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Abstract

Calcium silicate hydrate (C-S-H) is the primary binding phase in modern concrete. While significant progress has been made in understanding the structure
and behavior of C-S-H at atomistic scale and macro scale, there lacks a theory that links them. This review paper focuses on identifying the key challenges
in bridging the gap between the atomic-scale characteristics of C-S-H and its larger scale mechanical behaviors. Recent experimental and simulation work
on the multiscale mechanical properties of C-S-H is summarized. The need for integrating experimental observations, theoretical models, and
computational simulations to establish a comprehensive and predictive bottom-up theory of the mechanical properties of C-S-H is highlighted. Such a
theory will enable a deeper understanding of C-S-H behavior and pave the way for the design and optimization of cementitious materials with tailored

mechanical performance.
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1 Introduction

Cement-based materials today aim for extended service life
and high performance with the least environmental impact
[1]. Calcium silicate hydrate (C-S-H), the key binding phase in
most modern concrete, significantly influences its mechanical
responses to mechanical and environmental conditions.
However, explaining and predicting C-S-H deformation using
a bottom-up approach is still challenging due to its complex
multiscale structure.

C-S-H exhibits a hierarchical structure. At the molecular scale,
its structure is widely recognized to resemble defective
tobermorite. The configuration, originally described by
Megaw and Kelsey in 1956 [2], consists of linear silicate chains
arranged in a "dreierkette" form. These chains coordinate
with Ca? ions, creating a kinked pattern that repeats after
every three tetrahedra. Negatively charged silicate anion
layers are also balanced by Ca®* cations in the interlayer
region [3]. These interlayer calcium ions form a strong ionic-
covalent bond with the C-S-H lamellae. This bond allows for
the compact stacking of C-S-H lamellae, leading to the
formation of C-S-H particles. The nanostructure of these
assembled C-S-H particles, along with the presence of pores,
remains enigmatic and subject to ongoing debate as it is
extremely complex influenced by various factors including
drying methods, temperatures and RH condition [4]. Multiple
techniques have been applied to characterize the
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nanostructure of C-S-H. Direct methods including
Transmission Electron Microscope (TEM) and Scanning
Electron Microscope (SEM) can provide graph of morphology.
However, the high vacuum condition in TEM and SEM may
affect the morphology of C-S-H. Some indirect techniques like
proton NMR [5], Nitrogen Adsorption Test [6], and Mercury
Intrusion Porosimetry (MIP) [7] provide information of pore
size distribution in nanoscale. More recent work [8] used
small-angle X-ray scattering (SAXS) to observe changes in C-S-
H agglomeration behavior during drying and proposed that
the piling of C-S-H could be the main cause of irreversible
shrinkage of hardened cement paste. The experimental
observations provide valuable data for building nanostructure
model of C-S-H.

Current popular models describing the nanostructure of C-S-
H include layered structure model and colloidal model (Figure
1c). The layered structure model is proposed by Feldman and
Sereda [9,10] which mentions that the C-S—H particle exhibits
a structural resemblance to a layered tobermorite-like crystal.
The colloidal model [11-16], proposed by Jennings and his co-
workers, can be denoted as CM-land CM-II . In the CM model,
the fundamental building block is a grain-like particle
composed of a few stacked layers. These particles can
aggregate, forming globules that serve as the primary building
blocks, with a diameter of approximately 5.6 nm. The
difference in CM-l and Il is the geometry of the basic building
blocks, being it sphere (CM-1) or brick-like (CM-I1).
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At the microscale, the primary difference in microstructure
lies in porosity. The hydration product of cement can be
classified into an inner product and outer product with
smaller and larger porosity respectively. The mechanical
properties of the C-S-H phase are inherent material
characteristics that are independent of the mix proportions.
The mix proportions affect only the volumetric proportions of
the inner and outer products of C-S-H [11]. Gaining a
thorough understanding of these intrinsic properties is
essential for elucidating the scaling-up behavior of the
material. The multi-scale modeling approach can be extended
to investigate the mechanisms of creep, fatigue, and
shrinkage in multi length scales.

