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Editorial on the Research Topic

Molecular Simulation on Cementitious Materials: From Computational Chemistry Method to
Application

The use of molecular simulation has made great progress over recent years in the field of cement
chemistry. The progress includes, but is not limited to, deriving a series of accurate force fields,
decoding the realistic structure of calcium-silicate-hydrate (C-S-H), unraveling the interfacial
reactivity and chemistry of cement minerals, and studying interactions between cement hydrates
and organic/inorganic additives (e.g., cellulose) or corrosive substances (e.g., chloride ions) (Mishra
et al., 2017; Pellenq et al., 2009; Zhang, et al., 2021). Molecular simulation can be used as a powerful
tool to yield a profound scientific understanding of cementitious materials and their behaviors across
several length scales (as shown in Figure 1). Based on the understanding of intrinsic mechanisms,
molecular simulation can complement experimental studies to offer more explicit and efficient
guides for the design of cementitious materials.

It is our great pleasure to present this research topic on Molecular Simulation on Cementitious
Materials: From Computational Chemistry Method to Application. The collection of 11 articles in this
research topic further discovers the nanoscale nature of cementitious material and guides
applications of nanotechnologies in cement-based materials. We expect that these studies will
advance cement chemistry and concrete technology through the application of modern
computational methodologies alone, or in conjunction with experimental techniques. These
studies will also push forward development of eco-efficient cementitious materials along the
three directions pointed out by Scrivener et al. (2018): enhancing usage of supplementary
cementitious materials (SCMs); developing alternative cements; and enhancing the efficiency of
cement (production and application).

So far, utilization of SCMs is still the most effective way to improve the eco-efficiency of cement
and concrete. The most popular SCMs are normally from industrial waste streams (e.g., coal fly ash
and ground granulated blast-furnace slag), which contain amorphous alumina apart from
amorphous silica. Thus, when such SCMs are used to replace part of cement in the binder
phase of concrete, the formed C-S-H gel often involves Al-uptake, forming calcium-
aluminosilicate-hydrate (C-A-S-H) gel. To better understand the effect of Al-uptake, Zhang
et al. used reactive force field molecular dynamics to reproduce the Al-induced cross-linking
effect on the aluminosilicate chains in the C-A-S-H gel, which is a major hydrate phase of cement
with SCMs. The chemical and fracture processes coupled in this study demonstrated the significant

Edited and reviewed by:
John L. Provis,

The University of Sheffield,
United Kingdom

*Correspondence:
Hongyan Ma

mahon@mst.edu

Specialty section:
This article was submitted to

Structural Materials,
a section of the journal
Frontiers in Materials

Received: 08 November 2021
Accepted: 29 November 2021
Published: 20 December 2021

Citation:
Ma H, Hou D and Zhang J (2021)
Editorial: Molecular Simulation on

Cementitious Materials: From
Computational Chemistry Method

to Application.
Front. Mater. 8:810850.

doi: 10.3389/fmats.2021.810850

Frontiers in Materials | www.frontiersin.org December 2021 | Volume 8 | Article 8108501

EDITORIAL
published: 20 December 2021

doi: 10.3389/fmats.2021.810850

4

http://crossmark.crossref.org/dialog/?doi=10.3389/fmats.2021.810850&domain=pdf&date_stamp=2021-12-20
https://www.frontiersin.org/articles/10.3389/fmats.2021.810850/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.810850/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.810850/full
https://www.frontiersin.org/articles/10.3389/fmats.2021.810850/full
https://www.frontiersin.org/researchtopic/11084
https://www.frontiersin.org/researchtopic/11084
https://www.frontiersin.org/articles/10.3389/fmats.2020.611568/full
https://www.frontiersin.org/articles/10.3389/fmats.2020.611568/full
http://creativecommons.org/licenses/by/4.0/
mailto:mahon@mst.edu
https://doi.org/10.3389/fmats.2021.810850
https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#editorial-board
https://doi.org/10.3389/fmats.2021.810850


improvement of mechanical properties due to the incorporation
of cross-linking aluminate structures.

When it comes to alternative binders, this research topic
involves computational studies about alkali-activated materials,
carbonation-hardening binders, and magnesium phosphate
cement (MPC). Li et al. simulated a series of geopolymers
using reactive force field molecular dynamics and Monte Carlo
method. They found that the structure and mechanical properties
of sodium aluminosilicate hydrate (N-A-S-H) gel is greatly
dependent on sodium content: with Na/Al ratio rising, the
aluminosilicate skeleton is transformed from an integral
network to partially destroyed branch structures, reducing the
stiffness and cohesive force of the gel. Wan et al. investigated the
intrinsic mechanism for sodium dissolution (i.e., leaching) from
the N-A-S-H gels of geopolymers. This study showed that sodium
dissociation promotes a hydrolytic reaction, exacerbating the
non-conservation of charge of the N-A-S-H system, and in the
long term reduces the stability of the aluminosilicate skeleton.
This finding is consistent with existing knowledge (Hou et al.,
2014).

Carbonation-hardening binders have been attracting
increasing attention because of their direct involvement of
CO2 mineralization. It has been known that nanotechnology
can effectively improve the carbonation reactivity and, thus,
the mechanical properties, of carbonation-hardening binders.
Tao et al. presented first-principles calculations for screening
potential dopants for increasing the carbonation reactivity of
γ-Ca2SiO4 crystals. It is found that the carbonation reactivity is
related to the reactive site distribution and the binding strength of
γ-Ca2SiO4; and Ba, P, and F elements can potentially decrease the
overall binding strength, which benefits the dissolution and
carbonation reactions. MPC is a widely studied alternative

binder for niche functional applications (e.g., fast repair, metal
protection, fire retardant, etc.) (Ma et al., 2014). Similar to
carbonation-hardening binders, the hardening process of MPC
relies on reactions between a base oxide and an acidic component,
which is completely different from traditional cements and alkali-
activated materials. Li et al. proposed an experimental-
computational approach to study the mechanical properties of
magnesium potassium phosphate hexahydrate–the basic binding
phase in MPC.

To improve the efficiency of cement utilization, a commonly
considered approach is to use nano-reinforcement/modifier for
improving the mechanical and/or durability properties of
cement-based materials. Zhou et al. used reactive molecular
simulation to investigate the effect of an emerging two-
dimensional (2D) material—2D-silica–that is intentionally
intercalated into the interlayer defective sites of C-S-H. This
work may shed new light on the interaction mechanisms between
2D-materials and inorganic hosts, and provide solutions to
modifying concrete against its high brittleness. Cement
efficiency can also be improved by increasing strength and
durability of concrete, since improved strength and durability
imply needs of smaller volume of material in the construction
stage and the whole life-cycle, respectively. Wang et al. advanced
a well-known type of high-strength concrete (i.e., reactive powder
concrete), and proved theoretically and experimentally that a
well-selected delay (of start of steam curing after molding) can
benefit the development of microstructure and strength.
Realizing that high-strength concrete requires improved
cracking resistance, Yue et al. proposed a methodology to
optimize high-strength concrete mix proportion towards better
cracking resistance using artificial neural network and genetic
algorithm. To better understand the durability of concrete so as to
improve it, Xu et al. simulated the coupled penetration of sulfate
ions and chloride ions into concrete, say, in marine service
environment; and Liu et al. developed a meso-scale five-phase
model to decode the complexity of the microstructure, as well as
to describe the transport and distribution of water in recycled
aggregate incorporated concrete. In addition, to a large extent, the
true quality of concrete (no matter how well it is designed) is
determined by its workability (how well it can be manipulated in
the fresh state). To better understand the nature of workability, Li
et al. simulated the slump and J-ring tests of highly flowable
concrete using discrete element method.

The Guest Editorial team is confident that the successful
application of computational methods will facilitate the
fundamental research and technology development of
cementitious materials.
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FIGURE 1 | Molecular simulation of cement-based materials at several
length scales.
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Experimental-Computational
Approach to Investigate
Nanoindentation of Magnesium
Potassium Phosphate Hexahydrate
(MKP) With X-CT Technique and
Finite Element Analysis
Yue Li, Guosheng Zhang and Zigeng Wang*

Key Laboratory of Urban Security and Disaster Engineering of Ministry of Education, Beijing Key Laboratory of Earthquake

Engineering and Structural Retrofit, Beijing University of Technology, Beijing, China

The magnesium phosphate cement (MPC) is a carbon-free cementitious material, widely

used in solidification of nuclear waste, heavy metals, and repair and reinforcement.

The magnesium potassium phosphate hexahydrate (MgKPO4·6H2O, MKP) is the main

hydration product of MPC, seriously affecting the mechanical properties of the MPC.

