Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Fractal morphology-governed structural build-up in
reactive particulate suspensions: insights from
tricalcium silicate hydration

Yanliang Ji
Jittu—-berlin.de

Technische Universitat Berlin

Alexander Mezhov
Federal Institute For Materials Research and Testing

Hongwei Tian
Tsinghua University

Tamino Hirsch
Technische Universitat Braunschweig

Thomas Matschei
Technische Universitat Braunschweig

Dietmar Stephan
Technische Universitat Berlin

Research Article

Keywords: Reactive particulate suspensions, Fractal growth, Structure-property relationships, Hydrate
connectivity

Posted Date: July 31st, 2026
DOI: https://doi.org/10.21203/rs.3.rs-10155457/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-10155457/v1
https://doi.org/10.21203/rs.3.rs-10155457/v1
https://doi.org/10.21203/rs.3.rs-10155457/v1
https://creativecommons.org/licenses/by/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Fractal morphology-governed structural build-up in
reactive particulate suspensions: insights from

tricalcium silicate hydration

Yanliang Ji &°, Alexander Mezhov ®*, Hongwei Tian ¢,

Tamino Hirsch ¢, Thomas Matschei 9, Dietmar Stephan 2"
a. Department of Civil Engineering, Technische Universitat Berlin, 13355 Berlin,
Germany.
b. Division Technology of Construction Materials, Bundesanstalt fur
Materialforschung und prifung (BAM), 12205 Berlin, Germany.
c. Department of Civil Engineering, Tsinghua University, 100084 Beijing, China.
d. Institut fir Baustoffe, Massivbau und Brandschutz (iBMB), Technische Universitat

Braunschweig, 38106 Braunschweig, Germany.

* Correspondence: ji@tu-berlin.de_(Yanliang Ji)

* Correspondence: alexander.mezhov@bam.de (Alexander Mezhov)

* Correspondence: hongwei_tian@tsinghua.edu.cn (Hongwei Tian)

* Correspondence: stephan@tu-berlin.de (Dietmar Stephan)

Abstract: Structure formation in reactive particulate suspensions is governed by the
coupled evolution of particle connectivity, interfacial growth, and multiscale morphology.
This study applies a modeling framework that integrates boundary nucleation and
growth (BNG) kinetics with a fractal-based hydrate-bridging model for tricalcium silicate
(C3S) pastes. The framework describes the evolution of structural build-up measured
by slow penetration tests and small-amplitude oscillatory shear (SAOS) across
different water-to-solid ratios and calcium nitrate dosages. A fitted fractal-related
parameter, 3, is used as a model-derived descriptor of hydrate morphology and internal
connectivity. The trends in 3 are corroborated by observations from scanning electron
microscopy (SEM), dynamic light scattering (DLS), and 'H nuclear magnetic resonance
(NMR). In calcium nitrate-modified systems, the reduced hydrate size is consistent with
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classical dissolution-precipitation theory. At comparable hydration levels, B shows a
positive correlation with T, relaxation time differences, suggesting that hydrate
morphology influences pore filling. The temporal evolution of B, showing initial
simplification followed by re-complexification, is consistent with Monte Carlo
simulations. These results provide a physically informed interpretation of the link
between hydrate-scale structural evolution and early-age rheological behavior within
the proposed modeling framework.

Keywords: Reactive particulate suspensions; Fractal growth; Structure-property

relationships; Hydrate connectivity

1 Introduction:

The hydration of cementitious materials represents a complex multiscale process
in which chemical reactions, phase transformations, particle interactions, and
microstructural evolution occur simultaneously across a wide range of time and length
scales [1-3]. As hydration proceeds, reactive cementitious suspensions gradually
develop a heterogeneous microstructure composed of unreacted particles, newly
formed hydration products, and an evolving pore network [2,4]. This early-age
microstructure governs the formation of interparticle connections and therefore
strongly influences rheological properties, structural build-up, and the subsequent
development of mechanical performance [5-7]. Establishing a quantitative link
between hydration-driven microstructure evolution and macroscopic structural
response therefore requires not only experimental characterization, but also physically
informed modelling capable of capturing morphology, connectivity, and structure-
property relationships.

As a representative reactive mineral phase in cementitious systems, tricalcium
silicate (C3S) provides an ideal model system for investigating hydration-driven
microstructural evolution and structural build-up. [7,8]. During hydration, C3S reacts
with water to form calcium silicate hydrate (C-S-H) and calcium hydroxide (CH). Unlike
crystalline products, the C-S-H generated from CsS hydration is predominantly X-ray
amorphous to low-crystalline due to the rapid reaction kinetics, high supersaturation,
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and severe diffusion limitations during early hydration [9-12]. From a thermodynamic
perspective, although crystalline phases are energetically more favorable [13,14],
systems often remain in metastable states, for example where atomic rearrangement
is insufficient for long-range order [9,15,16]. It can be inferred that the aggregation of
low-crystalline C-S-H phases, from nanoscale clusters to larger assemblies, leads to
the development of connectivity within the hydrate structure, which governs early-age
properties. This connectivity is distinct from the flocculated network of cement grains
and instead reflects the evolving links formed between hydration products at a smaller
scale. Therefore, accurately characterizing and understanding their disordered growth
in space and time is key to linking microstructural evolution with early-age mechanical
properties.

Numerous studies have investigated the evolution of structural build-up during
hydration by linking it to hydration kinetics, pore structure development, and
microstructural changes [7,17-23]. In particular, Tattersall and Banfill [24] established
a fundamental understanding of yield stress evolution and structural build-up
throughout the fresh state, from water addition to initial setting. Roussel [25] introduced
later a widely adopted thixotropy model relating microstructural evolution to time-
dependent increases in yield stress. Sant et al. [26] further explored the connection
between early hydration and rheological properties by directly linking microstructural
formation to yield stress development in cement pastes. A representative modeling
framework, the Yodel model [27], relates solid volume fraction and particle interactions
to yield stress behavior. It has been extended in later works to incorporate hydration
sensitivity and interparticle force refinements for improved early-age predictions [28—
30]. Perrot et al. developed a model predicting the transition of structural build-up from
linear to exponential evolution [31]. Additionally, Miranda et al. [32] developed a
hydration-based model to capture early-age viscosity changes, while Navarrete et al.
[33] introduced a polynomial regression model to predict structural build-up across
varying mix designs. Recent work by Michel et al. [34] has shown that grain-to-grain
contact geometry plays a critical role in structural build-up, indicating that the location
and morphology of hydration products at particle contacts are key factors governing
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early stiffening. Despite these advances, many existing models still rely on idealized
assumptions and insufficiently account for the evolving quantity, morphology, and
complexity of hydration products across multiple scales [35].

To address the complex and disordered nature of early-age microstructural
development or the growth of hydration products, stochastic modeling approaches
such as Monte Carlo simulations and fractal theory have been increasingly employed
in cement hydration studies [36—41]. Monte Carlo simulations have been used to model
mesoscale hydration processes and pore structure evolution [42], investigate the
aggregation behavior of C-S-H phases influenced by surface charge [43], and simulate
the formation of nano-granular textures in cement hydrates along with their mechanical
implications [44]. These stochastic approaches offer powerful tools for capturing the
inherent randomness of nucleation, growth, and aggregation at the nano particle scale,
providing valuable insights into the spatial heterogeneity and evolving complexity of
hydration products. Building on these insights, our previous study [35] established a
hydrate-bridging-based vyield stress model, incorporating Monte Carlo-derived
relations between hydrate size and amount to capture early-age structural build-up.

In this study, we apply a fractal-based hydrate-bridging model to quantify the
structural evolution and early-age structural build-up of C3S suspensions during
hydration. The framework couples heat release data with boundary nucleation and
growth (BNG) kinetics to obtain the transformed volume fraction of hydration products,
which is then used as input for the hydrate-bridging model. The predicted structural
responses are evaluated against slow penetration resistance tests and small-
amplitude oscillatory shear (SAOS) measurements. To establish a microstructure-
property link, the fitted morphology-related parameter is further analyzed together with
low-field nuclear magnetic resonance (LF-NMR), dynamic light scattering (DLS), and
scanning electron microscopy (SEM) results. Particular attention is paid to the
relationship between the fractal parameter, hydrate morphology, pore filling behavior,
and structural build-up at comparable hydration levels. In addition, Monte Carlo
simulations and fractal theory are used to interpret the temporal evolution of the fitted
parameter, providing insight into the dynamic development of hydrate connectivity and
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microstructural complexity during early hydration.

2 Materials and experiments
2.1 Materials

The tricalcium silicate (C3S, M2 type) used in this study was purchased from Hunan
Keyan Shu Technology Service Co., Ltd. Its XRD pattern is provided in the
Supplementary materials (Fig. S1). The Blaine surface and bulk density of the C3S
powder are 2710 cm?/g (Sa) and 3.16 g/cm?, respectively. The particle size distribution
of C3S was measured using a laser diffraction analyzer (Malvern Mastersizer S).
Isopropanol (IPA) and water were used as the dispersant to determine the reference
PSD of the unhydrated C3S powder, following proposed standard procedures for laser
diffraction measurements of cement powders [45]. Both results are shown in Fig. 1.
Accordingly, the IPA-based result is adopted as the reference PSD of the unhydrated
powder, while the water-based result is regarded as the condition-affected apparent
particle size distribution in aqueous environments. For the water-based measurement,
the particle sizes corresponding to d1q, dso, and dgg are 1.93 ym, 15.55 uym, and 40.65
pMm, respectively. For the IPA-based measurement, the corresponding d;, dso, and dog

values are 5.22 ym, 12.89 uym, and 32.45 pm, respectively.