This review paper specifically examines the bottom-up theory
of the mechanical properties of C-S-H. Section 2 provides a
review of commonly used testing methods and their main
findings. In Section 3, the missing connections in the
multiscale mechanical properties of C-S-H are discussed.
Section 4 presents potential scientific topics and suggestions
based on identified research gaps. The objective of this review
is to identify gaps across different length scales and propose
solutions for utilizing existing knowledge in upscaling
modeling, ultimately enhancing the understanding of the
underlying mechanisms of C-S-H to improve its mechanical
properties.

2  Recent works on the bottom-up theory

2.1 Methods to study multi-scale mechanical
properties of C-S-H

The hierarchical structure of C-S-H leads to a size effect on its
mechanical properties. The research results and methods

discussed in this context can be categorized into four stages:
molecular scale (10%° ~ 10® m), nanoscale (10° ~ 107 m),
microscale (107 ~ 10“m) and macroscale (>10° m). The term
‘mesoscale’ was used in previous research to describe the
transition between two adjacent length scales, thus not
indicating any specific length scale.

Experiments and simulations are employed to investigate and
understand the multiscale mechanical properties of C-S-H.
These approaches provide valuable insights into the
material's behavior across different length scales, enabling a
comprehensive understanding of its mechanical responses.

Multiscale modeling begins with ab-initio and atomistic
simulations, employing first principles to predict
thermodynamic, mechanical, structural, and kinetic data for
different cement phases at the nanoscale. These fundamental
properties are then transferred across length and time scales
to inform macroscale engineering models using constitutive
laws that describe the properties of individual phases,
interfaces, and mixtures [20,21]. At the molecular scale, the
mechanical properties of C-S-H are influenced by the
arrangement of calcium, silicon, and oxygen atoms, as well as
the presence of water molecules within its structure. The
interatomic interactions and bonding within C-S-H contribute
to its stiffness, strength, and deformation characteristics [22—
27]. Molecular dynamics simulation is a powerful tool to study
mechanical properties of C-S-H including modulus, hardness,
compressive and tensile strength of C-S-H (Figure 2). High
Pressure X-ray Diffraction (HP-XRD) based on synchrotron
radiation technology and Atomic Force Microscope (AFM) can
provide accurate modulus of C-S-H within a scale of several A.
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Figure 1. Hierarchical structure of C-S-H. (a) A Transmission Electron Microscope (TEM) micrograph showing inner product and outer product
C-S—H present in a hardened CsS paste [17]. (b) Molecular structure of C-S-H: the first line shows details of the calcium silicate layer and
wollastonite-like arrangement in the silicate chains, and the 7-fold coordination of Ca respectively; the second line is atomic representation of
the structure of tobermorite 0.9 nm, tobermorite 1.1 nm and tobermorite 1.4 nm [18]. (c) Three nanostructure models of C-S—H. Images are
modified from [19]. Reproduced with permissions.
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Moving to the nanoscale, the organization and packing of C-
S-H nanoparticles govern the mechanical properties of the
material. The nanostructure of C-S-H, including particle size,
shape, and interparticle interactions, influences its elasticity,
plasticity, and fracture behavior. Previous research indicates
that the cohesion between C-S-H particles arises from ion-ion
correlation forces [28—30]. The high negative charge density
of C-S-H particles, along with the presence of divalent
counterions such as Ca%*, determines the driving force of C-S-
H formation. AFM allows for direct measurement of surface
forces in solutions [30] and different humidity conditions [31].
This valuable data aids in comprehending the nature of the
forces acting between C-S-H particles, which in turn
contributes to understanding cement shrinkage, and creep
mechanisms under various conditions [28].

AFM measurements have revealed the presence of medium-
range attraction between silicate surfaces in solution, such as
the pore solution of a hydrating cement paste [30]. Under
conditions resembling the pore solution of cement pastes, the
pressure between C-S-H particles reaches approximately 30
MPa. This discovery offers insight into the strong setting and
hardening characteristics of cement [30]. In addition,
Potential of Mean Force (PMF) measured through molecular
simulations provide surface force information between C-S-H
particles as well.

To test the strength of network of C-S-H colloidal particles and
pores, nanoindentation is employed to assess local

mechanical properties, such as hardness, modulus, and creep
[32-34]. These properties can be simulated using Finite
Element Method (FEM) based on a continuum assumption
[35,36] or a Coarse-Grained Model (Discrete Element Model)
[37—-40] based on a discrete assumption (Figure 2).

