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Supplementary cementitious materials (SCMs), such as fly ash, blast furnace slag, 
rice husk ash (RHA), and sugarcane bagasse ash (SBA), are increasingly used to promote 
sustainable construction practices. However, understanding how the chemical composi-
tion, fineness, reactive phases, and pore solution content of SCMs affect the reaction 
process and hydration of cement is challenging. Researchers are developing models, in-
cluding thermodynamic modelling (TDM), to better understand these effects. TDM is a 
useful tool for predicting the composition of pore solution and understanding the compo-
sition of hydrated cement and SCMs. This study investigates two types of ordinary Port-
land cement (OPC1 and OPC II) with varying chemical and mineral compositions mixed 
with two SCMs (RHA and SBA). Using TDM, the impact of cement content on hydrate 
generation in binary mixes is studied. The results revealed that OPC l and OPC ll hydra-
tion models predicted CSH gel, ettringite, hydrotalcite, calcite, and portlandite. In com-
parison to OPC1, OPC II predicts 21 % more CSH gel and 25 % less hydrogarnet. The 
study also found that jennite-like CSH transforms into tobermorite-like CSH with an in-
crease in RHA, and a decrease in portlandite was observed in SBA blended systems. The 
TDM results were validated using experimental data, providing valuable insights into the 
type and composition of hydrates that develop during cement hydration and its blends 
with SCMs.
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Introduction

Supplementary cementitious materials (SCMs) 
are utilized to advance sustainable construction 
practices, aiming to reduce CO2 emissions and ener-
gy consumption in cement production1. These mate-
rials encompass various by-products such as fly 
ash, rice husk ash (RHA), sugarcane bagasse ash 
(SBA) and more. They have been found to enhance 
resistance to sulfate-induced deterioration and chlo-
ride penetration during extended curing periods, all 
the while preserving mechanical qualities compara-
ble to cement2. Nevertheless, the mineral and chem-
ical composition of the cement greatly influences 
the development of solid hydration stages and flu-
id-filled pore networks. Research on hydration pro-
cesses involving agents such as SCMs, at varying 
phases, has highlighted their influence on basic 
components, particle morphology, reaction kinetics, 
solidification, and mechanical attributes3.

To comprehend the impact of diverse elements 
on hydration, researchers are developing thermody-

namic and geochemical models. Geochemical spe-
ciation software, like thermodynamic modelling 
(TDM), is employed to replicate the interplay be-
tween solid and liquid constituents throughout the 
hydration of cement blends, providing a valuable 
understanding of chemical effects4. TDM, coupled 
with empirical research, has been utilized to explore 
the impact of the type of SCM and quantity, alter-
ations in water phases, and the structure of hydrates 
over prolonged reaction periods5,6. Additionally, 
thermodynamic models can forecast the repercus-
sions of cement’s mineral and chemical makeup on 
the interaction between hydration and SCMs over 
extended durations, with their precision evaluated 
utilizing practical findings from the hydration pro-
cess assessments extending for a period of 90 
days7,8. The aim of this study was to analyze the 
influence of Portland cement composition on the 
hydration process in binary blends, particularly 
when combined with rice husk ash or sugarcane ba-
gasse ash. By using thermodynamic modeling, this 
research sought to complement experimental find-
ings and provide insights into the optimal blend 
compositions for enhanced hydration and mechani-
cal performance.
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Modeling method

In ordinary Portland cement (OPC), soluble al-
kali sulfates easily dissolve in water, releasing po-
tassium (K), sodium (Na), and sulfur (S) into the 
water. Minerals with lower solubility undergo par-
tial dissolution until they attain equilibrium with 
pore fluids5. Silicon (Si) and calcium (Ca) combine 
to form the calcium silicate hydrate (CSH) state, 
while aluminum (Al), alongside iron (Fe), interacts 
with hydroxide ions, sulfur (S), carbon (C), and cal-
cium (Ca), leading to the formation of ettringite 
(AFt) and AFm phase structures along with alterna-
tive hydroxide variants. The rate of clinker elements’ 
dissolution determines the amount of Ca, Si, Al, and 
hydroxide liberated into the liquid medium9,10.

