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Rubber concrete has high environmental and economic benefits. However, the difference in the physical and chemical properties
of the interface causes a weak interface between rubber and concrete, which limits the use of rubber concrete to a certain extent.
Based on the macroexperiment of epoxy resin (EP) modified rubber concrete, from the nanoscale level, three interface models of
Rh (natural rubber)/C-S-H, EP/C-S-H, and Rh/EP/C-S-H were constructed by molecular dynamics simulation to explore the
interaction between epoxy resin and rubber cement-based interface and reveal its microreinforcement mechanism. *e results of
interaction energy, radial distribution function, andmean square displacement show that the addition of EP not only improves the
interface interaction energy between Rh and C-S-H but also provides a large number of hydrogen bond donors and receptors,
promotes the diffusion of Ca, and increases the adhesion between Rh and cement matrix. *e results of the analysis of mechanical
properties show that the elastic modulus of the rubber concrete interface model is improved and the interface properties are
improved after adding EP.

1. Introduction

With the continuous development of industries in various
countries, the contradiction between the shortage of natural
resources and the rapid development of society is becoming
increasingly fierce. *e low carbon green development and
the utilization of waste resources will also become the rigid
requirements of social sustainable development. With the
rapid development of the global automobile industry and
transportation industry, the use of automobile tires has
increased sharply, and the output of waste tires is also in-
creasing. However, the waste rubber is not easy to degrade
naturally, and direct landfill is easy to cause soil pollution.
Incineration will produce a large number of toxic and
harmful gases and cause air pollution. *erefore, the dis-
posal of solid waste from waste tires has become a serious
global social problem (Figure 1).

Rubber concrete is a kind of special concrete based on
ordinary concrete and modified by adding a certain amount
of waste rubber particles or rubber powder. Compared with
ordinary plain concrete, it can not only improve the

mechanical properties of concrete but also solve the problem
of difficulty in treatment of waste tires. However, after the
waste rubber aggregate is added to the concrete, it will not
only affect the cement hydration reaction of the concrete but
also form many weak interface transition zones in the new
composite material composed of nonpolar rigid bodies and
organic elastomers. *e weak interface problem usually
leads to the early failure of the composite material. *is has
seriously hindered the development and application of
rubber concrete (Figure 2). In addition, epoxy resin (EP)
concrete has high strength, short curing time, and good
durability [1], but the impact resistance of EP is poor (be-
longing to brittle material), while rubber has good impact
resistance (belonging to elastic material). *e modulus of EP
adhesive and rubber particles is close, and the adhesion is
good, which improves the interfacial adhesion.*emodified
EP concrete with rubber particles or EP-modified rubber
concrete can effectively improve the flexural performance,
crack resistance, and impact resistance of concrete. EP
rubber elastic concrete combines the advantages of the above
two materials and has broad application prospects.
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Because the stiffness of rubber is difficult to be signifi-
cantly improved, improving the bond between rubber and
cement matrix is considered to be the key. *erefore, some
studies have found that adding modifiers or improving the
preparation method of rubber concrete can improve the
interfacial adhesion between rubber and cement matrix, so
as to improve the mechanical properties of rubber concrete
[2–7]. As mentioned above, one of the most successful
methods is to add the epoxy resin material into the rubber
concrete. *e complementarity of the two in physical
properties makes the treated rubber particles not only im-
prove the compressive strength and splitting tensile strength
of rubber concrete but also enhance the deformation re-
sistance of rubber concrete [8]. Compared with soil, rubber
concrete is a mixed structure. Although there are research
methods similar to Yuan et al. [9] using a macromodel to
explore the mechanical properties of the soil before and after
modification, there is no ideal model [10–12] that can di-
rectly observe its internal material displacement, which is
similar to the transparent soil, and there is no research
method similar to the finite element model and physical
model that can study its coupling deformation mechanism
[13–17]. Although the above research methods can be
achieved in the future, however, the traditional research
tools cannot explain the influence of epoxy resin on the
mechanical properties and micromorphology of rubber
concrete on the molecular atomic scale. *erefore, in order