T T
= Volume fraction measured in Water
g | = Cumulative volume measured in Water
= = = Volume fraction measured in IPA ’
= = = Cumulative volume measured in IPA

408

406

404

Volume fraction [%]

40.2

T T T = T 0.0
0.01 0.1 1 10 100 1000
Particle size [pm]

Fig. 1 Particle size distribution of C;S powders measured by laser diffraction with
isopropanol (IPA) and water as dispersants. The IPA test result is taken as the

reference particle size distribution of unhydrated CS, whereas the water test reflects
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the apparent PSD in an aqueous environment.

Water-to-C;S powder ratios ranging from 0.32 to 0.40 were adopted,
corresponding to the samples denoted as C3S032, C3S036 and C3S040. Calcium
nitrate was introduced at dosages of 0, 3.0 and 6.0 wt.% by mass of C3S. Calcium
nitrate tetrahydrate (Ca(NOs;),-4H,0, purity of 99 %, Carl Roth GmbH) was utilized,
and the extra water introduced by the hydrate salt was subtracted from the mixing
water to maintain the designed water-to-CS ratio. These mixtures were prepared at a
constant water-to-C;S ratio of 0.40 and labeled C3S040(REF), C3S040D3 and
C3S040D6, respectively. For sample preparation, the pre-weighed C3;S powder was
slowly added to deionized water and manually stirred for 1 min to achieve full pre-
wetting and avoid splashing. The paste was then mechanically vibrated for another 1
min at a constant frequency to ensure consistent mixing. The same mixing procedure
was applied to all samples.

2.2 Experiments
2.2.1 Slow Penetration Test

The penetration test was performed using the ToniSET Force apparatus (Toni
Technik-Baustoffprifsysteme GmbH, Germany). Detailed information on the device is
available in Refs [35,46]. Approx. 20 g of paste was filled into a cylindrical holder and
sealed with a plastic cover to prevent evaporation. Before testing, a steel penetrator
with a cylindrical-conical geometry (h1 = 6 mm, h2 = 85 mm, 2R = 6 mm,) was
embedded into the paste to ensure full submersion and create an overhead cavity,
maintaining a consistent friction surface. The penetrator sank vertically at a constant
rate of 0.01 mm/min, and the penetration force is continuously recorded as a function
of time. The measurement ended when the force reached 400 N or the time limit of
480 min. The penetrator geometry (including the sample holder) and displacement-
time data are shown in Fig. 2. According to the equation from Lootens et al. [47], the

static yield stress can be calculated as follows:
F
r =

" ZRJR*+ 1 +27Rh ™
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Fig. 2 Dimensions of the sample and the penetrator, along with a representative
example of displacement and force as functions of time.

The penetration measurement is highly sensitive to temperature. Therefore, raw
material storage, sample preparation, and penetration testing were all conducted at
20 °C.

2.2.2 Small amplitude oscillatory shear test (SAOS)

Small amplitude oscillatory shear (SAOS) tests were conducted using an Anton

Paar MCR 502 WESP rheometer fitted with a 25 mm diameter parallel-plate geometry.

To suppress water evaporation during the 6-hour SAOS measurement, a solvent trap

was employed, and the test temperature was controlled at 20 °C with a plate gap of 1

mm. All measurements were carried out at a fixed frequency of 1 Hz, a typical
frequency adopted for cement-based materials [48,49]. Prior to the SAOS time sweep
measurements, preliminary checks were conducted to select a small strain amplitude
within the linear viscoelastic region. A typical strain amplitude of 10-° was used for the
subsequent time sweep tests to minimize disturbance to the evolving structure [23].
The time-dependent structural build-up was characterized by the relative storage
modulus, AG’, calculated by subtracting the initial storage modulus from the measured
value. All tests were repeated in triplicate. For each test, 5 g of pure C3S powder was
mixed with a designed amount of water and chemical admixture following the mixing

protocol described in Section 2.1. Immediately after mixing, the fresh sample was
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loaded onto the rheometer, for the 6 h SAOS time sweep test.

2.2.3 Low-field NMR

Low-field '"H NMR was employed to monitor the microstructural evolution of C5S
paste by analyzing the transverse relaxation time (72) distribution. The measurements
were performed using a VTMR20-010 V-l spectrometer (Niumag, Suzhou, China)
operating at 0.5 T, with a field homogeneity deviation below 30 ppm and a stability drift
below 200 Hz/h. The 90° and 180° RF pulse lengths were 3.12 pys and 5.20 ps,
respectively. The Carr-Purcell-Meiboom-Gill (CPMG) sequence was employed due to
its short measurement duration, with an echo time of 0.08 ms, 4000 echoes, and 64

scans.

oxt0t —  (a) o Dlecay data 24000 o ()
—— Fitted curves

5x10° 20000

Water in immature

16000 — or capillary pores

4x10*

12000 —

Signals [a.u.]
%
2
|

Intensity [a.u.]

2x10% — 8000 —

1x10¢ - 4000 — H i
Non-measured 1 Water on surface
7 signal | orin gel pores |

0 —f

0.01 0.1 1 10 100

Relaxation time [ms] Transverse relaxation time [ms]
Fig. 3 Decay data as a function of relaxation time (a) and a typical transverse

relaxation time distribution (b). In subplot (b), the first dashed line (from the left)

indicates the echo time of 0.08 ms, and the second dashed line marks 2 ms.

Approx. 2 g of freshly prepared paste was placed into a hydrogen-free tube and
sealed to prevent evaporation. To avoid sample disturbance, vibration was minimized
during transfer to the NMR instrument. Using the CPMG sequence, decay curves were
obtained (Fig. 3a), and T2 distributions from 10 min to 24 h were calculated with the
built-in Niumag software, using the simultaneous iterative reconstruction technique
(SIRT). A representative T2 distribution is shown in Fig. 3b, displaying two peaks: one
corresponding to surface-adsorbed or gel pore water (designated as T2,, with T, <2
ms), and another associated with water in immature or capillary pores (designated as

T2,p, ranging from 5-100 ms), consistent with previous studies [50-52]. It is noted that
8
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the signals below the echo time result from calculated or inverted data, which are
indicated as non-measurable signals in Fig. 3b. The intensity-weighted T2 value of

peaks (T,) was calculated from the discrete data according to Eq. (2):

n -1 n
Tz:(zl‘,]ij 'ZTz,i'Ii (2)

where T2, is the transverse relaxation time of the in measured data, /i is the
corresponding signal intensity (or integral area), and n is the total amount of data. This
study focuses on the peak from immature pores, as it exhibits higher signal intensity
and more directly reflects changes in interparticle spacing and filling of hydrates in
pores during early hydration.
2.2.4 Isothermal calorimetry

Isothermal calorimetric tests were conducted using a TAM AIR calorimeter (TA
Instruments, New Castle, DE, USA) to monitor heat release during CsS hydration at
20 °C. Quartz sand was used as the reference for the measurement. Heat flow was
recorded every 60 s for 72 h. Each measurement was repeated three times to minimize
experimental errors.
2.2.5 Dynamic light scattering

To assess hydrate-related nanoparticle size during hydration, dynamic light
scattering (DLS) measurements were conducted on the filtered suspension obtained
from C;S pastes after hydration stopping with IPA. The detected nanoparticles are
mainly associated with nanoscale hydration products such as C-S-H and possibly
portlandite. A DLS instrument (Zetasizer Malvern Instruments Ltd., UK) with a 173°
detector angle was used. Isopropanol (IPA), with a molecular size of approx. 0.52 nm
(estimated from molecular structure), was used to stop hydration and to wash out the
nano-hydrates from the samples. The C3S paste was mixed with IPA at a 1:4 ratio,
following the protocol described in Refs [35,53], and stirred for 2 min. After 15 min of
settling, the supernatant was obtained and filtered through a 450 nm syringe filter to
collect the solutions with hydrates. Care was taken to exclude any grains from the
bottom, as their presence could lead to unacceptable results. Measurements were

repeated five times for each sample.
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2.2.6 Scanning electron microscope (SEM)

Hydration of C3S was stopped at 4 h by solvent exchange with isopropanol,
followed by drying at 40 °C until a constant weight was achieved. The microstructure
of the resulting powder-like hydrated C;S samples was examined using a scanning
electron microscope (SEM; ZEISS GeminiSEM 500 NanoVP, Carl Zeiss Microscopy
Deutschland GmbH, Germany) under a chamber pressure of 100 Pa and an
accelerating voltage of 15 kV. Sample preparation followed the procedure outlined in
Section 2.1. To minimize potential carbonation, the sample holder was covered with a
thin film and stored in a nitrogen-filled environment prior to imaging.

3 Theoretical frameworks

The structural build-up of cement paste during early hydration is commonly
governed by interparticle bridges formed by hydration products [54], including C3S and
CsA reaction products such as C-S-H and ettringite (AFt). In this study, the structural
response, S(t), is used as a general descriptor of build-up and may be represented
experimentally by either the increase in apparent static yield stress, Ato, obtained from
slow penetration tests or the relative storage modulus, AG’, obtained from SAOS time
sweep tests. It is assumed that S(t) scales with the local interparticle bridging force Fint:

S(t) o F, 3)

The formation of physical connections between particles, particularly through
hydrate bridges, is considered critical in governing the early development of
mechanical properties in fresh paste [35]. These bridges, typically C-S-H phases, form
within interstitial spaces between particles and serve as the foundational network
contributing to structural build-up. The Fint is assumed to scale with the probability of
bridge formation, P, which relates to the characteristic size of bridging hydrates and

the characteristic interparticle separation:

gL
Fo o P2 (£,20) @)

where ¢; is the characteristic size of bridging hydrates, and h represents the
characteristic interparticle separation. According to Eq. 4, interparticle bridging is
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promoted by larger hydrate bridges or shorter particle separation. Therefore, the
following sections quantify the representative interparticle spacing, establish the fractal
scaling relationship for hydrate growth, and couple these terms with hydration kinetics
to describe S(t).
3.1 Representative interparticle spacing for the bridging model

The definition of interparticle spacing is not unique and depends on the underlying
physical considerations. In this study, several spacing descriptors are considered,
including the mean interparticle distance Hs [55], the water-film thickness Hw, the void-
based characteristic spacing Hv, and the nanoscale separation Hk. These spacing
measures correspond to different physical scales, ranging from nanoscale separation
at particle contacts to microscale structural spacing governed by solid content and

particle packing. Among these, the mean interparticle distance Hs, defined as:

1/3
¢ J
H, =d, (L -1 (5)
¢

where do is the initial particle size of C3S powder, approximated by the median

particle diameter dso obtained from laser diffraction measurements, ¢ is the solid

content and ¢, the maximum solid content (lubricated packing limit) and was

estimated using empirical correlations that incorporate the particle size distribution,
specifically d1o and dgo [56,57].