Cement hydration occurs via dissolution and 
precipitation processes, with diverse models ex-
plaining how phases in Portland cement undergo 
hydration at varying rates. For example, the Parrot 
and Killoh11 model utilizes equations to define the 
speed of hydration for different clinker phases, 
identifying the phase with the slowest rate at the 
time (t) as the dominant factor. The subsequent cru-
cial equations further elucidate these concepts:
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The formula representing the extent of hydra-
tion at a given time, denoted as 1 1 t t tt R- -µ =µ +D × , 
involves coefficients K1, K2, K3, N1, and N3 from the 
model proposed by Parrot and Killoh for ordinary 
portland cement (OPC). This paper utilizes the three 
empirical expressions (Equations 1 to 3) presented 
by Parrot and Killoh. Additionally, the influence of 
the water-to-cement ratio is accounted for using the  

function- :

for ( ) 1 .33  /t w cµ >  (w/c)10,11. Insights provided by Parrot 
and Killoh were considered, along with the integra-
tion of surface area effects on initial hydration into 
our analysis.

In this study, the GEMS-CEM platform was 
used to thermodynamically model cement systems, 
allowing for precise calculations of crystalline, 
aqueous, and gaseous constituents during the pro-

cesses, alongside the assessment of ion reactivity in 
equilibrium pore solutions.

GEMS V-3.5 12 and CEMDATA V-18 13 were 
utilized to forecast outcomes in cementitious and 
pozzolanic processes. Input data for thermodynamic 
modeling included information on the components 
and responsiveness of cement and pozzolans, water- 
cement ratio, and curing. Simulations of hydrated 
pastes adhered to specific conditions: 21 ℃ tem-
perature, 100 % relative humidity, and a water- to-
cement ratio of 0.5, in line with the experimental 
conditions. Cement reactions were modeled using 
Parrot’s empirical approach, while the reactivity of 
RHA and SBA was assessed through fundamental 
pozzolanic tests14. The CSH Q model, known for its 
representation of a broad range of Ca/Si propor-
tions, was utilized in this study. While thermo-
dynamic modeling proves valuable for predicting 
cementitious system behavior, it is not without 
 presumptions and constraints. The model assumes 
system homogeneity, which may not align with 
 real-world scenarios. Furthermore, the assumption 
of thermodynamic equilibrium might not hold for 
certain solids, like amorphous CSH and AFm 
phases, which are metastable. Upon exposure to an 
open atmosphere, hydrated cement reacts with 
 atmospheric CO2, leading to degradation into calcite 
and related compounds.

Within the field of cement science, rapid min-
eral formation and dissolution generally allow for 
the assumption of thermodynamic equilibrium. 
Nonetheless, slower operations such as clinker dis-
solution and precipitation of hydrogarnet may not 
achieve equilibrium promptly, necessitating addi-
tional considerations for precise predictions of be-
havior within cementitious systems.

The accuracy of thermodynamic modeling out-
comes relies on the reliability and comprehensive-
ness of the database. While the revised Cemdata18 
dataset is reliable in calculating the properties, com-
position, quantity, and cement hydrate capacity, 
there are deficiencies in data concerning alkali, alu-
mina, and water absorption in CSH, which necessi-
tate further information. Additionally, minerals such 
as quartz, dolomite, goethite, and hematite along 
with gibbsite, which are absent under standard con-
ditions and within the considered period, should be 
excluded from the model. Furthermore, the pres-
ence of phases such as thaumasite, which are only 
found in low-temperature conditions, can notably 
influence cementitious system behavior.

The thermodynamic model predictions were 
compared against various empirical data findings 
from X-ray diffraction (XRD), differential thermal 
analysis (DTA), and thermogravimetric analysis 
(TGA) of cement mixes, as well as the mechanical 
strength assessments of mortars. Two different ordi-
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nary Portland cement with distinct chemical and 
mineral compositions were examined using thermo-
dynamics, considering RHA and SBA as SCMs.