to overcome this shortcoming, researchers at home and
abroad found that the molecular dynamics simulation (MD)
can be used to study the interface interaction and rein-
forcement mechanism of composite concrete on a nanoscale
level, and this atomic research method is popular. Han et al.
[18] proposed a new surface treatment method using
polyvinyl alcohol (PVA) to improve the hydrophilicity of
waste rubber and studied the interfacial strengthening
mechanism between PVA and waste rubber/cement slurry
through MD. Du et al. [19] used the framework of exper-
imental analysis andMD to study the nanostructure of resin/
cement interface and found that the resin enhanced the
adhesion energy and Young’s modulus of cement. Although
epoxy resin/rubber concrete has been widely used, there is
still a lack of theoretical basis and root cause research to
support it, which is very important for the follow-up re-
search and development of high-performance epoxy resin/
rubber concrete cement.

In this study, strong polar groups were introduced into
the rubber surface to produce a strengthening bond between
rubber and the cement matrix, so as to improve the inter-
facial bonding performance between the rubber and cement
matrix and improve the mechanical strength of rubber
cement concrete. *e interaction energy, radial distribution
function, mean square displacement, and mechanical
properties were calculated by using the above molecular
dynamics calculation method. *is study verifies the ap-
plication effect of EP in rubber concrete composites in
macro experiments and reveals its interface behavior,
micromechanism, and mechanical properties on the mo-
lecular scale. *is study provides basic theoretical support
for the application of epoxy resin/rubber concrete and has
guiding significance for the development of higher quality
composite concrete in the future.

2. Materials and Methods

2.1. Model Construction. *e establishment of a reasonable
initial model plays an important role in the success of
simulation calculation. As an important part of the research,
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concrete is a kind of composite material that can play its
mechanical properties only by the bonding effect of cement.
Calcium silicate hydrate (C-S-H) is the most important
binding phase in cement-based materials, accounting for
60%–70% of hydration products. Its structure and me-
chanical properties are equivalent to the “DNA” of cement-
based building materials at the molecular level [20–22]. In
this study, tobermorite 11 was used to establish the initial
structural model. *e model was widely applied in the study
of the structure and dynamics of the C-S-H gel and was
successfully applied to the evolution of C-S-H performance.
*en, it is expanded twice along the X direction and triple
along the y direction and kept unchanged in the Z-direction
to form an expanded monomer. In addition, in order to
establish the interface phase between tobermorite 11 and
EPS, C-S-H was sheared along the [0 0 1] direction (z-di-
rection) to obtain a parallel C-S-H substrate with a size of
22.5 Å× 22.1 Å.

*e rubber used for rubber concrete mainly comes from
waste truck tires and bridge truck tires. Most automobile tire
materials are mainly composed of natural rubber or syn-
thetic rubber, but the comprehensive performance of nat-
ural rubber is superior to synthetic rubber. *e output of
natural rubber is low and the demand is large. Its recycling
has high social, economic, and environmental benefits.
*erefore, in this study, the rubber is simplified to natural
rubber. Natural rubber is an elastic solid obtained from the
natural latex of rubber tree after a certain process or
treatment. Its main component is cis-1,4-polyisoprene. A
rubber chain containing 16 monomers was constructed in
the polymer module. *en, the Rh amorphous cells were
constructed with an amorphous cell at the specified temper-
ature (289K) and at fine precision. In this study, E-51 epoxy
resin was selected as the main material of this study, and its
molecular structure is shown in Figure 3(a). It contains unique
active groups and polar groups. In epoxy resin concrete, epoxy
resin is generally used together with curing agents and diluents.
In this study, the TEPA fatty amine curing agent and diluent
BGE are used, and the cured epoxy resin models are con-
structed according to the curing reaction principle [23], as
shown in Figure 3(b), respectively. Considering that the epoxy
resin cannot be completely cured, the amorphous epoxy
resin cell is constructed with uncured E51 and cured E51 at
1 :1 (mass ratio). Finally, the Rh/C-S-H (2196 atoms), EP/C-
S-H (1829 atoms), and Rh/EP/C-S-H (2873 atoms) interface
models (as shown in Figure 3(c)) are constructed with the
build layer, and the sizes of each model are 22.5 Å×

