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Abstract: Chloride-induced corrosion poses a critical threat to the durability of underground structures and geotechnical 
infrastructure. However, the role of polymer microcapsule wall materials in regulating ion transport within cementitious 
matrices remains unclear. In this study, a C–S–H/urea–formaldehyde (UF)/NaCl molecular dynamics model was 
developed to elucidate the barrier mechanism of UF microcapsule walls against chloride ingress. The results show that 
UF enhances Ca–O correlations in C–S–H, leading to a denser gel structure. UF also forms strong hydrogen bonds with 
pore water, significantly restricting water mobility and reducing the coordination numbers of Na⁺ and Cl⁻ ions, thereby 
inhibiting ionic diffusion. Parametric analyses further indicate that increased pore size and temperature accelerate ion 
mobility, even within typical service conditions. These findings provide atomic-scale evidence that UF microcapsules 
effectively suppress chloride transport, offering direct implications for enhancing the impermeability and service life of 
self-healing concrete used in saline geotechnical and underground engineering environments. 
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1. INTRODUCTION 

With the rapid expansion of urban infrastructure, the 
engineering focus has increasingly shifted towards the 
resilience of underground structures and geotechnical 
systems, such as deep foundations, pile groups, and 
retaining structures. Unlike superstructures, these 
geotechnical elements are continuously exposed to 
complex underground environments where durability 
and impermeability are paramount. A critical challenge 
facing these structures is the ingress of aggressive 
agents, particularly chloride ions, from groundwater 
and soil, which compromises the integrity of the 
concrete matrix. To address this, the development of 
high-performance concrete with self-healing 
capabilities has emerged as a significant approach. 
This involves the incorporation of diverse polymers, 
often in the form of microcapsules, into the cement 
matrix. These polymers can disperse evenly, merging 
with cement hydration products to establish novel 
interface areas. By doing so, they not only aid in stress 
transfer and crack mitigation but also play a pivotal role 
in reducing the permeability of the concrete cover, 
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thereby shielding the reinforcement in deep 
foundations from chloride attack. Consequently, these 
advancements are vital for elevating the long-term 
performance of concrete in harsh underground 
exposure environments [1]. 

Calcium-silicate-hydrate (C-S-H), the primary 
hydration product of cement, provides the fundamental 
binding force and dictates the transport properties of 
the concrete matrix. In the context of geotechnical 
engineering, the adsorption and diffusion behaviors of 
ions within the C-S-H gel pores are critical 
determinants of a structure's resistance to chemical 
erosion. Research has increasingly focused on 
incorporating high-performance composite materials 
into C-S-H to modify its pore structure. Matsuyama 
demonstrated the possibility of filling polymers between 
C-S-H layers, augmenting layer spacing [2, 3]. Li 
successfully employed rubber and epoxy resin to fill 
C-S-H gel, noting enhanced binding interactions and 
elastic modulus [4]. However, for underground 
structures, the primary concern extends beyond 
mechanical strength to the barrier performance against 
ionic transport. Compared to hydrophobic shells like 
polystyrene, UF exhibits excellent interfacial bonding 
with the hydrophilic cement paste, alongside the 
requisite brittleness for trigger sensitivity. Wang et al. 
[5-7] leveraged these properties to integrate 
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epoxy-urea-formaldehyde microcapsules into 
cement-based materials, enabling self-repair of the gel 
matrix. While this enhances mechanical recovery, the 
mechanism by which these microcapsule materials 
(specifically the polymer wall) influence the adsorption 
and diffusion of chloride ions at the C-S-H interface 
remains an intricate area that requires deeper 
investigation. 

With advancements in computer technology, 
molecular dynamics (MD) simulation has emerged as 
an effective methodology to explore the multifarious 
properties of gel materials at the molecular scale [8-10], 
offering superior control over micro-environmental 
conditions compared to macro laboratory experiments. 
This is particularly valuable for studying the interactions 
between aggressive subsurface ions and the 
cementitious matrix. Hou et al. [11] studied the capillary 
adsorption of NaCl and Na2SO4 solutions in the 
nanometer channel of the C-S-H coated with epoxy 
molecules using molecular dynamics methods. Tu et al. 
[12] investigated the impact of salt solutions within gel 
channels, revealing that the C-S-H interface selectively 
adsorbs cations and anions through distinct 
mechanisms—cations via surface electronegativity and 
anions via electrostatic attraction. Furthermore, 
numerous researchers have explored the diverse 
properties of concrete by incorporating various 
polymers into the C-S-H matrix [13-15]. Nevertheless, 
research on the mechanisms of using polymer 
materials in concrete to promote self-healing of cracks 
has received relatively little attention. As the service life 
of concrete increases, the issue of crack propagation 
becomes increasingly significant. Research linking the 
microcapsule polymer wall materials (such as 
urea-formaldehyde) to the inhibition of chloride 
transport in self-healing concrete for geotechnical 
applications is limited. As the service life of deep 
foundations and tunnels increases, understanding how 
these polymers alter the pore environment to mitigate 
crack propagation and ionic seepage becomes 
increasingly significant. 

