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In recent years, polymers have been demonstrated to effectively toughen cementitious materials.
However, the mechanism of interaction between the polymers and C-S—H at the nanoscale remains
unclear, and the quantitative impact of the polymer chain length on toughening effectiveness is lacking
in research. This study employs molecular dynamics techniques to examine the impact of the polyvinyl
alcohol (PVA) chain length on the tensile performance and toughening mechanism of C-S—-H. The
toughening effect in both the X and Z directions exhibits an initial enhancement followed by a decline
with increasing chain length. The optimal degrees of polymerization are determined to be 8 and 12
in the X and Z directions, respectively, resulting in an improvement of fracture energy by 146.7%
and 29.5%, respectively. During the stretching process along the X and Z axes, the chain length of PVA
molecules significantly influences the variation in the number of Ca:--O bonds in the system, leading to
different stress responses. Additionally, PVA molecules form C-O-Si bonds with the silicate layers of
C-S—H, bridging the adjacent layers in a left-right or up—down manner. The toughening effect of PVA
on C-S—H depends on the behavior of PVA molecules with different chain lengths, and there exists an
optimal range of chain length for PVA, enabling it to enhance structural uniformity and adjust its own
conformation to absorb strain energy. When the length of PVA molecular chains is too short, it can easily
cause stress concentration in the system and its connection with silicates is not significant. Conversely,
when the length of PVA molecular chains is too long, the large molecular structure restricts its extension
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DOI: 10.1039/d3cp05000a in the defects of C-S—H, and as the stretching progresses, PVA molecules break and form numerous
small segments, thereby losing the advantage of the chain length. This study provides a theoretical basis

rsc.li/pccp for the ability of polymers to toughen cementitious materials.

Cementitious materials, as typical inorganic materials, exhi-
bit significant issues such as brittleness and susceptibility to

1. Introduction

4-10

Inorganic materials are widely used and have significant appli-
cation and development prospects in various fields due to their
diverse types. Traditional inorganic materials have high com-
pressive strength and hardness, but they suffer from low
fracture toughness and lack of ductility, making them brittle
materials."”> Numerous studies have shown that the incorpora-
tion of organic materials provides a pathway to enhance the
toughness of inorganic materials.’
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cracking, which affect their application in engineering.
Calcium silicate hydrates (C-S-H) is the main product of
cement hydration, which determines the durability, strength,
and ductility of cement.'**® The C-S-H gel contributes signifi-
cantly to the strength and cohesion of cement paste."”” Cur-
rently, enhancing the toughness of cement-based materials by
reinforcing C-S-H is a vital direction of research, and one of the
main approaches to improve their toughness is through poly-
mer modification. Studies have explored incorporating organic
polymers such as polyvinyl alcohol (PVA)'®*>? and epoxy
resin®®*"® into cement-based materials to enhance their tough-
ness. Some research indicates that the addition of an appro-
priate amount of PVA into the C-S-H gel significantly improves
its toughness. PVA is a water-soluble synthetic polymer, belong-
ing to the class of ethylene-based water-soluble non-ionic
polymers.>®?” It is considered environmentally friendly and
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safe, often used as a toughness-enhancing component in
cement-based materials. It is suggested that the presence of
hydroxyl groups in PVA may alter surface bonding between
aggregates, matrix, and fiber reinforcement materials.>® The
physical properties of PVA are highly dependent on its poly-
merization degree (such as the chain length).>® Chain length
has a significant influence on key performance metrics such as
tensile strength, viscosity, and flexibility.”® Bahraq et al.*°
demonstrated that polyethylene (PE) and PVA improve the
tensile strength and crack bridging capability of cement-
based composite materials (ECC) through strain hardening
behavior. F. Pelisser et al.,** through XRD analysis, discovered
that the addition of PVA increases the interlayer spacing of the
C-S-H matrix, indicating the potential of low molecular weight
PVA to embed within the C-S-H matrix. Moreover, the presence
of PVA significantly affects the elastic modulus. Zhou et al.*?
conducted a study on the interaction between PVA and C-S-H
in PVA/C-S-H composite materials using XRD techniques. They
observed that the PVA polymer interferes with the relatively
ordered stacking of calcium silicate sheets in C-S-H, and the
interaction between PVA and C-S-H on different length scales
leads to varied stiffness changes. The incorporation of the
PVA polymer modifies the nanoscale and microstructural
arrangement of C-S-H, thereby significantly affecting its ten-
sile properties. Currently, the understanding of the toughening
mechanism in the C-S-H/PVA system remains incomplete,
particularly regarding the impact of the PVA chain length on
toughening effectiveness. Further exploration using novel
research methodologies is needed in this regard.

On the other hand, considering the properties of C-S-H gel
materials and the necessary nanoscale investigations, it is
imperative to utilize molecular dynamics (MD) simulation as
a research approach. The C-S-H gel is an amorphous colloidal
material with a highly porous structure and a large surface area.
Investigating the toughening mechanisms of C-S-H/PVA com-
posite materials requires not only macroscopic-level mechan-
ical performance testing and material analysis techniques but
also in-depth research into the interactions between molecules
at the nanoscale. Currently, molecular dynamics simulation is
an important approach for studying material microstructural
arrangements and intermolecular interactions. Zhou et al.*?
employed molecular dynamics models to verify the feasibility of
PVA molecule intercalation within the layers of the C-S-H
matrix, and the C-S-H/PVA model exhibited interlayer spacing
consistent with samples measured by HP-XRD under ambient
pressure. In the study of the interaction between PVA and
C-S-H,* it was found that the polarity of functional groups
and the diffusion tendency of polymers affect the bonding at
the polymer-cement interface. In the investigation of the
reinforcement mechanism of polymer incorporation into
C-S-H,** reactive molecular dynamics simulations based on
the ReaxFF force field revealed that during the uniaxial stretch-
ing process in the X and Z directions, the PVA polymer bridged
adjacent silicate sheets, activating more hydrolysis reactions at
the interfaces to avoid strain localization. This mechanism
increased tensile strength, delayed fracture, and improved the
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toughness of the C-S-H matrix. In the study reported by Hou
et al.*® on polymer/C-S-H nanocomposites, molecular simula-
tion methods were employed, and the CSH-FF force field
was used to investigate the interface structure, dynamics,
energetics, and mechanical properties of polymer/C-S-H nano-
composites. In this study, PVA was introduced into the nano-
channels of C-S-H, and the results demonstrated that PVA
formed hydrogen bonds in the interface region and repaired
defects in the silicate chains, thus preventing crack propaga-
tion during loading and providing a theoretical reference for
the toughening mechanism of PVA.

