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in calcium silicate hydrates and the
mechanical properties of macroscale
samples. To link the material properties of
the nanoscale cementitious composites
to the tensile strength and compressive
strength of the macroscale samples,
multiscale simulations are performed,
which give a comprehensive evaluation of
the mechanical improvement of boron
nitride nanosheet-reinforced
cementitious composites by molecular
dynamics simulations and finite-element
analysis.
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THE BIGGER PICTURE Boron nitride nanosheets (BNNSs) show excellent improvement in the mechanical
properties of cementitious composites at the nanoscale, which is a promising reinforcement for the struc-
tural performance of engineering structures. In view of BNNSs being expensive, it is necessary to provide a
guideline for manufacturing BNNS-reinforced cementitious composites so that we can obtain the expected
mechanical improvement in the structural performance of engineering structures. To link the material prop-
erties of the nanocomposites to the macroscale mechanical performance of engineering structures, multi-
scale models are constructed to describe BNNS-reinforced cement paste from the microscale to the
macroscale. The mechanical properties of two-dimensional nhanomaterial-reinforced cementitious com-
posites can be accurately predicted by finite-element analysis, which can be applied in the computer-aided
design of concrete structures and can reduce the cost and waste of design of concrete structures.
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Proof-of-Concept: Data science output has been formulated,
implemented, and tested for one domain/problem

SUMMARY

Representative volume (RVE) models are constructed to mimic the microstructural characteristics of boron
nitride nanosheet (BNNS)-reinforced cement paste. The interfacial properties between BNNSs and cement
paste are described by the cohesive zone model (CZM) developed by molecular dynamics (MD) simulations.
Based on the RVE models and the MD-based CZM, the mechanical properties of the macroscale cement
paste are obtained by finite element analysis (FEA). To validate the accuracy of the MD-based CZM, the ten-
sile strength and compressive strength of BNNS-reinforced cement paste from the FEA are compared with
those from measurements. The FEA shows that the compressive strength of BNNS-reinforced cement paste
is close to that of the measurements. The discrepancy of the tensile strength of BNNS-reinforced cement
paste between the FEA and the measurements is distributed to the load transfer at the BNNS-tobermorite
interface through the inclined BNNSs.

INTRODUCTION significant improvement in the mechanical properties of cemen-

titious composites.’*® The addition of a 1% weight fraction of

Boron nitride nanosheets (BNNSs) are widely used as nanorein-
forcement in the mechanical improvement of cementitious com-
posites ' because of their attractive mechanical properties.® Itis
reported that Young’s modulus and the fracture strength of the
monolayered BNNS are up to 1.3 TPa* and 217 GPa,’ respec-
tively. Compared with graphene, the robust interfacial interaction
between BNNSs and cementitious composites yields a more

4')
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BNNSs and graphene increases the toughness of cement paste
by 85% and 10%, respectively.” BNNSs show better reinforce-
ment than graphene because BNNSs have better interfacial
properties with cement hydration products, which is represented
by tobermorite. Specifically, the polarized boron-nitrogen bonds
result in unsymmetric partial charge distribution on boron and
nitrogen atoms. The partial charges yield an electrostatic
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interaction between BNNSs and tobermorite,” which does not
exist in the interface between graphene and tobermorite.
Moreover, the electronegativity of the nitrogen atoms forms
hydrogen bonds with the silicate chains,® which further improves
the interfacial interaction between BNNSs and tobermorite.
Hence, the load transfer at the BNNS-tobermorite interface is
more robust than that at the graphene-tobermorite interface.
The improvement in material properties of cementitious
composites shows a promising application in reinforcing the
structural performance of engineering structures. However,
there is a gap between the structural performance of the macro-
scale engineering structures and the material properties of the
nanoscale cementitious composites. To have a comprehensive
evaluation of the engineering structures, linking the material
properties of the nanoscale cementitious composites to the
structural performance of the macroscale engineering structures
is needed, which is beneficial for the design of concrete
structures.