The water film thickness Hw was introduced following the concept proposed by
Kwan and co-workers [58,59], in which the effects of water content, packing density
and solid surface area on fresh cementitious systems are evaluated through the excess
water layer coating the solid particles. The water film thickness Hw is defined as the
average surface-to-surface separation formed by the excess water coating the solid
particles (i.e., cement and aggregate). It can be expressed as the ratio between the
excess water volume and the total solid surface area:

2V

H =— 6
A (6)

where Vex is the excess water volume and As is the total surface area of solid particles.
11



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

The factor of 2 accounts for the surface-to-surface separation between adjacent
particles. The excess water volume is obtained by subtracting the water required to fill
the voids at maximum packing from the total water content. Expressed in terms of solid
volume fraction, it can be written as:
y 1=t b, -
-

Substituting the above expressions into the definition yields:

i{l—«ﬁ_l—%}
VAL b

Compared to Hw, which is controlled by excess water, Hv is purely governed by

(8)

geometric packing and void structure. The void-based spacing Hv was estimated from
the hydraulic-radius concept [60], where the spacing is defined as the ratio between

void volume and solid surface area.

H, = (9)

For approximately spherical particles [61], this gives:
H, = %{ﬂ} (10)

¢
The Kapur-type distance Hk is introduced as an equivalent interparticle separation
associated with interaction forces. Following the formulation reported by Flatt and

Bowen [27], which was based on the work of Kapur et al. [62], it is expressed as:

H, =hy[9.5exp(—4.5¢)] (11)
where ho is the closest distance of approach between particles, taken as 5.5 A
according to Ref. [62]. The relationships between Hs and the other spacing parameters
were analyzed. As shown in Fig. 4, the spacing descriptors Hw, Hv, and Hk exhibit
strong linear correlations with the mean interparticle distance Hs, with R? values of
approximately 0.99. Although these descriptors represent different physical scales,
they are primarily governed by the solid volume fraction within the investigated range.
The strong correlation between Hk and Hs suggests that the nanoscale contact-related

separation follows the same monotonic evolution as the mean geometrical spacing.
12
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Therefore, using Hs in the bridging probability model does not imply that contact-scale
separation is neglected, nor does it assume that Hs is identical to the minimum contact-
point distance. Instead, Hs is adopted as an effective representative spacing parameter
that captures the solid-volume-fraction-controlled evolution of particle separation

across different spacing regimes.
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Fig. 4 Correlation between the mean interparticle distance Hs and different
characteristic spacing parameters, including the water film thickness Hw, void-based
spacing Hv, and Kapur-type interaction distance Hk. The solid volume fraction varied

from 0.30 to 0.65 as input.

3.2 Fractal growth of bridging hydrates based on Monte Carlo simulations

To quantify the size parameter L of bridging hydrates, a fractal-based framework
was used, assuming that C-S-H gels grow through a reaction-limited aggregation (RLA)
mechanism. This assumption is supported by kinetic Monte Carlo simulations showing
that early-age hydration is governed by the RLA of nanoscale precursors [63], leading
to a rapid increase in reactive surface area. The nanoscale building blocks can be
understood as thermodynamically stable prenucleation clusters (PNCs) or, more
broadly, as metastable primary particles (PPs), typically represented by monomers
such as Ca?', SiO2(OH)2?>~, or their combination CaSiO2(OH). [64—-66]. The
characteristic size parameter of bridging hydrates, €., was assumed to scale with the

13
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average cluster height Hg, which follows a fractal scaling relationship with particle
number N:

1

g, oc Hyoc NP (12)

where Ds is the fractal dimension of the cluster and ds is the dimension of the
nucleation sites, taken as 2. In this study, Monte Carlo simulations were employed as
an analogy for hydrate growth along particle boundaries. The simulation was initialized
with a line of length Unit, set as either 250 or 500. Particles were then generated 1.0
unit vertically above this line and allowed to move randomly. Once a particle contacts
the line or an already attached particle, it adheres to the cluster with a sticking
probability K (i.e., 0.2 or 1). The simulation MATLAB codes have been made available
on GitHub (https://github.com/yanliangji0820/Monte-carlo-hydrate-growth.git). Fig. 5
presents the simulation results for cluster growth under different particle geometries

and simulation conditions.
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Fig. 5 Average cluster height as a function of particle number for different particle
shapes (a) and the corresponding morphologies at 5000 particles (b). The particle
shapes are circular, triangular, and square (K = 1). The height scale in (a, b) is larger
than that in the unit-based simulations because extended geometrical particles are
used. Average cluster height for different simulation parameters (c) and the
corresponding morphologies at 5000 particles (d). From top to bottom: Unit = 250, K
=1; Unit = 500, K = 1; and Unit = 500, K = 0.2.

Figs. 5a and 5b show the effect of particle shape under equal-area conditions. It is
found that circular, triangular, and square particles all follow the scaling relation given
by Eq. 12. Importantly, square particles form the most compact and continuous clusters,
resulting in the lowest normalized height for a given particle number. Triangular and
circular particles exhibit more open structures and higher normalized heights under the
same conditions. Figs. 5¢c and 5d further show the effects of particle number, boundary
length, and sticking probability on the fractal growth process. The fitted results indicate
that: i) the fitted fractal dimension Ds decreases with increasing particle number; ii) a
larger boundary length leads to a higher Ds, suggesting more compact and complex
clusters; and iii) a higher sticking probability results in a lower Ds, suggesting simpler
cluster structures. These results support the use of Eq. 12 to link the number of
hydration-product units to the characteristic bridge size in the proposed structural build-
up model.

3.3 Hydration-driven structural build-up model

To couple hydration kinetics with structural build-up, the BNG model was first used
to quantify the transformed volume fraction of hydration products, Xt(t), from
calorimetric data. The measured heat flow is related to the transformation rate as:
AdX (1)

o) =—

(13)

where A is a scaling factor between the calculated transformation rate and the
measured heat flow. The transformed volume fraction, Xt(t), is then used as the kinetic
input for the hydrate-bridging model. The effective number of hydration product units
contributing to bridge formation is assumed to be proportional to Xt(t):
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N, (1) =Ny X, (1) (14)

In Eq. 14, Nn(t) is the effective number of hydration product units and No is a
proportionality constant. Assuming fractal growth of bridging hydrates, the

characteristic size parameter of bridging hydrates can be written as:

B2
&M =g, [XT(t)] (15)
where ¢L(t) is the characteristic size parameter of bridging hydrates, and g is a

morphology-related scaling exponent. As discussed in Section 3.1, h can be
represented by Hs, which contains information about particle spacings at different
scales due to their linear correlation (Fig. 4). The bridging probability is then expressed
as:

Q)
B (1) 7 (16)

S

where Py(t) is the bridging probability. Accordingly, the structural response S(t),
represented experimentally by Aty from penetration tests or by AG' from SAOS time

sweep tests, can be written as:

X, 0]
o e
S(t)=——
(1) H (17)
with
1 1
ﬂ_DS+DB—2

(18)
where a is a proportionality coefficient relating bridge formation to structural response,
and Ds and Ds represent the fractal dimensions of the cluster in pore space (defined in
Ref. [35]) and on the surface boundary, respectively. In this formulation, X7(t) is
obtained independently from calorimetry through the BNG model, while only a and 8
are fitted in the structural build-up model. The transformed volume fraction Xt(t) is

calculated using the BNG model:

X (H)=1- exp{—ZOb j (1- exp(—Y"’))]dy (19)

0
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In Eq. 19,

v =2 G-,y (1— o é y_z o G3(2ty_ 10)3] (for tt:>y/G) (20)
Y =0 (for t-tosy/G) (21)
and,
— SA
"R, /p, +1/p, o2

Here, Rwcis the water-to-cement ratio, and pwand pcare the densities of water and
cement, respectively. The parameters G and Is represent the linear growth rate of
hydrates and the nucleation rate per unit boundary area, respectively, while Oy refers
to the total boundary area per unit volume. Two additional parameters are introduced
for fitting the calorimetric data: A, which converts the modeled transformation rate into
the experimentally measured heat flow, and fo, which accounts for the delayed onset
of nucleation. In the BNG fitting procedure, the four kinetic parameters G, /s, fo, and A
are optimized using the heat flow data. The resulting transformed volume fraction Xt(t)

is then used as the kinetic input for the hydrate-bridging model. In the subsequent

structural build-up fitting, only o and B are optimized. All calculations were

implemented using custom MATLAB code with parallel computing to improve
numerical accuracy and computational efficiency. The BNG-derived Xt(t) describes
hydrate formation after the onset of nucleation. When t < t,, the measured structural
response shows only a minor increase, within 5% of the 6 h value. Therefore, this

induction-stage response is not used for mechanistic interpretation. The hydrate-

bridging model is applied only for t > t,, and the fitted parameters o and B are

interpreted for the post-nucleation regime, where hydration-product formation can be
linked to the measured structural build-up.

