Tensile strength of calcite/HMWM and silica/HMWM
interfaces: A Molecular Dynamics analysis
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Abstract
The mechanical behavior of interfaces between high molecular weight methacrylate (HMWM) and concrete minerals (calcite and silica) is investigated from
a Molecular Dynamics (MD) perspective. MD simulations of pullout tests
shows that interfaces debond at the surface of contact between HMWM
and the mineral substrate, and that the interfacial strength decreases in
the presence of moisture, under low strain rate, or at high temperature.
Silica/HMWM interfaces are stronger than the calcite/HMWM interfaces.
Additionally, the work of separation is mostly done by van der Waals forces,
in agreement with previous studies. We use published experimental data
at low strain rate along with our MD results at high strain rate to calibrate Richeton’s model and Johnson-Cook model. We show that, if more
experimental results were available for validation, MD results could be extrapolated to predict the tensile modulus of HMWM at low strain rate and
the HMWM/mineral interfacial strength for a broad range of temperatures
and strain rates. The sensitivity analysis of the model confirms that HMWM
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should be applied on dry surfaces and in concrete exposed to lower temperatures. Additionally, MD results suggest that HMWM is more likely to last in
concrete with high silica contents than in concrete with high calcite contents.
Keywords: molecular dynamics, concrete, High Molecular Weight
Methacrylate (HMWM), interface strength, van der Waals forces, strain
rate
1. Introduction
Sustainability and durability of concrete structures are major concerns in
both developed and developing countries. For instance, in the United States,
the most destructive cause of early deterioration of steel-reinforced concrete
bridges is steel chloride-ion-induced corrosion [1]. To ensure the sustainability of concrete structures, it is critical to delay the travel time of chloride ions
to the steel reinforcements as much as possible. Local application of sealants
is viewed as a good way to repair shrinkage cracks in the early stages of
crack propagation. An extensive literature review of deck sealants and crack
sealants was reported in [2], concluding that epoxies and High-MolecularWeight-Methacrylate (HMWM) were the best-performing sealants: epoxies
allow recovering flexural strength but can only be injected in larger cracks,
while HMWM can efficiently penetrate narrow cracks and reduce the permeability of concrete. These conclusions are supported by recent studies
investigating the sealing potential of HMWM for concrete airfield pavements
[3]. HMWM is recommended to repair cracks of various widths [4, 5, 6] and
is used to clog cracks and to restore the structural bond strength of concrete
in bridge decks.
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Poromechanical models of concrete allow predicting shrinkage cracks and
the resulting mechanical and transport properties [7, 8, 9], but they were
never applied to concrete repaired with sealants. Some researchers used
the Finite Element Method (FEM) to simulate the mechanical behavior of
concrete repaired by epoxy, but the model is purely mechanical and timeindependent [10]. At the atomistic scale, Molecular Dynamics (MD) can be
used to measure the cohesive strength of the interface between a metallic
or ceramic substrate and epoxy [11, 12, 13], and to predict the moisture
transport processes in epoxy materials [14]. MD allows simulating damage
initiation and propagation in a broad range of interface systems. The stressstrain response and yield strength of atom-scale interfaces can be obtained.
MD also allows calculating the glass transition temperature and the density
of a variery of polymers.
MD was first used to study the dynamic behavior on a system of several hundred atoms [15]. Later, increased computational power and fundamental advances in chemistry allowed applying MD to solve problems of
chemical engineering, bioengineering and physics. Due to the importance of
intermolecular interactions between polymers and concrete minerals on interface adhesion [16], MD was used to understand the relationship between the
mechanical properties and the chemical structure of the interfaces between
polymers and metals and polymers and minerals [17, 18, 19, 20, 21, 22].
However, previous studies were mainly focused on certain epoxies such as
Diglycidyl Ether of Bisphenol F (EPON-862) mixed with Diethyl toluene
diamine (DETDA) and asphalt materials. For instance, MD allowed understanding the influence of the cutoff distance and of the stoichiometric
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mixture on the behavior of EPON-862 and DETDA [23]. Li and Strachan
studied the process of polymerization and crosslinking in polymers using the
DREIDING force field, with Buckingham van der Waals interactions [24]: the
mass density, glass transition temperature, thermal expansion coefficient and
elastic modulus calculated numerically were in good agreement with experiments. Yang and collaborators [25] studied tensile deformation and failure
mechanisms in epoxy/copper composite materials through large scale MD
simulations, using the polymer consistent force field (PCFF). However, MD
studies of sealant/concrete interfaces remain scarce.
In the present paper, we aim to understand the fundamental processes
that govern the mechanical behavior of interfaces between HMWM and concrete minerals (calcite and silica) at atomistic scale, from an MD perspective.
We first present our MD models of calcite, silica and HMWM in Section 2.
Then, Section 3 explains the MD models of mineral/HMWM interfaces and
presents the results of pullout tests that are simulated under different strain
rates, temperatures and moisture conditions. Section 4 is a discussion that
focuses on the effect of strain rate. We summarize our findings in Section 5.
2. Molecular models of the interface components
2.1. Principle of the Molecular Dynamics simulations
In order to build a model in MD, the molecular structure of the materials
first has be optimized. Then, the boundary conditions are applied and the
potential energy function is defined. In the simulation step, Newton’s second
law is used to calculate how forces affect the motions of atoms, as follows:
a(t) =