22.1 Å× 94.5 Å (model 1), 22.5 Å× 22.1 Å× 109.3 Å (model
2), and 22.5 Å× 22.1 Å× 111.9 Å (model 3), respectively. *e
Z-direction is larger than X and y because a 50 Å vacuum
layer is added. Its purpose is to make the polymer interact
only with one side of the hydrated calcium silicate surface, so
as to ensure that it does not interact with the periodic image
of the calculation unit. At the same time, the size of the
system box along the vertical direction is large enough to
fully observe the configuration change of the C-S-H surface
polymer.

2.2. Force Field and Simulation Details. Force field is a basic
energy function, which is used to calculate the potential
energy of the atomic system and simulate the interaction
between atoms in the average mode of molecular dynamics
simulation. *e compass force field is used in this study.*e
compass force field is the first molecular force field to unify
the force field of organic molecular systems and inorganic
molecular systems, which can effectively predict the mi-
crostructure and dynamic properties of polymer materials
and has been widely used in many aspects [24]. In addition,
since it can include most of the energy calculations and the
potential energy of the interaction between different atoms
and molecules in silicic acid materials, and the experiments
show that compass is in good agreement with its experi-
mental data, the compass force field is fully applicable to the
simulation of cement hydration products [25, 26].

*e smart method is used to optimize the structure of the
composite materials for 10000 steps and 3 times. *is
process can basically eliminate the local unreasonable
structure in the process of model construction and ensure
the convergence of the model. *en, the composite system
was annealed in the NPTensemble with a simulation time of
200 ps: it was heated from 200K to 800K and then cooled to
200K for 20 cycles. *e conformation with the lowest po-
tential energy after annealing was calculated by molecular
dynamics. Its parameters were set as NVT ensemble,
compass force field, and temperature of 298K. *e atom-
based method was used for van der Waals interaction and
electrostatic interaction. *e cut-off distance is 15.5 Å. *e
Andersen method is used for temperature control and the
Berendsen method is used for pressure control. *e step size
is 1 fs and the time is 500 ps.*e operation results are output
every 50 steps.

3. Results and Discussion

3.1. Interaction Energy. According to the energy calculation
of the three interface models under the same conditions, the
interaction energy reflects the interaction between the in-
organic phase and the organic phase [27]. *e binding
energy is not only an important standard to evaluate the
adhesion and miscibility between C-S-H and polymer but
also an important index to measure the adsorption strength
in the adsorption process, which is contrary to the inter-
action energy [28, 29]. *e greater the absolute value, the
stronger the interaction force. *e calculation formula of
Einter is shown in the following formula:

Einter � Etotal − Esurface + Epolymer  � −Ebind, (1)

where Einter is the interface interaction energy, Esurface is the
energy of C-S-H crystal surface, Epolymer is the total energy of
polymer, and Ebind is the binding energy of C-S-H surface
and amorphous mixed polymer. *e calculation results are
shown in Figure 4.

It can be seen from Figure 4 that the energy ratios of
ETotal, ESurface, ENon−bond, and ECoulomb of the three models
are similar. *e difference is in the van der Waals effect. It
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can be seen that van der Waals is the main force controlling
the intermolecular interaction. *e interaction energy of
each system is negative, which shows that the molecules at
the interface of models 2 and 3 attract each other and release
heat during the combination process. *e composite system
is a thermodynamically stable system. In addition, the two
interface interaction energies Einter are increased relative to
model 1, indicating that the interaction between compo-
nents is enhanced and the formed system is stable. It also

shows that EP increases the bonding and stability of the RH
concrete interface. *e binding energy of Rh/C-S-H is
negative, which is not conducive to the combination of the
two interfaces. *is phenomenon is consistent with reality,
indicating that the additional energy of EP has a strong
interaction with C-S-H.