4 Results and discussions

4.1 Isothermal calorimetry measurement and its fitting

Fig. 6 illustrates the heat flow and cumulative heat of C3S pastes with varying
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water-to-solid ratios (w/s = 0.32, 0.36, 0.40). In the heat flow plots, the experimental
data are well fitted by the Boundary Nucleation and Growth (BNG) model (Eq. 19),
capturing both the timing and shape of the main hydration peak. It should be noted that
the BNG fitting is used here to quantify hydration progress and to provide kinetic input
for the subsequent structural build-up model, rather than to directly define the
rheologically relevant build-up window. The heat flow profiles show minimal variation
across the different w/s ratios, with all peak values below 4 mW/g, and occurring at
similar times. The cumulative heat curves overlap closely within the first 12 h, indicating
similar early hydration behavior. Beyond 12 h, the paste with w/s = 0.36 exhibits slightly
higher total heat release compared to the others, suggesting marginally more extended
hydration. When comparing the time to reach 6 J/g of cumulative heat, all samples
achieve this point within a narrow time window, with the w/s = 0.36 and 0.40 samples
reaching it approx. 10 min earlier than the other. These results indicate that the
influence of water content on hydration kinetics is limited during early stages but may

become more apparent in later periods.
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Fig. 6 Heat flow (a) and cumulative heat (b) of C3S pastes with water-to-solid ratios

from 0.32 to 0.40. The fitted BNG curves are shown together with the heat flow data.

Fig. 7 presents similar plots for pastes with a constant w/s = 0.40 and increasing

calcium nitrate additions (0, 3, and 6 wt.% by CsS weight). The heat flow curves show
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457  that calcium nitrate significantly accelerates the hydration process, shifting the
458  exothermic peak to earlier times and increasing the maximum heat flow, which is
459  comparable to the effect found in cement pastes [67]. Again, the BNG model provides
460 accurate fits to the experimental data, particularly during the acceleration and peak
461  regions. The cumulative heat plots indicate that both the rate and extent of hydration
462  increase with higher calcium nitrate dosage, confirming its effectiveness as a chemical
463  accelerator. When comparing the time required to reach 6 J/g of cumulative heat, a
464  clear trend emerges: with increasing calcium nitrate content, the time decreases from
465 5h 10 min (0 wt.%) to 4 h 10 min (3 wt.%) and further to 2 h 53 min (6 wt.%), providing

466  quantitative evidence of the accelerating effect.

12
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S 350
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467 (@) Time [h] (b) Time [h]
468 Fig. 7 Heat flow (a) and cumulative heat (b) of C3S pastes with calcium nitrate
469 dosages from 0 to 6.0 wt.% by mass of C;S. The fitted BNG curves are shown
470 together with the heat flow data.
471 Figs 6 and 7 demonstrate that the BNG model reliably captures hydration kinetics

472  across various mixture designs. These results confirm that hydration behavior can be
473  effectively modulated through both physical parameters (w/s) and chemical
474  composition (admixtures), with the BNG model providing a unified framework for
475  quantifying and comparing these effects. The fitted parameters, including G, Is, to, A

476  and normalized root mean square error (NRMSE) and the coefficient of determination
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(R?), are summarized in Table 3. In addition, according to the BNG model, Kn and Ke

represent independent hydration rates on the surface of cement particles and within

the pore space, respectively, and are defined as follows:

KN _ (IBOb)1/4 G (23)
K;=0,-G (24)
Table 3 Fitting results of the BNG model using heat flow data
pmh)  pmeny @ A NRWSE R
C3S032 0.155 0.064 1.694 326 0.083 0.988
C3S036 0.173 0.040 1.112 32.2 0.084 0.988
C3S040(REF) 0.177 0.034 0.788 31,5 0.088 0.986
C3S040D3 0.122 0.209 1.767 80.8 0.063 0.991
C3S040D6 0.139 0.552 1.600 822 0.048 0.993
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Fig. 8 The reaction rates on boundary (Kn) and in pore space (Kas) calculated from

heat flow data with boundary nucleation growth (BNG) model

Fig. 8 illustrates the hydration rates on the boundary surface (Kn) and in the pore

space (Ka), as derived from heat flow data using the Boundary Nucleation and Growth

(BNG) model. In Fig. 8a, both Kn and K remain relatively stable across different water-

to-CsS ratios, with Kn showing a slight decline and Ke exhibiting a stable value after a

w/s ratio of 0.36. In Fig. 8b, increasing the dosage of Ca(NOs):2 significantly enhances

KN, particularly at 6 wt.%, while Kg first decreases and then slightly rises, suggesting

differential sensitivity of boundary and pore space reactions to chemical acceleration.
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These trends are generally consistent with findings reported in the literature [68-70],

supporting the validity of the fitted parameters.

4.2 The transverse relaxation time of C3S paste

Fig. 9 shows the evolution of the main transverse relaxation time (72) over
hydration time, reflecting changes in pore structure during early hydration. T2 here
refers to the weighted relaxation time of water in immature or capillary pores (T2,p,
typically 2-100 ms as shown in Fig. 3). Fig. 9a presents results for pastes with different
water-to-CsS ratios (w/s = 0.32, 0.36, 0.40), while Fig. 9b focuses on samples with a
constant w/s = 0.40 and varying accelerator dosages (0, 3, and 6 wt. %). The
corresponding changes in the total hydrogen proton signal intensity, which reflect water
consumption and hydration progress, are provided in the Supplementary Materials
(Fig. S2) as additional supporting information.
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Fig. 9 T, value of the main peak as a function of time in C5;S pastes prepared with
various water-to-C;S ratios (a) and calcium nitrate dosages (b). A dashed line at 6 h
is included for comparison.

In Fig. 9a, T2 remains stable during the early stage and then drops gradually,
indicating a transition from larger pores to smaller or more water-confined ones. While
all samples follow a similar trend, higher w/s ratios tend to maintain larger T2 values
after the transition, reflecting a more open pore structure [51]. However, the timing of
this transition is not significantly affected by the w/s ratios, suggesting that within this
range, the increased water content does not substantially alter the early hydration
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515  kinetics or the onset of pore structure densification (in agreement with calorimetry).
516 In Fig. 9b, both 3 wt.% and 6 wt.% additions of calcium nitrate result in an earlier
517 and sharper decline in T2 times compared to the reference, indicating accelerated
518 hydration kinetics. This acceleration is likely attributed to calcium nitrate promoting
519 faster dissolution of C3S and facilitating the nucleation of hydration products. The 6 wt.%
520 sample shows the most pronounced shift, further confirming the admixture’s role in
521  enhancing the microstructural development of the paste.

522 In both cases with Ca(NOs)2, the characteristic T2 drop appears earlier than the
523 transition point tp derived from fitting hydration heat data with the Boundary Nucleation
524 and Growth (BNG) model. The low-field NMR detects the water signals among the
525  solids, which begin to change earlier than hydration products begin forming on particle
526  surfaces. This temporal offset has been observed in cement systems, as reported by
527 She et al. [71]. In the study by Bligh et al. [72], this is particularly evident in the
528 comparison between heat flow and the evolution of the relaxation time, namely T2, iong.
529  Most importantly, C3S offers a key advantage over cement samples for NMR-based
530 pore structure analysis due to its very low content of paramagnetic components such
531  as iron oxides or transition metal impurities (e.g., Fe3*, Cu?*). As a result, interference
532  with "H NMR signals is minimized, enabling more reliable characterization of early-
533 stage pore structures. This is particularly important because even trace amounts of
534 paramagnetic ions can significantly shorten relaxation times and distort NMR
535 measurements [73,74]. It is well established that NMR relaxation rates correlate with
536  pore size or interparticle space. In the fast diffusion regime, T2 is primarily governed by

537  the surface-to-volume ratio (S/V) [75]:

1 1 o S o 1
538 T TP 2
]; TvZ,surf ’ V ’ R ( 5)
539 Here, p, is the surface relaxivity for T,, which characterizes relaxation at the pore

540 surface. Since the bulk relaxation time of water at room temperature (around 3 s) is
541  much longer, it can often be neglected for materials with sufficiently small pores [51,75].
542  Here, the initially measured T, relaxation time at 10 min after paste preparation and
543 the interparticle distance calculated using Eq. 5 are plotted in Fig. 10.
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Fig. 10. Correlation between the initially measured T2 relaxation time at 10 min
after paste preparation and the calculated interparticle distance (Hs).

As expected, the initially measured T2 relaxation time and the calculated
interparticle distance exhibit a positive correlation across the samples with varying w/s
ratios, suggesting that the two equations (Eq. 5 and Eq. 25) used to estimate the initial
interparticle spacing are mutually consistent. Additionally, although the calculated
spacing remains constant, the addition of calcium nitrate results in shorter T2 values.
This can be attributed primarily to the ion-induced effect of calcium and nitrate ions,
which accelerate transverse relaxation, or possibly to the influence of early hydration
product formation. In our model, the assumption of constant initial particle spacing (in
the samples of w/s = 0.40 without and with Ca(NO3)2) is supported by the relatively
stable T2 values shown in Fig. 9, indicating that this aspect of the model is theoretically
consistent.

4.3 Structural build-up and modeling

Fig. 11 shows the evolution of structural build-up over time for C3S pastes with different
water-to-solid ratios and calcium nitrate dosages. The structural response was
characterized by two complementary quantities: the increase in apparent static yield
stress obtained from slow penetration tests (Atw, Figs. 11a, 11b) and the relative
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storage modulus obtained from SAOS time sweep tests (AG’, Figs. 11c, 11d).
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Fig. 11 Structural build-up of C3S pastes characterized by the increase in apparent

static yield stress At, from slow penetration tests (a, b) and the relative storage

modulus AG’ from SAOS time sweep tests (c, d). Symbols represent experimental
data, and solid lines represent model fits.
Here, At and AG’ were calculated by subtracting the initial values from the measured
responses, i.e., Ato(t) =10 (t) — 10 (0) and AG'(t) = G'(t) — G'(0). These quantities represent
the time-dependent increase in penetration resistance or small-strain stiffness during
structural build-up. The corresponding calculated structural responses obtained from
Eq. 17 are also shown. In the penetration tests, all samples exhibit a slow initial
increase in Ao, followed by a sharp acceleration after approx. 2—-3 h. As expected,
lower w/s ratios result in a steeper and earlier increase in A, indicating faster
structural build-up due to lower water availability. The SAOS tests display some

irregularities, particularly before 4.5 h, during which the sample with w/s = 0.36
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unexpectedly shows a lower AG’ than the w/s = 0.40 sample. Nevertheless, the overall
evolution of AG' indicates progressive structural build-up and is broadly consistent with
the trend observed in the slow penetration tests.