F (t)
,
m

F (t) = ∇U (x(t), t)
4

(1)

where F (t) is the force exerted on an atom at time t, m is the mass of the
atom, a(t) is the atom’s acceleration at time t, and x(t) is the atom’s position
at time t. U is the potential energy function. To integrate the equations of
motion, Verlet algorithm is employed, as follows:
xi (t0 + ∆t) = 2xi (t0 ) − xi (t0 − ∆t) + (∆t)2 ai (t0 )

(2)

where xi (t0 ) is the position vector at t0 , xi (t0 − ∆t) is the position vector
at t0 − ∆t and a(t0 ) is the acceleration vector at time t0 . Atomic positions
and velocities are updated iteratively, based on the knowledge of the initial
positions and velocities, and based on the choice of the force field. The latter
expresses the forces experienced by an atom given the positions of the other
atoms. The choice of the force field function plays an important role in
the calculation of the molecular system’s potential energy, which is derived
from numerous experimental datasets and approximations. Classically, the
potential energy function Et is composed of a bonding force field potential
Eb and of non-bonding force field potential Enb . In the present model, we
use the DREIDING force field equation to account for interactions between
atoms. The DREIDING potential energy was parametrized and validated
for organic and inorganic materials, including polymers and crystals, and for
various environmental conditions, including various moisture contents and a
broad range of temperatures (100K-600K) [24, 26, 17, 27]. The total force
field equation can be expressed as follows:
Et = Eb + Enb
Eb =

X1
b

2

Kb (b − b0 )2 +

(3)
X1
θ

2
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In the second equation above, Eb is the covalent bond energy, in which Kb ,
Kθ , and Kφ are constants, and b0 and θ0 are respectively the equilibrium
bond length and bond angle. b is the bond stretch, θ is the bond angle and
φ is the dihedral torsion angle. In the third equation above, Enb is Van der
Waals energy (Lennard-Jones potential), in which rij is the distance between
the ith and jth atoms with charges qi and qj . rc is the cutoff distance, equal
to 12Å in this study [24, 17]. For all the MD simulations presented in the
following, we used LAMMPS and MAPS programs [28].
2.2. Molecular models of silica and calcite
Concrete mechanical properties are highly dependent on concrete structure and chemical composition, as highlighted in previous MD studies [19,
12]. The most abundant material components in concrete and cement are
quartzite and limestone. Limestone aggregates mostly consist of calcium carbonate (calcite), and sand and granite are mainly made of quartzite (silica).
Therefore, we modeled calcite and silica at the molecular scale to investigate
the resistance of concrete/HMWM interfaces to debonding. Figure 1 shows
the lattices of calcite and silica built in MD. For calcite, the dimensions of
the lattice are a = b = 4.990Å, c = 17.061Å, α = β = 90◦ and γ = 120◦ .
For silica, the dimensions of the lattice are a = b = 4.913Å, c = 5.405Å,
α = β = 90◦ and γ = 120◦ .
2.3. Molecular model of HMWM
For the HMWM model, we first simulated the transition of HMWM to
the glassy state, i.e. the process by which the hardener links with methyl
6

