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Abstract

Over the past decades, molecular simulations have become a central tool in understanding the fundamental physico-chemical processes in cement-based
materials that in turn enable rational design and development of cementitious systems and chemical admixtures for practical applications. Despite the
breadth of work, approaches remain heterogeneous. Different research groups employ varied atomic models, force fields, and simulation protocols, often
leading to discrepancies, inconsistencies preventing direct comparisons of different results, difficulties in reproducibility, and lack of systematic multiscale
validation frameworks which can connect atomistic predictions with meso- and macroscale experiments. The RILEM TC ASM Atomistic Simulations for
Cement-Based Materials: Recommendations and Link to Experiments has been established to address these issues by reviewing existing modeling
practices, establishing recommended protocols, and creating open-access resources to support both academic and industrial communities.

Keywords: Molecular simulations, Cement physical-chemistry, Force fields (FFs), Multiscale modeling, Model validation, Nanoscale experiments.

1 Introduction without relying on empiricism to ensure accurate and reliable
service life predictions for structures. Nevertheless, the
modeling approaches from different research groups remain
largely varied, to the extent that algorithms with
unreasonable atomic structures, force fields (FF), boundary
conditions or sampling methods might be reported. There is
a need to review and recommend a baseline for molecular
modeling work in cementitious systems to bring homogeneity
to the field and to guide researchers. Additionally, with the
rise in the digitalization technology and science, alongside the

Molecular scale modeling over the last decades has become
an important tool to gain insights into fundamental physico-
chemical processes occurring at the micro- and nano-
structural scales in cementitious materials which otherwise
remain difficult to capture experimentally. With the rapid
development of materials and the current drive towards low-
carbon and sustainable concrete, it becomes increasingly
necessary to fundamentally understand these materials
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Figure 1. Multiscale modeling and scope of TC ASM including quantum-scale methods, classical molecular scale and mesoscale approaches,
which can find experimental support in various techniques (TEM, NMR, FTIR, Raman, AFM, SAXS/SANS, etc.). The time and length scales shown
are indicative, with a focus on small scales; however, some techniques can straightforwardly span much larger ranges. For example, Lattice
Boltzmann can simulate days at the pore scale, while continuum models can reach years.

growing reliance on data-driven approaches that demand
standardized databases, it is essential to address the current
fragmentation in molecular modeling work within
cementitious systems and establish a reliable baseline. The TC
is inscribed within the scope of multiscale modeling, and
multi-technique experimental evaluations across scales are
depicted in Figure 1.

The TC ASM Atomistic Simulations for Cement-Based
Materials: Recommendations and Link to Experiments aims to
comprehensively review the atomic structures and force
fields used in the modeling of cementitious materials, review
and recommend the tools and algorithms for different
modeling purposes, review and recommend upscaling
strategies (including mesoscale modeling) and to benchmark
the modeling results with experimental data. The primary
focus will be minerals, solutions, surfaces and chemicals that
are most common in modern cementitious systems, such as
clinker minerals, cement-water suspensions, and hardened
cement pastes. However, we may extend our activities to
include other materials of interest for RILEM.

2 Current status of atomistic and molecular
simulations research

2.1 Current status in other research fields

Molecular simulations have become a fundamental tool
across a wide range of disciplines, including, e.g., protein
research, drug discovery, polymer design, materials for
energy storage, optoelectronics. Ongoing advances in
computational power, algorithmic efficiency, and the
integration of machine learning (ML) techniques are rapidly
expanding their scope, accuracy, and accessibility. These
developments are transforming molecular simulations from
exploratory tools into predictive frameworks capable of
guiding experimental design and materials optimization. For
instance, in biomolecular research and pharmaceutical
sciences, molecular simulations routinely provide atomistic
insights into protein dynamics, ligand—receptor interactions,
and disease-related conformational changes, thereby
informing rational drug design and optimization strategies [1,
2]. In molecular sciences, they are extensively employed to
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predict phase equilibria and to investigate self-assembly,
crystallization, and chemical reactions in solutions,
suspensions, polymers, and other macromolecular systems
[3]. In materials science, molecular simulations play a crucial
role in elucidating the structural, thermodynamic, and
mechanical behavior of complex materials, enabling the
design of novel compounds with tailored properties and
improved performance [4] .