Despite the extensive research on 
polymer-modified cementitious materials, a critical 
knowledge gap remains regarding the molecular-level 
barrier mechanisms of Urea-Formaldehyde (UF) resin, 
particularly in the context of geotechnical applications 
exposing to saline groundwater. Most existing MD 
simulations have focused on linear polymers like PEG 
or PVA for mechanical reinforcement or surface 
waterproofing. However, the specific interaction 
mechanism between the cross-linked UF 
network—widely used as the shell for self-healing 
microcapsules—and the ionic transport channels within 
C-S-H gel pores is not yet understood. Crucially, it 
remains unclear whether UF acts merely as a physical 
filler or if it actively participates in competitively 

anchoring aggressive ions (such as chlorides) through 
functional group interactions. To bridge this gap, this 
study establishes a composite C-S-H/UF molecular 
dynamics model to unravel the atomic behavior of ions 
at the resin-matrix interface. Unlike previous general 
studies, this work specifically targets the diffusion 
dynamics under environmental conditions relevant to 
underground structures (varying pore sizes and 
temperatures), aiming to provide a theoretical basis for 
the durability design of piles and tunnels in aggressive 
saline environments. 

This study delves into the influence of 
urea-formaldehyde resin (UF), a common polymer 
microcapsule wall material, on the adsorption behavior 
of ions at the C-S-H surface using molecular dynamics 
simulation. The research aims to clarify the role of UF 
in enhancing the durability of geotechnical structures 
exposed to saline groundwater. By calculating the 
interatomic radial distribution function (RDF), the ion 
diffusion coefficient, and the adsorption quantity of ions 
at the interface, the impact of UF on the adsorption 
capacity of ions within the matrix interface was 
analyzed. Furthermore, the influence of varying pore 
sizes and temperatures—mimicking diverse 
underground environmental conditions—on ion 
adsorption was further studied to provide theoretical 
support for the application of self-healing concrete in 
deep foundation engineering. 

2. METHODOLOGY 

The C-S-H structure simulated in this paper is 
based on Tobermorite 11 Å (T11), a layered structure 
highly similar to C-S-H, albeit differing in water content 
and silicon chain polymerization degree [16-20]. First, 
the monoclinic structure underwent a transformational 
change into an orthorhombic form. Subsequently, the 
cell was expanded by 2 × 5 × 1, establishing a C-S-H 
model with dimensions of A = 21.89 Å, B = 36.18 Å, 
and C = 76.04 Å. To represent the nanoscale gel pores 
typical in real geotechnical cementitious matrices, a 
slit-pore geometry was adopted. Then, the C-S-H 
model was sectioned along the crystal plane (0 0 1) to 
generate a pore with a diameter of approximately 40 Å. 
Although real cement pores exhibit complex tortuosity, 
this planar slit model effectively captures the essential 
physicochemical environment of the gel pores where 
critical interfacial interactions occur. Next, a 1.0 mol/L 
NaCl solution was introduced into the pore. The 
chemical potential energy of water was maintained at 
zero, and the corresponding density was 1.0 g/m2. 
Regarding the boundary conditions, periodic boundary 
conditions (PBC) were applied in all three directions. 
This setup simulates an infinite periodic system, 
representing the continuous multi-layered stacking 
nature of the C-S-H gel network and minimizing surface 
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truncation effects. Last, to investigate the adsorption 
mechanism of organic modifiers, UF (as depicted in 
Figure 1(b)) was placed on the surface of the C-S-H 
structure, roughly at the position 20 Å along the Z-axis 
of the entire model. This placement mimics the 
solid-liquid interface contact anticipated in a hydrated 
cementitious system. The whole model is illustrated in 
Figure 1(a). 

In this paper, the Materials Studio software was 
used to conduct molecular dynamics simulation 
research. After completion of the model, energy 
minimization was required to obtain the optimal 
structure. The smart minimizer method is selected as 
the energy minimizer method, which combines the 
fastest descent conjugate gradient method and the 
Newton method to optimize the initial structure. The 
whole model is simulated under periodic boundary 
conditions. In the first step, C-S-H and NaCl solutions 
were fixed, and urea-formaldehyde resin was 
geometrically optimized. Second, the fixation was 
removed, and geometric optimization was carried out 
for the whole model. COMPASS was selected as the 
force field to optimize the entire model, and the initial 
model with the lowest energy was obtained. The 
intermolecular and intramolecular interactions within 
the simulation system were described using the 
COMPASS force field [21]. COMPASS is an ab initio 
force field explicitly parameterized to handle 
heterogeneous condensed-phase systems. This 
feature is critical for the present study, which involves 
complex interfaces between inorganic C-S-H 
substrates, organic UF polymers, and ionic solutions. 
Previous studies have validated the accuracy of 
COMPASS in reproducing the structural and 
mechanical properties of C-S-H based composites [22, 
23]. In the third step, after the equilibrium of C-S-H and 
NaCl solution, the dynamic relaxation of the whole 
model was performed by running 200ps under NPT 
ensemble (N is the number of atoms in the system, P is 
the pressure and T is the temperature of the 
simulation) using molecular dynamics method, which 
the temperature was set to 298 K and the pressure was 
set to 0 to Make the whole model stress relaxation. 