Modeling provides a guideline for improving the structural per-
formance and enhancing the structural safety of concrete struc-
tures.®'® The modeling method includes atomistic modeling
for describing materials from atomistic perspectives (e.g.,
molecular dynamics simulation) and the continuum mechanics
approach for describing materials from macroscopic perspec-
tives (e.g., FEA).""'? In view of the heterogeneity of BNNS-rein-
forced cementitious composites, the multiscale modeling
covering the nanoscale materials and the macroscale materials
are adopted to simultaneously describe the materials in different
length scales in cementitious composites' ' because the prop-
erties of the heterogeneous materials are dependent on the mi-
crostructures.’*'® To have a detailed description of the micro-
structure of heterogeneous materials, the representative
volume element (RVE) is adopted to use the mechanical proper-
ties of a material volume to represent that of the whole heteroge-
neous material."® The RVE model transfers the structural
information and mechanical properties at the nanoscale to the
continuum model at the macroscale, which shows good accu-
racy and computational efficiency.'*'” The RVE model of
BNNS-reinforced cementitious composites contains the nano-
reinforcement (i.e., BNNSs), the cementitious matrix, and the
reinforcement-matrix interface. In the RVE model, the nano-
sheets are represented by the equivalent shell to accurately de-
scribes the mechanical performance of BNNSs.""'® To obtain
the material properties of the equivalent shell, the nanosheets
are discretized by a space frame-type finite element model. Pre-
vious research shows that the covalent bonds between atoms in
nanostructures (e.g., graphene and BNNS) are represented by
the beam elements; the spring element; the truss, rod, or frame
element; the two-dimensional planar element; and the three-
dimensional solid element.'” Considering that the finite element
prediction of mechanical properties of BNNSs modeled by
the spring element is consistent with that obtained from the
molecular theory,'® the spring element is used to represent the
covalent bonds in BNNSs through two groups of spring
elements." %" Specifically, the translations and angular varia-
tions of the covalent bonds between atoms of one hexagonal lat-
tice are represented by six spring elements, respectively.'”?" In
the FEA of the mechanical performance of cementitious com-
posites, various constitutive models are proposed to study the
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mechanical properties of cementitious composites under
different loading conditions, including the empirical models,
linear elastic model, non-linear elastic models, plasticity-based
models, fracturing models, etc.?? For the compressive loading,
the cementitious composites are described by plasticity-based
models because of the plastic deformation and damage due to
the plastic slip and microcracking in cementitious compos-
ites.?>?* The cementitious composites exhibit asymmetric
strength under compressive loads and tensile loads.?>*° Be-
sides, the shear strength of the cementitious composites is
dependent on the confinement from external normal stress or
hydrostatic pressure. This cohesive-frictional behavior can be
described by the Mohr-Coulomb model to predict the mechani-
cal properties and plastic deformation behavior of cementitious
composites.?’” However, the study of the interface between
BNNSs and cementitious composites is limited. The interfacial
cohesive properties between BNNSs and cementitious compos-
ites is significant to the interfacial load transfer and the mechan-
ical improvement of cementitious composites.

An accurate representation of the interface between BNNSs
and cementitious composites is the prerequisite for the predic-
tion of the mechanical properties of cementitious composites
in numerical simulations. The cohesive zone model is extensively
used to simulate the interfacial behavior of cementitious com-
posites in numerical simulations and shows good accuracy in
predicting the compressive properties of cementitious compos-
ites with respect to the experimental results.?®?° In the cohesive
zone model, the interfacial interaction between the reinforce-
ment and the matrix is modeled by the traction-separation rela-
tion. It is not uncommon for the experimental approach to be
used to obtain the traction-separation relation for the cohesive
zone model in numerical simulations,®**' whereas the defects
at the interface between the reinforcement and the matrix can in-
fluence the interfacial fracture or debonding.31 As a result, the
measured traction-separation relation is dependent on the geo-
metric characteristics (e.g., the number and the shape) of the
interfacial defects. The measurements can be scattered. Molec-
ular dynamics (MD) simulation is a promising alternative that can
be used to obtain the traction-separation relation at the interface
between the reinforcement and the matrix from the atomistic
perspective because the defects at the interface between
BNNSs and crystalline cementitious structures can be removed
in MD simulations. Previous research exhibits proper accuracy in
predicting the mechanical properties of composites by using the
MD-based cohesive zone model with respect to experimental re-
sults.®*~* The verified MD-based cohesive zone model ensures
that the mechanical properties of BNNS-reinforced cementitious
composites can be accurately predicted.

This article aims to construct a multiscale model of BNNS-re-
inforced cement paste to predict the tensile strength and
compressive strength of the composite. To describe the interfa-
cial behavior between BNNSs and cement paste in numerical
simulations, the traction-separation relation for the cohesive
zone model at the interface between BNNSs and cement paste
is developed by MD simulation. The MD-based cohesive zone
model is adopted to represent the interface between BNNSs
and cement paste in the RVE model with periodic boundary con-
ditions. The material properties of the RVE model are obtained by
performing tensile tests and compressive tests. Afterward, the
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Figure 1. Atomistic model of BNNS-rein-

forced tobermorite

(A) The model in the xz plane.
(B) The model in the yz plane.
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material properties of the RVE model are taken as the input pa-
rameters in the FEA to study the tensile and the compressive
properties of the macroscale BNNS-reinforced cement paste.
The porosity of the BNNS-reinforced cement paste is considered
in the RVE model, which echoes the porosity of the specimen
made from BNNS-reinforced cement paste in previous research.
Using the RVE models can predict the tensile strength and
compressive strength of the macroscale BNNS-reinforced
cement paste. To validate the accuracy of the multiscale
modeling of the BNNS-reinforced cement paste, the tensile
strength and compressive strength of the macroscale BNNS-re-
inforced cement paste from the FEA are compared with the
experimental results in the previous research. This study simu-
lates the two-dimensional nanomaterial-reinforced cementitious
composite by multiscale modeling and accurately predicts the
tensile strength and compressive strength of the macroscale
cementitious composites. The tensile strength and compressive
strength of the macroscale cementitious composites are linked
to the structural performance of concrete structures. As a result,
the nanomaterial-reinforced concrete structures can be de-
signed at the nanoscale to improve the structural performance
at the macroscale.