At the microscale and macroscale, the arrangement and
distribution of C-S-H particles within the cementitious matrix
affect the material's macroscopic mechanical properties. The
interplay between C-S-H and other phases, such as
unhydrated cement particles and aggregates, influences the
composite's stiffness, strength, and durability [41]. The
heterogeneity of the microstructure and the presence of
defects or interfaces further contribute to the material's
mechanical response.

The bulk strength of C-S-H, encompassing compressive and
tensile strength, can be determined through direct
measurements using micropillars obtained from cutting C-S-
H [42-44]. Limited research has been conducted on the
macroscale mechanical properties of C-S-H. Some studies
have [45,46] employed self-designed experiments to assess
the bulk and local macroscale properties of synthesized C-S-
H. For a brief summary of experimental and simulation
techniques related to the mechanical properties of C-S-H,
please refer to Table 1 and Table 2.

Table 1. Summary of multi scale experiments on mechanical properties of C-S-H.

Length scale Techniques Evaluations
Molecular scale HP-XRD Bulk modulus [52-57]

AFM Indentation modulus [58]
Nanoscale AFM Surface forces [28,30,59]

Nanoindentation Indentation modulus, hardness [11,32,60-67], creep modulus [33,34,68-72]
Microscale Micropillar test Compressive strength [42,43], tensile strength [44]

Self-designed Three-point bending [73-75], splitting tensile strength [45], stress relaxation [46],
Macroscale X

measurements compressive creep tests[76], hardness [45]

Table 2. Summary of multi scale simulation on mechanical properties of C-S-H.

Length scale techniques Evaluations
Ab-initio[22,77], hardness [23,24,61,64], shear strength [78], tensile
Molecular scale Molecular dynamics strength [79], compressive strength [24,80,81], fracture [82,83],

Nanoscale or microscale  Potential mean force

MC simulation

FEM

Coarse-grained  model  (Discrete
element model)

modulus [25-27,84]

Surface forces [49,77,85]

Surface forces [86,87]

Modulus, hardness [35,36]

Modulus, hardness [37-40], creep [88]
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Figure 2 Multiscale mechanical models of C-S-H. Images are adopted from [18,36,37,47-51]. Reproduced with permissions.

2.2 Size effect of mechanical properties

The multiscale mechanical properties of C-S-H exhibit
significant size effect. It refers to the phenomenon where the
strength of a material decreases as the size or scale of the
specimen increases. It arises due to various factors, including
the presence of defects, stress concentrations, and limited
statistical representation of the material's strength. At larger
scales, the influence of defects such as microcracks, voids, or
impurities becomes relatively more significant compared to
the material's inherent strength. These defects act as stress
concentrators, leading to local stress concentrations and the
initiation and propagation of cracks at lower applied stress
levels. As a result, the material exhibits lower strength when
tested at larger dimensions. This effect is significant when
testing modulus and tensile strength from previous results
(Figure 3).

Hardness serves as a plastic evaluation parameter, contingent
upon bond breakage. The intrinsic hardness, which excludes
pores, is challenging to directly measure using existing
experimental techniques. However, by assessing failure stress
along various deformation paths, multiple failure Mohr circles
can be obtained in the normal-shear stress space. These
circles generate a failure envelope resembling the Mohr-
Coulomb failure criterion commonly applied in plastic analysis
of granular geomaterials. The failure envelope describes the
cohesion and friction angle at the nanoscale. By combining
this information with continuum mechanics, it is possible to
estimate the nanoscale hardness of layered materials.

At the molecular scale, a previous study [96] utilized the
method mentioned above to compute cohesion, friction
angle, and hardness for 11 A tobermorite. The cohesion was
approximately 1 GPa, while the friction angle was around 10°.
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At the nanoscale, a simulation [40] reported a hardness of HD
C-S-H to be 0.99 GPa and cohesion of 0.17 GPa, which closely
aligns with experimental results in the microscale. The
microscale indentation hardness without porosity and
calculated cohesion of hydrated cement were found to be
2.99 GPa * 6.4% and 0.392 GPa + 27.5% respectively [97].