Lastly, the entire model was simulated under an NVT 
ensemble (V is the volume) to get analytical data. Total 
simulation time was 5000 ps, the timestep was one fs, 
and the trajectory was output every 5000 steps for 
subsequent data analysis. To verify the stability of the 
simulation, thermodynamic parameters were monitored 
over the 5000 ps trajectory. The energy profiles (Figure 
2) exhibit a flat trend with no significant drift, indicating 
the system reached a relaxed state. Furthermore, the 
temperature (Figure 3) oscillated stably around 298 K 
throughout the run, confirming that the system 
maintained thermal equilibrium and justifying the 
simulation duration. 

 

Figure 2: Time evolution of total, potential, and non-bond 
energies during the MD simulation. 

 

Figure 3: Time dependence of system temperature 
throughout the 5000 ps production run. 

 
Figure 1: Computational Models: (a) C-S-H/UF model; (b) UF model. (White, red, yellow, dark green, purple, light green, blue, 
and gray represent hydrogen, oxygen, silicon, calcium, sodium, chlorine, nitrogen, and carbon atoms, respectively.) 
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According to numerous studies by scholars [24, 25], 
the adsorption behavior of water molecules and ions in 
the C-S-H gel pores is influenced by factors such as 
pore size, temperature, and whether the polymer is 
cured. Therefore, this study further investigates and 
analyzes the effects of pore size and temperature. To 
investigate the effect of pore size on ion transport, pore 
widths were set to 20 Å, 40 Å, and 60 Å. These values 
were specifically selected to represent the realistic 
range of gel pores within the C-S-H matrix, which serve 
as the primary pathways for ion diffusion in dense 
underground concrete structures. According to the 
microstructural classification of C-S-H, the 20 Å width 
corresponds to intrinsic gel pores (small gel pores), 
while the 40 Å and 60 Å widths correspond to larger 
inter-particle voids or micro-defects. By focusing on this 
nanoscale range, the study provides an accurate 
assessment of diffusion resistance in the most limiting 
phases of the geotechnical barrier, ensuring the results 
are directly relevant to the durability performance of 
actual concrete structures.  

Additionally, a gel pore model with a pore size of 40 
Å was used to study the effect of temperature on 
adsorption. Three temperature values were chosen: 
283 K, 293 K, and 303 K. These values were 
specifically selected to encompass the typical 
operational thermal range of geotechnical 
infrastructure subject to seasonal climatic variations 
and depth-dependent ground temperatures. 
Specifically, the lower bound of 283 K (10°C) 
corresponds to subsurface conditions during winter or 
in deeper soil strata where temperatures remain 
relatively low and stable. Conversely, the upper bound 
of 303 K (30°C) represents near-surface environments 
during summer or conditions influenced by hydration 
heat. By analyzing ion transport dynamics across this 
representative temperature gradient, the study 
elucidates how environmental thermal fluctuations 
influence the activation energy of diffusion, thereby 
providing a theoretical basis for predicting the service 

life and barrier performance of cementitious materials 
in complex underground environments. 

3. RESULTS AND DISCUSSION 

3.1. The Influence of Microcapsule Wall on Ion 
Adsorption 

3.1.1. The Relative Concentration 

To intuitively evaluate the specific influence of the 
microcapsule shell material on ion behavior, an 
asymmetric slit-pore model was constructed. As 
illustrated in Figure 1, the left boundary consists of the 
UF microcapsule shell surface, while the right 
boundary consists of a pristine T14 surface, 
representing the bulk cement matrix. The relative 
concentration refers to the ratio of the particle number 
density at a specific distance near the normal direction 
to the total particle number density within the system. 
The relative concentration curve can be used to 
analyze the density distribution information of various 
particles inside the box. The relative ion concentrations 
of sodium and chloride ions in the gel channel solution 
along the parallel Z axis were calculated. As shown in 
Figure 4(a), sodium ions are primarily concentrated on 
both sides of the C-S-H surface, at approximately 20 Å 
and 60 Å. A comparison of the two curves reveals that 
sodium ions are evenly distributed across both sides of 
the interface in the C-S-H model without UF, whereas 
in the C-S-H/UF model, the sodium ion concentration is 
significantly higher on the side adjacent to the UF. 
Physically, this asymmetry is attributed to the 
restructuring of the Electric Double Layer (EDL) at the 
shell-matrix interface. The urea-formaldehyde chains in 
the microcapsule wall are rich in nitrogen atoms, which 
possess lone pair electrons acting as active Lewis base 
sites. These sites exert a strong electrostatic attraction 
on cations, effectively creating a "chemical trap" that 
immobilizes Na+ ions more efficiently than the silicate 
chains of C-S-H. As shown in Figure 4(b), the relative 
concentration of chloride ions is mainly concentrated 