Ta b l e  1  –  Composition of major phases 

Composition of major phases in the raw materials  
(in weight percentages)

Percentages OPC-I OPC-II RHA SBA

CaO 62.74 64.28 1.1 4.6

SiO2 18.5 19.5 90.8 78.8

Al2O3 5 5.8 1.8 5.1

Fe2O3 5 2.6 0.1 1.6

MgO 2.2 1.2 0.2 –

SO3 2.4 2.4 – 1.5

Na2O 0.4 0.6 – –

K2O 0.2 0.8 2.2 6.8

Loss on ignition 3.1 2.2 3.2 0.4

3CaO∙SiO2 50 53 – –

2CaO∙SiO2 11 14 – –

3CaO∙Al2O3 4 10 – –

4CaO∙Al2O3∙Fe2O3 15 8 – –

CaCO3 (Calcite) 4 3 < 1 < 1

The hydration behavior of binary cementitious 
binders consisting of OPC and either RHA or SBA 
was investigated. Two types of OPC (OPC-I: SRPC-
43 grade, IS 12330; OPC-II: Standard OPC 43, IS 
269) were used to study how cement composition 
affects hydration. The OPC characterized by a low 
range of C3A and alkali (0.4 % Na2O and 4 % C3A) 
was labeled as ‘OPC-I’, while the OPC with higher 
levels (0.6 % Na2O and 10 % C3A) was designated 
as ‘OPC-II’. There was also a notable difference in 
the C4AF content between OPC-1 (15 %) and OPC-
II (8 %). The CaCO3 levels in SBA and RHA were 
less than 1 %. The chemical composition of these 
materials was determined using X-ray fluorescence 
(XRF), while XRD was used to identify mineral 
phases. The Bogue formula15 was applied to calcu-
late clinker phase composition, with adjustments for 
calcium carbonate content, and these are presented 
in Table 1. Since Bogue calculations have known 
limitations, additional experimental techniques were 
used to verify phase composition and hydration be-
havior16,17. XRD and TGA were conducted on ce-
ment samples to identify crystalline phases and 
quantify portlandite content, bound water, and car-
bonation effects18. The physical properties of the 
materials, including particle size distribution and 
specific surface area, were also measured. To re-
duce the influence of particle morphology on the 

relationship between cement and supplementary 
materials, the particle size distribution of both OPC 
types was intentionally made comparable. Addition-
ally, reference mixtures comprising solely OPC-I or 
OPC-II were utilized, along with binary blends con-
sisting of OPC-I combined with 20 % RHA/SBA.

Cement pastes were prepared by mixing OPC 
with RHA and SBA at a fixed water-to-binder (w/b) 
ratio of 0.5 to ensure consistency across all sam-
ples. The pastes were cast into molds and cured un-
der controlled conditions at 21 °C with 100 % rela-
tive humidity to simulate real cement hydration 
conditions. Hydration was studied at different time 
intervals, including 1, 2, 7, 28, and 90 days19. To 
accurately analyze hydration reactions, a hydration 
stopping method was employed using isopropanol 
drying20. This process involved filtering and soak-
ing the samples in isopropanol for 15 minutes to 
remove free water, followed by drying at 40 °C for 
8 minutes. The dried samples were then stored un-
der a nitrogen atmosphere to prevent further reac-
tions before analysis. This method ensured that hy-
dration products remained unaltered during testing21. 
The study also included a specific pozzolanic reac-
tivity test to determine the degree of reaction of 
RHA and SBA over time. This test provided new 
data on the reactivity of SCMs under cementitious 
conditions and helped establish their role in hydra-
tion reactions.