Simulation program

MD-based cohesive model

Atomistic model and forcefields. Calcium silicate hydrate
(CSH) is the major hydration product of Portland cement paste,
occupying 70% of the hydration products. Hence, CSH is exten-
sively used in MD simulations to represent cementitious com-
posites. To model the major hydration product (i.e., CSH), tober-
morite is constructed. The realistic model of CSH is proposed by
allowing the existence of the short silicate chains (e.g., mono-
mers, dimers, and pentamers).®°® This model is developed
from tobermorite model. Compared with the realistic model of
CSH, the tobermorite model exhibits long silicate chains without
breaking. The long silicate chains of the tobermorite model can
better describe the morphology of CSH on the surface of
BNNSs during cement hydration products because BNNSs pro-
vide nucleation sites and yield more ordered and less spatial
CSH gel on BNNSs.*® As a result, the tobermorite model with
long chains is adopted to describe the interfacial interaction be-
tween BNNSs and CSH gel in cementitious materials.”“° The
INTERFACE forcefield is used to describe the interactions be-
tween atoms in tobermorite because the INTERFACE forcefield
exhibits accurate prediction on the elastic properties of tober-

simulations, which are close to the density

functional theory (DFT) calculations of 67

GPa and 0.30, respectively.*'*? In view of
the hydration products growing on the surface of BNNSs in the
hydration process, the atomistic model of BNNS-reinforced to-
bermorite composites is constructed by inserting BNNSs into
the interlayer of tobermorite, as shown in Figure 1A in the xz
plane and Figure 1B in the yz plane.

The interactions between atoms in BNNSs are described by
Tersoff potential for representing the sp?-hybridized structure
of BNNS.***° Due to the polarized boron-nitrogen bonds, boron
atoms and nitrogen atoms exhibit partial charges. The partial
charges on boron atoms and nitrogen atoms are inconsistent
based on a different method. The linear combination of atomic
orbitals molecular orbital method gives partial charges of 0.4
and —0.4 e on boron atoms and nitrogen atoms, respectively,*®
while the charges from electrostatic potentials using a grid-
based method give partial charges of 1.3 and —1.3 e on boron
atoms and nitrogen atoms, respectively.“® In view of the partial
charge of 0.4 e on boron atoms and the partial charge of —0.4
e on nitrogen atoms yielding a more stable two-dimensional
nanosheet of BNNS (i.e., no severe distortion and crumpling in
BNNS) than the partial charge of 1.3 e on boron atoms and the
partial charge of —1.3 e on nitrogen atoms, the partial charges
on boron and nitrogen atoms are 0.4 and —0.4 e in the MD
simulation, respectively.”’ The presence of BNNS decreases
the average sizes of pores in cement paste significantly,
which is of benefit to improve the tensile and compressive
strengths of cementitious composites. Besides, the load transfer
at the BNNS-tobermorite interface impedes the development of
pores in cement paste due to robust interfacial interactions be-
tween BNNS and tobermorite. The cracks are created around
the pores due to stress concentration under loading. Due to
the presence of BNNSs, the resistance along the crack propaga-
tion path is improved. As a result, the crack deflection occurs,
showing the tortuous path of the crack in BNNS-reinforced
tobermorite.*’

To accurately describe the interfacial interaction between
BNNS and tobermorite, previous research shows that the
DREIDING forcefield is a good candidate.*>*® It is reported
that the MD simulation results of the tensile modulus of the
BNNS-tobermorite composite are very close to the DFT calcula-
tion. Specifically, the DFT calculation shows that the tensile
modulus of the BNNS-tobermorite composite is 58.3 GPa.”® In
the classical MD simulation, the BNNS-tobermorite composite
with the same weight fraction of BNNSs yields a tensile modulus
of60.7 = 1.2 GPa.“*° In the DREIDING forcefield, the non-bonded
interaction is described by the electrostatic interaction E¢,,; and
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Figure 2. Multiscale modeling of pure cement paste and BNNS-reinforced cement paste

(A) The material properties of nanoscale cement paste obtained from the high-density CSH and the low-density CSH are input parameters for the RVE model.
(B) The material properties from nanoscale cement paste are invoked in the mesoscale cement paste for FEA. The cross-section of the RVE model with pores is
constructed. The diameter of the pores is 12 microns, according to the mesoscale cement paste.

(C) The material properties of CSH globules are input parameters for the RVE-1 model.

(D) The interface between BNNS and CSH from the atomistic perspective.

(E) The RVE-1 model without pores yields the material properties of the cement paste, which are adopted to simulate the mechanical properties of the RVE-2
model with pores.

(F) The RVE-2 model with pores yields the material properties of the cement paste, which are adopted to simulate the mechanical properties of the macroscale
cement paste sample.

(G) The multiscale modeling of pure cement paste is validated by comparing the prediction of the tensile strength and compressive strength of the macroscale
cement paste sample to that of the measurements in previous research.
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Table 1. Material properties of the mesoscale cement paste

Properties Values
Young’s modulus (GPa) 27°%°
Density (kg/m°) 2,200°%6:°°
Cohesion (MPa) 50°°
Tensile strength (MPa) 66°°
Frictional angle (°) 12
Poisson’s ratio 0.24%°
Tensile fracture energy (N/m) 1.72°961

van der Waals interaction E,qy."° The hydrogen bonds are
explicitly defined between nitrogen atoms in BNNS and
hydrogen atoms in Si-OH, which is given by*°

Enp = Dpp S(th/RDA)12 - 6(th/RDA)1O COS40DHA
(Equation 1)

where 6pna and Rpp are the donor-hydrogen-acceptor angle and
the donor-acceptor distance, respectively.