Machine learning techniques are increasingly being
integrated into molecular simulations, particularly for the
construction of interatomic potentials and for accelerating
sampling strategies [2, 5-7]. Rather than replacing physics-
based modeling approaches, these methods enable
simulations that retain atomistic resolution while
approaching quantum-mechanical accuracy for larger and
more chemically complex systems. In this context, ML-based
force fields should be understood as extensions of atomistic
modeling frameworks trained on physically meaningful
datasets, rather than purely empirical fitting tools. Their main
contribution lies in improving transferability across chemical
environments, enabling uncertainty quantification, and
facilitating integration with multiscale and experimental
datasets. At the same time, challenges remain regarding
robustness, reproducibility, and transferability across the
chemically heterogeneous systems typical of cementitious
materials. Addressing these challenges will be essential for
consolidating ML-enhanced simulations as reliable predictive
tools for cement science. Databases dedicated for
engineering materials such as Atomgptlab, NOMAD,
Alexandria and Materials Project enable acceleration of
simulation-based strategies using ML. The emergence of
cloud computing and open-source platforms, such as
OpenMM and Google Colab, has significantly broadened
access to high-performance molecular simulations, making
them more attainable for educational use and resource-
limited research environments. Parallel advances in
interactive, web-based visualization tools are further
enhancing the interpretability and reusability of molecular
dynamics data, thereby fostering transparency,
reproducibility, and collaborative research [8]. Also,
educational platforms such as nanoHUB are further
broadening access to simulation tools across the materials
science community

Despite these achievements, several challenges remain.
Ensuring the scalability and transferability of ML-enhanced
models across chemically diverse systems continues to be a
major limitation [9]. Moreover, achieving reproducibility and
interoperability requires the standardization of simulation
workflows, metadata, and data-sharing practices. Addressing
these challenges will be critical for consolidating molecular
simulations as reliable, predictive, and interpretable tools for
the next generation of scientific and engineering applications.

2.2  Current status in modeling of cementitious
systems

The application of molecular simulation to cementitious
materials began in the late 1990s, emerging from
methodologies pioneered in clay and geochemical research.

The very first ab-initio study on aluminum in tobermorite,
which mentioned the C-S-H gel, was reported by Kashihara et
al. [10], laying the groundwork for subsequent atomistic
investigations. The first molecular dynamics simulations of C-
S-H were later conducted at the Commissariat a I'énergie
atomique et aux énergies alternatives (CEA) in France at the
end of the 1990s [11, 12], marking the beginning of atomistic
studies on cementitious materials. These early works were
followed by pioneering investigations of water-tobermorite
and ettringite interfaces by Kalinichev [13, 14], stimulated in
the sequel by the development of the ClayFF force field [15].

By the early 2000s, molecular simulation of cement became a
subfield of cement science. Several research groups began
specializing in atomistic modeling of cement hydrates and
related phases, rather than treating cement as merely an
offshoot of clay or mineral studies. For example, White and
Provis applied molecular simulation methods to
supplementary cementitious materials [16]. Around the same
time, the doctoral work by Manzano and colleagues
exemplified this new focus by using MD to explore the
nanostructure and mechanics of C-S—H and other cement
[17, 18]. The field’s momentum further accelerated in the late
2000s, highlighted by the introduction of increasingly realistic
models for C-S—H chemistry and structure. A milestone
achievement was the “realistic molecular model” of C-S-H
proposed by Pellenq et al. [19]. This model provided, for the
first time, an atomistic representation of C—S—H that captured
its disordered, semi-crystalline nature and matched many
experimental observations. Its publication opened the door
to a new wave of simulations targeting the structure and
properties of cement hydrates. In subsequent years, many
improved structural models for C-S5—H (and C-A-S-H, its
aluminum-containing variant) were put forward, refining our
understanding of compositional variability and atomic
arrangement in this phase (Casar et al., 2024; Kovacevi¢ et al.,
2015; Kunhi Mohamed et al., 2020, 2020, 2018; Pelleng et al.,
2009; Qomi et al., 2014; Richardson, 2014). Each new model
integrated progressively more realistic features (such as
variable Ca/Si ratios, defect sites, and interlayer water
structuring), bringing simulations closer to the observed
experimental features. Concurrently, force field development
kept pace with these structural advances. With ClayFF as a
starting point Shahsavari et al. formulated improved
empirical potentials for C-S—H, and Mishra et al. developed
the Interface force field (IFF) tuned for cementitious mineral
interactions and Galmarini et al. worked on the CementFF
suite of FFs [20-27]. Furthermore, ReaxFF reactive force fields
were parameterized for cement constituents [28, 29],
enabling the simulation of chemical reactions such as
hydration and dissolution at the atomic scale [30]. The end of
the decade witnessed a proliferation of dedicated research
teams. Multiple groups in France, in Switzerland (ETH Zdirich,
EPFL Lausanne), and the Basque Country were among the
most active in Europe, applying MD to cementitious systems.
In the USA, we should mention Princeton and especially
California, which became a hub with groups at UCLA, UC
Irvine, and Berkeley.
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In the last decade, atomistic simulation of cementitious
materials has entered a phase of expansion and
generalization. These methods are now employed by a wide
global community in both academia and industry. One of the
most remarkable developments has been the rapid growth of
activity in Asia. Pioneering work by researchers like Dongshuai
Hou in the early 2010s introduced molecular modeling of
cement to China [31], and this effort was soon followed by a
proliferation of groups across the country. Today, numerous
universities and institutes in China host teams working on
cement MD, including Southeast University (Nanjing), Wuhan
University, Qingdao University of Technology, Tsinghua
University (Beijing), Tongji University (Shanghai), Nanjing
Tech, and Harbin Institute of Technology, among others,
collectively producing a high volume of cement simulation
research. Similar efforts have taken root in other parts of the
Asia-Pacific, with active researchers in places such as Japan,
Singapore, Hong Kong, and Macau, and India applying
atomistic simulations to cement and concrete problems. This
worldwide adoption has effectively created a new generation
of cement chemists fluent in computational methods,
accelerating the pace of discovery and broadening the range
of questions addressed.