The pozzolanic reactivity test was designed to 
simulate the alkaline environment of hydrated ce-
ment using a system containing calcium hydroxide 
(Ca(OH)₂), calcium carbonate (CaCO₃), and potas-
sium hydroxide (KOH). Each sample contained 1 
gram of RHA or SBA, 0.25 gram of CaCO₃, 1 gram 
of Ca(OH)₂, and 10 mL of a 0.1 M KOH solution. 
This system mimicked cement pore solution condi-
tions. Calcium hydroxide served as a source of cal-
cium ions, while CaCO₃ stabilized hydration phases 
such as monocarbonate. The test was performed at 
21 °C, and the hydration reaction was stopped at 
different intervals using isopropanol drying21.

Samples were tested at 1, 2, 7, 28, and 90 days 
to measure the extent of reaction of RHA and SBA. 
After hydration was stopped, various analytical 
techniques were used to determine the degree of re-
action of these SCMs. TGA was conducted to mea-
sure bound water content and portlandite consump-
tion, which indicated how much RHA or SBA had 
reacted. XRD analysis identified the crystalline hy-
dration products formed over time. Mass loss calcu-
lations were used to estimate the percentage of 
RHA and SBA that had reacted at each time inter-
val. The results showed that RHA reacted signifi-
cantly faster than SBA. At 1 day, RHA had reacted 
3 %, while SBA had reacted only 2 %. By 2 days, 
RHA showed a 7 % reaction, while SBA remained 
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at 2 %. At 7 days, RHA reached 18 % reaction, 
whereas SBA had reacted only 8 %. By 28 days, 
RHA reaction had increased to 28 %, but SBA 
 remained low at 9 %. At 90 days, RHA had reacted 
65 %, while SBA had reached only 31 %.

Hydration product formation was further ana-
lyzed using XRD and TGA, revealing differences in 
phase evolution between cement blends22,23. Com-
pressive strength tests were conducted on mortar 
samples at 1, 7, 28, and 90 days to evaluate the me-
chanical performance of different cement blends. To 
validate the thermodynamic model used in this 
study, the experimental data obtained from XRD, 
TGA, and pozzolanic reactivity tests were com-
pared with model predictions. All experimental data 
obtained in this study were compared with available 
literature to validate findings and assess the impact 
of binder composition on hydration, microstructure, 
and mechanical properties24.

Results and discussion

Modeling the hydration process of OPC

The simulation of chemical interactions be-
tween water and two kinds of Portland cement 
aimed to investigate the influence of varying com-
binations on the nature and volume of generated 
hydrates over the hydration duration, as illustrated 
in Fig. 1. In both scenarios, essential hydration stag-
es—CSH gel, ettringite, portlandite, and monocar-
bonate (specifically for OPC-II)—form within the 
initial hours of curing. Throughout this period, an-
hydrous components of the OPCs steadily dissolve 
and the precipitation of siliceous hydrogarnet is pre-
dicted. The hydrotalcite phase is also expected in 
both OPCs but in significantly smaller amounts, 
estimated at a maximum of 2 grams per 100 grams 
of cementitious material. Calcite presence was em-
pirically confirmed by XRD at different hydration 
durations, as shown in Fig. 2, where XRD data for 
two types of OPCs at 48 hours and three months 
after curing were calculated. Calcite was calculated 
to be found in both cement varieties.

Analyzing the modeling results depicted in Fig. 
1, TGA analysis detected CSH gel, and XRD analy-
sis conducted at both two and ninety days into the 
hydration process clearly revealed portlandite, 
ettringite, and C3(AF)S0.84H (siliceous hydrogarnet). 
The significant qualitative distinction lies in the cre-
ation of monocarbonate within OPC-II as a result of 
increased aluminum and reduced iron levels com-
pared to OPC-I, facilitating its reaction with car-
bonates. Although the modeling predicted monocar-
bonate development on the first day of curing for 
OPC-II, empirical confirmation appeared later, pos-
sibly due to sluggish kinetics5.