Therefore, this paper presented an experimental-computational approach to investigate

the mechanical properties of the MKP through nanoindentation with X-ray Computed

Tomography (X-CT) technique and finite element analysis. Firstly, the micro-mechanical

properties and structural distribution characteristics of the MKP were tested based on

the nanoindentation and the X-CT technique, respectively. Then, the 3D structure grid

model of the MKP was obtained based on X-CT data, imported into the ABAQUS

software for the finite element simulation. Besides, considering the effect of porosity and

pore distribution on the damage, the modified MKP constitutive relation was proposed

and input into the X-CT nanoindentation model and the RAP nanoindentation model,

respectively. It was found that those two models can effectively describe the mechanical

and deformation characteristics of the MKP, which verified the correctness of the

modified constitutive relationship of MKP. Finally, the influence of pore distribution on

the nanoindentation results was predicted based on the RAP nanoindentation model.

Keywords: X-ray computed tomography, random aggregate placement method, damage factor, modified

constitutive relation, pore distribution

INTRODUCTION

The production of widely used Portland cement consumes a lot of energy and emits a large amount
of carbon dioxide, causing serious environmental pollution. Green building materials are urgently
needed in today’s world to avoid the deterioration of ecosystems and the intensification of global
warming. Magnesium phosphate cement (MPC) is a carbon-free cement that does not emit carbon
dioxide during the production process (Walling and Provis, 2016). MPC is considered as a new
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Li et al. Experimental-Computational Approach to MKP Nanoindentation

type of environmentally friendly cement (Haque and Chen,
2019). Additionally, it is believed as a cementitious material
formed by acid-base chemical reaction between water,
magnesium oxide, and phosphate. The main chemical reaction
equation of potassiumMPC is shown in Equation (1):

MgO+ KH2PO4 + 5H2O→MgKPO4·6H2O

where potassium hexahydrate hexahydrate (MKP) is the main
hydration product of the MPC (Vinokurov et al., 2018a).

Furthermore, MPC is widely used in solidification of nuclear
waste, heavy metals and repair and reinforcement due to its
advantages of fast hardening, early high strength, and high
viscosity (Li et al., 2017; He et al., 2019; Mestres et al., 2019;
Zhenghua et al., 2019), which attracts many scholars to do
enormous research on hydration mechanism, durability, and
mechanical properties (Ma et al., 2014; Li et al., 2015, 2016).

Liquid radioactive waste (LRW) containing elements such
as uranium and thorium is the product of nuclear industry
activities which has great harm to the environment and human
health. Long-term controlled storage or disposal of LRW is one
of the key links in the safe management of radioactive waste
(Stefanovsky et al., 2017). Solidification/stabilization (S/S) is the
mixing of LRW and binder, thus fixing the LRW in the binder
for long-term safe disposal. The S/S is a very effective technique
for handling large amounts of the LRW and the MPC is one
of the most promising materials for solidifying the radioactive
waste (Vinokurov et al., 2019). Four different leaching tests were
conducted to determine the effect of the MPC on solidifying
heavy metal-containing waste liquid. The results showed that
the MPC could successfully solidify the solution containing Cd,
Cr, Cu, N, Pb, or Zn (Buj et al., 2010). The radioactive waste
containing metal uranium is incompatible with conventional
ordinary Portland cement (OPC)-based encapsulation matrices.
The reason is that the high alkaline environment and high free
water content in the OPC result in volume change of the system
and hydrogen generation. Since the MPC has lower pH value and
less free water content, it can encapsulate the radioactive waste
containing active metals such as uranium (Covill et al., 2011).
In addition, the researchers found that the MPC can solidify
radioactive waste within actinide and rare earth elements. The
method of theMPC curing the LRWhas the advantages of simple
technology and high physical and chemical stability (Vinokurov
et al., 2009, 2018b).

Heavy metals such as Zn, Pb, Cd, As contaminate soils,
which are also increasingly serious environmental problems.
Heavy metals not only pose a threat to the human health
and the environment, but also deteriorate the mechanical
properties of the soil, limit the reuse of contaminated sites, and
even pose a safety threat to engineering in the polluted areas
(Du et al., 2014). As mentioned above, the S/S technique is
an effective and economical remediation technology. It mixes
the binder MPC with contaminated soil to physically fix or
chemically bind harmful contaminants, thus preventing heavy
metals from migrating to the environment and enhancing the
strength of the soil (Wang Y.S. et al., 2018; Xu et al., 2018).
Aiming at the environmental problem of high lead content

in soil polluted by lead-acid batteries, researchers found that
the MPC could effectively fix lead in soil and convert lead
in polluted areas into less mobile contaminant binding forms
at an acceptable cost, effectively increasing the strength of
polluted soil (Zhang et al., 2015). The factors affecting the
solidification effect of the MPC are metal concentration in soil
and water-binder ratio of the MPC, curing age and dosage
(Wang P. et al., 2017, 2018). In addition, municipal solid
waste incineration (MSWI) fly ash pollution is highly toxic,
threatening human living environment and health. The MPC
can also effectively reduce the toxic pollution of the MSWI fly
ash (Fan et al., 2018).

Energy demand and resource extraction activities are one of
the major environmental concerns of modern society. The MPC
has a good repair and reinforcement effect on concrete structures
due to its characteristics of fast hardening and early high
strength. TheMPC can be injected into cracks from old buildings
or bonded with CFRP to reinforce damaged structures, thus
delaying the demolition of old buildings and the construction
of new buildings, reducing energy, and resource consumption
(Li et al., 2017). In addition, the MPC can be produced
from industrial by-products, which has a positive impact on
the environment and sustainability (Maldonado-Alameda et al.,
2017). For example, boron-containing magnesium oxide (B-
MgO) was a byproduct of the production of Li2CO3 from salt
lakes. B-MgO can be used as raw materials to produce MPC
(Tan et al., 2014; Formosa et al., 2015). The MPC even can
upcycle construction wood waste into rapidshaping cement-
bonded particleboards, reducing environmental burden and
increasing economic value (Wang L. et al., 2017).

In summary, the mechanical properties of the MPC
have an important influence on the solidification of heavy
metal contaminated soil and the repair and reinforcement
of engineering structures. The main hydration product MKP
determines the mechanical properties of the MPC. However,
most researches only focus on the application and macro-
mechanical properties of the MPC, which do not involve the
mechanical properties of the MKP. Therefore, in this paper, the
micro-mechanical properties and structural characteristics of the
MKP are studied in detail.

Nanoindentation technique and X-ray Computed
Tomography (X-CT) technique are the state of the art
technologies, which can measure the micro-mechanical
properties and 3D structure distribution characteristics of
materials. The micro-mechanical properties and creep behavior
of cement paste were attained by the nanoindentation technique.
The factors affecting the test results of nanoindentation and
the contact creep function of various phases in cement paste
were determined (Liang et al., 2017a,b; Wei et al., 2017).
CT technology was used for in-situ monitoring of water and
ion intrusion into cement paste and the erosion process was
visualized in three dimensions (Yang et al., 2015, 2018). Based
on the CT images, pore-scale modeling and micromechanical
modeling of cement paste could be obtained (Zhang and Jivkov,
2016; Zhang, 2017). The combination of X-CT and finite element
method can more accurately simulate the properties of the
materials (Skarzynski and Tejchman, 2016).
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Therefore, based on nanoindentation and X-CT
techniques, the micro-mechanical properties and structural
distribution characteristics of the MKP were investigated. The
nanoindentation model of the MKP was established based on
the X-CT and the random aggregate placement method. From
the perspective of damage factor, the modified constitutive
relation of the MKP considering porosity and pore distribution
was proposed. Firstly, the 3D microstructure distribution
characteristics of the MKP were obtained based on the X-CT
technique. The MKP was tested by the nanoindentation to attain
the elastic modulus and the indentation load-displacement
curves. Then based on the X-CT images, the MKP 3D structure
grid model was obtained and imported into ABAQUS software as
the nanoindentation model. In addition, the influence equation
of pores on the damage factor in MKP constitutive was proposed.
The effect of porosity and pore distribution on the MKP damage
was studied in detail and the modified MKP constitutive relation
considering porosity and pore distribution was verified. Finally,
based on the random aggregate placement method (RAP), the
RAP nanoindentation model of the MKP was established and
the effect of pore distribution on the nanoindentation results
was predicted.

MATERIALS AND METHODS

Materials and Specimen Preparation
The experimental material in this research was magnesium
potassium phosphate hexahydrate (MgKPO4·6H2O, MKP). The
MKP granules were obtained from a pharmaceutical reagent
factory in Xuzhou City, Jiangsu Province, China, with a purity
of over 99%.