𝜸

𝒄

𝜸

𝒄

𝜷

𝜶
𝒂

𝜶

𝜷
𝒂

𝒃

(a) Calcite

𝒃

(b) Silica

Figure 1: MD lattice models of representative concrete minerals. For calcite, calcium
atoms are orange, carbon atoms are black and oxygen atoms are red. For quartz, silicon
atoms are red, oxygen atoms are white. Calcite: a = b = 4.990Å, c = 17.061Å. Silica:
a = b = 4.913Å, c = 5.405Å.

methacrylate (resin) towards a cured state, also known as cross-linking. Figure 2 illustrates the principle of the crosslinking reaction. We assumed that
there was a free-radical polymerization of Methyl methacrylate (MMA). The
radical initiator (cumene hydroperoxide) was decomposed to generate free
radicals and to react with the MMA monomer [29]. The stoichiometric mixing ratio of methyl methacrylate and cumene hydroperoxide was 35:1, with a
low initial density of 0.5g/cm3 . We used a 3D periodic boundary condition.
The positions of the atoms were iteratively adjusted so as to minimize the
potential energy of the HMWM system. Then, following previous studies
[26], the cross-linked system was subjected to an NVT ensemble simulation
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(imposed number of particles, imposed volume and imposed temperature)
under 600K, for 5 × 10−11 s (105 timesteps of ∆t = 0.5f s). The HMWM
crosslinked structure obtained by MD is a relaxed polymer network (traction
free condition), as shown in Figure 3.
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Figure 2: Schematic diagram of the chemical reactions involved in HMWM crosslinking.
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Figure 3: HMWM atomistic configuration after crosslinking. Carbon atoms are grey,
oxygen atoms are red, hydrogen atoms are white.
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2.4. Material properties of HMWM
After cross-linking and equilibration, we conducted a series of NPT simulations (imposed number of particles, pressure and temperature) to calibrate
the following properties: epoxy glass transition temperature, mass density,
Young’s modulus, Poisson’s ratio. To perform these simulations, we used
the DREIDING Buckingham (X6) form for the van der Waals interactions,
and Nose-Hoover temperature thermostat and pressure barostat. In order to
achieve a relaxed amorphous polymer structure, a temperature of 600K was
first maintained at atmospheric pressure for 2.5 × 10−10 s (5 × 105 timesteps
of ∆t = 0.5f s). Then, we simulated annealing with the NPT ensemble, by
decreasing the temperature from 600K to 300K, within 2.5 × 10−10 s (5 × 105
timesteps of ∆t = 0.5f s). Results obtained during the cooling stage are plotted in Figure 4. We employed a piecewise bilinear regression method in order
to determine the glass transition temperature of HMWM, i.e. the temperature at the transition between the glassy and rubbery states of HMWM. The
glass transition temperature predicted by MD is around 407K, which is conform to the glass transition temperature measured in published experiments
[6]. Lastly, we simulated a relaxation test: a room temperature of 300K was
applied for 2.5 × 10−10 s (5 × 105 timesteps of ∆t = 0.5f s). The calculated
mass density at 300K was 1.053 g/cm3 , which is in good agreement with the
experimental results presented in a previous study (0.995 to 1.068 g/cm3 )
[6].
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Figure 4: Simulation of an annealing test on cross-linked HMWM, at atmospheric pressure, decreasing the temperature from 600K to 300K. (a) Volumetric deformation vs.
Temperature (b) Density vs. Temperature
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To calculate the tensile modulus and the Poisson’s ratio of the cross-linked
epoxy, we simulated uniaxial tension tests under the atmospheric pressure,