Atomistic simulations have extended to an expanding roster
of phases relevant to cement chemistry: from clinker minerals
like alite (CsS) and belite (C,S) [24, 32], to various hydrated
phases including portlandite (CH), gypsum, AF-phases [33—
36], hydrogarnets, and even the magnesium-silicate-hydrate
(M-=S—H) [37] and N-A-S-H [38, 39] gels found in alternative
cements. Simulations also tackled degradation products and
deleterious phases such as the alkali-silica reaction (ASR)
products [40-42] and other phases arising from durability
problems. Properties such as elastic moduli, creep behavior
[43, 44], water and ion diffusion coefficients [45-48],
permeability [49], thermal conductivity [33, 50], and dielectric
response [51-53] have been derived from atomistic models,
yielding insights into how atomic structure and dynamics
underpin macroscale behavior.

Furthermore, simulations have progressively extended
toward the mesoscale domains, elucidating the
mesostructural organization of C-S—-H and other colloidal
assemblages in hydrated cements [54-60]. This line of
mesoscale simulation, using atomistically-informed effective
potentials has simulated the development of a percolating,
stress-bearing network of C-S-H gel [61]. Goyal et al. [62]
further extended this approach to understand the role of
heterogeneous precipitation gradients near cement grains.
More recently, significant advances have been achieved in the
simulation of chemical transformations, including dissolution,
precipitation, and initial steps of hydration reactions,
contributing to a deeper understanding of cement chemistry
from a molecular perspective [32, 63—65].

Reliable and accurate model developments of cementitious
systems and organic admixtures constitute the backbone of
molecular modeling in cement science. Over the last three
decades, atomistic simulations have been primarily driven by
the need to establish physically and chemically consistent
atomic-scale descriptions of both unhydrated clinker phases

and hydrated cement products, as well as of organic
admixtures interacting with these phases. This sustained
effort has led to major advances in the development and
validation of atomistic models for both anhydrous and
hydrated cement phases. In parallel, substantial progress has
been achieved in modeling organic admixtures, where
atomistic simulations have successfully elucidated adsorption
mechanisms,  structure—property  relationships, and
dispersing action for small-molecular-weight molecules [66],
providing actionable insights that directly support admixture
and product development. For high-molecular-weight
polymeric systems, while conceptual frameworks and initial
models exist [67, 68], fully predictive and transferable
atomistic descriptions remain challenging and create an
important open frontier for the field. Simulations have
increasingly contributed to interpreting spectroscopic
observations, parameterizing multiscale transport and
thermodynamic models, and supporting the design of low-
carbon binders and admixture interactions. Overall, these
developments illustrate how advances in atomistic modeling
have progressively evolved from feasibility demonstrations
toward tools capable of informing formulation strategies,
interpreting experimental observations, and supporting
rational design particularly on the admixtures side while
highlighting the remaining gaps that motivate continued
methodological and multiscale developments.