Shear tests and tensile test for cohesive properties. The non-
bonded interaction between BNNS and tobermorite allows shear
deformation-induced sliding and tensile deformation-induced
peeling at the interface, which results in the deterioration of the
load-transfer capacity at the interface. The corresponding inter-
facial cohesive properties between BNNS and tobermorite are
adopted to quantify the load-transfer capacity due to sliding
and peeling at the interface. To measure the interfacial cohesive
properties between BNNS and tobermorite, shear tests and the
tensile test are performed in the open-source code large-scale
atomic/molecular massively parallel simulator (LAMMPS).*°
The tensile test is performed by loading in the z direction, as
shown in Figures 1A and 1B. The shear tests are performed by
loading in the xz direction and the yz direction, as shown in

Cement paste:

E, v, G, p, 0,, 0, E v, G, p, 0,, 0,

— | RVE |[——

CSH gel Sample

BNNSs reinforced cement paste:
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Figures 1A and 1B, respectively. The mechanical properties of
the tobermorite-based material are significantly dependent on
the strain rate in MD simulations. For example, the high strain
rate results in high mechanical properties of the tobermorite-
based material because the material is damaged evenly at
several locations, which requires high external work to be done
to overcome the interaction between atoms,®' while the low
strain rate has limited influence on the mechanical properties
of tobermorite-based materials.®*°° It is reported that the tensile
strengths of pure tobermorite are 2.03 and 2.41 GPa under the
tensile strain rates of 1x10% and 1x10° s~ respectively; the
tensile moduli of tobermorite are 40.11 and 42.05 GPa under
the tensile strain rates of 1x10% and 1x10° s™", respectively.®’
The shear moduli of the BNNS-tobermorite composite are
70.1 + 3.7 and 73.5 + 1.8 GPa under the shear strain rates of
1x10% and 1x10° s~", respectively.” In view of the insensitivity
of mechanical properties of tobermorite-based materials to the
low strain rate ranging from 1x10% to 1x10° s, the strain
rate of 1x10° s~ ' is adopted in the shear tests and the tensile
test in MD simulations. Under the strain rate of 1x10%s ™", the ef-
fect of BNNS sizes on the cohesive properties is studied by
adopting different sizes of BNNSs in the shear tests and the
tensile test. By performing shear tests and the tensile test on
BNNS-tobermorite composites with different sizes, the size of
the BNNS-tobermorite composite is determined (discussed in
MD-based traction-separation relation), and the corresponding
simulation results are adopted as input parameters in the further
FEA.

FEA

Validation strategy. The accurate prediction of the mechanical
properties of BNNS-reinforced cement paste is dependent on
the Mohr-Coulomb model for describing the mechanical behavior
of pure cement paste and the MD-based cohesive zone model
for describing the interface between BNNSs and cement
paste. The accuracy of the Mohr-Coulomb model for predicting
the mechanical properties of pure cement paste is validated first

Figure 3. The flow of input parameters in
multiscale models

Tensile and compressive responses

CSH g, G, p. 0, 0,
globule
v E,v, G/, P, 0,, 0, Tensile and compressive responses
b‘a v, Gf: P, 0,5 O, RVE'I —> RVE-2 = samp].e
BNNS-CSH
R S-C8 MD-based traction-separation relation
interface
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Cement paste with three-dimensional solid element

by comparing the tensile and compressive strengths of the
macroscale cement paste from the FEA with that from measure-
ments in previous research. To validate the accuracy of the
MD-based cohesive zone model for describing the interface be-
tween BNNSs and cement paste, we compare the tensile and
the compressive strengths of BNNS-reinforced cement paste
from the FEA with that from the measurements in previous
research. The close tensile strength and compressive
strength of BNNS-reinforced cement paste from the FEA and
the measurements indicate that the MD-based cohesive model
is appropriate for describing the interface between BNNSs and
cement paste.

Multiscale models of pure cement paste. The multiscale
modeling of pure cement paste covers different length scales,
including the microscale cement paste consisting of the low-
density and high-density CSH and the microscale pores and
the macroscale cement paste, as shown in Figures 2A, 2B,
and 2G, respectively. The material properties of the low-density
and high-density CSH are input parameters for the cement
paste in the FEA. To explicitly consider the influence of the
pores on the tensile strength and compressive strength of
cement paste, the pores are included in the finite element
model. The average diameter of the microscale pores in pure
cement paste is 12 um, as shown in Figure 2B. The measured
porosity of 22.55% is adopted in the pure cement paste. The
finite element model of the macroscale cement paste can be
constructed to include the microscale pores. However, it re-
quires refining the elements around the microscale pores to a
microscale size in the finite element model. The pore sizes,
as shown in Figure 2B, are much smaller than that of the
macroscale cement paste, as shown in Figure 2G. As a result,
the element number of the cylinder specimens is so large that
the FEA is computationally inefficient. To improve the computa-
tional efficiency of the FEA, the RVE model is constructed to
represent the cement paste with pores at the length scale of
10-100 um. The periodic boundary conditions are adopted on
the six surfaces of the RVE model. The periodic boundary con-
ditions require symmetric mesh on the opposite surfaces of the
RVE model so that the displacements on the nodes of the
opposite surfaces can be linked correctly.>* To have symmetric
mesh on the opposite sides of the RVE model, the pores are
included inside the RVE model. The strain rate and the RVE
sizes in the FEA are determined by adopting different levels
of strain rates and RVE sizes, which are discussed in validation
of Mohr-Coulomb model for cement paste. The tensile strength
and compressive strength of the RVE model can be adopted to
describe the macroscale cement paste in the FEA by adopting
the Mohr-Coulomb model. The diameter and the height of the
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Figure 4. Description of finite element model
at the interface between BNNSs and
cement paste

Interface with cohesive element

—~— BNNS with solid shell element

finite element model for representing the
macroscale cement paste are 23.5 and
47 mm in Figure 2G, respectively, which
echo the sizes of the cylinder specimen
manufactured in previous experimental
research.’

