
advanced pBNG model in predicting heat flow profiles of [PC + SCM],

we now seek to interpret the influences of various SCMs on the hydration
of PC. Fig. 6 illustrates the calorimetric parameters and C-S-H growth
rate, as derived from the advanced pBNG model, of PC replaced by in-
dividual SCMs. The calorimetric parameters are extracted from heat rate
profiles through a customized MATLAB algorithm. It is worth noting
that our database lacks calorimetry profiles of [PC + SF] beyond a
replacement level of 30%. The FAs are classified into four categories:
low reactivity (LR); low sulfur content (LS); high reactivity (HR); and
high sulfur content (HS). Each of these categories exhibits a distinct
pattern in its effect on the hydration kinetics of PC.

In Fig. 6a-c, it can be observed that QZ, SF, and LS can accelerate the
hydration of PC. This is seen through shorter hydration times and more
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intense hydration peaks as the replacement level of these SCMs is
increased. This is expected as these SCMs provide additional surfaces for
the nucleation and growth of C-S-H. However, the influence of the MK is
different. Lapeyre and Kumar [16] have reported that there is a
threshold of 30% replacement level for MK (also observed in this study),
below which it acts as an inert SCM and exerts the filler effect to enhance
PC’s hydration. Beyond this threshold, MK releases sufficient AI(OH)3
which partially covers the particles of PC and prevents them from
coming into contact with water. Additionally, the aluminate ions
combine with aqueous calcium (and hydroxyl and other) ions to form
compounds such as ettringite or hydrogarnet. These effects—when
combined—are expected to decelerate the precipitation of C-S-H;
consequently, PC hydration slows down as the replacement level of MK
is increased. Through a comparison of the slopes of the hydration peaks
of binders, it is evident that the hydration of PC replaced by QZ, SF, and
MK (before 30% replacement level) is more accelerated than when
replaced by LS. This can be attributed to two reasons. First is the
pozzolanic reaction, where the silicate ions released from silicate-based
SCMs react with calcium ions to form pozzolanic C-S-H, leading to an
acceleration of the hydration. Additionally, the SSAs of QZ (17677 cm?.
g’l), SF (198000 cm?. g’l), and MK (5942 cm?. g’l) are higher than that
of LS (1697 cm?. g~ 1), providing a greater surface for the heterogeneous
nucleation of C-S-H. The influences of FAs on the hydration kinetics of
PC are intricate due to broad-range variations in their chemical com-
positions (e.g., sulfur content) and molecular structure (e.g., network
connectivity). FA (LR, LS) exhibits similar impacts on the hydration
kinetics as QZ and LS, with hydration peaks occurring earlier as the
replacement level increases. These FAs primarily provide the filler effect
to accelerate the hydration of PC. However, the release of selected ions,
such as AI(OH); and sulfate, decelerates hydration, thereby decreasing
the heat flow rate and slope of hydration peaks. As the replacement level
of FA (LR, HS) increases, the hydration peak time does not show a sig-
nificant change, but the intensity of the hydration peak increases when

the replacement level exceeds 20%. Despite its low reactivity, the high
sulfur content of FA (LR, HS) leads to a continuous release of sulfate,
which compensates for the filler effect through the formation of ettrin-
gite. However, in the range of 30-50% replacement level, the pozzolanic
reaction partially overcomes the negative effects of sulfate release and
slightly enhances the hydration of PC. When hydration begins, FA (HR,
HS) releases a substantial amount of sulfate. Even at a 10% replacement
level, the amount of sulfate released is enough to react with CgA,
meaning that increasing the replacement level further will not retard the
hydration. However, as the replacement level increases, FA (HR, HS)
releases more silicate and enhances the pozzolanic reaction, as evi-
denced by the high heat flow rate at the peak of hydration at higher
replacement levels. Because of its low sulfur content, FA (HR, LS) is
unable to release a significant amount of sulfate at the onset of hydra-
tion. Instead, it releases sulfate gradually throughout the hydration
process, which results in a progressive formation of ettringite and
significantly retard the hydration. It is important to note that all types of
FAs release Al(OH)3 which lessens the intensity of hydration. This can be
observed by the downward shift in the heat flow rate and slope of peaks
when compared to other SCMs.