While these advances have substantially improved our
mechanistic understanding and our ability to interpret
experimental observables and parameterize multiscale
models, their translation into practical engineering
applications remains uneven. A key objective of the present
TC is therefore to tighten this gap by identifying the most
promising applications and pathways through which
atomistic simulations can contribute to cement technology,
whether by enabling the design of new binders and
admixtures, optimizing mix designs for durability, or
supporting the management of aging infrastructure through
predictive, physics-based tools.

Despite these advances, several open questions and
disconnect with the experiments remain:

e  Force Field Accuracy and Validation. The reliability of
molecular simulations critically depends on the
accuracy of the underlying force fields describing
atomic interactions. Many of these force fields have not
been extensively benchmarked for the complex
chemistries of cement systems particularly at interfaces
and in the presence of admixtures leading to
uncertainties in predicted structures and properties.
Furthermore, the transferability of these force fields
across different interfaces remains an open challenge.
Earlier studies have combined multiple force fields
within a single simulation without validating interfacial
properties, which can lead to non-physical results and
misinterpretation of adsorption or hydration
mechanisms. Standardized validation protocols are
required to address these gaps.


https://www.zotero.org/google-docs/?TtyakT
https://www.zotero.org/google-docs/?ajPRPR
https://www.zotero.org/google-docs/?j6Vs53
https://www.zotero.org/google-docs/?j6Vs53
https://www.zotero.org/google-docs/?Gp5h44
https://www.zotero.org/google-docs/?E9gjww
https://www.zotero.org/google-docs/?aduDoU
https://www.zotero.org/google-docs/?2MrFK3
https://www.zotero.org/google-docs/?TNtWpd
https://www.zotero.org/google-docs/?S95f9w
https://www.zotero.org/google-docs/?qj9nx0
https://www.zotero.org/google-docs/?QteYhd
https://www.zotero.org/google-docs/?aMZc3x
https://www.zotero.org/google-docs/?Cj2B8y
https://www.zotero.org/google-docs/?X2qEu2
https://www.zotero.org/google-docs/?pKKoiQ
https://www.zotero.org/google-docs/?RvCoZv

T. Honorio et al., RILEM Technical Letters (2026) 11: 89-100

93

e Multiscale and Multiphase Complexity. Cementitious
materials are inherently multiscale and multiphase,
characterized by defects, impurities, and dynamically
evolving interfaces. Bridging atomistic insights to
macroscopic behavior, while capturing the influence of
structural heterogeneity and chemical diversity,
remains a major challenge. Moreover, the relevant
processes span timescales from femtoseconds
(molecular vibrations) to several years (hydration,
aging, creep, degradation), making direct atomistic
simulation of long-term behaviour computationally
prohibitive.

e Modeling Interfaces and Additives. A molecular-level
understanding of the interactions between cement
hydrates and chemical admixtures, nanomaterials, or
polymers is still limited [69]. Accurately simulating
adsorption, bonding, and transport processes at these
complex interfaces is computationally demanding and
methodologically challenging. Recent atomistic
simulations involving low-molecular-weight polymersin
the presence of pore solutions have provided only
limited insights. Two major factors contribute to this
limitation: (i) the use of simplified or prototype polymer
structures that do not represent the chemical
complexity of commercial admixtures, and (ii) the
absence of explicit cement surfaces in most simulations,
which neglects critical surface-specific interactions
governing adsorption and dispersion.

o  pH-Specific Surface Models: Most existing surface
models neglect the dynamic protonation and
deprotonation behavior of cement phases under highly
alkaline conditions. Incorporating pH-dependent
surface speciation is essential for accurately simulating
early hydration processes and adsorption phenomena.
This aspect is particularly critical for modeling
interactions with dissolved ions in pore solutions and
capturing phase-specific reactivity at partially hydrated
clinker surfaces. Furthermore, surface charge variations
strongly influence electrostatic interactions with
charged functional groups in chemical admixtures,
affecting both adsorption strength and molecular
orientation at different hydration stages [70].

e Data Scarcity and Computational Cost. High-fidelity
molecular simulations require substantial
computational resources, and the scarcity of high-
quality experimental data for model calibration and
validation—particularly for emerging low-carbon and
nanomodified systems—further constrains progress.

e Link to experiments. One of the biggest challenges is
that the cementitious systems are incredibly complex
and not very easy to simulate exact or very close
representative systems with such techniques. For
instance, dissolution of minerals or adsorption of ions
on surfaces can be simulated; however the dissolution
of cement minerals or adsorption of ions on phases are
driven by surface defects which are often not easily
simulated. This boils down to narrowing down the

question from the experimental community to the
atomistic level to essentially solve the right problem
that is otherwise hard to address. This requires constant
dialogue and exchanges between the experimental and
computational community which is the essence of this
TC.