3.2. Radial Distribution Function. To further investigate the
interaction between C-S-H and polymer molecules, the
equilibrium trajectory of the system is analyzed by the radial
distribution function. *e radial distribution function g(r)

represents the ratio of the probability of finding B particles
when the distance from a particle is r to the probability of
finding B particles when they are completely randomly
distributed, that is, the ratio of regional density to the av-
erage density of B particles. It can characterize the micro-
structure information of the system and reflect the
interaction between particles [30]. By comparing the r-value
and peak height in the g(r) diagram, we can identify
whether there is an interaction between atoms and their
mode and strength. Each model contains hydrated calcium
silicate, and many kinds of literature have proved that the
calcium in hydrated calcium silicate plays a major role in the
adhesion of cement. Next is the hydroxyl in the hydrated
calcium silicate. Oxygen can bridge the Ca ion [31] in the
C-S-H channel, form a new calcium silicate gel and fill it into
the crack, and enhance the bonding between the inorganic
and organic interface. *is process has been confirmed in
our previous studies [32]. In order to avoid repetition, this
study focuses on the interaction between cement-based
materials and polymers. In addition, if there is an obvious
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peak of RDF between the two atoms, it indicates that there is
a strong spatial correlation between them; that is, there is a
stable chemical bond. Intermolecular forces include hy-
drogen bond and the van der Waals (vdW) action. Gen-
erally, the hydrogen bond action range is 2.6–3.1 Å, the van
der Waals (vdW) action range is 3.1–5.0 Å, and the VDW
action greater than 5.0 Å is very weak [33].

From the calculation results in Figure 5, we can find that
in addition to the chemical bond between Ca and atoms in
the polymer (Ca-Hr, Ca-N, Ca-He, Ca-Ce, and Ca-Cr), the H
bond is also another important chemical bond between
cement-based materials and polymer. In particular, the
interaction between N, O, and Ca in epoxy resin and the
hydrogen bonding between H and O in water molecules and
Rh and H and O in EP (Hh-He, Hh-Hr, Oh-Hr, and Oh-He)
greatly increase the interface binding energy [34]. In ad-
dition, the peak height of model 2 is not only higher than
that of model 1 but also the position of the peak is higher.
*e peak value of Ca-N (x� 2.25, y� 17.1258) in model 3 is
higher than that of model 2 (x� 2.25, y� 9.842), which
further proves that the combination of epoxy resin and
hydrated calcium silicate is better, and the comprehensive
application of epoxy resin and rubber increases its interface
interaction. It shows that the addition of EP provides hy-
drogen bond donors and receptors to the interface. *e
hydrogen bond is a strong intermolecular interaction, which
verifies the reason for the enhancement of the above in-
teraction energy.

3.3. Mean Square Displacement. *e previous analysis of
interaction energy and radial distribution has revealed the
change of chemical bond type and stability after the addition
of EP, and it can be seen that the binding energy mainly
depends on the interaction between Ca in tobermorite 11
and amorphous polymer. In order to characterize the dy-
namic behavior, only the EP and the difference before and
after EP is added to RH concrete. *e mean square dis-
placement (MSD) of the Ca atom corresponding to the
model is calculated to reflect the diffusion of Ca. *e MSD
can characterize the diffusion behavior of molecules and is
an effective method to study molecular diffusion. *e MSD
is defined as the square of the difference between atomic
displacement and the average of all other atomic displace-
ments [35], which can be obtained from the following
equation:

〈r2(t)〉 �
1
N



N

i�1
〈 ri(t) − ri(0)



2〉, (2)

where ri(t) represents the position of i atoms at time t, ri (0) is
the original position of i atoms, and MSD considers three-
dimensional coordinates. *e larger MSD value at time t
indicates that the atom diffuses rapidly and is far away from
the original position.