The Mohr-Coulomb model is reported to be appropriate for
simulating cementitious composites due to its pressure-sensi-
tive plastic behavior, as discussed in the introduction.

Although the Mohr-Coulomb model is widely used in
cementitious composites, the accuracy of the material param-
eters of the macroscopic cement paste obtained from the
multiscale modeling is required to be validated. The multiscale
modeling starts from the low- and high-density CSH. The ma-
terial properties of the low-density and high-density CSH are
referred to in the previous multiscale investigation.®® For the
cement paste with a water/cement ratio of 0.4, the low-den-
sity and high-density CSH account for 40% and 60%, respec-
tively.®® Hence, Young’s modulus and the density of CSH are
estimated by the fraction of the low-density and high-density
CSH, as shown in Table 1. The tensile strength and the cohe-
sion of the cement paste are determined by the low-density
CSH because the low-density CSH exhibits lower tensile
strength and cohesion than those of the high-density CSH.
Poisson’s ratio and the frictional angle are identical for the
low-density and high-density CSH, as shown in Table 1. Un-
der tensile loading, the cement paste is damaged at local
sites. The stress transferred at the discontinuity of the
damaged location is decaying with the strain showing plastic
behavior. The softening curve is adopted to simulate the plas-
ticity of cementitious composites at the discontinuity of the
damaged location, which is given by®"-®

f;
t, = frexp (— éK)
f

where t, is the traction force transferred across the discontinuity of
the damaged location; f; is the tensile strength; Gy is the tensile
fracture energy; and « is the largest normal separation at the
damaged location.

Multiscale models of BNNS-reinforced cement paste. The
multiscale models of BNNS-reinforced cement paste are
different from that of the pure cement paste. In view of the
sizes of pores being much larger than the sizes of BNNSs
(the sizes of BNNSs in cement paste are less than 0.3 um’)
in cement paste, the mesh sizes around BNNSs in cement
paste need to be refined to have an accurate description of
the interface between BNNSs and cement paste in the finite
element model. Hence, the finite element model of cement
paste consists of a large number of elements, including the
pores and BNNSs simultaneously. As a result, the FEA is
expensive. To avoid the expensive simulation, the mesoscale
cement paste is modeled by two hierarchical RVE models.

(Equation 2)
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Figure 5. Mechanical responses of the RVE
model for pure cement paste with a side

Strain rate: 0.1/s
Strain rate: 0.01/s

204 80 1

15 60

10 404

Tensile stress (MPa)
Compressive strength (MPa)

20

length of 50 um

(A) The tensile responses under the strain rates of
0.1/s and 0.01/s.

(B) The compressive responses under the the strain
rates of 0.1/s and 0.01/s.

BNNS-reinforced cement paste is shown
in Figure 3. BNNSs are not explicitly con-
structed in the homogeneous model of

Strain rate: 0.1/s
Strain rate: 0.01/s

0 T T T T 0 T T
0.000 0.002 0.004 0.006 0.008 0.010 0.000  0.002  0.004

Tensile strain

The first one is constructed to only include cement paste and
BNNSs without explicit pores at the length scale of 100 nm to
1 um, as shown in Figure 2E, denoted by RVE-1. The average
size of BNNSs dispersed in cement paste is 0.1 um." The
addition of BNNSs to cement paste significantly decreases
the average pore sizes from 12 to 4 um." At the same time,
the change in the porosity of cement paste is limited
with the addition of nanosheets. For example, the porosities
of the cement paste with the addition of nanosheets by weight
contents of 0%, 0.02%, and 0.04% are 20.48%, 20.31%, and
20.27%, respectively. In this study, the porosity of the BNNS-
reinforced cement paste is identical to that of the pure
cement paste.

The material properties obtained from the RVE-1 model,
including BNNSs and cement paste, are taken as the input pa-
rameters of the RVE-2 model, including the explicit pores and
cement paste. The RVE-2 model of BNNS-reinforced cement
paste is shown in Figure 2F. Finally, the tensile tests and
compressive tests are performed on the RVE-2 model to
obtain the material properties, which are taken as the input
parameters of the Mohr-Coulomb model for describing the
macroscale cement paste, as shown in Figure 2G. The RVE
model for pure cement paste and the RVE-2 model for
BNNS-reinforced cement paste represent different cementi-
tious materials and have different material properties. Be-
sides, the average pore sizes in the RVE model and in the
RVE-2 model are 12 and 4 um, respectively. As a result, the
tensile strength and compressive strength of the RVE model
for pure cement paste and the RVE-2 model for BNNS-rein-
forced cement paste are different. The flow of the input pa-
rameters in the multiscale model of pure cement paste and