In Fig. 6d, it is clear that the C-S-H growth rate of PC replaced by QZ
and SF decreases as the replacement level increases. While these SCMs
provide additional surfaces for C-S-H nucleation, excessive nuclei hasten
the depletion of calcium ions. The C-S-H growth rate is closely tied to the
availability of calcium ions. When the concentration of calcium ions is
insufficient, the growth of C-S-H growth is hindered. This is further
reinforced by the results of [PC + LS]; here, LS provides ample calcium
ions through slow dissolution [75,76], resulting in little-to-no change in
the growth rate. The release of calcium ions from MK helps to maintain
the C-S-H growth rate. However, as the replacement level of MK in-
creases, the high concentration of Al(OH); from MK can inhibit the
growth of C-S-H. Although the continual release of calcium ions, Al
(OH)3, and sulfate from FA (LR, LS), released levels of AI(OH)z, and
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sulfate are not high enough to impede the growth of C-S-H. As a result,
the influence of FA (LR, LS) on the growth of C-S-H is similar to that of
LS. For FA (LR, HS) and FA (HR, HS), sulfate is the dominant factor
inhibiting the growth of C-S-H. Due to high reactivity, FA (HR, LS) re-
leases a large amount of AI(OH)j to slow down the growth of C-S-H.

5. Conclusions

The reduction of carbon-footprint has become a major concern for
researchers in the cement industry. One way to address this issue is by
developing sustainable cementitious binders, which mitigates the COy
emissions associated with PC. One promising approach is the use of
SCMs to replace a portion of the PC in the mixture design. SCMs can have
a significant impact on the fresh and hardened properties of cement,
determined by their chemical compositions and molecular structures.
However, the complexity of SCMs has made it challenging for re-
searchers to develop a reliable model for predicting the hydration ki-
netics of [PC + SCM] binders. The pBNG model is one such model that
can reproduce the heat evolution profiles of [PC + SCMI], but its
extensive calibration and trial-and-error based estimation of parameters
cannot be obtained directly from simple experiments. This highlights the
ongoing need for further research to fully understand the science behind
sustainable cementitious materials and to develop more reliable models
to predict hydration kinetics.

This study introduces an advanced pBNG model, designed to accu-
rately predict the heat flow rate profiles of [PC + SCM]. This model
involves with a DF component to guess the critical parameter (i.e.,
growth rate of C-S-H) based on the mixture deign of sustainable
cementitious binders. Consequently, the predicted parameter is imple-
mented to the pBNG component to reproduce the heat evaluation pro-
files. The advanced pBNG model can produce reliable predictions, even
when working with a small but highly diverse database. The database
includes 710 cementitious binders made with 10 PCs (i.e., commercial
and synthetic) and 14 common SCMs (i.e., QZ, LS, SF, MK, and FA).
Results from this study show that the advanced pBNG model produces
superior predictions compared to the DF model. Additionally, by simu-
lating heat evolution profiles using a kinetic model, the final predictions
avoid violating fundamental principles of material behavior. The study
also investigates the ways in which different SCMs affect the hydration
peak and growth rate of C-S-H. Among the SCMs studied, FAs were
found to exhibit the most complex mechanisms for impacting hydration
kinetics. Overall, this study represents a significant step forward in the
development of advanced theory-based models. Artificial intelligence
has significantly boosted the predictive capabilities of theory-based
models, enabling them to be applied to a wider range of complex sus-
tainable cementitious binders. Similar approaches also can be applied to
predict other compliance and constructability metrics of sustainable
cementitious systems.
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