The elastic modulus and internal structure ofMKPwere tested
by nanoindentation and X-CT techniques, respectively. Before
the nanoindentation test, the specimens needed to be pretreated:
the mass ratio of MKP particles to epoxy resin is 1/10, and
these two materials were stirred for 5min, then the epoxy resin
hardened after 6 h as the specimens for the nanoindentation
test. Since the nanoindentation test requires high flatness on
the surface of specimens, it is necessary to perform smooth
pretreatment on the test piece (Zhao et al., 2005; Zheng et al.,
2008; Han et al., 2012). The surfaces of the specimens were
polished in the order of 400–4,000 mesh sandpaper, canvas, and
silk. The surface roughness of the polished specimens was tested
by an atomic force microscope to ensure that the roughness
was <100 nm. After smoothing the MKP, the testing region was
marked and then the structure distribution characteristics of the
region was obtained by X-CT.

Methods
X-CT Test
X-ray Computed Tomography (X-CT) technique is one of the
most advanced non-destructive testing techniques, which can
obtain the internal structure of materials. The density difference
between the MKP and the pores leads to the difference of X-
ray absorption coefficient and gray value in the X-CT images.
Therefore, the two materials can be distinguished according
to the gray value division (Sun et al., 2014). The X-ray

projections were obtained with an exposure time of 0.32 s at an
accelerating voltage of 150 kV and 140 µA beam current using a
tungsten target.

Nanoindentation Test
In nanoindentation test, the elastic modulus of the specimens
was measured by nanoindentation instrument manufactured
by Agilent Company, USA with the Berkovich indenter (a
positive triangular pyramid with an angle of 65.35◦ between the
center line and the side). The appropriate loading depth and
indentation spacing should be selected for nanoindentation test
(Al-Amoudi, 2002; Němeček et al., 2009; Wang et al., 2009;
Chen et al., 2010). Since in this study the nanoindentation
test was simulated, a larger indentation depth was required to
match the X-CT resolution and obtain a sufficient number of
finite element meshes. The maximum indentation depth of the
nanoindentation instrument used in this study is 20µm. Hence,
the indentation depth was set to 20µm and the indentation point
spacing was set to 200 µm.

Figure 1A displays a typical Scanning Electron Microscope
(SEM) image of the nanoindentation. However, the indentation
area includes not only the matrix MKP but also the pores,
shown in Figure 1B. Therefore, the material properties, volume
fractions and distribution characteristics of the matrix and
pores both affect the test results of the nanoindentation test.
The nanoindentation process can be divided into three stages:
first, the elastic deformation of the specimen occurred at the
loading stage, followed by the plastic deformation with the
increase of the load. Then the constant loading stage appeared
when the maximum indentation depth was reached. Finally,
the unloading stage took place, reflecting the elastic recovery of
the indentation points. The typical load-displacement curve of
the nanoindentation is shown in Figure 1C. The curve consists
of three parts: the loading stage, the constant loading and the
unloading stage. The loading time of the loading stage was
1,000 s.When the indentation depth reached 20µm, the constant
loading kept for 100 s, followed by the unloading stage for 300 s.
The contact stiffness S is fitted by the upper elastic part of the
unloading curve. According to the Oliver-Pharr principle (Oliver
and Pharr, 2011), the elastic modulus of the indentation point can
be calculated by Equation (1).

E =
1− ν2

2γ
S

√

A

π
−

1− ν2i

Ei

(1)

where E and ν indicate the elastic modulus and Poisson’s ratio
of tested material, γ is a correction factor (γ = 1.034), S is
the contact stiffness, A is the contact area, νi and Ei denote the
parameters of indenter (νi = 0.07, Ei = 1,141 GPa).

Random Aggregate Placement Method
In the mesoscopic numerical analysis of cement-based materials,
it is important to study the numerical morphology and gradation
of aggregates, pores and other phases, which directly affect the
mechanical properties of the materials (Wang et al., 2016).

In order to improve the accuracy of numerical simulation
in material mesomechanics, a 3D random concave-convex
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FIGURE 1 | (A) A typical SEM image of the nanoindentation; (B) The

schematic diagram of nanoindentation; (C) The typical load-displacement

curve of nanoindentation.

aggregate modeling method with grid pre-generated was
proposed (Wang B. et al., 2018). Before placing the aggregate,
grid partition was needed to record all node information and
unit information in the model. In the three-dimensional polar
coordinate system, the position of any point in space could
be determined by three parameters r, θ , ϕ. It is impossible to
use infinite number of spherical aggregate surface nodes in the
numerical modeling. It is found through trial calculation that the
spherical aggregate established by the following method could
meet the calculation requirements: take r as the aggregate radius
and take a point, respectively, at every 45◦ in the direction of θ

and ϕ, forming an approximate spherical area composed of 26
points in the space. The three-dimensional spherical aggregate
had a total of 26 nodes and the surface was divided into
48 triangular regions. The generation of the concave-convex

aggregate could be achieved when the apex of each aggregate
fluctuates randomly with respect to its initial position. After the
single concave-convex aggregate was generated, the aggregate
library could be generated according to the required gradation.

The flow path of placing aggregate was as follows (Wang
B. et al., 2017): firstly, the aggregates to be placed were sorted
according to the radius from large to small. Secondly, the
central point of the non-throwing unit was selected to place
aggregate based on whether there was a geometric boundary
point inside the aggregate. If there were any, the placing failed.
Thirdly, if the interior of the aggregate did not contain the
geometric boundary point and the outer boundary element point
of the delivered aggregate, the delivery was successful. Fourthly,
when the delivery failed, the aggregate was rotated to continue
judging and the position was reselected after a certain number of
rotations. If all the delivery failed in the center position of all the
non-throwing areas, the aggregate failed to be delivered. In order
to prevent the delivery process from entering an infinite loop,
the failed aggregate was stored in the specified set. Fifthly, the
aggregate information was updated after delivering successfully.
In this study, when the random aggregate placement method was
adopted to establish the MKP nanoindentation model, the pores
were regarded as the aggregates and put into the MKP matrix.

THE RESULTS OF EXPERIMENTS AND
RANDOM AGGREGATE PLACEMENT

The Results of X-CT
A total of 15 indentation area on the MKP specimens was
scanned by X-CT. Three hundred and twenty two-dimensional
CT slices with the resolution of 1,000 × 1,000 pixels were
obtained by each X-CT scan and the spatial resolution was
0.5µm voxel. Then the images were processed by the AVIZO
software to gain the structural distribution characteristics
and volume fraction of each phase in each indentation
area. Subsequently, the tetrahedral mesh generated by AVIZO
software was imported into ABAQUS software as the X-CT
nanoindentation model of the MKP.

The X-CT images of the MKP was imported into the AVIZO
software. Based on the difference of gray value between the MKP
and pores, the slices were divided into two phases. Determining
the threshold value of the phases was the premise to correctly
distinguish MKP from pore. Therefore, a MKP particle with the
size of about 3mm was tested by mercury intrusion porosimeter
(MIP) and X-CT, respectively. The porosity of the MKP particle
was 28.43% from the MIP. Then the threshold of the X-CT slices
of the particle was debugged. It was found that when the parts
with the gray range of 0–149 and 149–207 were adopted to divide
the pores and the MKP, the voxel number of the MKP and the
pores were 5.33E8 and 2.12E8. So, that is to say, the porosity
of the MKP particle is 2.12E8 ÷ (2.12E8 + 5.33E8) = 28.46%,
which was almost consistent with the test result. Therefore, the
gray threshold of distinguishing the MKP from pore was 149. For
example, the gray value 149 was used as the threshold to divide
the MKP and pores, when the X-CT data of the P14 indentation
point region was processed. The 160th slice of the P14 indentation
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FIGURE 2 | The modeling process of P14 indentation point based on X-CT (A) the 160th slice of the P14 indentation point; (B) the result of the threshold segmentation

of the 160th slice; (C) the distribution characteristics of the pores; (D) the pore size distribution curve; (E) the tetrahedral meshes based on the X-CT model; (F) The

X-CT nanoindentation model of the MKP.

point is shown in Figure 2A. The dark gray area was the pores
and the light gray area was theMKP. Figure 2B displays the result
of the threshold segmentation of the 160th slice, where the red
part indicates pores and the blue part represents the MKP. The
distribution characteristics of the pores in the P14 indentation
point are shown in Figure 2C and the green curve in Figure 2D

denotes the statistical pore size distribution. The yellow curve in

Figure 2D displays the pore distribution function curve, which
will be discussed in detail in section The Effect of Porosity on
the Damage Factor. Additionally, the voxel number of the two
phases was 2.9412E8 and 2.528E7, respectively. In other words,
the volume fractions of the MKP and pores after the threshold
segmentation were 2.9412E8 ÷ (2.9412E8 + 2.528E7) = 92.1%
and 2.528E7 ÷ (2.9412E8 + 2.528E7) = 7.9%, respectively.
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TABLE 1 | The porosity of 15 indentation points (%).

Pi1 Pi2 Pi3 Pi4 Pi5

P1j 10.8 5.1 22.6 7.9 9.8

P2j 12.6 18.5 14.3 20.7 12.4

P3j 3.4 15.9 6.6 9.1 16.5

TABLE 2 | The elastic modulus (GPa) and peak loads (N) of

nanoindentation points.