A Tensile response of RVE for pure cement paste

25 100

Compressive strain

B Compressive Response of RVE for pure cement paste

the macroscale cement paste in Fig-
ure 2G, but the mechanical properties
of the macroscale cement paste are
significantly dependent on the RVE-1
model that includes BNNSs. Hence, the homogeneous model
of the macroscale cement paste is capable of characterizing
the mechanical properties of BNNS-reinforced cement paste.
In the RVE models for describing the BNNS-reinforced meso-
scale cement paste, the RVE-2 model in Figure 2F is similar to
that of pure cement paste in Figure 2B. In the RVE-1 model,
the interface between BNNSs and CSH is described by cohe-
sive zone model, as shown in Fig ure 4. It is reported that the
thicknesses of BNNSs are 10 and 10-20 nm, accounting for
80% and 20%, respectively.1 From these measurements,
the average thickness of BNNSs is 7 nm. CSH exhibits higher
mechanical properties than that of the interface between
BNNSs and CSH. As a result, the dominant failure mode in
the FEA for the RVE-1 model is interface failure, which echoes
the pullout phenomenon of nanosheets in cementitious com-
posites under external loadings.”®” The tensile strength and
the compressive strength of the RVE-1 model are dependent
on the interface failure mode. Hence, the accuracy of the
interfacial cohesive properties represented by the cohesive
zone model is significant.

0.006 0.008 0.010

RESULTS AND DISCUSSIONS

Validation of Mohr-Coulomb model for cement paste

The tensile strength and the compressive strength of cementi-
tious composites are dependent on the strain rate. It is re-
ported that the dynamic tensile and compressive strengths
of cementitious composites increase rapidly when the strain
rate increases from 1/s to 10"/s.%°® To determine the strain
rate in the FEA, strain rates of 0.1/s and 0.01/s are set to
deform the RVE model with a slide length of 50 pm in the

Figure 6. Mechanical responses of the RVE
models for pure cement paste under the

1N
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(B) The compressive responses of the RVE models
with the side length of 50 and 75 um.

0 T T T T
0.000 0.002 0.004 0.006 0.008 0.010

Tensile strain

0 T T T T
0.000 0.002 0.004 0.006 0.008 0.010

Compressive strain

Patterns 4, 100724, May 12, 2023 7




¢? CellPress

OPEN ACCESS

A Tensile response of macroscale cement paste

B Compressive response of macroscale cement paste

Patterns

Figure 7. Mechanical responses of pure
cement paste from FEA and the strength
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FEA. By adopting different levels of strain rates, the FEA shows
that the strain rate changing from 0.1/s to 0.01/s has limited in-
fluence on the tensile strength and the compressive strength.
Specifically, the tensile strength of the RVE model is 19
MPa, with the strain rate changing from 0.1/s to 0.01/s, as
shown in Figure 5A. The compressive strength of the RVE
model changes from 73.4 to 67.4 MPa, with the strain rate
changing from 0.1/s to 0.01/s, as shown in Figure 5B. The
FEA results in Figure 5 indicate that the strain rates of 0.1/s
and 0.01/s have limited influence on the tensile strength and
the compressive strength of the RVE model. Hence, the strain
rate of 0.1/s is adopted in this study. To determine the sizes of
the RVE model, three RVE models with different side lengths
are deformed under tensile and compressive loadings at the
strain rate of 0.1/s, respectively. The FEA shows that the
size of the RVE model has limited influence on the tensile
strength. Specifically, the tensile strengths are 19 and 18.5
MPa for the side lengths of the RVE models of 50 and

A Tensile response of BNNS-tobermorite in z-direction B Shear response of BNNS-tobermorite in xz-direction

Compressive strain

for the side lengths of the RVE models
of 50 and 75 um, respectively, as shown
in Figure 6B. The FEA results in Figure 6
indicate that the side lengths of 50 and 75 um have limited in-
fluence on the tensile strength and the compressive strength
of the RVE model. Hence, the simulation results of the RVE
model with a side length of 50 um are adopted to simulate
the macroscale cement paste in the FEA.

Based on the RVE model, the tensile strength and compressive
strength are obtained. Afterward, the cohesion and the frictional
angle are calculated through the Mohr-Coulomb model, which
associates the uniaxial tensile strength and the uniaxial compres-
sive strength with the cohesion and frictional angle given by®*

2c cos ¢
T T+sin 10)
(Equation 3)
£ 2c cos ¢
71 —sing

where f; is the tensile strength; f; is the compressive strength;
c is the cohesion; and ¢ is the internal frictional angle. The

Figure 8. MD-based traction-separation
relation at the BNNS-tobermorite interface
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2 3 4
Displacement (&)

for different sizes of BNNSs

(A) Variation of tensile stress with tensile displace-
ment in the z direction for different sizes of BNNSs.
(B) Variation of shear stress with shear displacement
in the xz direction for different sizes of BNNSs.

(C) Variation of shear stress with shear displace-
ment in the yz direction for different sizes of BNNSs.
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Figure 9. The deformation of BNNS-rein-
forced tobermorite with BNNS sizes of

Tensile displacement: 0 A

200 x 200 A and with tobermorite sizes of
214 x 214.2 x 26.5 A

(A) The tensile deformation behavior in the z direc-
tion at the tensile displacement of 0 Aand 1.25 A.