The variation in cohesion between the molecular scale,
nanoscale, and microscale is not attributed to porosity but
rather stems from different types of broken bonds. The
cohesion here refers to the bonding strength between
adjacent surfaces. At molecular scale, plastic deformation
originates from the distortion/breaking of intralayer covalent
bonds [98]. In contrast, at the nanoscale or microscale, plastic
deformation initiates at the interface between C-S-H
interlayers, which can be considered as the contacting point
between two C-S-H layers [99]. This weak point can cause
stress concentration, which accounts for the decrease from
the molecular scale to the nanoscale. Examining the
interfacial properties of C-S-H is crucial for comprehending
the intricate mechanical characteristics at the microscale as
weak points are more possible to be in interlayer instead of
intralayer of C-S-H.

3  The missing link in the bottom-up theory
3.1 Interfacial interaction of C-S-H

The effective interaction between C-S-H surfaces, that is,
nanoparticles, is studied through direct experimental
techniques like atomic force microscopy (AFM) and Potential
of Mean Force (PMF) simulations. AFM experiments have
revealed surface forces between C-S-H in solution, with
adhesion force observed to increase with pH and calcium
content (Figure 4). These findings underscore the significance
of C-S-H surface forces in cement cohesion and emphasize the
role of physico-chemical properties at the C-S-H/solution
interface in controlling these forces.

Investigating surface forces under various relative humidity
(RH) conditions [31] is vital as well for understanding
phenomena such as drying shrinkage and creep in hydrated
cement, as the RH condition in the pores is expected to
resemble that of the surrounding environment. While the
behavior of hydrated cement in solution differs from that in
ambient air, testing surface forces under different RH
conditions provides valuable insights into the underlying
mechanisms of these post-hydration phenomena.
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Figure 4 (a) The attractive force between an AFM tip coated with C-S-H particles and an atomically flat C-S-H single crystal, in equilibrium with
aqueous solutions containing varying amounts of Ca(OH).. Image was adopted from [30]. (b) The adhesion free energy (Wadn), determined
through experiments (green points) and Monte Carlo (MC) simulation (black points) [74], was measured between C-S-H flat surfaces in aqueous
solutions containing varying concentrations of Ca(OH).. The red circle represents the surface tension obtained from homogeneous nucleation of
C-S-H [100]. (c) A schematic representation of two C-S-H platelets in a salt solution is depicted, with the platelet sites depicted as red spheres
and the divalent counterions represented as blue spheres. (d) The potential of mean force between two freely rotating C-S-H platelets, each
with a surface charge density of 6 =-1.2 e/nm?, was investigated in a 10 mM calcium salt solution with a volume fraction of 0.023. The C-S-H
platelets were modeled as discs composed of spherical particles, with the number of these particles representing the number of sites ranging
from 19 to 91, as indicated in the legend. Images of (c) and (d) are adopted from [101]. (e) The surface energy of samples with varying Ca/Si
ratios was determined through AFM experiments and MD simulation. The image is adopted from [31]. Reproduced with permissions.
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The Potential of Mean Force (PMF) is a key concept in
developing interfacial interactions between C-S-H surfaces,
particularly in mesoscale simulations [102]. By utilizing PMF,
complex molecular systems can be effectively reduced to
one-component systems with coarse-grained particles.
Recent advancements have incorporated PMF from
molecular simulations into mesoscale particle-based
simulations [102]. Atomistic simulations have explored the
influence of factors such as Ca/Si ratio [49], temperature, and
pressure [87] on the PMF between C-S-H nanoparticles.
However, these effects are yet to be fully integrated into
effective interaction potentials for mesoscale simulations.

PMF simulations rely on force fields that describe the
interactions between atoms and molecules. Gmira et al. [103]
utilized empirical potentials and ab initio methods to study
the nature of interatomic forces in C-S-H. They found three
energy minima between 1.0 and 1.4 nm by varying the basal
distance with fixed interlayer water and Ca content. The
cohesion in C-S-H arises primarily from electrostatic and iono-
covalent forces generated by Ca ions and water in the
interlayer. For building surface models, the C-S-H surface and
pore models follow standard practices in atomistic
simulations. A two-dimensional slab is created by "splitting" a
bulk system through a specific crystallographic plane with a
"vacuum layer." Careful consideration is given to selecting the
plane to avoid breaking covalent bonds, maintaining high
coordination numbers, and preventing charged slabs [104].
The "vacuum layer" can be filled with water, organic
molecules, ionic solutions, etc. [105,106].