2.3  Current status in RILEM

Molecular simulations have not yet been a primary focus of
RILEM TCs, but several current TCs could benefit from, or
engage in dialogue with, research on nanoscale processes
that can be modeled using the techniques considered here.
The TC is part of Cluster B: Transport and Deterioration
Mechanisms (Convener: Liberato FERRARA), and its outcome
will benefit multiple TCs in Clusters A B, C, and D. For example,
it will support those focused on materials where phases with
atomics structures yet to be fully understood are critical, such
as Mg-rich phases (311-MBC: Magnesia-based binders in
concrete and_284-CEC: Controlled expansion of concrete by
adding Mg0O-based expansive agents taking the combined
influence of composition and size of concrete elements into
consideration), ASR products (300-ARM: Alkali-aggregate
reaction mitigation), and alkali-activated products (294-MPA
: Mechanical properties of alkali-activated concrete). It will
also aid TCs investigating the transport of moisture and ions
(313-MMS: Modeling _and _experimental validation of
moisture state in bulk cementitious materials and at the steel-
concrete interface, 285-TMS: Test method for concrete
durability under combined role of sulphate and chloride ions),
where nanoscale processes play a key role, as well as those
exploring the functionalities of cement systems requiring a
fundamental understanding of physical processes (302- CNC:
Carbon-based nanomaterials for multifunctional
cementitious matrices and_299-TES: Thermal energy storage
in_cementitious composites). Additionally, it can also be
relevant to the TC 315-DCS : Data-driven concrete science, as
data collection and curation will be increasingly relevant for
the training of ML-based approaches. These links are
particularly important for durability-related mechanisms such
as ion transport, carbonation, sulfate attack, alkali—silica
reaction products, and Mg-rich hydrate stability, where
nanoscale processes control macroscopic performance and
where atomistic simulations can help interpret experimental
observations and define physically grounded modeling
parameters.

2.4 Current status in other materials

considered in RILEM

Besides cement-based materials, RILEM involves activities in
other materials for which molecular simulation can also play
a crucial role as a tool:

e Asphalt. Molecular modeling of asphalt has also
progressed rapidly over the past decades, providing
valuable insights into its complex chemical composition
and multi-phase structure [71, 72]. Despite these
advances, several challenges remain concerning model
realism, chemical diversity, interfacial mechanisms, and
data integration [71, 73, 74]. In particular, a molecular
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understanding of adhesion, moisture-induced damage,
and debonding mechanisms at asphalt—aggregate
interfaces, and chemical aging is still limited [74, 75].
Addressing these challenges will require the
development of more comprehensive molecular
databases, systematic model validation against
experimental data, and the integration of molecular
simulations with experimental characterization and
machine learning approaches [71].

e Geomaterials, clays, and earth-based materials.
Geomaterials in general are also relevant for concrete,
as the various phases present in aggregates have been
studied using molecular modeling, particularly in
applications involving radiation exposure [76—79]. Clays
are especially important for cementitious systems, since
calcined clays are today among the main
supplementary cementitious materials, playing a
pivotal role in reducing the emissions associated with
ordinary Portland cement production. Molecular
models of calcined clays (e.g., metakaolin [80, 81]) have
been proposed. Phases such as M-S-H have been
understood as being structurally related to clay
minerals such as talc, lizardite, or saponite [37, 82]. As
layered silicates with complex mesoscale structures
that can exist as both dilute and dense colloidal
suspensions, clay minerals share several similarities
with C-S—H. Therefore, developments in clay science
can be directly transferred to the study of C-S-H, and
vice versa.

e Wood and bio-based building materials. Molecular
modeling is transforming the understanding and design
of wood and bio-based building materials by enabling
detailed analyses from the atomic to the macroscopic
scale. Recent studies employing atomistic and
molecular dynamics models have simulated the
arrangement and interactions of wood polymers—
cellulose, hemicellulose, and lignin—revealing how
water interacts with these components and how
mechanical properties emerge at the nanoscale [8, 83,
84]. Such models are essential for understanding
deformation mechanisms and interfacial behavior in
wood-based composites.