Although molecular dynamics simulations can characterize
the toughening effect of polymers on C-S-H at the nanoscale,
the quantitative characterization of the toughening effect with
respect to the molecular chain length (an important feature of
polymers) is currently infrequent, which is of great significance
for the efficient design of polymers.

Based on molecular dynamics simulations, this study selects
PVA as the polymer to be introduced into the C-S-H interlayer
and investigates the effect of the PVA molecular chain length on
the mechanical properties and the toughening mechanism of
the PVA/C-S-H system in various directions by changing the
polymerization degree of PVA.

2. Simulation method

2.1. Force field

In this study, computational simulation experiments were
conducted using the ReaxFF reactive force field for uniaxial
tensile loading. The ReaxFF force field combines quantum
mechanics and traditional molecular simulation methods and
was developed by Duin et al.*® for studying catalysis, gas-phase
reactions, and material failure. Currently, it is used for
chemical simulations of various materials, including metals,
ceramics, silicon, and polymers.*”*® The ReaxFF force field has
good compatibility at organic/inorganic interfaces®® and has
been successfully applied in both organic*®*' and inorganic®®
systems. In this study, the Ca/Si/H/O and C/O/H parameter sets
from ref. 39 and 42 were respectively combined. The ReaxFF
force field performs well in simulating the interface interac-
tions between C-S-H and organic materials, as well as in
studying the mechanical response of CSH/polymer systems
under uniaxial tensile loading, and can effectively reflect the
stretching process of the material.*®

2.2. Molecular models

In numerous studies, there is ample evidence to demonstrate
that PVA can intercalate into the interlayers of C-S-H,**™*> and
the deep interaction between the two phases alters the struc-
ture and properties of the nanocomposite materials.>!67
Zhou et al.** constructed PVA molecular chains composed of
8 monomers to verify the possibility of PVA molecules embed-
ding in the interlayer of C-S-H and proposed that larger-sized
PVA molecules may reduce the porosity of the C-S-H structure
and result in the aggregation of dense particles. Hou et al.*®
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introduced PVA molecular chains composed of 8 monomers
into the nano-channels of C-S-H layers to establish a polymer/
C-S-H composite material model. Therefore, to reflect the
influence of polymers with different chain lengths on the
properties of the composite material when inserted into the
interlayers of C-S-H, several sets of PVA molecular models with
degrees of polymerization of approximately 8 were constructed
in this study. These included PVA molecules with degrees of
polymerization of 2 (PVA2), 4 (PVA4), 8 (PVAS), 12 (PVA12), and
16 (PVA16), which were subsequently inserted into the defects
of C-S-H.

The first and last atoms of the PVA monomer were posi-
tioned in a trans configuration. In the PVA molecule, hydroxyl
groups were uniformly distributed along the carbon chain, and
the carbon atoms can be classified into three types based on the
number of hydrogen atoms connected to them: C1, C2, and C3,
where C1 was the carbon atom connected to one hydrogen
atom, and so on. Different degrees of polymerization were
achieved by utilizing the polymerization module in Material
Studio to extend monomers into long chains of specific poly-
merization degrees, as illustrated in Fig. 1(b). The molecular
structure of PVA4 is depicted in Fig. 1(b).

The C-S-H gel is a complex multi-scale structure composed
of elements and pores of different sizes. XRD experiments on
C-S-H have revealed that the structure of the C-S-H nano-gel
exhibits a layered crystalline structure.® In this study, the
C-S-H model is based on the 11 A tobermorite structure,'’**°
with a few silicate tetrahedra removed and a calcium-to-silicon
ratio (C/S) adjusted to 1.3. This ratio is commonly used for
simulating C-S-H/polymer systems. The C-S-H model with C/S
= 1.3 has fewer and more concentrated structural defects, and
does not produce multiple cracking, making it the optimal
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structural model for studying polymer intercalation. For
example, Matsuyama and Young**™** found that the maximum
intercalation of polymers occurs when C-S-H has a C/S ratio of
1.3. In this study, the hydroxyl groups, water molecules, and
calcium ions within the interlayers of C-S-H were initially
removed. Subsequently, polymer chains were introduced using
the sorption option, followed by the addition of an equivalent
amount of calcium ions and hydroxyl groups. Finally, the
Grand Canonical Monte Carlo (GCMC) method was employed
to add a saturating amount of water molecules. Five C-S-H/PVA
composite material systems were constructed by introducing
different numbers of PVA molecules with different chain
lengths into the pure C-S-H structure, and different methods
were used to introduce polymers with different chain lengths.
PVA molecules with degrees of polymerization of 2, 4, and
8 were adsorbed into the defects of C-S-H using the Grand
Canonical Monte Carlo (GCMC) method. However, due to the
complex spatial structure of long-chain PVA molecules with
degrees of polymerization of 12 and 16, they could not be
introduced using the GCMC method and were manually added
with an additional long relaxation process to achieve a stable
system state. In practical scenarios, PVA is filled into the
defects of C-S-H to ensure the compactness of the system’s
architecture. To simulate real conditions, the number of PVA
molecules introduced into each system equals the maximum
adsorbable quantity. Each system is named based on the
“number of adsorbed PVA chains - PVA - polymerization
degree of PVA chains”, namely 16PVA2, 8PVA4, 4PVAS,
4PVA12, and 4PVA16.