The accuracy of the force field parameters for C-S-H is crucial,
and it can be challenging to develop a force field that precisely
captures the cohesive interactions within C-S-H. The PMFs
computed from C-S-H model capture the structural and
composition variability up to the scale of the simulation boxes
used. The potential inaccuracy may result from building
models from the precise atomic structure and composition of
C-S-H, making it challenging to accurately represent the
cohesion behavior. Thus, it is important to design
sophisticated experiments to improve the accuracy of C-S-H
structure for simulation input.

For instance, potential mostly used in simulations fails to
capture the orientation-dependent interactions observed in
full atomistic simulations in Figure 5. To address this
limitation, an orientation-dependent potential has been
proposed and utilized [109], particularly for disk-shaped C-S-
H particles. However, for more complex morphologies,
further considerations are necessary to accurately calculate
surface forces, as discussed in the following section. In
addition, the variation of water content significantly

influences the motion of C-S-H [110,111]. Water content (or
even RH) can be controlled in simulations of PMF. This was
done for unsaturated cases of swelling clays [112] and C-S-H
[113]. However, as for drying shrinkage, the force induced by
dynamic changes of water during drying or rewetting process,
particularly in ambient air conditions, poses challenges for
PMF simulations.

Lastly, experimental validation is crucial to confirm the
accuracy of PMF simulations in predicting the cohesive
behavior of C-S-H. Mechanical testing, as a direct approach, is
necessary to validate the simulation results. Establishing a
connection between AFM experiments and molecular
simulation requires well-designed experiments and
simulations conducted under the same boundary conditions.
More specifically, when testing surfaces forces in AFM
experiments, the RH condition can be well controlled.
Different RH conditions can be realized by changing water
molecules between C-S-H surfaces in the simulation box. In
addition, the surfaces forces measured in AFM experiments
are the interaction forces between sample surface and AFM
tip. As it is hard to fabricate the tip using C-S-H, silicon is
usually used as the tip material. The shape of the AFM tip can
be considered as a sphere in the interaction volume. This can
be simulated using exited techniques for comparison and
calibration.

3.2 Influences of morphology on mechanical
properties

The interfacial force simulation of C-S-H adopts a simplified
plate-like unit model [85,107,114], overlooking the
complexity of the real interfacial contact morphology. In
concentrated paste, each unit is surrounded by neighboring
units, leading to significant multi-body interactions that can
greatly influence the pair particle PMF under different testing
conditions. The various reported morphologies of hydrated or
chemically synthesized C-S-H, such as globule-like, foil-like,
needle-like, and honeycomb-like, pose uncertainties
regarding their impact on surface cohesion. Uneven surfaces
with larger contact areas lead to increased surface forces,
while the formation of plastic hinges between adjacent C-S-H
surfaces creates repulsive forces preventing them from
approaching each other (Figure 6). Furthermore, previous
studies [57,115] have shown that the preferred orientation of
C-S-H nano crystallites occurs even at deviatoric stress levels
as low as tens of MPa. This preferential alignment of the c-axis
of C-S-H nano crystallites with compressive stress significantly
affects the bulk mechanical properties, particularly creep
deformation.
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In larger length scale, the bulk responses of C-S-H assembly
include modulus, hardness and creep are simulated using
assembly of single C-S-H units whose shapes are mainly plate,
particle or even using continuum with pores inside based on
discrete element and finite element modelling respectively.
The influence of morphology on mechanical properties in this
length scale is still not well understood. The choice of
simulation element shape is primarily driven by
computational efficiency.

Several studies have examined the impact of particle
morphology on properties. One study found that increasing
elongation of ellipse-shaped particles leads to higher packing
density [117]. Another study demonstrated that face-to-face
close-packed cubic particles promote lower porosity and
improved mechanics, enhancing structural integrity [118]
(Figure 7a and b). A mechanical model [119] focused on the
interface reveals how microstructural characteristics, such as
the needle-like nature of C-S-H hydrated from GsS, affect bulk
mechanical properties. Stress concentrations were observed
at the boundaries of C-S-H needles, which could serve as
potential failure initiation points, resulting in reduced
mechanical properties (Figure 7c). As for building the
micromechanical multiscale model for C-S-H, one recent work
[120] took into account the latest findings regarding the
densification of C-S-H and regarding the morphology and
stiffness of the solid C-S-H nanoparticles.