 
(a)       (b) 

Figure 4: Relative Atomic Concentration: (a) sodium ion; (b) chloride ion. 
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between 25 Å and 55 Å, which is also within the range 
of the gel channel. This indicates that C-S-H has a 
weak adsorption capacity for chloride ions and 
suggests the indirect adsorption form of chloride ions 
on the C-S-H matrix as Os (Oxygen atoms in 
C-S-H)-Na-Ow (Oxygen atoms in water)-Cl, which also 
supports the viewpoint of Hou [26]. This finding has 
significant implications for realistic geotechnical 
foundations, which often face intrusion from saline 
groundwater through pores and micro-cracks. Our 
results suggest that the UF microcapsules serve a dual 
function. Beyond physically encapsulating healing 
agents, the shell surfaces dispersed within the 
foundation's pore network act as active "cation sinks." 
By electrostatically capturing corrosive ions, the 
microcapsule shells retard the migration of harmful 
species into the deep matrix, providing enhanced 
durability for foundations in aggressive subsurface 
environments. 

3.1.2. Radial Distribution Function 

The radial distribution function (RDF) represents the 
possibility that the central atom appears within a 
specific range of surrounding atoms and is used to 
describe the spatial correlation between atoms [15, 27]. 
The radial distribution function represents the ratio of 
the local density of B atoms at a distance r from an A 

atom to the bulk average density of B atoms. It 
quantifies the spatial ordering of B atoms around A 
atoms. The calculation formula is as follows: 

g!" ! = !"
!"#!!!!

        (1) 

where dN represents the number of class B atoms 
within the range r from A atoms, and ρ is the average 
density of the whole model. When the distance is 
relatively large to a certain extent, the RDF tends to the 
average distribution. In addition, the shape of the RDF 
peak can be used to qualitatively characterize the 
spatial correlation between atoms in the coordination 
shell. The sharper the peak, the stronger the 
consistency of laws between atoms, and the stronger 
the interaction. The RDF between Ow-Ow (oxygen 
atoms in solution) can represent the correlation 
between water molecules in solution to explore the 
motion characteristics of water molecules in solution. 
The correlation between Na and Os (oxygen atoms in 
C-S-H) and the adsorption of ions in solution were 
analyzed by RDF. The RDF of Ca-Os represents the 
correlation between calcium ions and oxygen atoms in 
the C-S-H matrix. The RDF results are shown in Figure 
5. In Figure 5(a), for the C-S-H/UF model, a distinct 
peak appears at 2.73 Å, whereas for the C-S-H model, 
the first peak occurs at 2.71 Å. The peak in the 

 
(a)       (b) 

 
(c)       (d) 

Figure 5: Radial Distribution Function: (a) Ow-Ow; (b) Na-Os; (c) Ca-Os; (d) Na-Cl. (Ow: oxygen atoms in water; Os: oxygen 
atoms in C-S-H). 
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C-S-H/UF model is more pronounced, indicating that 
the introduction of UF leads to a higher peak in the 
radial distribution function (RDF) of water molecules in 
the solution. In other words, the incorporation of UF 
enhances the interactions among water molecules. As 
illustrated in Figure 5(b), the peak positions are 
identical for both the C-S-H and C-S-H/UF models, but 
the peak intensity is higher for the C-S-H model. This is 
because the negatively charged surface of the C-S-H 
matrix promotes the aggregation of cations. In contrast, 
the addition of UF hinders the interaction between Na⁺ 
and Os atom [28]. As shown in Figure 5(c), for the RDF 
of the C-S-H/UF model, the first peak appears at 2.59 
Å with a prominent peak, and there are eight 
pronounced subsequent peaks; while for the C-S-H 
model, the first peak appears at 3.57 Å with a slight rise, 
but no prominent following peaks. These indicate that 
after the addition of UF, the correlation between 
calcium and oxygen atoms in the C-S-H matrix is more 
substantial, and the connection is closer, making the 
gel denser and not conducive to the adsorption of 
water and ions. From Figure 5(d), the RDF of Na-Cl 
possesses a sharp peak at 2.73 Å, indicating the Na-Cl 
ionic pairs of Os-Na-Cl. There is a broad spread peak 
at 4.97 Å, which represents the hydration layer 
structure of Na-Ow-Cl ion, and means that the 
adsorption form of Cl ion on C-S-H matrix is indirect in 
the way of Os-Na-Ow-Cl. However, compared with the 
C-S-H model, the peak of the C-S-H/UF model is more 
prominent, indicating that the adsorption of various ions 
is stronger after adding UF. 