In the C-S-H unit cell, the absence of some silicon-oxygen
chains results in defects in the C-S-H structure, which can be
used to introduce PVA molecules, as shown in Fig. 1(c). The size

)

Interlayer

Calcium silicon layer

l Adsorption

R AU p—

Fig.1 PVA/CSH model construction diagram. (a) Water molecule structure; (b) monomeric structure of PVA and its polymerized long chain structure; (c)
C-S—H structure containing defects, with calcium-silicate layers and interlayer regions alternating along the Z-axis; (d) PVA polymer chains exhibiting a
wavy pattern in the YOZ view; (e) XOZ view showcasing complete filling of PVA polymer chains within the intrinsic defects of C-S—H. (White, red, yellow,
green, and gray spheres represent hydrogen, oxygen, silicon, calcium, and carbon atoms, respectively; the pink sphere in (b) represents the carbon atom.)
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of the experimental cell is approximately 40 x 40 x 40 A%
containing 7400-7800 atoms. The PVA polymer chains are
incorporated into the inherent defects of C-S-H by adsorption.
Upon the embedding of PVA molecules, it is observed that the
main chain of PVA extends parallel to the Y-axis. Due to the
insertion of PVA molecules, the number of water molecules in
the C-S-H/PVA composite structure cannot be maintained the
same as that in pure C-S-H. Therefore, to construct a relatively
reasonable C-S-H/PVA system, the number of water molecules
is absorbed to a saturated state. Taking the 4PVA12 system as
an example, the structure of the system with four PVA mole-
cules with a degree of polymerization of 12 inserted into the
C-S-H supercell is shown in Fig. 1(d) and (e).

2.3. Uniaxial tensile simulations

Pure C-S-H and C-S-H/PVA intercalation models were sub-
jected to uniaxial stretching simulations along the x, y, and z
axes, with a fixed strain rate of 0.08 ps~". Prior to the stretching
loading, the system was relaxed at 300 K for 50 ps in the
canonical (NVT) ensemble to reach an equilibrium state. The
total energy of each system during the relaxation process
evolves over time as depicted in Appendix A (ESIf), indicating
a convergence towards a stable state as the total energy stabi-
lizes with time. This suggests that the system has reached an
equilibrium state. Subsequently, a uniaxial tension process
was initiated under the isothermal-isobaric (NPT) ensemble

=== Pure C-S-H
= 16PVA2
8PVA4
= 4PVAS8
4PVAI12
e 4PVA16

Stress (GPa)

0.0 0.2 0.4 0.6 0.8
Strain on the X axis (A/A)
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(a temperature of 300 K, with zero pressure applied in the
remaining two directions to consider the Poisson effect). Uni-
axial loading is performed in one direction to simulate the
calculation of pressure and strain along each direction. The
trajectory of atomic motion during the stretching process and
the x, y, and z-axis pressures and system structure lengths were
outputted to draw the stress—strain curve of uniaxial stretching,
reconstruct the PVA molecule morphology at the interface, and
analyze the bonding situation of each atom to explore the
micro-toughening mechanism of C-S-H by PVA molecules with
different chain lengths.

3. Effect of chain length of PVA
molecules on the tensile properties of
C-S—H/PVA composites

3.1. Mechanical properties of stretching along the X-axis

The stress-strain curves of each system stretched along the
X-axis are shown in Fig. 2(a). As the strain increases, the
external tensile stress carried by the X-axis direction continues
to change, showing a trend of first increasing and then decreas-
ing. During the elastic deformation stage, stress grows propor-
tionally with strain until it gradually reaches its maximum
value. The elastic modulus of pure C-S-H is approximately
90 GPa, which is in approximate agreement with the estimation

e Pure C-S-H
16PVA2
8PVA4
= 4PVAS
4PVA12
e 4PVA16

121 (b)

Stress (GPa)
=)
1

0.0 0.2 0.4 0.6 0.8
Strain on the Y axis (A/A)

I
1

Stress (GPa)
w

=== Pure C-S-H
== ]16PVA2
8PVA4
====4PVAS8
4PVA12
=—=4PVA16

T
0.0 0.2

T T -
0.4 0.6 0.8

Strain on the Z axis (A/A)

Fig. 2 Stress—strain curve of the triaxial tensile process ((a) X-axis; (b) Y-axis; and (c) Z-axis).
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of the elastic modulus of C-S-H units by Murray et al."’
Compared with the stretching process of pure C-S-H, the
insertion of PVA molecules has almost no effect on the tensile
strength and elastic modulus in the elastic deformation stage.
In the plastic deformation stage, the insertion of PVA molecules
has increased the ductility of C-S-H to varying degrees, effec-
tively delaying the occurrence of fracture. Among 16PVA2,
8PVA4, and 4PVAS, as the length of the PVA molecule chain
increases, the fracture strain of C-S-H gradually increases,
indicating that increasing the length of the PVA molecule chain
can significantly enhance the toughening effect on C-S-H. For
the 4PVA8 system, when the strain reaches 0.15, the stress
reaches its peak value, which is nearly identical to the peak
value of pure C-S-H, approximately 9 GPa. This closely aligns
with the results obtained by Zhou et al.** from their study on
pure C-S-H and PVAS8-incorporated systems subjected to ten-
sile loading along the X-axis. When the strain of the 4PVAS8
system increases to 0.3, the stress fluctuates around 5 GPa.
When the strain is within the range of 0.3 to 0.8, the material
remains intact before the strain reaches 0.8. As the length of the
PVA molecule chain increases in 4PVA8, 4PVA12, and 4PVA16,
the ductility of C-S-H gradually decreases, and the fracture
strain gradually decreases. This indicates that increasing the
length of the PVA molecule chain significantly weakens the
toughening effect on C-S-H when the length of the PVA
molecule chain is greater than that of eight monomers.
During the stretching process along the X-axis, the structural
deformation diagrams of pure C-S-H, 4PVA8, and 4PVA16 at
different strains are shown in Fig. 3. Pure C-S-H gradually
developed cracks and eventually fractured at a strain of approxi-
mately 0.4 as the strain increased during the stretching process.
In contrast, the 4PVA8 system remained relatively stable with
no significant crack formation observed. The effect of PVA16
molecules in delaying crack formation was relatively limited. In
the study conducted by Hou et al.,*> PVA8 molecular chains
were introduced into the interlayer region of C-S-H. The results
indicate that the incorporation of the polymer disrupts the

4PVAS8 4PVA16

Pure C-S-H

0.2

0.4

Strain (A/A)

0.6

0.8

Fig. 3 Structural deformation diagrams of pure C-S-H, 4PVA8 system,
and the 4PVAL6 system stretched along the X-axis.
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ordered arrangement of calcium silicate layers, leading to
atomic repositioning within the layers. This phenomenon can
be attributed to the interaction between the PVA molecules
and the calcium silicate layers. Therefore, the influence of PVA
molecular chains on the toughening effect may be related to the
morphology of the PVA molecular chains. PVA molecular
chains can adjust their own conformation to maintain stable
bonding with the surrounding silicate layers, thereby prevent-
ing the propagation of microcracks.