Fig. 11b focuses on C3S pastes with a fixed w/s ratio of 0.40 and increasing calcium

nitrate additions (0, 3, and 6 wt.%). The addition of calcium nitrate clearly accelerates

the increase in apparent static yield stress Ato. The 6 wt.% dosage leads to the earliest

and most rapid increase in Ato, highlighting its strong effect in promoting early

structural build-up and network rigidity. However, for the 3 wt.% dosage sample

(C3S040D3), At remains lower than that of the reference sample (C3S040(REF))

during the first 4 h. This behavior is unexpected but consistent with earlier results for
cement pastes [76], suggesting a more complex interaction at lower admixture dosage,
possibly involving delayed percolation or competing effects between ionic acceleration
and early structure destabilization. This point will be discussed in a later section
together with other measurements. The SAOS results in Fig. 11d further support the
effect of calcium nitrate addition, showing an increase in the final relative storage
modulus AG' with higher dosages. However, prior to 3.5 h, the 6 wt.% sample exhibits
a lower AG' than the 3 wt.% sample, suggesting that the early-age small-strain

response may be non-monotonic.

Table 4 Fitted parameters of the proposed model for Atp and AG'

Response
a B R2 ND
type
Penetration 2.42x107 1.64 0.9998 0.0171
C3S032
SAOS 7.43x102 1.00 0.9995 0.0193
Penetration 2.85x107 1.88 0.9997 0.0214
C3S036
SACS 1.54x103 1.47  0.9998 0.0170
Penetration 2.10x107 2.00 0.9975 0.0639
C3S040(REF)
SAOS 5.97%x102 1.00 0.9995 0.0203
Penetration 1.02x108 2.89 0.9983 0.0642
C3S040D3
SAOS 5.64%102 0.63 0.9989 0.0221
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Penetration 1.71x108 3.51 0.9992 0.0474
C3S040D6

SAOS 5.36x10%2  0.77 0.9954 0.0496

To evaluate the proposed fractal-based model, the experimental structural
responses were fitted separately using the slow penetration and SAOS data. As shown
in Fig. 11, the model reproduces the main time-dependent trends of structural build-up
under different water contents and calcium nitrate dosages. The fitted parameters and
statistical indicators are summarized in Table 4. For the penetration tests, all datasets
show correlation coefficients above 0.99 and normalized errors below 0.07, indicating
good agreement between the model and the measured increase in apparent static
yield stress, Aro.

The SAOS data were also fitted using the same framework, with AG' used as the
structural response. The fitted trends are generally consistent with the experimental
evolution of AG'. It should be noted that the slow penetration test and SAOS time
sweep probe different mechanical responses: the former reflects the increase in
penetration-based apparent static yield stress, whereas the latter reflects the increase
in small-strain stiffness. Therefore, the fitted parameters obtained from the two
methods should not be treated as directly equivalent. In view of this distinction, the
following analysis of the physical meaning of the fitted parameters focuses only on
those derived from the penetration tests. This is because Aty from penetration tests
has a more direct interpretation in the context of structural build-up under static
conditions. The SAOS-derived parameters, while statistically reliable, reflect the
evolution of small-strain oscillatory stiffness, which is frequency-dependent and less
directly linked to the network formation and hydration processes of interest. Therefore,
the penetration results are used as the primary basis for parameter interpretation, and
the SAQOS results are retained as qualitative complementary evidence.

4.4 Analysis of fitted parameters
4.4.1 Morphology of hydrates and their relationship to fractal-based 3

Next, we discuss the scientific implications of the parameters obtained from the
model fitting. These parameters not only enable an accurate representation of
structural build-up, characterized by penetration resistance but also provide insights
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into the underlying mechanisms governing the evolving connectivity within the hydrate
structure. Fig. 12a presents the relationship between the fitted § parameter and the
apparent size of hydrate-related nanoparticles obtained from DLS in C3S pastes with
varying water-to-solid (w/s) ratios, while Fig. 12b shows the same relationship under
different calcium nitrate dosages. These DLS results are interpreted as supportive
evidence for morphological trends, together with SEM observations and the systematic
evolution of the fitted B parameter, rather than as an exact determination of absolute
hydrate size. SEM images of samples C;S032, C3S040, and C;S040D3 after 4 h of

hydration are shown in Fig. 12c.
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Fig. 12 Relationships between fitted B, apparent hydrate-related nanoparticle size
obtained from DLS, and fitted a for (a) w/s ratios and (b) Ca(NO;), dosages, with (c)
SEM images of C3S032, C3S040, and C3S040D3 at 4 h hydration.

A general trend is observed: higher 3 values are associated with larger apparent
hydrate-related nanoparticle sizes. This suggests that 3, a growth-related parameter
in the constitutive model, captures aspects of morphological growth and the spatial
development of hydration products. In Fig. 12a, increasing the w/s ratio from 0.32 to

0.40 leads to progressively higher B values and a corresponding increase in hydrate
27



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

size, while a remains relatively unchanged. This behavior is consistent with greater
spacing and water availability at higher w/s ratios, which allows hydration products to
grow with fewer spatial constraints, resulting in coarser and less compact structures of
hydrates. Our Monte Carlo simulations (Fig. 5) support this interpretation. Shorter line
segments (250-unit length) with the same number of points and sticking probability
generate more extended fractal "tree" structures, resembling loosely packed hydrates.
This implies that reduced surface area and lower spatial constraints in high w/s
systems promote larger but less dense hydration morphologies. These model-derived
insights are also well supported by the SEM images of C3S032, C3S040, and
C3S040D3. For instance, C3S040, which has a higher 8 value than C3S032, exhibits
visibly larger and more loosely packed hydrates, reflecting a more open microstructure.
In contrast, C3S032 shows smaller and more densely clustered hydrates, consistent
with a lower 3 value and more restricted growth.

However, as shown in Fig. 12b, the B value exhibits a non-linear response to
increasing calcium nitrate dosage, indicating a more complex interplay between
nucleation kinetics and hydrate growth. Interestingly, a strong linear correlation is

observed between 3 and a (Fig. 12b), as defined in Eq. (26) [35]:

B
o = abuS|f, ~ fo| FOVts;)?

where the two parameters are linked through constants Vy, f(c), b1, u1, u2 and us,

(26)

and S is the effective contact area of the hydrates. Assuming that interparticle forces
remain approximately constant across different conditions, a can be interpreted as
being primarily governed by the number of solid—solid bridges or nucleation events,
denoted as a1, which is correlated with .

Among all samples, C3S040D3 (with 3.0 wt.% calcium nitrate) shows the smallest
apparent hydrate-related clusters, as indicated by SEM and DLS. This observation is
consistent with the dissolution—precipitation theory: increased Ca?* concentration
enhances supersaturation, accelerates nucleation, and leads to the formation of
numerous growth fronts. As a result, the available solutes are partitioned among more
nuclei, limiting individual growth and resulting in smaller particle sizes [77]. According
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to commonly used formulations derived from classical nucleation theory [77,78], the
nucleation rate J increases rapidly with supersaturation and can be expressed as:

B
J=C -

1 1/3
L=|—
B

where J is the nucleation rate, S is supersaturation, and B depends on interfacial

energy and molar volume, and C is a constant. Equation (28) has been widely applied
in the analysis of crystallization-driven microstructure refinement. This relation
illustrates that the average crystal size L scales inversely with the cube root of the
nucleation rate J. As supersaturation increases and nucleation is enhanced, the solute
is partitioned among more nuclei, reducing the size of individual crystals. Therefore,
despite the B value being relatively high in C3S040D3, the simultaneously high a value
indicates a larger number of hydration products.

This combination suggests that a large number of small hydration products were
formed, driven by enhanced nucleation. In this context, a reflects the number of bridges
or nucleation events, while B characterizes the spatial arrangement of the hydration
products. The observed microstructural refinement is therefore best explained by the
dominant influence of q, in line with the dissolution-precipitation mechanism. These
results suggest that the proposed model not only captures macroscopic rheological
behavior but also provides useful insight into early-age microstructural evolution. The
consistency between the model parameters, SEM observations, DLS measurements,
and classical nucleation theory supports the proposed interpretation. Together, these
multiscale lines of evidence suggest that the parameters a and B can help link

microscale mechanisms to macroscale rheological behavior during C3S hydration.

4.4.2 Filling properties of hydration products

The relationship between the fitted 8 values and the change in T2 relaxation time
(AT,), which reflects the extent of pore filling and water confinement by hydration
products, is shown in Fig. 13. To ensure a fair comparison, the AT, values, defined as

AT, = T,(t) — T,(0), were determined at the point when approx. 6 J/g of hydration heat
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had been released from the C3S paste. The threshold of 6 J/g was adopted to ensure
temporal comparability between calorimetric and penetration data: lower values would
place some samples (e.g., C3sS040(REF)) within the induction period, whereas higher
values would shift the corresponding time point beyond the penetration testing window

for other samples (e.g., C3S040D6).
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Fig. 13 Relationship between the fitted  values and the T, relaxation time difference
(AT,) at a comparable hydration degree of 6 J/g

Fig. 13 reveals a clear positive correlation, indicating that larger B values are
associated with greater AT2. As discussed in the previous section, higher 3 values
correspond to lower fractal dimensions, which describe simpler morphologies of the
hydration product. For instance, hydrates with high B values tend to form more open,
“cotton-like” C—S—H networks. Such morphologies influence the pore structure by filling
the available space more effectively, leading to smaller pore sizes at a comparable
hydration extent. This distinction highlights that 8 reflects not only the morphology of
C-S—H itself but also the resulting pore structure. Accordingly, B provides a direct link
between the evolution of rheological properties during structural build-up and the pore-
scale changes captured by NMR, offering a coherent framework for understanding how

mechanical development is connected to hydration-driven microstructural evolution.