3.1.3. The Coordination Numbers 

The coordination number (CN) represents the 
number of atoms closest to the atom being considered, 
and it can be calculated by the area under the first peak 
of the radial distribution function (RDF). The specific 
formula is shown as Equation (2), where r1 represents 
the position of the first peak valley. The coordination 
numbers of sodium ions, chloride ions, and water 

molecules in the C-S-H and C-S-H/UF model solutions 
are calculated and presented in Tables 1 and 2. 

n = 4π !!!(!)!!
! !"#       (2) 

From the data in the tables, it can be observed that 
the average coordination number of sodium ions is 
5.195, which is consistent with the results obtained by 
previous studies (CN= 4-8 [29, 30]), and the average 
coordination number of chloride ions is 6.793, which 
also matches previous research findings (CN= 6-8 [29, 
30]). It can be observed that CN (Na-C-S-H) > CN 
(Na-C-S-H/UF) and CN (Cl-C-S-H) > CN (Cl-C-S-H/UF). 
After the addition of UF, the coordination number of Na 
and Cl decreased by 0.0483 and 1.133. This shows 
that the addition of UF can reduce the interaction 
between Na and Cl with other atoms, respectively. 

This reduction in coordination numbers reflects a 
fundamental alteration in the ion hydration environment 
and transport mechanism relevant to geotechnical 
performance. Specifically, sodium ions' kinetic 
characteristics are heavily influenced by the hydrogen 
bonding and spatial distribution of surrounding water 
molecules. The functional groups in the added UF resin, 
such as NH2 and CHO, form hydrogen bonds with 
these water molecules, weakening the direct 
interaction between water and sodium ions and thereby 
reducing the coordination number. Similarly, the resin 
functional groups can form complexes with chloride 
ions and alter the hydrogen bonding of their 
surrounding water network, further restricting chloride 
solvation. Crucially, these microscopic interactions 
effectively "anchor" the ions to the macromolecular 
resin network. Macroscopically, this atomic-level 
restriction translates into reduced ion mobility and 
increased diffusion resistance [31]. Consequently, the 
addition of UF contributes to lower permeability of the 
cementitious matrix, enhancing its barrier performance 
against aggressive ion ingress.  

Table 1: Coordination Numbers of Sodium Ions, Chloride Ions, and Water Molecules in the C-S-H Model 

 Na Cl Os Ow Total 

Na / 0.101 0.221 5.114 5.436 

Cl 0.092 / 0.011 7.256 7.359 

Ow 0.087 0.118 0.208 3.426 3.631 

 
Table 2: Coordination Numbers of Sodium Ions, Chloride Ions, and Water Molecules in the C-S-H/UF Model 

 Na Cl Os Ow Total 

Na / 0.132 0.138 4.653 4.953 

Cl 0.717 / 0.027 5.482 6.226 

Ow 0.063 0.107 0.188 3.584 3.942 
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3.1.4. Mean Square Displacement 

The mean square displacement (MSD) is used to 
analyze the motion trajectory of atoms in the model 
during the simulation process and to represent the 
displacement of atoms with time. The definition is 

< r! t >= !
!

<∣ r! t − r! 0 ∣!>!
!!!      (3) 

where ri(0) is the initial position of the ith atom, ri(t) is 
the position of the ith atom at time t, and N is the 
number of atoms in the system. MSD(t) describes the 
time function of the atom deviating from its initial 
position. The MSD curves of Ow atoms in the C-S-H 
model and C-S-H/UF model are shown below. As 
shown in Figure 6(a), the motion speed of water 
molecules in the C-S-H model was higher than in the 
C-S-H/UF model during the simulation process. On the 
one hand, the added UF made the water molecule in 
the solution form a hydrogen bond with the UF, which 
restricted the movement of water molecules; on the 
other hand, the added UF filled the pores, making the 
C-S-H pores smaller and inhibiting the activity of water 
molecules. Figure 6(b) shows that the ion diffusion 
becomes more intense after UF incorporation. 
Although the coordination number analysis indicates 
that UF functional groups interact with Na ions and 
alter their hydration shells, the dominant factor 
governing Na mobility is the electrostatic property of 
the C-S-H substrate. The surface of pure Tobermorite 
is strongly electronegative, creating deep potential 
energy wells that firmly "trap" Na ions via electrostatic 
adsorption, resulting in very low mobility. When UF is 
added, the resin molecules coat the C-S-H surface. 
This coating creates a "shielding effect" that blocks the 
strong electrostatic attraction from the C-S-H surface. 
While the UF resin does form complexes with Na ions, 
this resin-ion interaction is significantly weaker than the 
original surface-ion electrostatic adsorption. 
Consequently, the addition of UF effectively "liberates" 
Na ions from the rigid surface-bound state into a 

relatively more mobile state within the pore solution. 
Therefore, despite the chemical interaction with UF, the 
net effect is a reduction in total constraints and an 
increase in the macroscopic diffusion coefficient. This 
is consistent with the conclusion of Section 3.1.1. 