The stress-strain curves under stretching along the Y-axis
are shown in Fig. 2(b). The pure C-S-H system exhibits the
highest elastic modulus and tensile strength, with a stress peak
of approximately 11.5 GPa, and similar results were obtained by
Zhou et al.** The stress-strain curves of the systems with PVA
molecules show a very similar shape to that of pure C-S-H. Up
to a strain of 0 to 0.15 A A, the stress-strain curves of the
systems with PVA molecules almost overlap with that of pure
C-S-H. Beyond the onset of plastic deformation, the stress of
the systems with PVA molecules is slightly lower than that
of the pure C-S-H system. The difference in stress values
among the systems with PVA molecules of different chain
lengths is negligible. Therefore, within the strain range of 0
to 0.8 A A™*, the incorporation of PVA molecules with different
chain lengths does not significantly affect the mechanical
properties of C-S-H in the Y-axis direction. Hence, the subse-
quent analysis will not focus on the mechanism of the chain
length of PVA molecules on the tensile behavior along the
Y-axis.

3.2. Mechanical properties of stretching along the Z-axis

The stress-strain curves of pure C-S-H and C-S-H/PVA com-
posite materials under stretching along the Z-axis are shown in
Fig. 2(c). Compared to the x and y axes, the Z-axis exhibits the
lowest tensile strength and elastic modulus. This observation is
consistent with the findings reported by Zhou et al.,** which
may be attributed to the alternating distribution of calcium
silicate layers and interlayer regions along the Z-axis in the
C-S-H structure. Due to the inherent fragility of the interlayer
regions, the occurrence of cracks is more likely under tensile
deformation along the Z-axis. The maximum tensile stress of
the pure C-S-H system is approximately 5.8 GPa, which is
similar to the value reported in ref. 34. Additionally, the stress
curves of the pure C-S-H system and the 4PVAS system exhibit
a similar trend to the curves observed in Hou et al’s study.*
During the elastic deformation stage, the insertion of PVA
molecules had minimal effect on the stress values and elastic
modulus. Compared to pure C-S-H, the 4PVA12 system
achieved the same stress peak value and improved the ductility
of C-S-H. Among all the composite systems, the 4PVA12 system
had the highest external stress-bearing capacity and the best
ductility. The fracture processes of different systems are shown
in Fig. 4. There were significant differences in the fracture
phenomena between systems with short-chain and long-chain
PVA molecules. The 16PVA2 and 8PVA4 systems exhibited large
cracks in the interlayer region, and the PVA molecules did not
prevent the tendency of crack propagation, resulting in a lower

Phys. Chem. Chem. Phys., 2024, 26, 9399-9412 | 9403


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05000a

Open Access Article. Published on 26 February 2024. Downloaded on 8/3/2025 5:43:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

16PVA2

8PVA4

4PVAS8

4PVA12

4PVA16

0.2

0.4 0.6
Strain (A/A)

Fig. 4 Deformation diagrams of the Z-axis stretching structures for the
16PVA2 system, 8PVA4 system, 4PVA8 system, 4PVA12 system, and
4PVA16 system.

fracture strain. Although cracks were observed in the interlayer
region of the 4PVA8, 4PVA12, and 4PVA16 systems, the PVA
molecules adjusted their own conformation to prevent the
propagation of cracks. In summary, short-chain PVA molecules
were unable to prevent the expansion of cracks during the
stretching process of the C-S-H structure, and their toughen-
ing effect was minimal. In contrast, longer-chain PVA mole-
cules could prevent crack propagation, improve the ductility of
the C-S-H structure, and achieve a toughening effect.

The ability of PVA molecules with different chain lengths to
delay or prevent the expansion of cracks during the stretching
process of the C-S-H structure is highly correlated with the
conformation of the PVA molecules. Short-chain PVA molecules
are embedded in the silicate layers of the C-S-H structure,
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The defects are
filled with PVA
macromolecules

The PVA
macromolecules
are embedded
in the layers

Fig. 5 Schematic diagram of interlayer PVA molecular behavior modes
((@) PVA molecules with a smaller molecular weight embedded in the
calcium silicate layers; (b) PVA molecules with a larger molecular weight
filling the defects).

which prevents their carbon chains from extending to connect
the upper and lower silicate layers, making it difficult to
prevent the expansion of cracks during the stretching process
of the C-S-H structure. As shown in Fig. 5, after relaxation,
short-chain PVA molecules are embedded in the silicate layers
of the C-S-H structure and are unable to connect the upper and
lower silicate layers. For longer-chain PVA molecules, their
larger molecular weight and more complex molecular structure
can effectively fill the defects in the C-S-H structure, thereby
preventing the expansion of cracks and achieving the toughen-
ing effect.

4. Discussion

4.1. Comparison of bond breakage in intercalated systems of
PVA molecules with different chain lengths

At the microscopic level, the breaking of chemical bonds is a
way for the system to consume energy. Previous studies have
revealed the hydrolysis reactions that occur during the stretch-
ing process in pure C-S-H structures. Hou®® and Zhu®'
described two types of hydrolysis reactions that occur in pure
C-S-H models due to a decrease in activation energy during the
stretching process. These two hydrolysis reactions can be
represented by chemical formulas (1) and (2), respectively. In
formula (1), the ionic bond between Ca ions and Si-O groups is
stretched until it breaks, forming the same amount of Ca-OH
and Si-OH in the presence of water molecules. In formula (2),
stable covalent Si-O-Si bonds are stretched until they break
during the stretching process, and free Si-O groups and Si
atoms immediately react with water to form 2Si-OH. In the
X-axis stretching process of this paper, there is no bond
breakage in the Si-O-Si bond, so the reaction in formula (2)
is almost absent when stretching in the X-axis direction, which
is consistent with the results of Zhou.>* Zhou’s** study showed
that only the hydrolysis reaction in formula (1) occurs during
the X-axis stretching process of C-S-H. The bond energy of the
Si-O covalent bond is 452 KJ mol™*, while Ca.--O is an ionic
bond, and its bond energy is much lower than that of Si-O.
Therefore, during the stretching process, the Ca- - -O ionic bond
between Ca ions and O ions exhibits higher fragility when it
breaks.