(B) The shear deformation behavior in the xz direc-
tion at the shear displacement of 0 Aand5A.

(C) The shear deformation behavior in the yz direc-
tion at the shear displacement of 0 Aand 3.25 A.

tiscale modeling in this study. Hence, the

B Shear of BNNS-tobermorite in xz-direction

accuracy of the prediction of the tensile
strength and the compressive strength

Shear dlsplacement O A

of BNNS-reinforced cement paste in the
FEA is dependent on the interfacial cohe-
sive properties between BNNSs and

cement paste. The interfacial cohesive
properties between BNNSs and cement
paste are studied by MD simulations.
To avoid the influence of the sizes of
BNNSs on the interfacial cohesive prop-
erties between BNNSs and tobermorite

(representing cement paste), the sizes
of the atomistic models are changed.

¢ Shear of BNNS-tobermorite in yz-direction

The sizes of the BNNSs range from
50 x 50 and 100 x 100 to 200 X

Shear displacement: 0 A

200 A. The coresponding sizes of the to-
bermorite are 56.3 x 58.8 x 26.5,
112.6 x 110.8 x 26.5, and 214 x

214.2 x 265 A. The traction-separation
relation for the BNNS-tobermorite sys-
tem with different sizes is shown in Fig-
ure 8. It indicates that the size variation
of BNNSs has limited influence on

the traction-separation relation between
BNNSs and tobermorite in the z direction

mechanical properties of the RVE model are taken as the
input parameters for simulating the mechanical properties of
the macroscale cement paste. Hence, the tensile response
and the compressive response of the macroscale cement paste
are obtained in the FEA, as shown in Figure 7. The tensile
strength and the compressive strength values of 13 and 76
MPa are close to the measurements of 12 and 78 MPa in
previous research, respectively.” The consistency of the finite
element simulation results and the measurements indicates
that the RVE model and the corresponding material parameters
for simulating the macroscale cement paste are appropriate.
With the validation of the prediction of the tensile strength and
the compressive strength of the cement paste, we can adopt
the Mohr-Coulomb model to describe the cement paste in
BNNS-reinforced cement paste composite.

MD-based traction-separation relation
It is validated that the tensile strength and compressive
strength of cement paste are accurately predicted by the mul-

and the xz direction, which are shown

in Figures 8A and 8B, respectively. In
the yz direction, the traction-separation relation between
BNNSs and tobermorite fluctuates drastically for BNNSs
with sizes of 50 x 50 A and tobermorite with sizes of
56.3 x 58.8 X 26.5 A. For the larger sizes of the BNNS-tober-
morite composite, the traction-separation relations are
close and stable in the yz direction, as shown in Figure 8C.
Hence, the traction-separation relation between BNNSs
and tobermorite obtained from BNNSs with sizes of 200 X
200 A and tobermorite with sizes of 214 x 214.2 x 26.5 A
is adopted in the FEA. The deformation behaviors of the
BNNS-tobermorite composite under tensile and shear
loadings are shown in Figure 9. The tensile loading in the
z direction results in the interfacial peeling between
BNNSs and tobermorite. The traction force transferred at
the BNNS-tobermorite interface varies with the peeling
distance in the z direction, as shown in Figure 9A. Under
shear loadings in the xz direction and the yz direction, the
BNNS-tobermorite interface is damaged due to the interfacial
sliding. The traction forces varying with the interfacial
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Figure 10. The scalar stiffness degradation (SDGE) of the interface between BNNSs and cement paste

(A) At the initial stage.
(B) Under tension.
(C) Under compression.

displacements are shown in Figure 9B under the xz-direction
loading and in Figure 9C under the yz-direction loading.
Based on the tensile test and shear tests through
MD simulations, the cohesive properties at the discontinuous
interface between BNNSs and tobermorite are quantified. The
stress transfer at the interface between BNNSs and cement
paste can be described by these cohesive properties in
the FEA.

Validation of MD-based cohesive zone model

The simulation results of different sizes of pure mesoscale
cement paste indicate that the results are insensitive to the
sizes of the RVE model at mesoscale, as shown in Figure 6.
Hence, the side length of the RVE-1 model is 0.285 pum to
ensure that the weight fraction of BNNSs is 0.003% and
that BNNSs with the average diameter of ~0.1 um can be

A Tensile response of macroscale cement paste

B Compressive response of macroscale cement paste

included in the RVE-1 model. The interface between BNNSs
and cement paste is described by cohesive elements. The
damage initiation criterion of the cohesive element is
given by®®

(en) & & } 1
max’ .max’ omax -
) €s &t

MAX { (Equation 4)

where ¢, and ]'® are the nominal stress and the strength in the
pure normal mode, respectively; s and &I'™ are the nominal
stress and strength in the first shear direction, respectively;
and ¢; and " are the nominal stress and strength in the second
shear direction, respectively. These parameters can be obtained
from the MD-based cohesive zone model, as shown in Figure 8.
The damage evolution of the cohesive elements is described by
the power law®®

Figure 11. Mechanical responses and
strength of BNNS-reinforced cement paste
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(A) The tensile responses and the tensile strength.
(B) The compressive response and the compressive
strength.
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where Gy is the normal mode fracture energy; Gj;c is the shear
mode fracture energy’s first direction; and Gy is the shear
mode fracture energy’s second direction. These parameters
can be obtained from the MD-based cohesive zone model, as
shown in Figure 8. « is the power of the energetic criterion. The
linear energetic criterion with « = 1 and the quadratic energetic
criterion with a = 2 are the most used. In this study, the linear
energetic criterion is adopted.