30



720

721

722

723

724

725

726
727

728

729

730

731

732

733

734

735

736

737

4.4.3 Time-dependent B and its implications

The time-dependent evolution of the fitted B values is shown in Fig. 14 for C;S
pastes, together with two reference OPC pastes at water-to-cement ratios of 0.36 and
0.40 from Ref. [35]. Unlike the previous sections, where B was fitted over the whole
selected structural build-up window, here ( is evaluated over successive time intervals

to track the evolution of hydrate morphology during early hydration.

—{— OPC-W/C=0.36[Ref 35]
> OPC-W/C=0.40[Ref 35]

B[]

vV __A AN 5

1 020 F——0—0—0-

—
-H-C,S032 -@~- C,S036
A~ C,S040 -y~ C,S040D3
<~ C,S040D6
1 1 I 1 I 1 I 1 I 1
2 3 4 5 6 7
Time [h]

Fig. 14 Time-dependent evolution of fitted 3 values for C;S and OPC pastes. For

C3S pastes, B values were fitted at selected penetration-force levels of 5, 15, 30,

60, 90, 120, 150, and 180 N. For OPC pastes, B values were taken from Ref. [35]

at yield stress levels of 500, 1000, 2000, 4000, 8000, and 12000 Pa.

As defined in this study, a higher B corresponds to a lower fractal dimension,
indicating more open and loosely packed hydrate morphologies. In contrast, a lower 8
indicates a more compact and internally connected hydrate structure. This
interpretation is consistent with the Monte Carlo results in Fig. 5d, where lower fractal
dimensions are associated with more open cluster structures.

Among the C;S pastes, C3S040D6 shows the most pronounced increase in 8 with

time, while C3S040D3 exhibits a similar but weaker trend. This indicates that calcium
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nitrate promotes the formation of increasingly open hydrate structures during the
investigated period. The increase in 8 can be explained by the Monte Carlo simulations,
where randomly walking particles initially form relatively compact clusters near the
boundary. As the number of attached particles increases, growth tends to occur
preferentially on the outer branches, limiting inward diffusion and leading to a more
open, tree-like morphology. Therefore, the increase in B captures this structural
simplification process, reflecting the evolution of internal connectivity within hydration
products from an initially compact and complex configuration toward a more open,
branched morphology.

For C3S pastes without accelerators, especially C3S040, 8 shows a slight
decrease after approximately 5 h. A similar decreasing trend is also observed in the
OPC reference pastes from Ref. [35] shown in Fig. 14. This increase in structural
complexity may be associated with changes in particle aggregation behavior, as
indicated in Fig. 5 and further visualized in the supplementary video. From a
hydration chemistry perspective, pure C3;S hydration mainly produces C-S-H and
portlandite [79-81]. The early C—S—H is generally low-crystalline and loosely packed,
while continued hydration may promote increased connectivity and local ordering of
C-S-H [65]. Therefore, the slight decrease in § at later times may reflect the transition
from initially open hydrate clusters toward more connected and compact hydrate
networks. Overall, the time-dependent 8 analysis suggests that hydrate morphology
does not evolve monotonically but may undergo structural simplification followed by
partial re-complexification during early hydration. These results suggest that the
proposed model provides a useful bridge between hydrate-scale topology and
macroscopic structural build-up during the early-age period.

4.5 Model limitations and applicability

The proposed framework provides a physically informed way to relate hydration
kinetics, hydrate-scale morphology, and early-age structural build-up. Nevertheless,
several simplifications should be considered when interpreting the model parameters.

The BNG model is used to estimate the transformed volume fraction of hydration
products, X7(t), which serves as input for the hydrate-bridging model. Therefore, the
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framework is mainly applicable within the early-age window where hydration evolution
and mechanical response can still be meaningfully related. Very rapid reactions, such
as those associated with C3A hydration, may not be fully captured. Thus, the present
model is most directly applicable to C;S-based systems, while extension to multiphase
cement systems requires additional treatment of overlapping reactions and phase-
specific contributions.

Although the fitted parameters a and 3 have physical meanings, they are still
obtained through model fitting and should not be treated as direct material constants.
Their values may be affected by the experimental method used to characterize
structural build-up. In particular, B is a time-window-dependent descriptor: values fitted
over different hydration intervals may differ because hydrate morphology evolves
continuously. Therefore, B is used here to describe the relative evolution of internal
connectivity within a defined time window, rather than to represent an absolute fractal
dimension.

Beyond parameter interpretation, a further simplification lies in the model structure
itself. The current model assumes that all hydration products contribute equally to
bridge formation, whereas in reality, the mechanical effectiveness of a hydrate bridge
likely depends on its local position (e.g., at interparticle contacts versus in pores) and
its intrinsic stiffness, which may vary with hydration time and local chemistry.

The Monte Carlo simulations also involve simplifications. The simulated particles
are idealized geometrical units, and their aggregation is governed by simplified
random-walk and sticking rules. In addition, the simulations are performed in two
dimensions, whereas real hydrate aggregation and pore filling occur in three-
dimensional space. Although the 2D simulations with circular, triangular, and square
particles support the robustness of the scaling relationship, real C—S—H or early
hydration products may involve more complex anisotropic growth, chemical

heterogeneity, and time-dependent reorganization that are not explicitly resolved here.

5 Conclusions and outlooks
Understanding early-age microstructural development is essential for interpreting

structural build-up in reactive cementitious suspensions. In this study, a modelling
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framework integrating BNG kinetics with a fractal-based hydrate-bridging model was
developed to link hydration heat release, hydrate-scale morphology evolution, and
macroscopic structural build-up in C3S suspensions.

The proposed framework captures the evolution of structural build-up across
different water-to-solid ratios and calcium nitrate dosages. A key model-derived
parameter, 3, serves as a structural descriptor of evolving hydrate morphology and
internal connectivity within hydration products. The trends in (3 are consistent with
hydrate-related nanoparticle sizes measured by dynamic light scattering (DLS) and
with microstructural features observed by scanning electron microscopy (SEM). In
calcium nitrate-modified systems, the reduced hydrate size agrees with classical
nucleation theory, where enhanced ionic strength promotes nucleation and restricts
individual crystal growth, leading to finer microstructural features.

At comparable hydration levels, B shows a positive correlation with the T,
relaxation time difference obtained from 'H NMR, suggesting that hydrate morphology
affects pore filling and water confinement. The temporal evolution of 8 further indicates
an initial phase of structural simplification followed by partial re-complexification,
implying dynamic morphological transitions of hydration products during early
hydration. This evolution is consistent with Monte Carlo simulations and supports the
interpretation of B as a model-derived descriptor of internal connectivity.

These findings show that early-age structural build-up in C3;S suspensions is
governed not only by the amount of hydration products, but also by their spatial
arrangement, morphology, and internal connectivity. The proposed framework provides
a microstructure-informed route for linking hydrate-scale topology with macroscopic
rheological evolution. The proposed framework may provide a broader basis for
understanding structure formation and rheological evolution in other reactive

particulate systems governed by interfacial growth and disordered aggregation.

Acknowledgements
The authors gratefully acknowledge the German Research Foundation (DFG)
Priority Programme “Net-Zero Concrete” (SPP 2436), project “Thermodynamic Data

34



828

829

830

831

832

833

834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869

for Production and Utilization of Net-Zero Binders (DatProBind)” (grant number

542143260). The authors also acknowledge the computing time granted through the
HPC project nik00113, supported by the NHR centers NHR@ZIB and NHR@Gattingen.

The authors thank Christian Lehmann and Jianwen Wang at Technische Universitat

Berlin for performing related measurements for this study.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

P.C. Fonseca, H.M. Jennings, The effect of drying on early-age morphology of C—S—H as
observed in environmental SEM, Cem. Concr. Res. 40 (2010) 1673-1680.
https://doi.org/10.1016/j.cemconres.2010.08.007.

A. Zingg, L. Holzer, A. Kaech, F. Winnefeld, J. Pakusch, S. Becker, L. Gauckler, The
microstructure of dispersed and non-dispersed fresh cement pastes - New insight by cryo-
microscopy, Cem. Concr. Res. 38 (2008) 522-529.
https://doi.org/10.1016/j.cemconres.2007.11.007.

J.J. Biernacki, International Summit on Cement Hydration Kinetics and Modeling Special
Edition Québec City, July 27, 28 and 29, 2009, Cem. Concr. Res. 41 (2011) 1206-1207.
https://doi.org/10.1016/j.cemconres.2011.08.002.

G. Venkiteela, Z. Sun, S.P. Shah, Observation of Cement Paste Microstructure Evolution,
Transportation Research Record: Journal of the Transportation Research Board 2141 (2010)
75-81. https://doi.org/10.3141/2141-13.

N. Roussel, Rheological requirements for printable concretes, Cem. Concr. Res. 112 (2018)
76-85. https://doi.org/10.1016/j.cemconres.2018.04.005.

J. Plank, E. Sakai, C.W. Miao, C. Yu, J.X. Hong, Chemical admixtures — Chemistry,
applications and their impact on concrete microstructure and durability, Cem. Concr. Res.
78 (2015) 81-99. https://doi.org/10.1016/j.cemconres.2015.05.016.

S.Z. Jones, J.B. Hipp, A.J. Allen, C. V. Gagnon, Rheology and microstructure development
of hydrating tricalcium silicate - implications for additive manufacturing in construction, Cem.
Concr. Res. 152 (2022) 106651. https://doi.org/10.1016/j.cemconres.2021.106651.

L. Nachbaur, J.C. Mutin, A. Nonat, L. Choplin, Dynamic mode rheology of cement and
tricalcium silicate pastes from mixing to setting, Cem. Concr. Res. 31 (2001) 183-192.
https://doi.org/10.1016/S0008-8846(00)00464-6.