e Nanomaterials. Atomistic simulations in nano-
reinforced cementitious materials have revealed
fundamental interactions between nanoscale additives
and hydrates such as C—S—H [85]. Most studies focus on
a few nanomaterials, particularly graphene oxide,
carbon nanotubes, and nano-silica, whose chemical,
structural, and long-term effects remain partially
understood [86—88]. There is also a growing need for
molecular-level studies of emerging nanomaterials with
new functionalities [89]. A deeper atomistic
understanding of how nanomaterials influence
hydration, crack resistance, and transport is essential to
their practical use. Realistic, experimentally validated
molecular models linked to environmental conditions
can further accelerate evaluating these effects and
integrating them into multiscale models.

2.5 Current status in RILEM

The initiative to propose the Technical Committee (TC)
originated from discussions held during the 1st International
Conference on Atomistic Simulations of Cementitious
Materials (ICASCM). The TC proposal was subsequently
prepared over the following months by the chair and co-chair,
with the active participation of H. Manzano, G. Geng, and E.
Masoero. The draft proposal was broadly circulated to
researchers worldwide who are engaged in molecular
modeling and simulations of cementitious and related
materials at the end of 2024 and beginning of 2025.

At the time of submission to RILEM, 37 researchers had
formally expressed their willingness to participate in the TC
upon its approval. As of today, the TC comprises more than
60 listed participants. This participation reflects a diverse
international community, including participants from Europe,
Americas, and Asia, representing both academic institutions,
research organizations and the industry.

Since its establishment, the TC has held several online
coordination meetings and one hybrid meeting during the
RILEM Spring Convention 2025, where members discussed
the TC's scope, initial objectives, and working structure. Key
points of discussion have included the definition of
benchmark systems for simulation, strategies for data sharing
and model validation, and the integration of multiscale and
machine learning approaches to link molecular insights with
engineering applications.

3 Atomistic and molecular simulation and the link
to experiments

A central goal of the TC ASM is to establish strong,
guantitative links between molecular simulations and
experimental observations. While molecular modeling
provides unique insights into the structure, dynamics, and
chemistry of cementitious systems at the atomic scale, its
predictive power relies on systematic validation and
calibration against experimental data. Bridging these scales is
therefore essential to ensure that simulation outcomes are
physically meaningful and relevant for experts on the
experimental side to make better materials characterization,
performance prediction, and design.

Atomistic simulations—whether based on classical force
fields, reactive molecular dynamics, first-principles methods,
or more recently, machine learning force fields— allow the
direct calculation of structural and thermodynamic quantities
of cementitious materials such as bond lengths, coordination
numbers, interlayer spacings, diffusion coefficients, and
elastic moduli. These quantities can be quantitatively
compared with data obtained from various experimental
techniques including nuclear magnetic resonance (NMR), X-
ray and neutron diffraction, pair distribution function (PDF)
analysis, vibrational spectroscopy (IR and Raman),
nanoindentation, Brillouin spectroscopy, and calorimetry.
The simulation of spectroscopy data (NMR, Raman, FTIR, XAS,
and XPS) using DFT combined with ab-initio MD have been
recently shown to capture molecular-scale features related to
local environments and dynamics (e.g., Ti, T in NMR).
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Reverse Monte Carlo, possibly combined with classical or ML
force fields, provides an additional route to refine structures
against experimental data. These approaches not only
reproduce experimental spectra but also yield parameters—
such as atomic charges, dipole moments, and coordination
environments—essential for validation and predictive
modeling across scales. Such cross-validation supports the
refinement of force fields, the verification of atomistic
models, and eventually the identification of nanoscale
mechanisms controlling macroscopic behavior establishing
relationships between ionic coordination environments and
diffusion coefficients, interlayer spacings and cohesion, free
energies of formation with phase development, or
mechanical properties and durability.

Additionally, atomistic simulations provide a powerful means
to explore mineral-aqueous solution interfaces and
investigate the complexation and adsorption of hydrated
ions, and water behaviour. These methods enable the
determination of key properties including, e.g., adsorption
sites, adsorption free energies, acidity constants, ion
exchange constants, electric double layer (zeta-potential),
and interfacial hydrogen bonds behaviour. Combining
modeling with experimental techniques like EXAFS (extended
X-ray absorption fine structure), TRLFS (time-resolved laser-
induced fluorescence spectroscopy), INS (inelastic neutron
scattering), and laser Doppler electrophoresis technique
allows us to refine models of mineral surfaces and edges
where ion adsorption and complexation occur [90-94].