3.1.5. Diffusion Coefficients 

 Diffusion coefficients can be used to characterize 
the motion characteristics of ions in solution to reflect 
the adsorption of ions on C-S-H gel according to the 
fluctuation-dissipation theory in non-equilibrium 
statistical thermodynamics, and the diffusion 
coefficients of ions are calculated by MSD [32]: 

D = !
!
lim!→!

!
!"

<∣ r! t − r! 0 ∣!>!
!!! = !

!
lim
!→!

!
!"
(MSD)

          (4) 

According to Figure 6(a), it can be calculated by 
Equation (4): DC-S-H (Ow)=0.205 Å2/ps, DC-S-H/UF 
(Ow)=0.185 Å2/ps. The addition of UF reduces the 
diffusion coefficient of water because the addition of UF 
leads to the formation of hydrogen bonds between UF 
and water molecules as shown in Figure 7, forming a 
constraint between UF and water molecules and 
hindering the movement of water molecules. 

 

Figure 7: The Hydrogen Bonds between UF and Water 
Molecules. 

 
(a)       (b) 

Figure 6: Mean Square Displacement: (a) Ow; (b) Na. 
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According to Figure 5(b), DC-S-H (Na)=0.052 Å2/ps 
and DC-S-H/UF (Na)=0.079 Å2/ps were similarly fitted. It 
can be concluded that the addition of UF increases the 
diffusion coefficient of sodium ions, which is not 
conducive to the adsorption of sodium ions at the 
matrix surface. 

3.2. Effect of Pore Size on Adsorption of Water and 
Ions in C-S-H Gel Channels 

3.2.1. Radial Distribution Function 

In order to study the local structure of atoms in the 
solution, the RDFs of water molecules and ions were 
calculated in gel pores of different sizes. The RDFs 
provide information about the spatial correlation 
between water-water, water-ion, and ion-ion 
interactions. 

As shown in Figure 8(a), the first peak of the 
Ow-Ow RDF is located at around 2.78 Å, representing 
the closest hydration layer of water molecules. To 
quantitatively analyze the local structure, coordination 
numbers (CN) were calculated,as shown at Table 3. 
The Ow-Ow CN decreases significantly from 3.87 to 
2.22 as the pore size increases from 20 Å to 60 Å. This 
trend indicates that water molecules in the 20 Å pore 

are subject to strong confinement, resulting in a tighter 
local packing compared to larger pores. As the pore 
size increases, the confinement effect weakens, 
leading to a reduction in the number of 
nearest-neighbor water molecules. 

Figure 8(b) displays the Na-Ow RDFs for the three 
pore sizes. Two peaks appear at 2.05 Å and 4.55 Å, 
indicating the presence of two hydration layers 
between Na+ ions and water molecules. Quantitatively, 
the coordination number represents the hydration level 
of the ions. The Na-Ow CN is 1.41 in the 20 Å pore, 
increasing to 1.68 and 1.64 in the 40 Å and 60 Å pores, 
respectively. While the hydration structure is generally 
stable, the lower CN at 20 Å suggests that the 
hydration shell of Na+ ions is partially restricted by 
spatial constraints in the smallest pore. In pores larger 
than 40 Å, the hydration environment of Na+ remains 
consistent. 

In Figure 8(c), the Ca-Os RDF shows two peaks at 
2.47 Å and 4.52 Å. The calculated coordination number 
exhibits a clear increasing trend with pore size, rising 
from 2.03 at 20 Å to 3.18 at 60 Å. This indicates that 
the binding capacity between Ca2+ ions and surface 
oxygen (Os) sites is enhanced in larger pores. This 
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Figure 8: Radial Distribution Function: (a) Ow-Ow; (b) Na-Ow; (c) Ca-Os. 
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enhancement is attributed to reduced steric hindrance, 
which allows Ca2+ ions greater orientational freedom 
to coordinate with surface oxygen atoms, whereas the 
strong confinement in the 20 Å pore impedes direct 
interaction. 