at a temperature of 300K. The cross-linked epoxy model constructed with
MAPS was first imported into LAMMPS. A uniaxial strain was uniformly applied at the top and at the bottom of the cross-linked HMWM model (called
“box” in the following). We first simulated uniaxial tension at a strain rate
of 5 x 108 s−1 , following previous work [24]. Figure 5 shows the simulated
stress versus strain relationship. For strains in the range 5-8 %, the tensile
modulus and the Poisson’s ratio of the cross-linked HMWM are found to be
in the range of 2.076-2.7 GPa and 0.3-0.35, respectively. Published experimental data on HMWM mechanical properties were obtained by subjecting
specimens to quasi-static loading under ambient temperature [6]. It is not
feasible to model these experiments with MD, because of the computational
cost of low strain-rate simulations. For example, for a strain rate of 1 x
108 s−1 , a single uniaxial tension simulation took about 40 hours on Georgia
Tech’s Partnership for an Advanced Computing Environment (PACE), using
64 cores and 64 GB RAM. In MD, the response of large systems is typically
simulated by applying periodic boundary conditions, which makes it challenging to capture strain localization and brittle failure. For instance, it is
well-known that for polymer systems well below the glass transition temperature, MD simulations over-predict strength and do not capture brittle failure
[24]. It was also noted that compression strength of polymers increases with
the loading rate [30].
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Figure 5: Simulation of a uniaxial tension test on cross-linked HMWM at 300K, at atmospheric pressure and using a strain rate of 5 x 108 s−1 . (a) Stress-strain response (b)
Lateral vs. longitudinal strain curve.
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We simulated the uniaxial tension test at three different strain rates (1
x 108 s−1 ; 5 x 108 s−1 ; 1 x 109 s−1 ). Figure 6 shows the stress-strain curves
that we obtained numerically. We verify that the stress at the yield point
increases with the loading strain rate (here, we define yield point as the
point where the non-linear behavior initiates). We also note that, in average,
when strains are in the range 4 - 7 %, the secant stiffness (Young’s modulus)
predicted numerically increases with the strain rate. This trend is consistent
with the results obtained with MD by other authors (e.g., [24, 30]). In the
discussion that follows (Section 4), we use Richeton’s model [30] to explain
how numerical predictions can be extrapolated to predict the HMWM tensile
modulus at lower strain rates. In the following, all the MD simulations are
conducted with a loading strain rate of 5 x 108 s−1 , unless otherwise stated.
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Figure 6: Effect of strain rate on the mechanical behavior of HMWM.
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3. Molecular model of the mineral-HMWM interface
3.1. Construction of the MD interface models
We simulated pullout tests on HMWM/concrete interfaces at the molecular scale. Concrete was represented by a layer of either calcite or crystalline
silica. The lattices of calcite and silica are shown in Figure 1. Both mineral
structures were cleaved in the [0, 0, 1] direction (on the interface side) to
build the mineral substrate. The cleaved mineral blocks were generated in
an amorphous cell in MAPS. A vacuum cell was added on top. The vacuum
cells were then packed with crosslinked HMWM (Figure 2). The dimensions
of the simulations cells (W * D * H) were chosen based on previous studies
[12, 19], see Table 1. The bi-material HMWM/mineral interfaces are shown
in Figure 7.
Table 1: Dimensions of the simulation cells.