Pi1 Pi2 Pi3 Pi4 Pi5

P1j 22.52, 1.91 25.26, 2.19 17.66, 1.57 23.88, 2.04 22.98, 1.96

P2j 21.71, 1.85 19.24, 1.67 20.98, 1.78 18.38, 1.61 21.80, 1.85

P3j 26.14, 2.23 20.30, 1.74 24.51, 2.12 23.31, 1.99 20.05, 1.72

Similarly, the porosity of each indentation point region could be
obtained. There were 15 indentation points numbered P11-P35,
as shown in Table 1.

Finally, the tetrahedral meshes were generated based on the
X-CT model, as shown in Figure 2E, in which the gray portion
indicates the MKP and the red portion represents the pores. The
tetrahedral mesh model was imported into the finite element
software ABAQUS and then the pore set was deleted. The
remaining MKP set was used as the compressive matrix of the
nanoindentation model. A triangular pyramid model with a
height of 30µm was established by CAD and imported into
the finite element software ABAQUS as the indenter of the
nanoindentation model. The X-CT nanoindentation model of
the MKP was obtained by assembling the MKP matrix with
the triangular pyramid indenter, as shown in Figure 2F, where
the green part represents the MKP matrix and the yellow part
denotes the triangular pyramid indenter. When the indenter was
assembled with the MKP substrate, the upper surface of the
triangular pyramid indenter was parallel to the upper surface of
the MKP substrate, in which the central axes of the indenter and
the MKP substrate were coincident. Additional details on the X-
CT nanoindentation model were discussed in section Simulation
Based on X-CT Results.

The Results of Nanoindentation
In this study, 15 marked areas were selected on the MKP
specimens for nanoindentation test and the indentation points
were numbered P11-P35 with the elastic modulus and the peak
loads shown in Table 2. There are two data at each indentation
point, the elastic modulus and the peak loads, respectively. For
example, the data “22.52, 1.91” for the indentation point P11
indicates that the elastic modulus and the peak load at the
indentation point P11 are 22.52 GPa and 1.91N, respectively. It
can be seen that the elastic modulus of all the indentation points
are in the range of 17.66–26.14 GPa. The average elastic modulus
of the indentation points is 21.91 GPa. Besides, the peak loads
fluctuate in the range of 1.57–2.23N and the average peak load
is 1.88N. The fluctuations of the elastic modulus and the peak
loads are mainly caused by the difference in volume fraction

and distribution characteristics of the matrix and pores in each
indentation area.

The Results of Random Aggregate
Placement
First, a matrix part of 500 × 500 × 160µm was built in
ABAQUS and was meshed with the grid unit size of 1.5µm and
the element type of linear hexahedral elements C3D8R. Then,
based on the random aggregate placement method (RAP), the
RAP nanoindentation model of the P14 indentation point was
established. The pores were randomly placed in the matrix part
and the porosity was set to 7.9%. Thus, the RAP nanoindentation
model corresponding to the X-CT nanoindentation model was
obtained. As shown in Figure 3A, the blue part indicates
the MKP set and the white part represents the pores set.
Subsequently, the pore set was deleted and the remaining MKP
matrix was assembled with the triangular pyramid indenter.
Hence, the RAP nanoindentation model of the P14 indentation
point was displayed in Figure 3B, where the blue part denotes
the MKP matrix and the yellow part indicates the triangular
pyramid indenter. When the indenter was assembled with the
MKP substrate, the upper surface of the triangular pyramid
indenter was parallel to the upper surface of the MKP substrate,
in which the central axes of the indenter and the MKP substrate
were coincident. Additional details on the model were discussed
in section Simulation Based on the RandomAggregate Placement
Method (RAP). Similarly, the RAP nanoindentation models of
other indentation points were obtained.

SIMULATION BASED ON X-CT RESULTS

In section Simulation Based on X-CT Results, the
nanoindentation test of the MKP was simulated based on
the X-CT nanoindentation model. Firstly, the input parameters
and boundary conditions of the X-CT model were determined.
Secondly, considering the effect of pores on damage, themodified
MKP constitutive relation was proposed and input into the X-CT
nanoindentation model. Then, the equations of influence of
porosity and pore distribution on the damage factor were
proposed. Finally, the correctness of the modified damage factor
equation was verified with the average relative error of 3.2% by
comparing the numerical results with the experimental results.

The X-CT Nanoindentation Model
The Input Parameters and Boundary Condition
Since the elastic modulus of the diamond indenter was much
larger than the elastic modulus of the MKP, the deformation
of the indenter during the indentation process was negligible.
Consequently, the indenter in the nanoindentationmodel was set
as a rigid body without deformation and was meshed with the
mesh size of 5µm. During the contact between the indenter and
theMKP, the contact surface was assumed to be smooth. Material
properties were the extremely critical input parameters for the
finite element model. Material parameters were not required for
the indenter as a rigid body. The material properties of the MKP
were verified in the previous paper: the density was 1.864 g/cm3,
the elastic modulus was 37.3 GPa, the Poisson’s ratio was 0.2,
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FIGURE 3 | The modeling process of P14 indentation point based on RAP

(A) the distribution characteristics of the pores; (B) the RAP nanoindentation

model of the MKP.

and the compressive strength and tensile strength were 75.6 and
11.3 MPa, respectively (Li et al., 2018a). The above MKPmaterial
parameters were input into the nanoindentation model.

In the X-CT nanoindentation model, the six degrees of
freedom of all nodes on the bottom surface of the MKP substrate
were limited to zero, indicating that it was completely fixed, while
the nodes of the other five surfaces were not limited. Five degrees
of freedom of the indenter was restricted except Z direction, so
they could only move in the directions of loading and unloading.
Besides, the tip of the rigid indenter was regarded as a reference
point applied with a displacement of about 20µm. The model
was solved by ABAQUS dynamic analysis with the total running
time of 1.4 × 10−6. The loading time-amplitude conformed to
the following rules. When the time was between 0 s and 10−6, the
indenter was in the loading stage with the displacement from 0 to
20µm. When the time was in the range of 10−6 to 1.1 × 10−6,

the indenter was in the constant loading without movement.
During the period of 1.1 × 10−6 to 1.4 × 10−6, the indenter
was in the unloading phase with the displacement reducing from
20 to 16.2µm. The relationship between amplitude and time is
as follows:
when t ≤ 10−6,

A = t × 106 (2)

when 10−6 < t < 1.1× 10−6,

A = 1 (3)

when 1.1× 10−6 < t < 1.4× 10−6,

A = −2.1
(

t − 10−6)2 × 1012 + 1 (4)

where A is the amplitude, t represents time.

The Constitutive Relation of the MKP
The MKP constitutive relation was plastic damage model and
determined in previous studies (Li et al., 2018a) as follows:

εc =

(

700+ 172
√

fc

)

× 10−6 (5)

when ε < 0.4εc,

σ/fc = 1.08ε/εc (6)

when 0.4εc ≤ ε ≤ εc,

σ/fc = 1.46ε/εc − 0.08(ε/εc)
2
− 0.54(ε/εc)

3 (7)

when ε > εc,

σ/fc =
ε/εc

2.4(ε/εc − 1)2 + ε/εc
(8)

where subscript c indicates “compressive,” εc is the corresponding
peak compressive strain, fc denotes the compressive strength of
the MKP, namely 75.6 MPa.

εt = ft
0.65

× 65× 10−6 (9)

when ε ≤ εt ,

σ/ft = ε/εt (10)

when ε > εt ,

σ/ft =
ε/εt

15.3(ε/εt − 1)1.7 + ε/εt
(11)

where subscript t indicates “tensile,” εt is the corresponding peak
tensile strain, ft denotes the peak tensile strength of the MKP,
namely 11.3 MPa.
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Damage Factor of the MKP and Simulation Results
According to the literature (Birtel and Mark, 2006), the classical
damage factor can be calculated from Equations (12)–(14):

d = 1−
σE−1

εpl(1/b− 1)+ σE−1
(12)

εin = ε − σE−1 (13)

εpl = bεin (14)

where d indicates the damage factor of the MKP, σ is the
stress, E represents the elastic modulus, εin and εpl denote the
inelastic strain and the plastic strain, b is the constant (bc =

0.7, bt = 0.1), subscript c and t indicate “compressive” and
“tensile,” respectively.

Since the elastic modulus of MKP is 37,300 MPa, the
compressive and tensile damage factor of the MKP are
expressed as:

dc = 1−
σ/37300

0.3εin + σ/37300
(15)

dt = 1−
σ/37300

0.9εin + σ/37300
(16)

where the relationship between σ and ε can be calculated from
Equations (6)–(11) in section The Constitutive Relation of the
MKP. Thus, the curve of the classical damage factor is shown as
the blue curves in Figure 4.