Si-O---Ca + H,0 — Si-OH + Ca-OH (1)

Si-O-Si + H,0 — 2Si-OH )

This journal is © the Owner Societies 2024
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Fig. 6 Relationship between the toughening effect of X-axis stretching and the number of Ca---O bonds. (a) Correspondence between X-axis
stretching stress and the number of broken Ca---O bonds in intercalated systems with different chain lengths of PVA. (b) Fracture energy of X-axis

stretching in intercalated systems with different chain lengths of PVA.

4.1.1. X axial stretching. The fracture energies of each
system during X-axis stretching are shown in Fig. 6(b). Com-
pared with the pure C-S-H system, the insertion of PVA
molecules with different chain lengths into the C-S-H/PVA
composite system increases the fracture energy to varying
degrees. The fracture energies of 16PVA2, 8PVA4, 4PVAS,
4PVA12, and 4PVA16 increase by 63.2%, 90.1%, 146.7%,
118.9%, and 47.2%, respectively. The fracture energy of pure
C-S-H is the smallest, indicating that it requires the lowest
absorption energy for crack propagation, making it the most
vulnerable to failure. Conversely, the fracture energy of the
4PVA8 system is the largest, requiring the highest energy
absorption for crack propagation and resulting in the slowest
crack propagation rate, effectively delaying system failure.

During X-axis stretching, although each system has a differ-
ent number of broken C-O and C-C bonds, the total number of
carbon atoms in each system is much smaller than the number
of Ca ions. Therefore, in terms of quantity, the number of
broken Ca- - -O bonds is much greater than the total number of
broken C-O and C-C bonds, and the system mainly relies on
the energy consumption of broken Ca---O bonds. During
relaxation, intercalation of PVA molecules affects the relative
positions of atoms in C-S-H, breaking some of the bonds
between calcium and oxygen atoms, resulting in fewer initial
Ca---O bonds in each system compared to pure C-S-H. The
comparison of the number of broken Ca- - -O bonds and stress
in intercalated systems with different chain lengths of PVA is
shown in Fig. 6(a). According to the trend of the number of
broken calcium-oxygen bonds, Fig. 6(a) can be divided into

This journal is © the Owner Societies 2024

three stages: Stage I (strain 0-0.4), Stage II (strain 0.4-0.6), and
Stage III (strain 0.6-0.8). The number of broken bonds in pure
C-S-H, 16PVA2, and 4PVA16 uniformly increases in Stage I and
stops increasing in Stages II and III, when the stress approaches
0 and the system gradually fails. The number of broken Ca- - -O
bonds in 8PVA4 uniformly increases in Stages I and II and stops
increasing in Stage III, when the stress approaches 0 and the
system gradually fails. The number of broken Ca- - -O bonds in
4PVA8 and 4PVA12 uniformly increases in Stages I, II, and III,
while the stress remains greater than 0, indicating that the
system can withstand a certain load. It can be seen that the
ability of the PVA/C-S-H composite system to withstand stress
is strongly correlated with the trend of the number of broken
Ca---O bonds in the system.

In the 4PVA8 and 4PVA12 systems, PVA molecules can fill
the defects in the C-S-H interlayer, improve the uniformity of
the structure, and make the stress between the silicate layers
more uniform. The stress distribution in the systems is shown
in Figure (b) and (c) in the Appendix A (ESIT). The observation
focuses on the initial stage of crack formation in the system
(strain ~ 0.35). In the 4PVA8 system, the atoms experience
uniform force distribution, as indicated by the range of colors
from yellow to green, without exhibiting extreme red or blue
colors. Conversely, the 4PVA16 group exhibits significant color
extremes, indicating the presence of substantial stress concen-
tration within its internal structure. As a result, the number of
broken Ca---O bonds in the 4PVA8 group shows a consistent
and uniform increase with increasing strain. As shown in Fig. 3,
the distribution of atoms in the 4PVA8 system is relatively
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uniform, and PVA molecules can prevent the extension of
cracks during the stretching process, resulting in no significant
cracks. The number of broken Ca- - -O bonds in 4PVAS is greater
than that in 4PVA12, and its fracture energy of 4.367 G] m > is
greater than that of 4PVA12 of 3.875 G] m >, indicating that the
tensile strength and ductility of the 4PVA8 system are better
than those of the 4PVA12 system.

4.1.2. Z axial stretching. During the Z-axis stretching pro-
cess, the main pathway for energy dissipation in both pure
C-S-H and C-S-H/PVA composite systems is still through the
breaking of Ca.--O bonds. The fracture energy of pure C-S-H
and intercalated systems with different chain lengths of PVA
under Z-axis stretching is shown in Fig. 7(b). Compared to the
pure C-S-H structure, the fracture energies dissipated by the
16PVA2, 4PVAS, 4PVA12, and 4PVA16 systems were increased by
8.9%, 15.4%, 29.5%, and 16.7%, respectively. However, the
8PVA4 system dissipated 30% less fracture energy than the
pure C-S-H structure. The fracture energies of each system are
strongly correlated with the number of broken Ca.--O bonds.
The number of broken Ca- - -O bonds and stress for pure C-S-H
and intercalated systems with different chain lengths of PVA
are compared in Fig. 7(a). The number of broken Ca- - -O bonds
in the 16PVA2, 4PVAS, 4PVA12, and 4PVA16 systems was greater
than that in pure C-S-H when the systems failed, with 4PVA12
having the most broken bonds, followed by 4PVA16 and 4PVAS,
which had similar numbers of broken bonds and fracture energies.
However, the number of broken Ca- - -O bonds in the 8PVA4 system
was less than that in pure C-S-H, resulting in the least fracture
energy dissipated. This indicates that the number of broken Ca- - -O
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bonds is positively correlated with the fracture energy dissipated
when the system fails under Z-axis stretching.