As shown in Figure 6, the greater the slope of the MSD
curve, the greater the fluidity of particles. After the addition
of RH and EP, the Ca atom interface model diffuses con-
tinuously with time, and the diffusion becomes more intense

after they are added together. *is result shows that the
adsorption capacity of Ca atoms on the substrate surface is
weakened, resulting in the reduction of local constraints on
Ca atoms. Cr, Hr, N, and Oe of EP and Rh attract Ca atoms,
resulting in the decline of the ability of C-S-H to capture the
Ca atoms. At the same time, the interface model on C-S-H
increases the diffusion coefficient of the Ca atom on its
surface more than twice from Rh to EP and then to Rh/EP,
indicating that the joint application of RH and EP is con-
ducive to the diffusion of Ca on the aggregate and can ef-
fectively accelerate the bonding between hydrated calcium
silicate and polymer. In addition, the calculation result is the
embodiment of the Ca radial distribution function, and it is
also a reason for the strong interaction energy between
models 2 and 3.

3.4. Mechanical Properties. Mechanical properties refer to
the mechanical characteristics of materials under various
external loads in different environments. Young’s modulus,
shear modulus, and bulk modulus are the main parameters
of mechanical properties. Young’s modulus (E) is an index to
evaluate the rigidity of materials and a measure of the ability
of materials to resist elastic deformation. *e greater the
shear modulus (g), the higher the hardness and yield
strength of thematerial, which are the measures of the ability
of the material to resist plastic deformation. *e greater the
bulk modulus (k), the greater the breaking strength of the
material [36, 37]. *e static elastic mechanical properties of
models 1, 2, and 3 in the equilibrium state after optimized
annealing are analyzed by Ms, and the elastic coefficient
matrix of the model can be obtained. It is known that the
model is not an extreme heteromorphic material and can be
simplified to isotropic material. For isotropic materials,
there are only two independent elastic constants in the
calculation principle, which are obtained by elastic matrix
and two lame coefficients λ and μ. Finally, each modulus can
be obtained from formulas (3), (4), and (5) [38, 39]:

E � μ
3λ + 2μ
λ + μ

, (3)

G � μ, (4)

K � λ +
2
3
μ, (5)

where E is Young’s modulus, G is the shear modulus, and K

is the bulk modulus. *e calculated mechanical property
parameters are shown in Figure 7.

From the calculation results, it can be found that the
mechanical property parameters of models 2 and 3 are
slightly larger thanmodel 1, andmodel 3 is lower thanmodel
2, mainly because models 2 and 3 contain epoxy resin, and
model 3 contains rubber. As mentioned earlier, E, K, and G
are measures of material rigidity. *e greater their value, the
stronger the material rigidity [40]. *e calculated results are
consistent with previous experiments. Although model 3
does not exceed the mechanical properties of model 2, the
combination of the two improves the mechanical properties
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of model 1, reduces the consumption of epoxy resin, ach-
ieves the purpose of energy conservation and environmental
protection, provides basic theoretical support for the ap-
plication of modified rubber concrete, and has reference
significance for the development of better EPS concrete in
the future.

4. Conclusion

In this study, three interface models were constructed by the
molecular dynamics simulation method, and their interac-
tion energy, radial distribution function, MSD, and me-
chanical properties were calculated. *e following
conclusions were obtained:

(1) *e interaction energy shows that EP increases the
bonding and stability of the RH concrete interface. In
addition, the energy ratio of other energy is basically
the same except for the VdW force. It can be
explained that van derWaals force is the main reason
for the difference of action energy among the three.

(2) Radial distribution function analysis shows that
there is a strong interaction between N atoms in
models 2 and 3 and Ca atoms in C-S-H. In addition,
the addition of EP provides a large number of hy-
drogen bond donors and receptors for the Rh/C-S-H
interface interaction, which enhances the interface
interaction between models 2 and 3.

(3) *e mean square displacement shows that the joint
application of EP and RH is conducive to the dif-
fusion of calcium on the aggregate and can effectively
accelerate the combination of hydrated calcium
silicate and polymer.

(4) In the calculation results of static mechanical
properties, it is found that the addition of EP ob-
viously increases Young’s modulus (E), bulk mod-
ulus (k), and shear modulus (G) of the interface
model, which indicates that its rigidity is enhanced
and the interface properties are improved, which not
only retains the excellent characteristics of rubber
concrete but also enhances its interface mechanical
properties.
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