Beyond direct comparison, atomistic simulations
complement experimental studies by exploring conditions
that are challenging to reproduce and probe experimentally,
such as extreme temperatures, pressures, radiation
environments, or confined hydration states. They also
provide atomistic interpretations for phenomena observed at
larger scales—such as creep, shrinkage, and chemical
degradation—by linking them to local structural
rearrangements and reaction pathways. Machine learning
and data-driven modeling further strengthen this connection
by enabling efficient parameter optimization, uncertainty
quantification, and multi-scale data fusion between
simulations and experiments.

4 Organization of the Technical Committee
4.1 Current status in RILEM

The TC is organized in five working groups (WG) and related
tasks (Figure 2):

WG1: Atomic structures and force fields: The focus is
collecting and reviewing atomic structures of cementitious
and related phases, including compositionally variable
systems (e.g., C-S-H, AF-phases) and relevant surfaces, as well
as organic materials such as admixtures and polymers. It will
address data management challenges by structuring
databases for structures, force fields, and simulation results.
WG1 also evaluates experimental data for structural
validation, identifies understudied phases (e.g., Mg- and Fe-
rich phases, alkali-containing C-(A)-S-H, ASR products), and
reviews existing and emerging force fields, including machine-

learning-based potentials. The link to experiments can be
established through simulations of spectroscopic data (NMR,
Raman, FTIR, etc), PDF (including structure refinement with
Reverse MC).

WG2: Chemical transformations: This WG focuses on the
molecular mechanisms underlying chemical processes in
cementitious systems, including dissolution, precipitation,
growth, and hydration. It reviews enhanced sampling
strategies (e.g., metadynamics) and free energy methods.
WG2 also examines high-temperature/pressure processes,
carbonation, durability issues, and strategies for upscaling
molecular insights to mesoscale and continuum models.

WG3: Interfacial processes, confined fluids, sorption-induced
deformations focusing on modeling (physio-)adsorption and
ion-exchange processes in hydration products and
cementitious phases, including effects of electrical double
layers and zeta potential. It reviews hydration states of phases
containing molecular water (e.g., C-S-H, AFm, AFt, ASR), their
stability under changes in relative humidity and temperature,
and phenomena such as hysteresis, cavitation in nanopores,
surface tension, disjoining pressures, and sorption-induced
swelling or shrinkage. WG3 also emphasizes comparison with
experimental data, recommends suitable simulation
methodologies, and explores upscaling strategies.

WG4: Mechanical, transport, thermal, and electromagnetic
properties focusing on modeling the physical properties of
cementitious systems. It reviews calculations of mechanical
properties, thermal properties, ionic conductivity, dielectric
permittivity, diffusion, and permeability. WG4 also
emphasizes the comparison of modeling results with
experimental data, the compilation of essential property
tables (including gaps relevant for thermodynamic and
multiscale modeling), the recommendation of simulation
methodologies, and strategies for upscaling to macroscopic
models.

WG5: Mesoscale modeling focusing on bridging molecular-
level insights to mesoscale behavior in cementitious systems.
It reviews effective interactions derived from molecular
simulations, coarse-grained modeling approaches, and the
assessment of structural, chemical, and physico-mechanical
properties at the mesoscale. WG5 also emphasizes the
comparison of simulation results with experimental data
(including for instance SAXS) and explores strategies for
upscaling molecular and mesoscale findings to macroscopic
models. In this way, WG5S is intended not only to integrate
results from the other working groups but also to help
formulate transferable challenges and modeling targets that
can guide future developments in atomistic and multiscale
simulations within the RILEM community.

4.2 List of the planned TC activities

The deliverables of this TC mainly include Topical Collection in
Materials and Structures related to WG activities, open-
access database of structures and tools, tutorial documents
for recommended modeling methodologies.

e  TheTChas been launched in 2025, with a projected five-
year timeline.