Similar to the previous section, Fig. 7(a) is divided into three
stages based on the trend in the number of broken Ca---O
bonds. The number of broken Ca- - -O bonds in pure C-S-H and
8PVA4 increases in stage I, then begins to decrease before
entering stage II, and remains relatively constant in stages II
and III as the stress approaches zero, indicating that the system
is gradually failing. The number of broken Ca- - -O bonds in the
16PVA2, 4PVAS, and 4PVA16 systems increases in stage I, then
increases and decreases in stage II, while the stress approaches
zero and the system gradually fails. The number of broken
Ca- - -O bonds in the 4PVA12 system increases in stages I and II,
then decreases slightly in stage III, while the stress approaches
zero. As shown in Fig. 4, the 4PVA12 system exhibits initial
cracking within the defect layer of the C-S-H phase during the
early stages of stretching. These cracks gradually propagate.
However, unlike other systems, the cracks in the 4PVA12 system
do not continue to extend unstably, but rather stop expanding
and generate new cracks within the non-defect layer of the C-S-
H phase. This multi-cracking behavior disperses the input
energy, leading to more fracture of the Ca- - -O bonds in various
regions of the system, resulting in an overall higher prevalence
of Ca- - -O bond rupture. The stress distribution is also demon-
strated in Figure (d) and (e) in the Appendix A (ESIt), where
the 4PVA12 system does not exhibit significant stress concen-
tration, atoms uniformly bear the stress. In contrast, the 8PVA4
system experiences a lack of stress-carrying capability within
the carbon chains, leading to a large number of red-colored

Fracture energy(GJ/m”3)

Pure C-S-H 16PVA2 8PVA4 4PVA8 4PVAI2 4PVAI6

Groups of Z-axial tensile test

Pure C-S-H
16PVA2
SPVA4
4PVAS
4PVA12
4PVA16

Fig. 7 Relationship between the toughening effect under Z-axis stretching and the number of Ca- - -O bonds. (a) Correspondence between stress under
Z-axis stretching and the number of broken Ca- - -O bonds for intercalated systems with different chain lengths of PVA. (b) Fracture energy under Z-axis

stretching for intercalated systems with different chain lengths of PVA.
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atoms, indicating stress concentration, particularly at defect
sites. This strongly indicates a high correlation between the
fracture and crack propagation behavior of the system and the
stress conditions. The trend in the number of broken Ca:--O
bonds in the system determines when the stress approaches
zero, i.e., the magnitude of the fracture strain. In other words,
when the number of broken Ca- - -O bonds in the system stops
increasing, the system begins to gradually fail. In summary, the
chain length of PVA molecules has a significant influence on
the trend in the number of Ca---O bonds in the system,
resulting in differences in tensile stress and fracture strain
among the various systems.

4.2. Influence of different chain lengths of PVA molecules on
the toughening effect

During the stretching process, the insertion of PVA molecules
can effectively enhance the toughness of C-S-H. PVA molecules
can form bonding interactions with the silicate layers, thereby
hindering the propagation of small cracks and improving the
ductility of the material. C-O-Si bonds are formed between PVA
molecules and silicate tetrahedra, as shown in Fig. 8(a), and a
small portion of C-O-Si bonds are formed by the hydroxyl
groups of PVA molecules connecting to the silicon of the
silicate tetrahedra after hydrogen dissociation, while the for-
mation of the majority of C-O-Si bonds depends on the rupture
of Si-O- - -Ca bonds in C-S-H described in Section 4.1. After the
rupture of Si-O- - -Ca bonds, the free Si-O groups connect to the
carbon atoms of PVA molecules. The radial distribution func-
tion can be used to verify the bonding mechanism between the
carbon atoms in PVA molecules and the calcium silicate layers
in C-S-H, which can be calculated using eqn (3).>>

o NAB (}")
ZAB(r) = pdV (r)

€)

In the equation, g,g(7) represents the probability of atom B
appearing in a sphere with radius r centered on atom A; N,g(7)

(@

Radial Distribution Function (RDF)

[
e

View Article Online

Paper

is the number of atoms B within the distance range from r to r +
dr from atom A; p is the density of atom B; and dV(r) is the
volume of the shell structure from atom A at distance r to r + dr.

The radial distribution function (RDF) between the oxygen
atoms in the silicate and the carbon atoms in PVA molecules is
shown in Fig. 8(b). Within 3 A between the atoms, there are
significant peaks in the RDFs of the three types of carbon atoms
in PVA molecules and the oxygen atoms in the silicate tetra-
hedra, indicating the existence of significant bonding interac-
tions between the oxygen atoms in the silicate and these three
types of carbon atoms. It is worth noting that a significant peak
is observed within a range of 2 A between the oxygen atom and
the C1 atom, indicating that the formation of a bond between
the oxygen atom and the C1 atom is more favorable.

To further investigate the influence of the behavior of PVA
molecules with different chain lengths on the toughening effect
of the C-S-H structure, the mean square displacement (MSD)
of the carbon atoms in PVA molecules was introduced for
quantitative analysis to evaluate the degree of expansion of
PVA molecules with different chain lengths. In statistical
mechanics, the MSD of an atom can be calculated using the
following formula:

N

MSD = %Z(W[) —ri(0)P)

i=0

(4)

Here, N represents the total number of atoms participating
in the statistics, i represents the atom number, r,(¢) represents
the position of the atom at time ¢, and r,(0) represents the
position of the atom at the initial time, and the MSD of the
carbon atoms is calculated every 0.1 ps.

4.2.1. X-axial stretching. Different composite material sys-
tems exhibit variations in the location of system failure initia-
tion and the number of broken calcium-oxygen bonds, which
stem from the distinct behavior patterns of PVA molecules with
different chain lengths. In the X-axis tensile direction, PVA
molecules with intermediate chain lengths can enhance the

(b)
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Fig. 8 Bonding states between PVA molecules and silicate tetrahedra. (a) Formation of C-O-Si bonds between PVA molecules and silicate tetrahedra.
(b) Radial distribution function (RDF) between the oxygen atoms in the silicate tetrahedra and the carbon atoms in PVA molecules of the 4PVA8 system.
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Fig. 9 Morphological changes of PVA molecules with different chain lengths during X-axis tensile deformation.

structural uniformity of C-S-H, reduce the stress concen-
tration, improve material toughness, delay system failure, and
enable more Ca.--O bonds to break to withstand stress. The
molecular conformational changes of PVA molecules with
different chain lengths during X-axis tensile deformation are
shown in Fig. 9. When the strain is 0, part of the carbon chain
of the PVA8 molecule tends to be parallel to the Y-axis, while the
other part bends at an angle of 22° to the Y-axis. As the strain
increases, the available space for the PVA8 molecule’s carbon
chain increases, and the carbon chain undergoes structural
twisting. When the strain reaches 0.2, the carbon chain of the
PVA8 molecule is at an angle of 31° to the Y-axis. When the
strain reaches 0.8, the main part of the carbon chain of the
PVA8 molecule is at an angle of 53° to the Y-axis. Part of
the carbon chain breaks to dissipate some of the energy during
system stretching and resist external tensile stress while bond-
ing with the left and right silicate layers. The polymerization
degree of 8 for PVA molecules is the optimal chain length for
the experimental group, and its size matches the defects of
C-S-H. During stretching, it can maintain stable bonding with the
left and right silicate chains by twisting and extending its own
structure, achieving the goal of maintaining structural stability.