The above boundary conditions, MKP material parameters,
constitutive relations and damage factors were input into the X-
CT nanoindentation model of the P14 indentation point. Then
the simulated load-displacement curve based on the classical
damage factor were expressed as the red curve in Figure 5, in
which the simulated peak load is 2.25N. The blue curve in
Figure 5 indicates the test load-displacement curve with a peak
load of 2.04N. The relative difference was used to compare the
simulated peak loads with the experimental peak loads, defined as

R =
|LE − LS|

LE
× 100 (17)

where LE indicates the experimental peak load, LS is the simulated
peak load. It can be seen that the relative error of the peak load of
the classical simulation is 10.3% and the classical simulated load-
displacement curve is above the experimental curve. The poor
simulation result was because the classical simulation did not
consider the damage contributed by the pores. Since the matrix
in the nanoindentation model contained two phases: the MKP
and pores, the pores inevitably affected the simulation results, so
the influence coefficient of the pores on the damage factor was
introduced as χ . Then the modified damage factor considering
the influence of the pores was expressed as

dc = χ

(

1−
σ/37300

0.3εin + σ/37300

)

(18)

FIGURE 4 | The curves of compressive and tensile damage factors: (A) the

compressive factor (B) the tensile factor.

dt = χ

(

1−
σ/37300

0.9εin + σ/37300

)

(19)

The influence coefficient of P14 indentation point was debugged.
It was found that the simulation result with the influence
coefficient χ 1.262 was the closest to the experimental result. The
modified damage factor with the influence coefficient of 1.262
is shown as the purple curve in Figure 4 and the yellow curve
of Figure 5 displays the modified simulated load-displacement
curve. The modified simulated peak load was 2.11N with the
relative error of only 3.4%. The modified simulation accuracy
was greatly improved, indicating that it was necessary to consider
the influence of pores on the damage. The modified simulated
nephogram is shown in Figure 6.

Figure 6A shows the simulated stress nephogram of themodel
at the time 10−6. It can be seen that the shape of the indentation
area is a triangular pyramid and the mesh deformity in contact
with the three edges of the indenter is severe due to the stress
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concentration. The stress at the bottom of the indentation area
is larger and the upward stress decreases gradually. As a result of
the extrusion of the indenter, the upper end of the indentation
region produces a crowding effect. The stress distribution of the
middle section in the X direction is displayed in Figure 6B at
time 0 and 10−6, respectively. It can be seen that the stress in
the lower part of the indenter is larger and gradually decreases
toward the far side. The stress nephogram shows an elliptic shape
and extends outward in layers. During the loading process, the
pores in the lower region of the indenter were squeezed and
seriously deformed, such as the red marked pores being extruded
from the initial quasi-circular into a long strip. In addition,
the existence of pores may result in stress concentrations, just

FIGURE 5 | Comparison of the load-displacement curves of P14 indentation

point between experimental results and simulation results.

as the sudden increase of stress around the pore marked with
yellow. Moreover, pores may affect the path of stress transfer.
For instance the pink marked pore hindered the development of
stress. Figure 6C is the distribution of the compressive damage of
the model when the time is 10−6. It is observed that the element
damage in the larger area around the indenter is serious, that is to
say, the pressing of the indenter greatly affects the stress state of
the surrounding area. Figure 6D displays the distribution of the
compressive damage in the middle section of the Y direction at
time 0 and 10−6, respectively. It can also be seen that the loading
of the indenter leads to severe distortion of the pores, such as the
green marked pores being significantly flattened. In addition, the
development of damage may be affected by the pores, such as the
damage transmission path in pink marked area was affected by
the pores.

It was the same as the process of debugging the influence
coefficient of P14 indentation point with the influence coefficient
of 1.262 in the fourth paragraph of this subsection. The
influence coefficient of the porosity of the other indentation
point model on the damage factor was debugged, thereby making
the simulation results most consistent with the experimental
results. Thus, the optimal influence coefficient values and
the optimal simulated peak loads of each indentation point
were obtained as shown in Table 3. There are two data
at each indentation point, the optimal influence coefficient
values and the optimal simulated peak loads, respectively. For
example, the data “1.248, 1.84” for the indentation point P11
indicates that the optimal influence coefficient value and the
optimal simulated peak load at the indentation point P11
are 1.248 and 1.84N, respectively. The average relative error
of the peak load simulated by the X-CT nanoindentation
model was 3.8%, which indicates that the accuracy of the
model was greatly improved after debugging the optimal
influence coefficient.

FIGURE 6 | The modified simulated nephogram of P14 (A) the stress distribution of the model (B) the stress distribution of the middle section in the X direction (C) the

distribution of the compressive damage of the model (D) the compressive damage distribution of the middle section in the Y direction.
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TABLE 3 | Optimal influence coefficient χ and simulated peak loads (N) for each

indentation point.

Pi1 Pi2 Pi3 Pi4

P1j 1.248, 1.84 1.061, 2.31 1.537, 1.63 1.262, 2.11

P2j 1.381, 1.93 1.266, 1.74 1.335, 1.85 1.415, 1.71

P3j 0.966, 2.27 1.413, 1.70 1.150, 2.05 1.220, 2.04

The Effect of Porosity and Pore
Distribution on the Damage Factor
The influence of pores on the damage factor came from two
aspects: on the one hand, the larger the porosity was, the greater
the damage factor was. On the other hand, under the same
porosity, different pore distributions led to differences in damage
factors. Therefore, the total influence coefficient χ of pores on the
damage factor was a comprehensive reflection of the influence
of porosity and pore distribution. Then, the influence coefficient
of porosity and pore distribution on the damage factor were
defined as β and λ, respectively. Thus, the relationship of the
three coefficients was assumed to be:

χ = βλ (20)

Considering the influence of porosity and pore size on the
damage factor, the modified MKP damage factor is expressed
as follows:

dc = χ ×

(

1−
σ/37300

0.3εin + σ/37300

)

=

βλ ×

(

1−
σ/37300

0.3εin + σ/37300

)

(21)

dt = χ ×

(

1−
σ/37300

0.9εin + σ/37300

)

=

βλ ×

(

1−
σ/37300

0.9εin + σ/37300

)

(22)

After obtaining the total pore influence coefficient of 12
indentation points, the effects of porosity and pore distribution
on the damage factors were further discussed.

The Effect of Pore Size Distribution on the Damage

Factor
The strength of the material was affected not only by the porosity,
but also by the pore distribution. The pore structure of the
material was complex and the pore size reflected the dominant
characteristics of the pore structure (Hou et al., 2019). Therefore,
the pore size was selected as an important factor affecting the
damage factor. Considering the distribution and contribution of
pore size, the effect of pore distribution on the damage factor was
defined as λ.

First, the actual pore size distribution of the material was
complex. Previous studies indicated that the pore distribution
functions of cement-based materials and rock masses were

similar, which all had an exponential function distribution (Ju
et al., 2008). It was also assumed that the pore size distribution
of MKP conformed to the exponential function distribution, as
shown in Equation (23):

p (D) = E exp

(

−
D

F

)

(23)

where D indicates the pore size (mm), E and F represent
the parameter of the exponential function. The values of the
parameters E and F can be solved by fitting the hole structure
results based on the X-CT statistics.

Secondly, gray correlation analysis was a good method to
reflect the correlation between various factors, which could
be used to study the influence of pore size on strength. The
correlation value had a power function relation with pore size.
The larger the pore size was, the lower the strength of thematerial
was Zhang and Zhang (2007), Li et al. (2018b). In addition,
the influence coefficient was zero when the pore size was zero.
Therefore, the influence function of pore size was assumed to be:

λ (D) = GDH (24)

where λ (D) is the influence coefficient associated with the pore
size, G and H denote the parameter of the influence function. By
fitting the relationship between the strength and the test results
of pore structure with gray correlation analysis, the values of the
parameters G and H can be determined.

Combining the MKP pore distribution function with the pore
size influence function, the influence coefficient of the pore size
distribution on the damage factor was obtained as follows:

λ =

∫ dmax
dmin

λ (D) p (D)dD
∫ dmax
dmin

p (D)dD
(25)

where λ is the influence coefficient depending on the pore size
distribution,Dmin andDmax indicate the minimum diameter and
the maximum diameter (mm) of the pores, respectively.

Due to the complexity of the integration process, the
Equation (25) was substituted by the Equation (26) for the sake
of simplicity:

λ =

∑n
i = 1 ciλi

c
(26)

where ci and λi represent the porosity and the influence
coefficient of the i-th interval when the pore size range is divided
into n intervals. ci is related to the pore size distribution, namely,

ci =
∑Di+1

Di
p (D)dD. The value of λi is the influence coefficient of

the pore median of the i-th interval. c indicates the total porosity,
namely, c =

∑n
i = 1 ci. The smaller the interval is, the closer the

Equation (26) is based on the Equation (25).