Under tensile and compressive loadings with a strain rate of
0.1/s, the interface between BNNSs and cement paste is
damaged. Figure 10 shows the scaler stiffness degradation
(SDGE) of cohesive elements that are used to describe the
interfacial cohesive properties between BNNSs and cement
paste. The red color indicates that the cohesive element is
totally damaged. The SDGE is equal to one. The blue color in-
dicates that the cohesive element is not damaged. The SDGE is
equal to zero. For other colors, the SDGE value is large than
zero and less than one, which indicates that the damage of
the cohesive element begins. To validate the cohesive zone
model used to describe the interface between BNNSs and
cement paste, the material properties of the RVE-1 model as
the input parameters are adopted to describe the mechanical
behavior of the RVE-2 model, as shown in Figures 2E and 2F.
In view of the tensile strength and compressive strength of
the pure cement paste being insensitive to the side length
of the RVE models, as shown in Figure 5, the side lengths of
the RVE-1 model and the RVE-2 model are set to 0.285 and
10 um in the FEA, respectively. The material properties of the
RVE-2 model are used to describe the mechanical behavior
of the macroscale cement paste in the FEA, as shown in Fig-
ure 2G. The mechanical properties of the macroscale cement
paste in the FEA are dependent on the cohesive properties at
the interface between BNNSs and cement paste. Hence, the

(Equation 5)
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MD-based cohesive zone model is validated by comparing
the tensile strength and compressive strength of the macro-
scale cement paste from the FEA with that from measure-
ments. Figure 11 shows the tensile strength and compressive
strength of the macroscale cement paste obtained from the
FEA and measurements. The tensile strengths of the macro-
scale cement paste from the FEA and the measurements are
21 and 14 MPa, respectively, as shown in Figure 11A. The
compressive strengths of the macroscale cement paste from
the FEA and the measurements are 103 and 90 MPa, respec-
tively, as shown in Figure 11B. The discrepancy between the
FEA and measurement is attributed to the pore size distribution
in cement paste. In the FEA, the average sizes of the pores
are adopted, which can affect the accuracy of the prediction
in the tensile strength and the compressive strength. For the
tensile strength in Figure 11A, the FEA result is larger than
the measurement. This is due to the loading direction being
parallel to the surface of BNNSs. The load transfer at the
BNNS-tobermorite interface through the inclined BNNSs is
given by®®

F = Fo(e” — cos 6) (Equation 6)
where F is the average internal force applied on the inclined
BNNSs at a certain angle 6. f is the coefficient determined by ex-
periments. From the Equation 6, the relation between the trans-
ferred load and the inclined angle is obtained, as shown in Fig-
ure 12. For different values of coefficient f, the maximum
transferred load occurs at the inclined angle of § = &, which indi-
cates that the tensile strength of BNNS-reinforced cementitious
composite from FEA is the largest value because the angle be-
tween BNNSs and the loading direction is 7. That is why the tensile
strength in Figure 11A from FEA shows a discrepancy with that
from measurements. To have a more accurate prediction of the
tensile strength by FEA, the alignment of BNNSs needs to be
captured so that the finite element model can accurately mimic
the geometric characteristics of BNNS-reinforced cementitious
composites. This issue can be addressed by measuring the pore
size distributions from nanoscale to microscale and creating the
corresponding models in the multiscale simulations.®” Besides,
the orientation of BNNSs in cement paste also have significant in-
fluence on the mechanical properties of cementitious composites,
especially for the tensile strength.°® To improve the accuracy
of FEA for predicting the tensile strength and compressive
strength, the alignment of BNNSs in cement paste can be
modeled in FEA. By more accurately describing the geometry
(e.g., pore size distribution and the alignment of BNNSs) of cemen-
titious composites, the accuracy of the FEA results can be signifi-
cantly improved.

Conclusion

In this article, the multiscale models of BNNS-reinforced cement
paste are constructed to predict their tensile strength and
compressive strength. In the multiscale models, the hierarchical
RVE models are constructed to mimic the BNNS-reinforced
cement paste at the microscale. The Mohr-Coulomb model is
adopted to describe the mechanical behavior of the cement paste,
which is validated by accurately predicting the tensile strength and
the compressive strength of pure cement paste. The strain rate of
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0.1/sis adopted to perform the tensile and the compressive testsin
the FEA. By changing the sizes of the RVE model, it shows that the
tensile strength and the compressive strength are insensitive to the
size variations at the microscale. The equivalent shell element is
adopted to describe the mechanical behavior of BNNSs, which
is validated by previous research. MD simulations are performed
to develop the cohesive zone model for describing the interface
between BNNSs and cement paste. By changing the sizes of
BNNSs, the convergenced traction-separation relation between
BNNS and cement paste is obtained under the tensile loading
and shear loadings. The traction-separation relation is invoked in
the FEA, which yields the mechanical properties of the RVE
models. Finally, the material properties of the RVE models are
used to predict the tensile strength and compressive strength of
the macroscale cement paste by the FEA, presenting very close
tensile strength and compressive strength to that from the
measurements.
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