Table 3: Coordination Numbers of Different Pore Size 

 20 Å 40 Å 60 Å 

Ow-Ow 3.87 2.64 2.22 

Na-Ow 1.41 1.68 1.64 

Ca-Os 2.03 2.59 3.18 

 
3.2.2. Mean Square Displacement 

Figure 9(a) demonstrates that the MSD of water 
molecules is larger than that of chloride ions and 
sodium ions, indicating that water molecules have 
higher movement speeds compared to various ions in 
solution. The motion of ions is influenced by factors 
such as ion concentration, temperature, viscosity, 
charge magnitude, and ion radius in the solution. In 
contrast, the movement of water molecules is only 
influenced by factors such as temperature and 
viscosity. Generally, smaller solvent molecules have 
higher movement velocities, while ions have slower 
movement speeds due to mutual charge repulsion and 
hindrance from water molecules. The research of Hou 
et al. [26, 33] also found that chloride ions exhibit 
weaker adsorption capability in C-S-H channels and 
have higher motion rates than sodium ions. 

Figure 9(b) shows that as the pore size increases, 
the MSD of water molecules gradually increases. This 
is attributed to larger pore sizes providing more space, 
resulting in reduced hindrance to the movement of 
water molecules and allowing them to move more 
freely. Smaller pore sizes restrict the movement range 
of water molecules, while larger pore sizes enable 
water molecules to diffuse and move more freely. 

3.3. Effect of Temperature on Adsorption of Water 
and Ions in C-S-H gel Channels 

3.3.1. Radial Distribution Function 

In order to investigate the local atomic structure of 
solutes, the radial distribution functions (RDFs) of 
water molecules and ions in the gel pores were 
calculated at different temperatures. The spatial 
correlations of water-water, water-ion, and ion-ion 
interactions were analyzed. As shown in Figure 10(a), 
at three different temperatures, the oxygen atoms in 
water molecules exhibit a prominent peak at 
approximately 2.65 Å. To evaluate the variation in local 
density, coordination numbers were calculated, as 
shown at Table 4. The Ow-Ow CN values are 2.53, 
2.50, and 2.63 at 283 K, 293 K, and 303 K, respectively. 
These slight variations suggest that the local structural 
arrangement of water molecules remains relatively 
stable within this temperature range, with no drastic 
disruption to the nearest-neighbor packing. 

As shown in Figure 10(b), the Na-Ow RDF exhibits 
two distinct peaks at approximately 2.51 Å and 4.82 Å, 
with the second peak being broader and lower than the 
first. This suggests the presence of an electrostatic 
interaction between sodium ions and oxygen atoms in 
water, mediated by the negatively charged oxygen 
atom, resulting in a prominent peak. The appearance of 
the second peak often indicates a close interaction 
between sodium ions and water molecules, such as 
hydrogen bonding or van der Waals forces, leading to a 
broader and lower peak position. A quantitative 
analysis reveals a clear decreasing trend in the 
coordination number with rising temperature: the 
Na-Ow CN drops from 3.23 at 283 K to 3.03 at 293 K, 
and further to 2.63 at 303 K. This reduction indicates 
that increased temperature enhances the thermal 
kinetic energy of water molecules, which destabilizes 
the hydration shell and promotes the detachment of 
water molecules from the sodium ions, thereby 
reducing the coordination density. Specifically, as the 
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Figure 9: Mean Square Displacement: (a) 40 Å hole model; (b) Ow in the models with different pore sizes. 
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temperature rises, the kinetic energy of water 
molecules increases, leading to higher mobility and 
faster diffusion around the ions, thereby reducing the 
contact time between ions and water molecules. 
Additionally, as the temperature rises, the average 
length of hydrogen bonds in water molecules may 
decrease, causing a change in their arrangement 
around the ions, further weakening the interaction 
strength between sodium ions and oxygen atoms in 
water. 

In Figure 10(c), the RDF between calcium ions and 
oxygen atoms (Os) in C-S-H exhibits four peaks at 
approximately 2.52 Å, 4.88 Å, 7.21 Å, and 9.8 Å. This 
complex pattern arises from diverse interactions 
between calcium ions and oxygen atoms, including 
electrostatic interactions and other types, such as van 
der Waals forces. Different peaks often correspond to 
various interactions, with the first peak representing the 
formation of chemical bonds between calcium ions and 
oxygen atoms. In contrast, the subsequent broader 
peaks may correspond to van der Waals interactions. 
Despite the temperature variations, the coordination 
environment of calcium ions is remarkably stable. The 
calculated Ca-Os coordination numbers are 1.78, 1.78, 
and 1.79 at 283 K, 293 K, and 303 K, respectively. This 
consistency suggests that the interaction between 

Ca2+ ions and surface oxygen sites is governed by 
strong electrostatic forces. These forces are 
significantly stronger than the thermal energy 
fluctuations within this temperature range, resulting in a 
robust surface coordination structure that is insensitive 
to temperature changes. 