If the length of the PVA molecule chain is too short or too
long, stress concentration may occur, and the system failure

9408 | Phys. Chem. Chem. Phys., 2024, 26, 9399-9412

cannot be effectively delayed. Due to the small spatial scale of
short-chain PVA molecules, PVA molecules are easily embedded
in the silicate layer of C-S-H, causing stress concentration, and
are not easy to bond with the left and right silicate layers
simultaneously. PVA4 molecules can connect the left and right
silicate layers at small strains, to some extent, improving the
toughness of C-S-H, but cannot achieve the best toughening
effect. Due to the large structural size, excessively long PVA
molecules do not have enough space to rotate in the defects of
the C-S-H interlayer. As seen from the morphology of the
PVA16 molecule at the crack in Fig. 9, part of the broken
PVA16 molecule adheres to one side of the crack due to the
limited motion space, while the other part connects the left and
right layers through structural twisting. The adhesion of PVA16
molecules to one side of the crack causes stress concentration
in the structure, resulting in fewer broken Ca---O bonds.
Similarly, although the polymerization degree of 12 for PVA
molecules cannot completely match the defects of the C-S-H
structure in terms of the spatial scale, it neither embeds the
entire molecule in the silicate layer nor exhibits significant
adhesion at the crack, so PVA12 can not only increase the
structural uniformity of C-S-H but also form certain bonding
with the left and right silicate layers, causing more Ca.--O
bonds to break and delaying failure.
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During X-axis tensile deformation, the mean square displa-
cement (MSD) of carbon atoms in each system in the X-axis
direction is shown in Fig. 10(a). After the system exhibits
obvious cracks, the movement of PVA molecule chains can no
longer delay the extension of cracks but simply follows the
movement of the system. Therefore, the statistical range of
MSD is truncated to the point when the system exhibits obvious
cracks. The MSD of carbon atoms in PVA molecules in the
stretching direction can indicate the degree of self-structural
adjustment of PVA molecules. In the X-direction, the MSD
values of molecular chains show a trend of first increasing
and then decreasing with the increase of the polymerization
degree of molecular chains, and the speed of the upward trend
on the MSD curve also varies, showing the phenomenon of
PVA2 < PVA12 < PVA4 ~ PVA8 = PVA16. The main reason for
this phenomenon is that the rate of chain unfolding is influ-
enced by the length of the molecular chain. Shorter molecular
chains are limited by their own scale and cannot combine with
the siloxane chains on both sides, resulting in slower unfolding
rates and inability to fill the pores in time. Longer molecular
chains require larger strains to achieve sufficient displacement,
resulting in slower unfolding rates. The anomalous fast stretch-
ing rate of PVA molecules with a polymerization degree of 16 is
related to the observation of molecular chain breakage into
several small segments in Fig. 9. PVA molecules with a chain
length of 8 have a faster unfolding rate and a suitable chain
length, enabling them to reach a stress-bearing state when the
strain reaches 0.8, which is the point when cracks appear.

The carbon chains of PVA molecules are not arranged in a
completely straight line but exhibit a certain degree of twisting
and bending. With the increase of the carbon chain length, the
twisting and bending sites also increase correspondingly, lead-
ing to structural complexity. PVA molecules with chain lengths
that are too short or too long may cause stress concentration,
and the improvement of the tensile properties of the C-S-H
structure cannot achieve the best effect. PVA molecules with
intermediate chain lengths, such as PVA molecules with a
polymerization degree of 8, have a size and structure that
match the defects in C-S-H shown in Fig. 1. Combined with

This journal is © the Owner Societies 2024

the previous content, their spatial scale and appropriate unfold-
ing rate jointly endow PVA8 molecules with the best improve-
ment effect on the tensile properties of C-S-H.

4.2.2. Z axial stretching. During the Z-axis tensile deforma-
tion, PVA molecules also absorb external energy by adjusting
their spatial positions. However, in contrast to the X-axis tensile
deformation where PVA molecular chains only need to connect
the left and right adjacent Si-O chains, during the Z-axis tensile
deformation, PVA molecular chains need to connect the oppo-
site upper and lower Si-O chains, which requires a longer
optimal molecular chain length. Based on the stress-strain
curve of the Z-axis tensile deformation (as shown in Fig. 2(c))
and the fracture energy (as shown in Fig. 7(b)), the toughening
effect of PVA molecules with different chain lengths in the z-
axis direction is ranked as follows: PVA4 < PVA2 < PVA8 ~
PVA16 < PVA12, which is consistent with our hypothesis. The
optimal molecular chain length changes from PVA8 in the
X-axis direction to PVA12. This phenomenon is explained by
combining the molecular chain morphology (Fig. 11) and the
MSD during this process (Fig. 10(b)).

Compared with the tensile deformation of pure C-S-H,
introducing PVA molecules with a degree of polymerization of
4 weakens the toughness of the system, leading to earlier
failure and a significant reduction in strain energy. PVA4
cannot achieve uniform dispersion to fill the dense defects,
but instead embeds into the silicate layer of the C-S-H struc-
ture, introducing obvious stress concentration. Meanwhile, its
chain length is insufficient to connect the upper and lower
layers, resulting in the premature generation of cracks that are
not effectively prevented, leading to system failure. During the
tensile deformation, a large number of small molecular seg-
ments are formed by the fracture of PVA16 molecules, which
have lost their function as large molecular chains connecting
the two sides. Therefore, the toughening effect is poor, but due
to the larger molecular weight, the filling effect is better than
that of PVA2, resulting in a certain toughening effect.