In simulations, the shape of a single element should be
treated as a parameter that can be varied to study its impact
on the system. This parameter should be closely linked to
experimental data, such as surface area. C-S-H with precisely
controlled morphology, achieved through accurate
characterization, can be employed for such studies.

3.3 Influences of chemical composition

Chemical composition, including the Ca/Si ratio and water
content, has a notable impact on the mechanical properties
of C-S-H. However, the effect of the Ca/Si ratio on
micromechanical properties is still debated, as different
length scales exhibit various influencing mechanisms.

At the molecular scale, increasing the Ca/Si ratio affects the
mean chain length and basal spacing of C-S-H. Some studies
[23,24,64,79] have shown that an increase in the Ca/Si ratio
from 1.3 to 2.1 leads to a decrease in modulus and strength
of C-S-H. This is attributed to the breaking of long silicate
chains into shorter ones and increased penetration of water
molecules into defective regions. The resulting destruction of
the silicate skeleton and the "hydrolytic weakening" effect
contribute to the decreased mechanical properties of C-S-H
gels.

Other studies [26,52,121] have shown that an increase in the
Ca/Si ratio from 0.7-1.3 results in an increase in modulus of C-
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S-H. The thinning and enrichment of calcium in the interlayer
space, caused by the increased Ca/Si ratio is a possible
explanation as the interlayer spacing depends on many
factors like pH value [122]. The molecular structure plays a
dominant role in determining the mechanical properties of C-
S-H. For smaller Ca/Si ratios (<1.3), the decrease in interlayer
space may have a stronger influence than the shortening of
silicate chains, while the opposite holds true for larger Ca/Si
ratios (>1.3). It is worth noting that most simulation models
studying the influence of Ca/Si ratio assume a fixed interlayer
spacing, neglecting the influence of interlayer space reduction
with increasing Ca/Si ratio.

In the nano or microscale, the strength of C-S-H is primarily
determined by the interface between C-S-H rather than the
change in molecular structure. Additionally, porosity plays a
crucial role in determining the strength at this length scale.
The combined effect of these two factors makes the influence
of Ca/Si ratio less evident [71]. In this length scale, the
strength of C-S-H is often correlated to modulus and
hardness. Modulus is influenced by porosity and the intrinsic
modulus of C-S-H solid. On the other hand, hardness reflects
yielding resistance. Well-controlled porosity [45,94,95] allows
for a clearer understanding of the relationship between Ca/Si
ratio and hardness: as Ca/Si ratio increases, hardness
decreases [121]. This observation is supported by AFM
experiments [31] and MD simulations [123,124] of the C-S-H
interface, which show that higher Ca content enhances water
capture and has a lubricating effect, facilitating sliding of C-S-
H layers.

Water content has a consistent influence across different
length scales. In molecular scale, the presence of water
weakens the stability of chemical bonds, reducing both
stiffness and cohesive force [93]. In nanoscale or microscale,
increased water content leads to a significant reduction in
hardness [45], as higher gel and capillary water facilitate the
sliding of C-S-H layers.

In addition to Ca/Si ratio and water content, other factors
such as Al incorporation [125-127], pH value of pore solution
[128], and binding capacity between C-S-H and other phases
[129,130] in cement paste have a significant influence on the
mechanical properties of hydration products. These factors
await further exploration.

3.4 Influences of packing density

When studying mechanical properties at the nanoscale or
microscale, porosity plays a significant role, often
overshadowing other factors. Therefore, it is crucial to
prepare C-S-H samples of controlled porosity to decouple the
influence of several factors. In hydrated cement paste,
achieving such control is challenging. While water-cement
ratio is strongly related to porosity, it represents the average
porosity of the entire sample. When examining local
mechanical properties, experimental techniques like
nanoindentation are still heavily influenced by the variation of
local structure. The local structure in cement hydrates is
largely influenced by curing temperature, curing age and
aluminum uptake [53,131]. It is found that longer curing ages
and aluminum uptake promote a stable C-S-H structure with

enhanced intrinsic mechanical properties. In practical
applications, a longer curing age or faster reaction can
encourage the formation of Aly at low Ca/Si ratios in a
stabilized system.