T. Honorio et al., RILEM Technical Letters (2026) 11: 89-100

96

WG 3. Interfacial processes,
confined fluids, sorption-induced
deformations

WG 4. Mechanical, transport,
thermal, and electromagnetic
properties

) Experimental
% data and
Validation

WG 5. Mesoscale modelling

Macroscopic performance and durability
of cement-based materials

Figure 2. Schematic representation of the WGs in the TC ASM.

e  Key objectives will be achieved by engaging a diverse
membership of academic and industrial research
entities across Europe, America, Asia, and Oceania.

e The committee will focus on bibliographical research,
database construction, and benchmarking within
specific WGs, producing review articles and an open-
access database to foster a cohesive modeling
community and improve simulation consistency.

e  Educational activities and conferences are also planned.
Industry participation will be encouraged through links
with cement and additive producers, ensuring that TC
activities support both fundamental research and
applied insights relevant to industrial stakeholders.

The TC will operate through online and hybrid meetings twice
per year with the entire TC, synchronized preferentially with
RILEM events and the (biennial) International Conference on
Atomistic Simulation of Cementitious Materials (ICASCM).

4.3 Expected achievements

The deliverables of the proposed TC will be the following:

e  Open-access database of phase structures relevant to
cementitious systems, along with their properties,
which can support thermodynamic and multiscale
modeling.

e  Open-access database of relevant force fields with
benchmarked outcomes.

e  State-of-the-art review (STAR) and WG-related work
published as a topical collection in Materials and
Structures.

e  Recommendations for established simulation protocols
aimed at harmonizing adopted methodologies.

e  Educational materials (tutorials, courses) covering
established simulation protocols and emerging
techniques.

e Two letters to RILEM Technical Letters: one at the
beginning of the TC (outlining the state-of-the-art,
research needs, and rationale for the TC’s creation) and
one at the end of the TC (providing an overview of the
work accomplished, remaining open questions, and
future directions).

e  Organization of the biennial International Conference of
Atomistic Simulation of Cementitious Materials
(ICASCM) combined with advanced schools.

4.4 Setting the stage for modeling research on
nanoscale processes in RILEM

Understanding and predicting the behavior of cementitious
materials requires a comprehensive view that connects
atomic-scale mechanisms to macroscopic properties.
Nanoscale processes—such as transport properties,
interfacial adsorption, dissolution—precipitation reactions,
and nanoscale deformation—govern key aspects of
hydration, durability, and long-term performance in concrete.
However, these phenomena are often difficult to isolate
experimentally and are influenced by complex chemical and
structural heterogeneity. Atomistic and molecular modeling
offers a unique opportunity to elucidate these mechanisms,
quantify their effects, and provide input parameters for
larger-scale models that underpin engineering predictions.

The TC ASM provides a coordinated framework to advance
nanoscale modeling as an integral part of materials research
within RILEM. By standardizing methodologies, developing
benchmark datasets, and fostering strong links between
modeling and experiments, the TC lays the foundation for a
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more coherent and reproducible approach to studying
nanoscale processes. These efforts will support existing
RILEM TCs working on transport phenomena, durability
mechanisms, alternative binders, and data-driven materials
design, while also creating a platform for future cross-
disciplinary collaborations. By setting this foundation, RILEM
can strengthen the integration of modeling within its scientific
and technical activities. The TC will contribute to the digital
transformation of cement and concrete research through
open databases, standardized workflows, and education
initiatives that promote accessibility and reproducibility. This
effort will also facilitate the creation of shared reference
models and benchmark problems, ensuring that nanoscale
simulations can reliably inform experimental design and
multiscale analysis across the RILEM community. These
benchmarks are intended not only to harmonize modeling
practices but also to define validation targets and predictive
challenges that can stimulate advances in atomistic and
multiscale simulations across the cement and concrete
community. Ultimately, this initiative positions RILEM at the
forefront of the global movement toward data-driven,
multiscale, and mechanism-based materials science,
enhancing the collective capacity to develop durable,
sustainable, and low-carbon cementitious materials through
a deep understanding of their nanoscale foundations.

5 Conclusions

The TC will establish a reference database of structures and
force fields, along with standardized protocols for molecular
modeling, providing a robust framework that improves the
accuracy and consistency of simulations across research
groups. By advancing the scientific understanding of
nanoscale processes in cement systems, it will contribute to
the development of more durable and sustainable materials.
The TC's outputs, including a comprehensive database and
validated methodologies, will benefit both academia and
industry by enabling reliable virtual testing, reducing
experimental costs, better understanding of cementitious
materials, and accelerating material innovation. In the long
term, the TC's findings are expected to deliver economic
benefits by enabling research on low-carbon cement
formulations—spanning new chemistries, novel phases, and
innovative admixture solutions—while also amplifying
scientific impact through stronger collaboration and greater
research efficiency.
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