The Effect of Porosity on the Damage Factor
According to the porosity results based on X-CT statistics,
the porosity of the MKP nanoindentation area was between 3
and 23%. Therefore, the maximum porosity in this study was
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TABLE 4 | Simulation result after considering the pores influence.

Indentation

point

Total

porosity (%)

Grading porosity (%) Test peak

load (N)

Influence

coefficient χ

Simulation

result of

X-CT (N)

Error (%)

0.0005–

0.0025

(mm)

0.0025–

0.005

(mm)

0.005–

0.0085

(mm)

0.0085–

0.012

(mm)

0.012–

0.0145

(mm)

0.0145–

0.017

(mm)

0.017–

0.02

(mm)

0.02–

0.024

(mm)

0.024–

0.03

(mm)

P14 7.9 0.66 0.47 0.62 1.74 1.48 1.02 0.81 0.64 0.46 2.04 1.26 2.11 3.4

P15 9.8 1.86 2.06 0.95 1.57 1.37 0.98 0.62 0.21 0.12 1.96 1.18 1.90 3.1

P25 12.4 0.68 0.93 1.12 2.48 2.05 1.80 1.61 1.02 0.73 1.85 1.40 1.89 2.4

P35 16.5 2.15 2.48 1.82 3.14 2.54 1.98 1.32 0.68 0.41 1.72 1.37 1.79 4.2

considered as 30%. According to the pore distribution curve
of P14 in Figure 2D, the pore distribution function of the P14
indentation point was fitted as shown in the Equation (27).
The yellow curve in Figure 2D displays the pore distribution
function curve.

p (D) =















0.0079e518D, 0.0005 < D < 0.0025
0.125e−587D, 0.0025 < D < 0.005
0.00154e292D, 0.005 < D < 0.012
0.31e−150D, 0.012 < D < 0.03

(27)

According to the Equation (27), the pore size range was divided
into nine intervals, as listed in Table 4. The grading porosity
indicates the percentage of the pore volume fraction in this
interval. The regression values of the parameters G and H in
Equation (21) were 2.4 and 0.18, respectively, by fitting the
relationship between the load and the pore distribution of each
indentation point. The parameters λ1, λ2, λ3, λ4, λ5, λ6, λ7, λ8,
and λ9 were determined as 0.745, 0.878, 0.976, 1.052, 1.102, 1.137,
1.170, 1.207, and 1.253, respectively, according to the Equation
(26). Thus, the influence coefficient λ of the pore distribution
was 1.06. Because the total pore influence coefficient χ of P14
was 1.262, the influence coefficient β of porosity on damage was
1.191 according to the Equation (21). Similarly, the influence
coefficient of the porosity of each indentation point could be
obtained as Table 3. Figure 7 displays the scatter plot about the
coefficient β and the porosity. Then the relationship between the
porosity and the influence coefficient β was gained by fitting the
scatter plot:

β =
17c+ 1

9c+ 1
(28)

where c denotes the porosity, R2 represents the correlation
coefficient of the fitted equation. The R2-value is 0.98, which
means that the fitted curve has high accuracy.

Considering the influence of porosity and pore size on the
damage factor, the modified MKP damage factor is expressed
as follows:

dc = βλ ×

(

1−
σ/37300

0.3εin + σ/37300

)

=
17c+ 1

9c+ 1
×

∑n
i = 1 ciλi

c
×

(

1−
σ/37300

0.3εin + σ/37300

)

(29)

FIGURE 7 | The scatter plot about the coefficient β and the porosity.

dt = βλ ×

(

1−
σ/37300

0.9εin + σ/37300

)

=
17c+ 1

9c+ 1
×

∑n
i = 1 ciλi

c
×

(

1−
σ/37300

0.9εin + σ/37300

)

(30)

Verification of the Modified Damage Factor Equation
The damage factors calculated by Equations (29) and (30)
were input into the X-CT nanoindentation model and the
three indentation points of P15, P25, and P35 were simulated,
respectively, to verify the accuracy of the modified damage factor
equation. Table 4 shows some input parameters and simulation
results. The simulated peak loads of the three indentation
points were 1.90, 1.89, and 1.79N with the relative errors of
3.1, 2.4, and 4.2%, respectively. The average relative error was
3.2%. Thus, the assumptions that the relationship between the
influence coefficient β and λ, the MKP pores conforms to the
exponential distribution and the influence function of the pore
size distribution were correct. That is, themodified damage factor
equation considering the pores influence was valid.
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FIGURE 8 | The simulated nephogram of P14 by the RAP model (A) the stress distribution of the model (B) the stress distribution of the middle section in the X

direction (C) the distribution of the compressive damage of the model (D) the compressive damage distribution of the middle section in the Y direction.

TABLE 5 | The simulation results of the RAP nanoindentation model.

Indentation

point

Total porosity

(%)

Test peak

load (N)

Simulation result

of RAP (N)

Error

(%)

P14 7.9 2.04 2.17 6.4

P15 9.8 1.96 1.86 5.1

P25 12.4 1.85 1.98 6.9

P35 16.5 1.72 1.82 5.7

SIMULATION BASED ON THE RANDOM
AGGREGATE PLACEMENT METHOD (RAP)

Verification of the RAP Nanoindentation
Model
The nanoindentation test of P14 was simulated based on
the random aggregate placement method (RAP). The relevant
parameter settings for the RAP nanoindentation model were
identical to those of the X-CT nanoindentation model in
section The X-CT Nanoindentation Model. The MKP material
properties were the same as those of the X-CT model:
the MKP density was 1.864 g/cm3, the elastic modulus was
37.3 GPa, the Poisson’s ratio was 0.2, and the compressive
strength and tensile strength were 75.6 and 11.3 MPa,
respectively. Besides, the same boundary conditions were set:
the bottom of the matrix was fixed and the indenter could
only move in the Z direction. Additionally, the modified
damage factor considering the pores were input into the
RAP model. Finally, the simulated peak load of P14 by the
RAP model was 2.17N with the relative error of 6.4%. The
simulated nephogram of the RAP model is displayed in
Figure 8.

It can be seen that the RAP nanoindentation model also
exhibited stress concentration, severe mesh deformity and
crowding effect. In addition, the pores in the lower region of
the indenter were seriously deformed and the pores affected the
transmission of stress and damage. That is to say, the simulation
results of the RAP nanoindentation model were consistent with
those of the X-CT model. According to the above steps, the
simulation results of P15, P25, P35 were obtained by the RAP
model, listed in Table 5. It was calculated that the average relative
error of the peak load of was 5.9%, which verified the validity of
the RAP nanoindentation model.

Prediction of Nanoindentation Test
The pore distribution certainly affected the results of the
nanoindentation test, but it was difficult to find the indentation
points with the same porosity in the X-CT model to study the
effect of the pore distribution on the results alone. Therefore,
the RAP model can be used to study the effect of pore
distribution by controlling both porosity and pore distribution
characteristics. The effect of the pore distribution on the total
influence coefficient and peak load was predicted with the same
porosity of 9% and the influence function k (D) = 2.45D0.18.
Firstly, the pore distribution was in the range of 0.0005–
0.03mm. Then, the pore distribution dominated by small pores,
medium pores and large pores were, respectively, set, listed in
Table 6. Subsequently, according to Equations (29) and (30),
the total influence coefficient and peak load prediction results
are exhibited in Table 6 and Figure 9 displays the simulated
displacement-load curve. It can be seen that at the same porosity,
with the increase of the distribution of the large pore size,
the total influence coefficient of MKP increased, the peak load
decreased and the load-displacement curve as a whole was lower.
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TABLE 6 | The prediction of the effect of pore distribution.

Total

porosity

(%)

Grading porosity (%) Influence

coefficientχ

Simulation

result of

RAP (N)0.0005–

0.0025

(mm)

0.0025–

0.005

(mm)

0.005–

0.0085

(mm)

0.0085–

0.012

(mm)

0.012–

0.0145

(mm)

0.0145–

0.017

(mm)

0.017–

0.02

(mm)

0.02–

0.024

(mm)

0.024–

0.03

(mm)

9 2.16 1.81 1.49 1.17 0.87 0.68 0.45 0.27 0.11 1.18 2.09

9 0.32 0.63 1.17 2.07 1.62 1.35 0.99 0.59 0.27 1.33 1.87

9 0.11 0.27 0.45 0.68 0.87 1.17 1.49 1.81 2.16 1.43 1.73

FIGURE 9 | The simulated displacement-load curve.

It indicated that the effect of pore size on peak load should not
be neglected.