Minerals

Number of atoms

W * D * H (Å)

Calcite

9,232

39.92 * 34.12 * 69.14

Silica

9,319

35.58 * 38.46 * 70.44

Geometry optimization and NPT equilibration tests were conducted with
the interface models, in a similar way as for the HMWM model presented in
Subsection 2.3. The interface debonding tests were simulated by fixing the
bottom layer of the mineral substrate and by applying a tensile strain rate
at the top of the HMWM layer. The DREIDING force field was applied and
the non-bonding forces were calculated with a cutoff distance of 12Å.
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Figure 7: Molecular interface systems for (a) the calcite-HMWM model and (b) the silicaHMWM model.

3.2. Results of the numerical interface debonding tests
3.2.1. Effect of the mineral substrate
We first compared the results obtained with calcite and with silica for a
debonding test conducted at a rate of 5x108 s−1 , under a temperature of 300K.
A single pullout simulation took about 65 hours on Georgia Tech’s Partnership for an Advanced Computing Environment (PACE), using 64 cores and 64
GB RAM. The fluctuations of the simulation results were smoothened using
the moving average function implemented in MATLAB. The resulting stressstrain curves are shown in Figure 8. Both calcite and silica interfaces initially
present a linear stress-strain response up to the peak stress, which is followed
by a significant stress drop, indicating a reduction of HMWM/minerals inter-
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actions. After debonding of the HMWM/mineral interface, stress converges
to zero. The interfacial strength is higher for the HMWM/silica interface
than for the HMWM/calcite interface.
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Figure 8: HMWM/mineral interface debonding tests simulated at 300 K, at a rate of
5x108 s−1 , for two different concrete minerals: silica and calcite.

We repeated the debonding tests in the presence of moisture. Starting
with the interface model without water molecules, a thin confined layer of
100 water molecules was inserted between the mineral substrate and HMWM,
following the method proposed by Y. Gao and collaborators [19]. The interface models with water molecules were then subjected to the same geometry
optimization and equilibration procedures as for interface models without
water molecules. Stress-strain curves and snapshots of atomic configurations
are shown in Figures 9 and 10. Stretching (phase A) is followed by microvoid
formation (sequence B-C). Final separation is captured (phase D) and the
critical failure plane is found to be at the interface between HMWM and the
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mineral for both calcite and silica.
100

Stress [MPa]

80
60
40

𝑫

20

𝑨
0

𝑩~𝑪

0

10

20

30

40

50

Strain [%]

𝑨

𝑩

𝑪

𝑫

Figure 9: Calcite-water-HMWM interface system during the interface debonding test at a
rate of 5x108 s−1 , under a temperature of 300K, with 100 water molecules.
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Figure 10: Silica-water-HMWM interface system during the interface debonding test, at
a rate of 5x108 s−1 , under a temperature of 300K, with 100 water molecules.

19

3.2.2. Effect of temperature and moisture
We studied the response of the HMWM/water/mineral interface systems
at five temperatures (200 K, 250 K, 300 K, 350 K, 400 K). The strain rate
was 5x108 s−1 and 100 water molecules were present at the interfaces. The
simulation results indicate that the primary separation occurs at the interface
between HMWM and the mineral substrate. The deformation of the HMWM
bulk does not exhibit any dependence to temperature. Figure 11 shows
that the strength of both the HMWM/silica and HMWM/calcite interfaces
decreases when temperature increases. For example, for the HMWM/calcite
interface system, we note a 16% decrease of interface strength from 200 K to
300 K and a 63% decrease of interface strength between 300 K and 400 K. The
dependence of tensile strength to temperature was expected for this range of
temperature, since the glass transition temperature is around 407 K.
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Figure 11: Interface strength predicted by MD under different temperatures.
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Interface strength and work of separation were calculated for both substrates during the interface debonding tests performed at 300 K, with and
without moisture. Results are presented in Figure 12. The work of separation was calculated as the area of the stress-displacement curve divided by
the energy required to separate a unit area of interface. The strength of the
silica/HMWM interface is 30 MPa higher than the HMWM/calcite interface, regardless of moisture conditions. In the presence of moisture, interface
strength decreases by 32% for the calcite/HMWM interface and by 26% for
the silica/HMWM interface. In dry conditions, the work of separation is
about 175mJ/m2 for both the calcite and the silica systems. In the presence
of moisture, the work of separation is 125.97 mJ/m2 for the calcite/HMWM
interface and 156.69mJ/m2 for the silica/HMWM interface.
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Figure 12: Interface strength predicted by MD under different moisture conditions.
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3.2.3. Effect of strain rate
We simulated the interface debonding test at three strain rates: 109 s−1 ,
5×108 s−1 , and 1×108 s−1 , under a 300 K temperature. The stress-strain
curves obtained for the calcite and silica interface models are shown in Fig
13. The shape of the stress-strain curves and the peak strength are influenced by the strain rate. We note that the peak stress is higher than the
peak stress reported in experimental studies [6]. This is because the strain
rates used in the MD simulations were way higher than the rates used in the
experiments. As explained above, the computational cost of the MD simulations is prohibitive, which does not allow analyzing the sensitivity of our
interface model at quasi-static strain rates. In Section 4, we discuss how to
overcome this limitation.
The simulation results indicate that for both mineral substrates, the
higher the strain rate, the higher the peak strength and the higher the total
area of the stress/strain curve. These results are consistent with observations
made by previous researchers [17]. We also note that the elastic behavior of
the interface systems does not exhibit significant dependency to strain rate.
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Figure 13: Effect of strain rate on the mechanical behavior of the HMWM/mineral interface during the interface debonding tests.
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4. Discussion
4.1. Interface strength and fracture energy
The stress-strain response predicted in the MD interface tension tests is
similar to a cohesive law, which led some authors to use the MD stress-strain
curve as a traction-separation law to define a Cohesive Zone Model (CZM) at
the metric or submetric scale [13, 12, 11]. Figure 14 illustrates this method.
As an example, we fitted an exponential traction-separation law (in red)
to the stress-strain response obtained during the interface debonding test
conducted with the dry HMWM/silica interface system at a loading rate of
1×108 s−1 , under a temperature of 300 K and at atmospheric pressure. The