During the deformation process, PVA molecules with a
chain length of 8 can absorb strain energy by adjusting their
shape and spatial angles, as shown in Fig. 11. The middle part
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Fig. 11 Morphological changes of PVA molecules with different chain lengths during Z-axis stretching.

of the PVA8 molecular chain is fixed, while one free end rotates
in the stretching direction, with an angle of 38° with the Y-axis
when the strain is 0.2. When the strain reaches 0.4, the angle
between the free end and the Y-axis further increases to 50°,
resulting in a more obvious angular displacement. However,
the other side, which is not connected to the silicate chain,
does not show significant movement. When the strain reaches
0.6, due to the limited energy absorption capacity of the
molecular chain itself, the molecular chain breaks, and the
system fails at this point.

Compared with PVA molecules with a chain length of 12,
they exhibit the same phenomenon as PVA8, with a connection
between the midpoint of the PVA molecular chain and the Si-O
chain, resulting in anchoring at the midpoint of the PVA
molecular chain. Both free ends rotate to adjust their spatial
positions in the stretching direction, resulting in significant
angular displacement. When the strain is 0.2, 0.4, and 0.6, the
rotation angles of the two ends reach 28°, 28°, and 63°, and 34°,
42°, and 46°, respectively. In the initial stage of stretching, a
large amount of energy is absorbed through the rotation of the
lower half. When the strain continues to increase, the lower

9410 | Phys. Chem. Chem. Phys., 2024, 26, 9399-9412

half reaches its limited energy absorption capacity and breaks.
At this point, the upper half of the molecule, due to its longer
length, can connect the two side layers, take over the rotation,
and continue to absorb some strain energy, thereby maintain-
ing the stability of the system. Compared with PVA8, both PVA8
and PVA12 undergo the same process, but PVA12 has a longer
chain length, and both free ends can effectively connect the
layers, alternating between rotation and breakage, while PVAS
can only connect one free end due to its limited length,
resulting in a weaker toughening ability than PVA12.
Combined with the MSD results, we can further analyze the
motion of the molecular chains. From the trend of the MSD
curves, it is evident that PVA2, PVA12, and PVA16 exhibit faster
motion speeds. Due to its small scale, PVA2 is not fixed on the
molecular chain and experiences rapid displacement within the
system. PVA16 also fractures into numerous small molecular
segments during stretching, exhibiting the same motion pat-
tern as PVA2. PVA4 exhibits minimal displacement during
stretching, indicating that it does not absorb strain energy by
adjusting its spatial conformation. The displacement produced
by PVA8 during stretching is not significant, as half of its
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molecules are not effectively connected due to their shorter
chain length and are thus pulled along, resulting in lower MSD
values. This phenomenon is consistent with the MSD curve of
PVA12 and the phenomenon shown in Fig. 11, where both free
ends of the PVA12 molecule rotate, resulting in rapid motion
reflected in the MSD curve. The upward trend of the MSD curve
terminates when the strain reaches 0.6, indicating that a
significant amount of energy is absorbed by the system through
substantial spatial position adjustments, effectively enhancing
the system’s toughness. Moreover, the motion of the molecular
chains is significantly reduced compared to that during X-axis
stretching, which matches its weaker toughening ability com-
pared to the X-axis. This effectively demonstrates that the
motion of the molecular chains is indeed one of the important
influencing factors for toughening ability.

In summary, during Z-axis stretching, the optimal chain
length of the molecular chains connected by the Si-O chains on
opposite sides of the upper and lower ends is increased from
PVAS8 in the X-direction to PVA12. Due to the limited chain
length of PVAS, only one side of its two free ends rotates and
extends, while both free ends of PVA12 can move due to its
longer chain length, resulting in rapid and significant displace-
ment reflected in the MSD curve. Such molecular chain rotation
absorbs a large amount of energy from the strain, resulting in
toughening effects. Molecular chains that are too short cannot
achieve this effect, while those that are too long will fracture
into numerous small molecular chains, losing their chain
length advantage. The MSD results demonstrate that the
motion and speed of the molecular chains do indeed affect
the toughening effect of the system, which will become one of
the important factors to consider when analyzing the effect of
molecular polymerization on toughening ability.

5. Conclusion

In the uniaxial stretching simulation, PVA molecules with
different chain lengths exhibited different toughening effects.
Along the X-axis, the order of the influence of the chain length
on the toughening effect was PVA8 > PVA12 > PVA4 >
PVA2 > PVA16 > pure CSH. Along the Z-axis, the order of
the influence of the chain length on toughening effect changed
to PVA12 > PVA8 ~ PVA16 > PVA2 > pure CSH > PVA4. The
different toughening effects along the X-axis and the Z-axis were
caused by the inherent structure of C-S-H. PVA molecular
chains connect adjacent left and right Si-O chains in the
X-axis direction and opposite upper and lower Si-O chains in
the Z-axis direction. During the stretching process, the main
pathway of energy dissipation is the breaking of Ca- --O bonds,
and the chain length of PVA molecules has a significant
influence on the trend of the number of Ca---O bonds. The
introduction of PVA fills the defects, connects the Si-O chains
at the defect sites, prevents the initiation and propagation of
cracks, and makes the system more uniformly stressed, allow-
ing more Ca- - -O bonds to break during stretching and absorb
energy, thereby enhancing the toughness of the system.

This journal is © the Owner Societies 2024
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The ability of PVA molecules of different chain lengths to
prevent crack initiation and propagation depends on their
behavior during stretching. In stretching along the X and Z
axes, PVA molecules with the optimal chain length range can
adjust their own shape to connect the left and right or upper
and lower layers of the silicate, prevent crack propagation, and
increase the toughness of the material. In addition, the anchor-
ing effect of the C-O-Si bond on PVA molecules also affects the
movement of the molecular chain. However, PVA molecules
with appropriate lengths can still produce effective displace-
ment while forming anchoring.

In summary, different chain lengths of PVA have different
toughening effects, and comprehensive considerations are
needed based on factors such as the defect size, stretching
direction, and molecular spatial structure. This study analyzed
the toughening mechanism of the PVA/C-S-H system through
molecular dynamics simulations, but there are still challenges
in macroscopic applications, such as a large range of molecular
weight and complex toughening mechanisms. By combining
machine learning, macroscopic performance, and other experi-
mental methods, further exploration of the toughening mecha-
nism of this system is expected.
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