P. Dong, A. Allahverdi, C.M. Andrei, N.D. Bassim, Liquid cell transmission electron
microscopy reveals C-S-H growth mechanism during Portland cement hydration, Materialia
(Oxf). 22 (2022) 101387. https://doi.org/10.1016/j.mtla.2022.101387.

F. Bellmann, G.W. Scherer, Analysis of C-S-H growth rates in supersaturated conditions,
Cem. Concr. Res. 103 (2018) 236—244. https://doi.org/10.1016/j.cemconres.2017.05.007.
M.W. Grutzeck, A new model for the formation of calcium silicate hydrate (C-S-H), Materials
Research Innovations 3 (1999) 160—170. https://doi.org/10.1007/s100190050143.

S. Garrault-Gauffinet, A. Nonat, Experimental investigation of calcium silicate hydrate (C-S-
H) nucleation, J. Cryst. Growth 200 (1999) 565-574. https://doi.org/10.1016/S0022-
0248(99)00051-2.

T. Hirsch, B. Lothenbach, Phase stabilities and thermodynamic properties of crystalline
phases in CaO-Si0O2-H20 above 100 °C, Cem. Concr. Res. 177 (2024) 107412.

35



870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

https://doi.org/10.1016/j.cemconres.2023.107412.

Ph. Blanc, X. Bourbon, A. Lassin, E.C. Gaucher, Chemical model for cement-based
materials: Temperature dependence of thermodynamic functions for nanocrystalline and
crystaline C-S-H phases, Cem. Concr. Res. 40 (2010) 851-866.
https://doi.org/10.1016/j.cemconres.2009.12.004.

D.J. Wales, T. V. Bogdan, Potential Energy and Free Energy Landscapes, J. Phys. Chem.
B 110 (2006) 20765—20776. https://doi.org/10.1021/jp0680544.

Z. Slanina, Does the global energy minimum always also mean the thermodynamically most
stable structure?, Journal of Molecular Structure; THEOCHEM 206 (1990) 143-151.
https://doi.org/10.1016/0166-1280(90)85014-E.

A.M. Ley-Hernandez, D. Feys, Resting time effect on the rheological behavior of cement
paste in presence of superplasticizer, Cem. Concr. Res. 142 (2021) 106347.
https://doi.org/10.1016/j.cemconres.2020.106347.

A. Bogner, J. Link, M. Baum, M. Mahlbacher, T. Gil-Diaz, J. Latzenkirchen, T. Sowoidnich, F.
Heberling, T. Schafer, H.-M. Ludwig, F. Dehn, H.S. Mdller, M. Haist, Early hydration and
microstructure formation of Portland cement paste studied by oscillation rheology,
isothermal calorimetry, 1H NMR relaxometry, conductance and SAXS, Cem. Concr. Res.
130 (2020) 105977. https://doi.org/10.1016/j.cemconres.2020.105977.

D. Marchon, S. Kawashima, H. Bessaies-Bey, S. Mantellato, S. Ng, Hydration and rheology
control of concrete for digital fabrication: Potential admixtures and cement chemistry, Cem.
Concr. Res. 112 (2018) 96—110. https://doi.org/10.1016/j.cemconres.2018.05.014.

O. Biricik, A. Mardani, Parameters affecting thixotropic behavior of self compacting concrete
and 3D printable concrete; a state-of-the-art review, Constr. Build. Mater. 339 (2022) 127688.
https://doi.org/10.1016/j.conbuildmat.2022.127688.

Y. Qian, S. Kawashima, Distinguishing dynamic and static yield stress of fresh cement
mortars  through thixotropy, Cem. Concr. Compos. 86 (2018) 288-296.
https://doi.org/10.1016/j.cemconcomp.2017.11.019.

P. Badjatya, S. Kawashima, Critical strain measurements of hydrating Portland cement
pastes: A new understanding of microstructure development, Cem. Concr. Res. 180 (2024)
107489. https://doi.org/10.1016/j.cemconres.2024.107489.

N. Roussel, H. Bessaies-Bey, S. Kawashima, D. Marchon, K. Vasilic, R. Wolfs, Recent
advances on yield stress and elasticity of fresh cement-based materials, Cem. Concr. Res.
124 (2019) 105798. https://doi.org/10.1016/j.cemconres.2019.105798.

G.H. Tattersall, P.F.G. Banfill, The rheology of fresh concrete, Pitman Publishing, London,
1983.

N. Roussel, A thixotropy model for fresh fluid concretes: Theory, validation and applications,
Cem. Concr. Res. 36 (2006) 1797-1806. https://doi.org/10.1016/j.cemconres.2006.05.025.
G. Sant, C.F. Ferraris, J. Weiss, Rheological properties of cement pastes: A discussion of
structure formation and mechanical property development, Cem. Concr. Res. 38 (2008)
1286-1296. https://doi.org/10.1016/j.cemconres.2008.06.008.

R.J. Flatt, P. Bowen, Yodel: A Yield Stress Model for Suspensions, Journal of the American
Ceramic Society 89 (2006) 1244—1256. https://doi.org/10.1111/j.1551-2916.2005.00888.x.
X.Yin, Z. Wu, L. Weng, X. Xu, Y. Zhou, Q. Liu, A microstructure-based model for quantifying
irreversible yield stress evolution in cement-based pastes during hydration, Cem. Concr.
Res. 180 (2024) 107503. https://doi.org/10.1016/j.cemconres.2024.107503.

36



915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

D. Lowke, Thixotropy of SCC—A model describing the effect of particle packing and
superplasticizer adsorption on thixotropic structural build-up of the mortar phase based on
interparticle interactions, Cem. Concr. Res. 104 (2018) 94-104.
https://doi.org/10.1016/j.cemconres.2017.11.004.

D. Nicia, C. Jakob, D. Jansen, D. Ivanov, O. Mazanec, J. Dengler, J. Neubauer, D. Lowke,
Thixotropy of superplasticized cement pastes — Underlying mechanisms considering the
polycarboxylate molecular structure, interparticle interactions and hydration kinetics, Cem.
Concr. Res. 173 (2023) 107289. https://doi.org/10.1016/j.cemconres.2023.107289.

A. Perrot, A. Pierre, S. Vitaloni, V. Picandet, Prediction of lateral form pressure exerted by
concrete at low casting rates, Mater. Struct. 48 (2015) 2315-2322.
https://doi.org/10.1617/s11527-014-0313-8.

L.R.M. de Miranda, F.H. Marchesini, K. Lesage, G. De Schutter, The evolution of the
rheological behavior of hydrating cement systems: Combining constitutive modeling with
rheometry, calorimetry and mechanical analyses, Cem. Concr. Res. 164 (2023).
https://doi.org/10.1016/j.cemconres.2022.107046.

I. Navarrete, Y. Kurama, N. Escalona, M. Lopez, Impact of physical and physicochemical
properties of supplementary cementitious materials on structural build-up of cement-based
pastes, Cem. Concr. Res. 130 (2020). https://doi.org/10.1016/j.cemconres.2020.105994.

L. Michel, A. Sanner, F. Zunino, R.J. Flatt, D.S. Kammer, Contact point geometry governs
structural buildup at rest in Portland cement—limestone blends, Journal of the American
Ceramic Society 109 (2026). https://doi.org/10.1111/jace.70271.

Y. Ji, U. Pott, A. Mezhov, C. RoRler, D. Stephan, Modelling and experimental study on static
yield stress evolution and structural build-up of cement paste in early stage of cement
hydration, Cem. Concr. Res. 187 (2025) 107710.
https://doi.org/10.1016/j.cemconres.2024.107710.

S. Tang, Y. Wang, Z. Geng, X. Xu, W. Yu, H. A, J. Chen, Structure, fractality, mechanics and
durability of calcium silicate hydrates, Fractal and Fractional 5 (2021).
https://doi.org/10.3390/fractalfract5020047.

J.R. Nicolas-Carlock, J.L. Carrillo-Estrada, V. Dossetti, Fractality a la carte: A general
particle aggregation model, Sci. Rep. 6 (2016). https://doi.org/10.1038/srep19505.

T. Vicsek, Fractal Growth Phenomena, World Scientific, 1992. https://doi.org/10.1142/1407.
O. V. Tomchuk, M. V. Avdeev, L.A. Bulavin, Modeling fractal aggregates of polydisperse
particles with tunable dimension, Colloids Surf. A Physicochem. Eng. Asp. 605 (2020).
https://doi.org/10.1016/j.colsurfa.2020.125331.

R.A. Livingston, Fractal nucleation and growth model for the hydration of tricalcium silicate,
Cem. Concr. Res. 30 (2000) 1853—1860. https://doi.org/10.1016/S0008-8846(00)00457-9.

J.A. Janik, W. Kurdowski, R. Podsiadty, J. Samseth, Fractal Structure of C-S-H and
Tobermorite Phases, Acta Phys. Pol. A 100 (2001) 529-537.
https://doi.org/10.12693/APhysPolA.100.529.

M. Sun, T. Lv, J. Zhang, Upscaling coarse-grained simulation study for hydrated cement
paste from mesoscale to microscale, Developments in the Built Environment 17 (2024)
100379. https://doi.org/10.1016/j.dibe.2024.100379.

M. Delhorme, C. Labbez, M. Turesson, E. Lesniewska, C.E. Woodward, B. Jonsson,
Aggregation of Calcium Silicate Hydrate Nanoplatelets, Langmuir 32 (2016) 2058—2066.
https://doi.org/10.1021/acs.langmuir.5b03846.

37



960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

K. loannidou, F.-J. Ulm, P. Levitz, E. Del Gado, R.J.-M. Pellenq, Nano-granular texture of
cement hydrates, EPJ Web Conf. 140 (2017) 15027.
https://doi.org/10.1051/epjconf/201714015027.