₩1

Figure 14: Characterization of interfacial debonding by using an exponential cohesive zone
model. Dry HMWM/silica interface loaded at 1×108 s−1 , under a temperature of 300 K
and at atmospheric pressure.

exponential softening curve has the following equation:
 


ε
ε
σ = σc
exp 1 −
εc
εc
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(6)

where σc is the peak stress and εc is the critical strain, defined as the strain
that is reached when σ = σc . After fitting, it is found that the strength of the
dry interface is 152.22 M P a and the critical strain is 9%, with an R-square
error of 95%. As shown in Figures 9 and 10, the interfacial strength and
the critical strain of the HMWM/water/calcite system are 66.81MPa and
7.5% respectively, while the interfacial strength and the critical strain of the
HMWM/water/silica system are 86.89MPa and 7.34% respectively. These
interfacial strengths are 16 times larger than the interfacial strengths found
experimentally [31]. This difference is due to size effects and to strain rate
effects. Size effects cannot be avoided and in that sense, we conclude that
the stress-strain curve obtained by MD cannot be used as is in a macroscopic
CZM model. However, the Richeton’s model can be calibrated to extrapolate the MD predictions made at high strain rate to lower strain rates. We
calibrate the Richeton’s model in the following section.
4.2. MD predictions at low strain rate with phenomenological models
The effects of strain-rate and temperature on the mechanical behavior of
composites and polymers were investigated by using the Richeton’s model
and the Johnson-Cook model’s [32, 33, 34, 35]. In this study, we used these
two phenomenological models to predict the tensile modulus of HMWM and
the strength of the HMWM/concrete interface. Based on the Richeton’s
model, the elastic modulus of polymers is expressed as [30]:



ε̇
ref
Ey = Ey
1 + Sln ref
ε̇

(7)

where Ey and Eyref are the elastic modulus and the reference elastic modulus
under a static loading rate, S is strain rate sensitivity constant, ε̇ and ε̇ref
25

are the effective plastic strain rate and the reference strain rate.
We calibrated the S parameter to fit the Richeton’s model to the MD
results of HMWM uniaxial tension tests. For the reference elastic modulus,
the tensile modulus of HMWM is 0.28GPa at a tensile strain rate of 0.1s−1 ,
according to experimental work reported in [6]. We found a good fit between
the Richeton’s model and the MD results with S = 0.3428. The predictions
of the Richeton’s model, shown with a red dashed line in Figure 15, could
be used to predict the values of the tensile modulus under low strain rate if
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more experimental results were available to check the extrapolation.
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Figure 15: Variation of the tensile modulus of HMWM as a function of strain rate in
a uniaxial tension test. Experimental data is used as reference. Blue dot: reference
experimental data. Black dots: MD results.
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The Johnson-Cook model expresses the dependence of interface tensile
strength to the strain rate and to temperature, according to the following
equation [36]:
σy =