CONCLUSIONS

In this study, the micro-mechanical properties and structural
distribution characteristics of the MKP were investigated
by nanoindentation and X-CT techniques. The MKP
nanoindentation model was established based on X-CT
and random aggregate placement method. The constitutive
relationship of the MKP was modified considering the effects of
porosity and pore distribution. The influence of pore distribution
on the results was predicted by RAP model. The conclusions are
as follows:

1. The elastic modulus of the indentation points of the MKP
are in the range of 17.66–26.14 GPa with the average elastic
modulus of 21.91 GPa while the peak loads of the indentation
points fluctuate in the range of 1.57–2.23N and the average
peak load is 1.88N.

2. The nanoindentation plastic damage model based on X-
CT method can effectively describe the mechanical and
deformation characteristics of the MKP.

3. The average relative error of simulated peak load is only 3.2%
based on the X-CT model, which indicates that the hypothesis
of the relationship between the influence coefficients β and
λ, the MKP pores conforming to the exponential distribution
and the influence function of pore size distribution are correct.
That is, from the perspective of the damage factor, the
modified mkp constitutive relation considering porosity and
pore distribution is effective.

4. The mechanical and deformation characteristics of the MKP
can also be described effectively by the RAP model, which
verifies the valid of the modified constitutive relation of the
MKP again.
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This paper provides an intrinsic mechanism for alkali dissolution from the gels of

geopolymers at the nanoscale, via a molecular dynamics (MD) investigation on N-A-S-H

gel, the predominant binding phase in geopolymers. Sodium plays roles in balancing

the charges of [AlO4] tetrahedrons, and its absence causes local structures to show

a negative charge, resulting in locally mutual repulsion between tetrahedrons. Also,

sodium dissociation promotes a hydrolytic reaction, exacerbating the non-conservation

of charge of the N-A-S-H system, further swelling the structure. The above evolution

weakens the alumino-silicate skeleton and reduces the stability of silicate and aluminate

species, which in turn promotes sodium dissociation. In the long term, it increases

the potential of structure depolymerization and even peeling off. Based on previously

reported experiments and our computational results, it is likely that leaching starts

from the N-A-S-H substrate surface, and the gel peels off layer by layer in the above

manner, resulting in microscopic holes and fissures. In addition, leaching also leads to the

degradation of the mechanical properties of the surface gel, including Young’s modulus,

tensile strength, and ductility, which considerably increases the possibility of surface gel

peeling. Additionally, sodium is able to connect [AlO4] and [SiO4] tetrahedrons by the

electrostatic force with tetrahedral oxygen, which transfers stress and contributes to

uniform stress dispersion.

Keywords: geopolymer, leaching, molecular dynamics, N-A-S-H gel, alkalis

INTRODUCTION

Sodium alumino-silicate hydrate (N-A-S-H) gel is the primary binding phase in geopolymers,
and determines the durability and mechanical properties of these materials. With respect to
the geopolymer, it is an alkali-activated material and is considered to be an alternative to
conventional Portland cement (PC). Using industrial by-products as a precursor, developing
geopolymers can reduce carbon oxide emissions and energy consumption as compared to
PC materials (Habert et al., 2011; Singh et al., 2015). Importantly, it also shows mechanical
properties comparable to PC and even much better durability (Shi et al., 2011; Provis
et al., 2015; Arbi et al., 2016; Zhang et al., 2018d). The geopolymer can be prepared
by mixing fly ash or metakaolin with an alkaline solution and curing at an elevated
temperature (around 60∼80◦C). Generally, the molecular structure of the reaction product is
described as a three-dimensional alumino-silicate network constructed by [SiO4] and [AlO4]
tetrahedrons interlinked by bridging oxygen, with alkali ions (Na+ or K+) loosely bound to
[AlO4] tetrahedrons and compensating for the negative charge of four-coordinated aluminum
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(Duxson et al., 2005, 2007; Provis and Van Deventer, 2007). This
reaction product is called sodium (or potassium) alumino-silicate
hydrate [N(K)-A-S-H] gel.

Leaching generally occurs with geopolymers, especially when
exposed to flowing fresh water or weak acids, as these remove
sodium from the geopolymer paste. Leaching begins with
aqueous sodium in the pore solution, which can be seen as
sodium transporting inside the pore structure of the geopolymer
before being discharged from the material. Consequently the
reduced sodium concentration in the pore solution results in
solid sodium dissolving from the gel. These two processes
promote each other. Leaching is closely associated with various
types of material degradation. From a macro perspective, the
results caused by leaching are typically a decrease in pH value
in the pore solution (Zhang et al., 2013, 2014), a decline
in the quality of geopolymer specimens (Zhang et al., 2016),
coarsening of pore structure (Yao et al., 2016), and degradation
of mechanical properties (e.g., compressive strength, tensile
strength, and Young’s modulus) (Yao et al., 2016; Zhang et al.,
2016). The degradation can be explained by the weakening
of AlO4’s tetrahedral structure whose net negative charge is
normally balanced by alkalis, which was characterized by both
a molecular dynamics simulation (Sadat et al., 2016a) and 29Si
and 27Al MAS-NMR and FTIR analysis (Longhi et al., 2019). It
alsomatches well with the experimental results of the detection of
aluminate species in water soaked geopolymer specimens (Zhang
et al., 2016), which means the dealumination of the gel and thus
dissolution of the gel.

The leaching can be divided into two processes which are
the movement of aqueous alkalis in the pore solution and the
extraction of alkalis from the gels. With respect to the former,
previous works have shown that the transportation of free alkalis
in the pore solution (resulting from excess, weakly-bonded or
unreacted alkalis) is influenced by pore structure, where a looser
and less tortuous pore network promotes movement of alkali
cations (Lloyd et al., 2010; Zhang et al., 2018d). At present,
a majority of the relevant published papers focus on the mix
proportion of geopolymer materials and the curing environment
used in order to reach denser pore structures and less free alkali
in the materials. The aim of which is to create low leaching
potentials, by methods, such as the selection of activators and
the addition of supplementary cementitious materials (e.g., slag,
metakaolin, and calcium aluminate cements) (Kani et al., 2012;
Zhang et al., 2013, 2014; Yao et al., 2016; Longhi et al., 2020).

It is worth noting that leaching has a special manifestation
that is efflorescence. It happens when geopolymermaterials are in
contact with damp soil at their base, from which water is drawn
through the material by capillary action carrying alkalis with it
which evaporate from the concrete surface, leaving the alkalis
deposited on the surface where they react with atmospheric
CO2, resulting in the formation of white carbonate deposits on
the surface known as efflorescence. Obviously, the influencing
factors for efflorescence are carbonization in addition to alkali
transport. It seems that the deleterious effect of efflorescence on
the geopolymer is greater than that of leaching only (Yao et al.,
2016). Zhang et al. (2018d) reported subflorescence which is
efflorescence taking place under the surface of amaterial, forming

sodium carbonate crystallization pressure under the material
surface, generating greater material damage.

The above-mentioned hazards can be attributed to the
continued dissolution of sodium from the gel. Therefore, studies
related to the extraction of alkalis from gels is necessary,
including investigating the roles sodium plays in the gel and
the reasons for sodium dissolution. Solid phase sodium may
not be involved in alumino-silicate skeleton formation (Škvára
et al., 2012). In the results of a 23Na MAS NMR (Duxson
et al., 2005), there was no evidence of resonances resulting from
sodium associating with non-bridging oxygen, which suggests
that the interaction between solid sodium and the oxygen in the
skeleton is very weak, and at the very least is not an ionic bond.
Therefore, the dissolution of solid sodium can be attributed to
the relatively weak binding of alkalis in the structure (Bortnovsky
et al., 2008; Škvára et al., 2008; Szklorzová and Bílek, 2008). Some
have attempted to utilize potassium hydroxide instead of sodium
hydroxide as the alkali activator, due to the stronger electrostatic
interaction between potassium and the alumino-silicate skeleton
(Duxson et al., 2006; Longhi et al., 2020). By means of molecular
dynamics, the computation results conducted by Zhang et al.
(2018a) indicate that it is impossible for sodium to escape from
inside the dense alumino-silicate network, but only from several
nanometer-thick surface layers, where the binding energy is
much lower. Additionally, they also reported the stabilizing effect
of hydroxyls on the sodium in the gel (Zhang et al., 2018b).

However, there is still an absence of knowledge about the
process by which alkalis are extracted from gels. To our
knowledge, there are very few papers on this dedicated topic. This
is due to the fact that relevant research involves the atomic scale,
so the results obtained from experiments alone are scarce and
some of them are obtained through indirect inference. Molecular
dynamics (MD) has the potential to give such explanations.
With force field parameters derived from first-principle theory
computation, MD is able to provide a quantitative intrinsic
illustration on the structure, reactivity, dynamics, and energy of
the system on the molecular level.

Leaching begins from the surface of the gel. This paper
simulated the leaching of a surface N-A-S-H gel with a volume
of 2 × 2 × 2 nm to reveal the effect of alkali dissociation on
N-A-S-H gels and to give the mechanisms of the process of
alkali dissociation from the gel. By means of reactive molecular
dynamics, a model lacking sodium was constructed and the
relevant evolutions of structure, dynamics, and mechanical
properties were investigated.