Previous research [45] successfully controlled the porosity of
bulk C-S-H through direct chemical synthesis, offering a
promising method for investigating the factors affecting C-S-
H strength.

Another way of eliminating the influence of porosity is to
reduce it to zero. In our recent work, when we minimize
capillary and gel pores to a nearly negligible level, we gain
insights into the impact of particle-particle interactions,
revealing the hidden consequences of diverse chemical
compositions and humidity [31,45,121]. These factors are
often obscured when porosity dominates the material's
characteristics.

4 Summary and Suggestions

While there have been significant advancements in
characterizing the structure and properties of C-S-H at the
nanoscale, bridging this knowledge to accurately predict and
explain the mechanical response of C-S-H at larger length
scales remains a challenge. This remains an important missing
link in the bottom-up theory of mechanical properties of C-S-
H. To establish a comprehensive cross-scale modeling, it is
crucial to develop robust and validated models that capture
the complex interactions and behavior of C-S-H across
multiple length scales.

The recent free energy perturbation (FEP) method and Grand
Canonical Monte Carlo (GCMC) methods can be used for the
calculation of Potential of Mean Force (PMF) between
atomistic C-S-H nanolayers. FEP focuses on simulating the
dynamics of individual particles and requires biased
simulations to calculate the potential mean force, while
GCMC is more suited for systems with variable particle
numbers and directly calculates the potential mean force
from the fluctuations in particle number using Monte Carlo
methods. Detailed discussion of these two methods for
calculating PMF are shown in one previous review [21]. The
PMF result is an important input for mesoscale simulations as
it provides the interaction between C-S-H layers. Determining
how the exited PMF results should be improved is difficult
without validation. It is the output results from molecular
simulation and feedback from experiments is necessary to
verify the values for higher robustness. This feedback
mechanism can also provide suggestions on how the exited
force fields, to be modified by incorporation of realistic
boundary conditions and environmental factors.

A calibration method, incorporating experimental data like
AFM data, is necessary for this approach. Additionally,
considering the impact of heterogeneities on the meso-
texture of cement hydrates, the simplified calculation model
becomes more prominent. By incorporating the real
morphology observed by TEM, such as curved wrinkles, a
calculation model can be developed to study the influence of
shape on interfacial forces. Analyzing numerous calculation
cases quantitatively can help derive a parameter for larger-
scale simulations. Another important challenge in up-scaling
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simulation is size effects and getting simulation boxes with
sufficient volume to include the process zone properly.

The challenges in studying strength at the microscale arise
from the heterogeneity of cement paste's microstructure and
composition. Achieving well-controlled chemical composition
and microstructure enables reducing the size of the
representative volume element (RVE) to below 1 um. Once
these targets are achieved, mesoscale simulations can bridge
the gap between nano and microscale by incorporating
experimental data. In nano or microscale, microstructure
plays a significant role in mechanical properties. The fact that
porosity has a negative effect on mechanical properties is
commonly accepted. However, the influence of morphology
of C-S-H on mechanical properties is unknown. Some previous
research reported some trials on changing the shapes of C-S-
H particles into simple shapes like sphere or cubic (Figure 7a
and b). Considering the progress of electron microscope
characterization, the shape of C-S-H particle can be built
based on the real morphology obtained from TEM or SEM.
And the contacting and packing behavior with the change of
morphology can be further explored.

In addition, the emergence of new cement-based materials
like calcined clay limestone cements (LC) [132], increases the
complexity of hydration products. Understanding the
influence of chemical composition on C-S-H and binding
strength between C-S-H and other phases would be helpful
for mixing design study.

In the end, by integrating experimental observations,
theoretical models, and computational simulations, a more
comprehensive and predictive bottom-up theory can be
established, enabling a deeper understanding of the
mechanical properties of C-S-H, and further prediction of
macro behaviors such as strength, creep and shrinkage.
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