C. Ferraris, V. Hackley, A. Avilés, Measurement of Particle Size Distribution in Portland
Cement Powder: Analysis of ASTM Round Robin Studies, Cement, Concrete, and
Aggregates 26 (2004) 1-11. https://doi.org/10.1520/CCA11920.

U. Pott, D. Stephan, Penetration test as a fast method to determine yield stress and
structural build-up for 3D printing of cementitious materials, Cem. Concr. Compos. 121
(2021) 104066. https://doi.org/10.1016/j.cemconcomp.2021.104066.

D. Lootens, P. Jousset, L. Martinie, N. Roussel, R.J. Flatt, Yield stress during setting of
cement pastes from penetration tests, Cem. Concr. Res. 39 (2009) 401-408.
https://doi.org/10.1016/j.cemconres.2009.01.012.

S. Ma, Y. Qian, S. Kawashima, Experimental and modeling study on the non-linear structural
build-up of fresh cement pastes incorporating viscosity modifying admixtures, Cem. Concr.
Res. 108 (2018) 1-9. https://doi.org/10.1016/j.cemconres.2018.02.022.

S.-H. Han, J.-K. Kim, Effect of temperature and age on the relationship between dynamic
and static elastic modulus of concrete, Cem. Concr. Res. 34 (2004) 1219-1227.
https://doi.org/10.1016/j.cemconres.2003.12.011.

Y. Ji, Z. Sun, J. Yang, L. Pel, A. jarmouzi Raja, H. Ge, NMR study on bleeding properties of
the fresh cement pastes mixed with polycarboxylate (PCE) superplasticizers, Constr. Build.
Mater. 240 (2020) 117938. https://doi.org/10.1016/j.conbuildmat.2019.117938.

Y. Ji, Z. Sun, X. Yang, C. Li, X. Tang, Assessment and mechanism study of bleeding process
in cement paste by 1H low-field NMR, Constr. Build. Mater. 100 (2015) 255-261.
https://doi.org/10.1016/j.conbuildmat.2015.09.062.

J. Qiao, C. Zhou, J. Feng, M. Miao, Y. Ji, L. Gu, 1H LF-NMR study on water migration
behavior of fresh cement paste with limestone powder, Cem. Concr. Res. 191 (2025) 107802.
https://doi.org/10.1016/j.cemconres.2025.107802.

A. Vandenberg, H. Bessaies-Bey, K. Wille, N. Roussel, Influence of mixing on the generation
of nanoparticles in cement systems, Cem. Concr. Res. 143 (2021) 106379.
https://doi.org/10.1016/j.cemconres.2021.106379.

N. Roussel, G. Ovarlez, S. Garrault, C. Brumaud, The origins of thixotropy of fresh cement
pastes, Cem. Concr. Res. 42 (2012) 148-157.
https://doi.org/10.1016/j.cemconres.2011.09.004.

T. Hao, R.E. Riman, Calculation of interparticle spacing in colloidal systems, J. Colloid
Interface Sci. 297 (2006) 374—377. https://doi.org/10.1016/j.jcis.2004.10.014.

C. Hu, F. De Larrard, The rheology of fresh high-performance concrete, Cem. Concr. Res.
26 (1996) 283-294.

A.M. Mostafa, A. Yahia, Physico-chemical kinetics of structural build-up of neat cement-
based suspensions, Cem. Concr. Res. 97 (2017) 11-27.
https://doi.org/10.1016/j.cemconres.2017.03.003.

A.K.H. Kwan, WW.S. Fung, H.H.C. Wong, Water film thickness, flowability and rheology of
cement-sand mortar, Advances in Cement Research 22 (2010) 3-14.
https://doi.org/10.1680/adcr.2008.22.1.3.

L.G. Li, A.K.H. Kwan, Mortar design based on water film thickness, Constr. Build. Mater. 25
(2011) 2381-2390. https://doi.org/10.1016/j.conbuildmat.2010.11.038.

38



1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

J. Kozeny, Uber kapillare Leitung des Wassers im Boden, Sitzungsberichte Der Akademie
Der Wissenschaften in Wien 136a (1927) 271-306.

P.C. Carman, Fluid flow through granular beds, Chemical Engineering Research and Design
75 (1997) S32—S48. https://doi.org/10.1016/S0263-8762(97)80003-2.

P.C. Kapur, P.J. Scales, D. V. Boger, T.W. Healy, Yield stress of suspensions loaded with
size distributed particles, AIChE Journal 43 (1997) 1171-1179.
https://doi.org/10.1002/aic.690430506.

P. Martin, J.J. Gaitero, X.M. Aretxabaleta, M.J.A. Qomi, H. Manzano, A kinetic Monte Carlo
study of the C3S dissolution mechanism, Cem. Concr. Res. 180 (2024) 107502.
https://doi.org/10.1016/j.cemconres.2024.107502.

S. Galmarini, A. Kunhi Mohamed, P. Bowen, Atomistic Simulations of Silicate Species
Interaction with Portlandite Surfaces, The Journal of Physical Chemistry C 120 (2016)
22407-22413. https://doi.org/10.1021/acs.jpcc.6b07044.

X.M. Aretxabaleta, J. Lépez-Zorrilla, |I. Etxebarria, H. Manzano, Multi-step nucleation
pathway of C-S-H during cement hydration from atomistic simulations, Nat. Commun. 14
(2023). https://doi.org/10.1038/s41467-023-43500-y.

X.M. Aretxabaleta, J. Lépez-Zorrilla, C. Labbez, I. Etxebarria, H. Manzano, A potential C-S-
H nucleation mechanism: atomistic simulations of the portlandite to C-S-H transformation,
Cem. Concr. Res. 162 (2022) 106965. https://doi.org/10.1016/j.cemconres.2022.106965.
T. Dorn, T. Hirsch, D. Stephan, Working mechanism of calcium nitrate as an accelerator for
Portland cement hydration, Journal of the American Ceramic Society 106 (2023) 752—-766.
https://doi.org/10.1111/jace.18782.

G.W. Scherer, J. Zhang, J.J. Thomas, Nucleation and growth models for hydration of cement,
Cem. Concr. Res. 42 (2012) 982-993. https://doi.org/10.1016/j.cemconres.2012.03.019.
J.J. Thomas, A New Approach to Modeling the Nucleation and Growth Kinetics of Tricalcium
Silicate Hydration, Journal of the American Ceramic Society 90 (2007) 3282-3288.
https://doi.org/10.1111/j.1551-2916.2007.01858.x.

J.J. Thomas, A.J. Allen, H.M. Jennings, Hydration kinetics and microstructure development
of normal and CaCl 2-accelerated tricalcium silicate pastes, Journal of Physical Chemistry
C 113 (2009) 19836—19844. https://doi.org/10.1021/jp907078u.

A. She, K. Ma, W. Yao, J. Zuo, G. Liao, Hydration kinetics of cementitious materials based
on low-field NMR and isothermal calorimetry, Fullerenes, Nanotubes and Carbon
Nanostructures 30 (2022) 607—618. https://doi.org/10.1080/1536383X.2021.1986485.
M.W. Bligh, M.N. d’Eurydice, R.R. Lloyd, C.H. Arns, T.D. Waite, Investigation of early
hydration dynamics and microstructural development in ordinary Portland cement using 1H
NMR relaxometry and isothermal calorimetry, Cem. Concr. Res. 83 (2016) 131-139.
https://doi.org/10.1016/j.cemconres.2016.01.007.

C. D’Agostino, P. Brauer, P. Charoen-Rajapark, M.D. Crouch, L.F. Gladden, Effect of
paramagnetic specieson T 1, T2 and T 1 /T 2 NMR relaxation times of liquids in porous
CuSO 4 /Al ; O 3, RSC Adv. 7 (2017) 36163—36167. https://doi.org/10.1039/C7RA07165E.
T.R. Bryar, C.J. Daughney, R.J. Knight, Paramagnetic Effects of Iron(lll) Species on Nuclear
Magnetic Relaxation of Fluid Protons in Porous Media, Journal of Magnetic Resonance 142
(2000) 74—85. https://doi.org/10.1006/jmre.1999.1917.

Y. Ji, L. Pel, Z. Sun, The microstructure development during bleeding of cement paste: An
NMR study, Cem. Concr. Res. 125 (2019) 105866.

39



1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065

1066

[76]

[77]

[78]

[79]

[80]

[81]

https://doi.org/10.1016/j.cemconres.2019.105866.

T. Dorn, T. Hirsch, D. Stephan, Analyzing the early structural build-up of accelerated cement
pastes, Mater. Struct. 54 (2021) 67. https://doi.org/10.1617/s11527-021-01662-5.

A. Ouda, Y. Bajén-Fernandez, E. McAdam, Methods to modify supersaturation rate in
membrane distillation crystallisation: Control of nucleation and crystal growth kinetics
(including scaling), J. Memb. Sci. 691 (2024) 122249.
https://doi.org/10.1016/j.memsci.2023.122249.

G.M. Maggioni, M. Mazzotti, Modelling the stochastic behaviour of primary nucleation,
Faraday Discuss. 179 (2015) 359-382. https://doi.org/10.1039/C4FDO00255E.

E. John, B. Lothenbach, Cement hydration mechanisms through time — a review, J. Mater.
Sci. 58 (2023) 9805-9833. https://doi.org/10.1007/s10853-023-08651-9.

P. Fierens, J.P. Verhaegen, Induction period of hydration of tricalcium silicate, Cem. Concr.
Res. 6 (1976) 287—292. https://doi.org/10.1016/0008-8846(76)90126-5.

S.T. Bergold, F. Goetz-Neunhoeffer, J. Neubauer, Mechanically activated alite: New insights
into alite hydration, Cem. Concr. Res. 76 (2015) 202-211.
https://doi.org/10.1016/j.cemconres.2015.06.005.

40



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Supplymentrymaterial.docx


https://assets-eu.researchsquare.com/files/rs-10155457/v1/738ef7fa4d4efc668139d506.docx