σyref




1 + Cln

 

m 
T − Troom
1−
ε̇ref
Tg − Troom
ε̇

(8)

where σy and σyref are the yield strength and the reference yield strength
under a static loading rate, C is a strain rate sensitivity constant, Troom and
Tg are the room temperature and the glass transition temperature, m is a
temperature sensitivity parameter. Based on the PCC-SSD bond strength
test results reported in the technical datasheet of Transpo company [31], the
tensile strength of the HMWM/concrete interface is 4.2MPa at a reference
strain rate of 0.1s−1 . We calibrated the values of parameters C and m to
match the MD results of interface debonding tests. We found C = 1.019 and
m = 0.441. The predicitons of the Johnson-Cook model, represented by a
hyper-surface in Figure 16, could be used to predict the variations of interface
tensile strength with temperature and strain rate, if more experimental data
was available to check the extrapolation. In general, interfacial strength
increases when temperature decreases and when the strain rate increases.
4.3. Contribution of the non-bonded energy to the work of separation of the
HMWM/mineral interfaces
Figure 17 presents the evolution of the work of separation, the nonbonding energy and the bonding energy of the HMWM/mineral interfaces
during the interface debonding tests simulated by MD. The non-bonding
energy Enb and the bonding energy Eb were calculated according to Equation 3. Results show that the work of separation is always almost equal
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Figure 16: Interfacial strength as a function of strain rate and temperature using JohnsonCook model for the HMWM/calcite interface model. The red dot is an experimental data
point. The blue dots are the data points obtained by MD simulation.

to Eb + Enb . We note that the bonding energy oscillates between positive
and negative values. This trend was already noted in [37]. Additionally,
the contribution of the bonding energy to the work of separation is negligible for the HMWM/silica interfaces. The bonding energy was equal to
a fifth of the non-bonding energy for the HMWM/calcite interfaces. For
both HMWM/mineral interfaces, van der Waals forces were thus the main
forces that resisted debonding. This somewhat surprising result was already
highlighted in previous studies, e.g. [17, 12, 19, 11, 37].
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Figure 17: Energy distribution during debonding tests of dry interfaces at 300 K for a
strain rate of 5 × 108 s−1 .

5. Conclusions
High Molecular Weight Methacrylate (HMWM) is broadly used as a
sealant in the construction industry, to repair narrow cracks in concrete.
HMWM is efficient for clogging cracks and preventing the corrosion of steel
reinforcements by chloride. However, there is no fundamental understanding
on how HMWM changes the mechanical properties of concrete. In this paper,
we propose an analysis of the mechanical properties of the HMWM/concrete
interface based on Molecular Dynamics (MD). The glass transition temperature and the mass density predicted by the MD model of HMWM are conform to experimental data reported in the literature. Interface models are
proposed for two mineral phases widely present in concrete: calcite and silica. The results of the uniaxial tension tests show that all interfaces fail by
debonding, at the surface of contact between HMWM and the mineral substrate. Moreover, the interfacial strength decreases in the presence of moisture, under low strain rate, or at high temperature. Silica/HMWM interfaces
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are stronger than the calcite/HMWM interfaces. Additionally, MD results
show that the work of separation is mostly done by van der Waals forces,
which is in agreement with previous studies. Specifically, the non-bonding
energy is negligible for the HMWM/silica interfaces and the bonding energy
is equal to a fifth of the non-bonding energy for the HMWM/calcite interfaces. We use published experimental data at low strain rate along with
our MD results at high strain rate to calibrate the Richeton’s model and
the Johnson-Cook model. We show that, if more experimental data were
available for validation, our MD results could be extrapolated to predict the
tensile modulus of HMWM at low strain rate and the HMWM/mineral interfacial strength for a broad range of temperatures and strain rates. MD results
confirm that HMWM should be applied on dry surfaces and in concrete exposed to lower temperatures. Furthermore, our MD simulations highlighted
an important new finding: HMWM is more likely to last in concrete with
high silica contents than in concrete with high calcite contents.
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