At 90 days of hydration, XRD suggested a 
slight presence of monosulfate in OPC-I, possibly 
alongside ettringite. DTA data indicated a slight 
weight reduction at 180–195 °C, attributed to mono-
sulfate dehydration25. However, the calculations did 
not indicate monosulfate creation due to its thermo-
dynamic instability in the presence of calcite. Fig. 3 
illustrates that OPC-II simulations forecasted higher 
growth of CSH crystal (21 %) and lower formation 
of siliceous hydrogarnet (25 %) compared to OPC-I. 
The primary chemical constituents of an OPC led to 
distinct variations in hydrates. Despite a remarkably 
similar content of other phases between the two 
types of cement (as indicated in Table 2), the mod-
eling’s estimated volume of CH and CSH gel was 
compared to values obtained from thermogravimet-
ric analysis and compressive strength.

F i g .  1 a – OPC-I Hydration model

F i g .  1 b – OPC-II Hydration model
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The modelling slightly overestimated portland-
ite concentration for both OPC types, with OPC-I 
consistently having a larger portlandite content than 
experimental data. Despite simulations predicting a 
reduced volume of CSH gel and experimental as-
sessments indicating a lower amount of bound wa-
ter, OPC-I exhibited higher compressive strengths 
at both 28- and 90-day hydration durations. This 
implies that components other than spatial arrange-
ment, such as refining the porous structure, might 
play a role in the noted distinctions.

Modeling the hydration process of binary 
blends with SBA/RHA

The objective of this study was to analyze the 
alterations in the composition of the solid phase re-

sulting from varying cement contents in blends with 
RHA and SBA. The investigation commenced with 
the assessment of the impact of RHA (Fig. 4a). 
Thermodynamic modeling of blends involving 
OPC1 and RHA anticipated the formation of prima-
ry hydration phases with minimal numerical dis-
crepancies. TDM calculations identified phases 
with high Ca/Si ratio as ‘jennite-like’ CSH and 
phases with low Ca/Si ratio as ‘tobermorite-like’ 
CSH 5. Adding RHA reduced portlandite levels and 
increased CSH gel production. As the RHA content 
increased, the extra SiO2 present in RHA interacted 
with ‘jennite-like’ CSH, gradually shifting it to-
wards ‘tobermorite-like’ CSH.

Fig. 3 illustrates that simulations of the RHA1 
blend predicted a higher growth of CSH crystals 
(48 %) and a lower presence of CH (70 %) in com-
parison to simulations with OPC1. Likewise, RHA1 
blend simulations showed increased formation of 
CSH crystals (27 %) and reduced CH (28 %) in 
comparison to SBA1 simulations, attributed to the 
elevated pozzolanic activity of RHA. In terms of 
quantity, particularly at prolonged hydration dura-
tions, the reaction of RHA led to an augmentation 

F i g .  2 a – XRD pattern of OPC-I

F i g .  2 b – XRD pattern of OPC-II

Ta b l e  2  –  TDM forecasted CSH and portlandite, TGA bound 
water and portlandite (%), compressive strength 
(MPa)

Title Time  
in days

Model 
(% by mass) TG/DT  

(% by mass)
Com- 

pressive 
strength 
(MPa)CSH CH Bound 

Water CH

OPC-I 1 18.6 12.4 – – 14.2

7 28.2 18.2 15.5 16.1 35.4

28 32.5 21.3 18.6 17.6 51.6

90 33.9 22.1 22.1 19.7 56.4

OPC-II 1 18.9 10.9 – – 21.2

7 32.8 18 22.1 15.8 37.2

28 37.1 20.3 23.2 17.2 43.3

90 37.5 20.1 21.9 17.5 45.9

SBA-l 1 13.2 7.7 – – 7.8

7 30.1 9.5 15.2 14.6 31.6

28 39.6 9.6 15.9 14.4 42.4

90 40.5 10 17.1 14.4 55.6

RHA-l 1 14.4 6.5 – – 12.5

7 30.1 8 14.7 11.3 32.3

28 45.2 7.4 14.9 11.1 54.9

90 47.3 7.6 17.1 11.3 60.7
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in CSH gel and a reduction in CH content compared 
to Portland cement, leading to the dual mixture dis-
playing higher compressive strength compared to 
Portland cement (see Table 2).