Table 4: Coordination Numbers of Different 
Temperature 

 283 K 293 K 303 K 

Ow-Ow 2.53 2.50 2.63 

Na-Ow 3.23 3.03 2.63 

Ca-Os 1.78 1.78 1.79 

 
3.3.2. Mean Square Displacement 

As shown in Figure 11(a), the simulation results 
indicate an increasing trend in the MSD of chloride ions 
with increasing molecular structure temperature. This is 
because the higher temperature increases the kinetic 
energy of molecules and ions, thereby increasing the 
motion and diffusion rates of chloride ions. At lower 
temperatures, the diffusion rate of chloride ions is slow, 
and their movement is relatively restricted, resulting in 
smaller MSD values. As the temperature increases, the 
movement range and speed of chloride ions increase, 

 

 

Figure 10: Radial Distribution Function: (a) Ow-Ow; (b) Na-Ow; (c) Ca-Os. 
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leading to an increase in MSD values. This also reflects 
that the C-S-H substrate exhibits weak adsorption 
capacity for chloride ions, and no ion pairs are formed 
through solid interactions with chloride ions in the 
solution. 

As shown in Figure 11 (b), with increasing 
temperature, the MSD of water also increases. This is 
because, as the temperature gradually rises, the kinetic 
energy of water molecules increases, resulting in 
increased free diffusion and range of motion. 
Additionally, higher temperatures may weaken the 
strength of hydrogen bonds between water molecules, 
further promoting the free diffusion and movement of 
water molecules and contributing to an increase in the 
MSD value. 

As shown in Figure 11(c), the MSD of sodium ions 
decreases with increasing temperature. This is 
because sodium ions in C-S-H are typically bound to 
hydroxyl groups or calcium ions through adsorption 
and exchange interactions. When the temperature 
rises, the interactions between hydroxyl or calcium ions 
in C-S-H and water molecules weaken, resulting in a 
decrease in the diffusion rate of surface-adsorbed 
sodium ions. 

3.4. Limitations and Future Perspectives 

While this study provides critical molecular-level 
insights into the barrier mechanisms of C-S-H/UF 
composites, certain limitations inherent to the 
Molecular Dynamics (MD) approach must be 
acknowledged to contextualize the findings for 
geotechnical applications. First, the spatiotemporal 
scale of MD simulations is restricted to nanometers and 
nanoseconds, which differs significantly from the 
macroscopic dimensions and decadal service life of 
actual underground structures. Although the derived 
diffusion coefficients serve as robust comparative 
indicators, the direct quantitative prediction of 
long-term macroscopic permeability requires upscaling 
techniques, such as coupling MD outputs with 
continuum-based Finite Element Methods (FEM). 
Second, the pure Tobermorite model used to represent 
C-S-H is an idealized structure that does not fully 
capture the chemical heterogeneity, such as aluminum 
substitution or impurity content, often found in field 
concrete. Future research should therefore focus on 
bridging these scales through multiscale modeling and 
rigorous experimental validation. Specifically, 
macroscopic rapid chloride migration (RCM) tests and 
microstructural analyses (e.g., SEM-EDS) are 
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Figure 11: Mean Square Displacement: (a) Cl; (b) Ow; (c) Na. 
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recommended to verify how the atomic-level 
"anchoring" effects and pore modifications observed in 
this simulation translate into the bulk engineering 
performance of piles and tunnel linings under complex 
environmental loads. 

4. CONCLUSIONS 

In this study, a molecular dynamics model was 
established to elucidate the barrier mechanism of 
urea-formaldehyde (UF) microcapsules in cementitious 
matrices. The findings offer critical insights for 
enhancing the durability of geotechnical infrastructure, 
such as piles, deep tunnels, and retaining walls, which 
are frequently exposed to saline groundwater and 
complex environmental stresses. The key conclusions 
are summarized as follows: 

(1) Chemical Barrier Mechanism: The incorporation 
of UF forms a dense polymer network that chemically 
anchors ions and restricts water mobility through 
hydrogen bonding. This interaction effectively 
interrupts the continuous hydration shell of aggressive 
ions (reducing coordination numbers), thereby 
inhibiting the ingress of corrosive agents. For pile 
foundations in saline soil, this mechanism provides an 
enhanced chemical barrier that prolongs service life. 

(2) Pore Size and Crack Control: Pore size is a 
decisive factor controlling diffusion rates. The 
simulation confirms that ion transport accelerates 
significantly in larger pores (60 Å) compared to intrinsic 
gel pores (20 Å). This underscores the engineering 
necessity of using self-healing microcapsules to seal 
micro-cracks in underground tunnels and retaining 
structures, preventing the transition from slow diffusion 
to rapid convection. 

(3) Environmental Sensitivity: Temperature 
variations within the geotechnical operational range 
(10–30°C) markedly alter diffusion kinetics. Higher 
temperatures significantly accelerate chloride migration, 
indicating that shallow foundations or structures in 
warmer climates require more robust impermeability 
design compared to those in deep, thermally stable 
strata. 

Overall, this work substantiates that UF resin acts 
as an effective active barrier. By mitigating ion 
transport at the molecular level, it enhances the 
macroscopic impermeability of concrete, offering a 
viable solution for protecting critical underground 
assets against environmental degradation. 
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