The investigation also delved into SBA’s im-
pact on hydration (Fig. 4b). Combining cement and 
SBA resulted in a decrease in portlandite content 
within the hydrated mixture, exhibiting a less pro-
nounced reduction compared to RHA (Fig. 4a) due 
to SBA’s lower reactivity. SBA, containing 5 % alu-
mina, led to the creation of small amounts of alumi-
num-rich compounds upon addition to PC. The re-
sults highlighted the destabilization of portlandite in 
the existence of moderate levels of SBA, resulting 
in increased CSH with a lower Ca/Si ratio. Addi-

tionally, the mixture exhibited the formation of 
monocarbonates owing to the inclusion of alumi-
num from SBA, setting it apart from OPC1.

The RHA mixture displayed an elevated level 
of CSH gel, coupled with a reduced amount of free 
water. This is credited to the extra CSH gel generat-
ed from the interaction with RHA, which possessed 
a reduced amount of free water compared to the 
CSH gel produced solely in Portland cement. The 
diminutive particle size of RHA facilitated their in-
filtration into the CSH gel pores framework, lead-
ing to a more compact gel formation characterized 
by diminished porosity and enhanced strength. 
 Despite the heightened compressive strength in 
RHA-mixed compositions, the rise in overall hy-

F i g .  3  – Solid phase mass at ninety days

F i g .  4 a – OPC – RHA hydration model F i g .  4 b – OPC – SBA hydration model

Ettringite

RHA

Calcite

C4AF

Si-hydrogarnet

Portlandite

C3A

Hydrotalcite

C-S-H gel

C2S

Hemicarbonate

SBA

C3S

Monocarbonate
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drate volume was not proportionate, indicating that 
RHA-infused pastes harbor greater pore volume 
than pure Portland cement pastes. This seemingly 
paradoxical result may be ascribed to the complex 
void structure of RHA-blended mixtures, typified 
by a reduced number of large capillary pores and a 
greater number of fine pores compared to cement 
pastes. Consequently, they demonstrated increased 
compressive strength, even with greater overall po-
rosity.

The recorded Portland cement compressive 
strength and the blends correspond with the calcu-
lated quantity of CSH crystals in Fig. 5a. However, 
a more robust association emerges when comparing 
mechanical strength with the overall quantity of re-
sidual phases and crystals (Fig. 5b). The cement 
paste strength is affected by several factors, such as 
the quantity and nature of formed hydration com-
pounds, the degree of reaction, and the microstruc-
tural characteristics of the paste. Although the pres-
ence of CSH formations is pivotal for calculating 
the strength of cement paste, the collective volume 
of all phases and crystals generated during hydra-
tion, including inactive or partially reacted cement 
particles, CH, and ettringite, also plays a critical 
role.

Conclusions

The chemical and mineral characteristics of 
Portland cement play a significant role in shaping 
the type and amount of hydrates formed in both 
OPCs and blends incorporating RHA and SBA. 
Thermodynamic modeling, aligned with empirical 
findings on hydrate production, underscored sub-
stantial disparities between binary blends and pure 

cement, manifesting in increased CSH gel forma-
tion, reduced portlandite composition, and the 
emergence of additional mono-carbonate varying 
according to the composition of OPC.

While there were minor variations between ex-
perimental observations and model outcomes, these 
disparities may have arisen from sample carbon-
ation during hydration or the incorporation of alu-
minum in CSH, factors not accounted for in the pre-
dictions. Furthermore, the predicted reduced 
concentration of CSH in composite blends, as per 
thermodynamic modeling, exhibited a moderately 
weak correlation with the assessed compressive 
strength. In contrast, the total crystal volume, en-
compassing both hydrated components and unreact-
ed materials, demonstrated a stronger association, 
stressing that the primary factor influencing com-
pressive strength was the total volume of the solid 
structure, not limited to the CSH portion. Further-
more, this underscores the greater impact of substi-
tuting Portland cement with SBA on binary mixes 
containing RHA.
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