METHODOLOGY

Model Construction
The N-A-S-H model can be constructed by the following
procedures. At the beginning silicon, aluminum, sodium, and
oxygen atoms, according to the chemical composition shown
in Table 1, were randomly assigned in the simulation box with
a size of 20 × 20 × 20 Å, with each atom separated by at
least 2.2 Å. A periodic boundary was imposed in all three
directions. Verlet algorithms were utilized to calculate the atomic
trajectory. The structure was subjected to an NVT ensemble
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TABLE 1 | Chemical composition of the N-A-S-H model.

Si/Al SiO2 (wt. %) Al2O3

(wt. %)

Na2O

(wt. %)

H2O

(wt. %)

Skeletal density (g/cm3) Gel density (g/cm3)

2 55.32 24.16 14.64 6.78 2.56 2.71

at 300K for 50 ps and a subsequent NPT ensemble where the
temperature was raised up to 4,000K and then cooled down to
300K at a healing/cooling rate of 5 K/ps. Then, the structure was
subjected to an NPT ensemble at 300K and 0 atm for structural
equilibrium. Pressure was applied on all directions (i.e., x, y, and z
directions). Finally, the Grand Canonical Monte Carlo (GCMC)
method (Bonnaud et al., 2012), performed on LAMMPS, was
performed for 300 million steps to adsorb water molecules into
the structure until saturation.

The obtained N-A-S-H model is shown in Figure 1. The
structure of N-A-S-H consists of a three-dimensional alumino-
silicate skeleton filled with sodium and water molecules. Silicon
and aluminum species are predominantly tetrahedral as listed
in Table 2, and the Q4 ([SiO4] or [AlO4] tetrahedron with
four tetrahedrons connected around it) percentage is 79%. The
structure of the N-A-S-Hmodel obtainedmatches with published
results of MAS-NMR (Duxson et al., 2005; Singh et al., 2005;
Bernal et al., 2013). Furthermore, a similar N-A-S-H model
obtained by the same modeling approach has been presented in
previously published articles and attained ideal modeling results
related to the transport, structure, dynamics and mechanical
properties of N-A-S-H (Sadat et al., 2016b; Zhang et al., 2018a,b).

In order to simulate the effect of leaching on the N-A-S-H gel,
sodium atoms were deleted randomly from the structure. For a
gel with a volume of 2× 2× 2 nm containing just a few dozens of
sodium atoms, complete dissolution is possible when it is exposed
to flowing water or acid. Thus, the leaching ratio was set as 0, 25,
50, 75, and 100%.

Reactive Force Field and Simulation
Procedure
Reactive force field (ReaxFF) was applied in this simulation
to model the chemical reactions and dynamics of sodium,
aluminum, silicon, oxygen, and hydrogen species in the N-A-S-
H gel. ReaxFF utilizes a bond order scheme to simulate chemical
reactions. The interaction is determined by instantaneous
interatomic distance, which is updated continuously to model
chemical reactions. ReaxFF consists of bonded potential,
including bond stretching energy, bond bending energy, bond
torsion energy, and non-bonded potentials, including van der
Waals and Coulombic potential. The bonded interaction is
determined by the bond orders, so that all partial energy
contributions of bonded interaction can reduce to zero smoothly
as the bond breaks. The calculation of Coulombic potential is
derived from the classical Coulomb force formula. The cutoff
distance for long-range interaction is set as 10 Å.

The parameters of these species as described by ReaxFF are
directly available in Bai et al. (2012). In previously published
papers, ReaxFF has been confirmed to be accurate when

FIGURE 1 | N-A-S-H gel model. Yellow-red sticks represent the Si-O bond;

purple-red sticks stand for the Al-O bond; red-white sticks are the hydroxyls

attached to Si or Al; blue-white sticks are the OH of water molecules; green

balls represent Na.

TABLE 2 | Coordination number (CN) of Al and Si in the N-A-S-H model.

CN 3 4 5

Al 3.90% 94.63% 1.48%

Si – 100% –

modeling glass and crystal systems with species of sodium,
aluminum, silicon, such as silica glass (Hou et al., 2014), calcium
silicate hydrate (Hou et al., 2019; Lu et al., 2020), calcium
alumino-silicate hydrate (Wan et al., 2017; Hou et al., 2018a) and
Tobermorite (Hou and Li, 2014), as well as N-A-S-H gels (Sadat
et al., 2016b; Hou et al., 2018b, 2020; Zhang et al., 2018a,b, 2020)
that are similar to the model in this paper.

The time step was 0.25 fs. Temperature and pressure were
monitored and adjusted at regular intervals using the Nose-
Hoover thermostat (Hoover, 1985) and Berendsen Barostat
(Hoover, 1986) algorithms, respectively. The computational
procedure was performed on LAMMPS, a molecular dynamics
simulator. After leaching the N-A-S-H gel was relaxed on NPT
and NVT ensembles for 100 ps. It turns out that structure
equilibrium took only 40 ps. Then an NVT run of 100 ps
was followed for structure analysis. Finally, a tensile test was
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conducted using a tensile strain rate of 0.08/ps under an NPT
ensemble, which took 15 ps. As the model was elongated in the
x direction, the pressure in the y and z directions was set as
zero to reflect the Poisson effect. One frame of atomic trajectory
was outputted every 1,000 steps for the analysis of structure
and mechanical properties. The modeling of each leaching ratio
was repeated three times, and the results were the same. The
small amount of error is one of the advantages of simulation
over experiments.

RESULTS AND DISCUSSIONS

Structure Expansion of Surface Gel
Leaching leads to an expansion of the N-A-S-H structure. As
plotted in Figure 2, the simulation box size shows an exponential
increase as the leaching ratio increases, and the volume increases
from around 7,916.28 to 8,257.27 Å2 from the beginning to the
complete dissociation of sodium. Generally, the leaching process
is started from the exposed surface of N-A-S-H gel, because
there are fewer electrostatic and geometric restrictions on sodium
from the alumino-silicate skeleton (Zhang et al., 2018a). Under
the influence of leaching, the gel of the surface swells, causing
mismatches with internal deformation and generating internal
stress, leading to a potential for cracking and peeling. The gel
system has a considerably large specific surface area, and impacts
caused by linear expansion of only 2% cannot be underestimated.

Sodium is loosely bound to aluminate tetrahedrons and
plays a role in maintaining the charge neutrality of aluminate
tetrahedrons in the N-A-S-H structure (Duxson et al., 2005).
An absence of sodium leads local structures to show a negative
charge, which results in mutual repulsion between [SiO4] or
[AlO4] tetrahedrons in those local locations and eventually
causes swelling of the overall structure.

Radial distribution functions (RDF) were utilized to
characterize the interatomic spatial correlation to reflect the
evolution of local structure caused by leaching. The RDFs of
Si-Al and Si-Si are shown in Figure 3. The first peak of the
RDF profiles represents the Si-O-Al bond and Si-O-Si bond. In
Figure 3A, under the influence of leaching, the distance between
Si and Al in the Si-O-Al bond increases from 3.12 to 3.27 Å,
which is attributed to an increase in the Si-O-Al angle caused
by the repulsion between [SiO4] and [AlO4] tetrahedrons. It
explains the observation from the FTIR spectra (Zhang et al.,
2016) that the asymmetric stretching vibration band of Si-O-Al
was shifted to a higher wavenumber after the leaching of the
geopolymer sample. Essentially, this is due to the imbalance
of charge caused by the lack of sodium, and confirms the
conclusion that the important role of sodium is in maintaining
the charge neutrality of aluminate tetrahedrons. The stretching
of the alumino-silicate skeleton is one of the explanations for
structure expansion. However, such a local structure evolution
does not occur for the Si-O-Si bond. It seems that leaching may
not influence the silicate skeleton directly.

ReaxFF utilizes a bond order scheme to determine the
variation of interatomic interactions to accurately simulate
chemical reactions. During the relaxation, a hydrolysis reaction
can be observed as shown in Figure 4A. The oxygen species

FIGURE 2 | Variation of N-A-S-H gel size with leaching ratio.

FIGURE 3 | Radial distribution function of (A) Si-Al and (B) Si-Si.

in the alumino-silicate skeleton attracts hydrogen atoms from
nearby water molecules and occupies their electron, resulting in a
hydrolytic reaction and the formation of Si/Al-OH and freeOH−.
This is because the sodium distributed among the alumino-
silicate skeleton interacts with the oxygen species in the structure,
such as non-bridging oxygen, and shares their charge. But the
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FIGURE 4 | (A) Snapshot of the hydrolysis reaction process, in which yellow-red sticks represent the Si-O bond; purple-red sticks stands for the Al-O bond; red-white

sticks are the hydroxyls attached to Si or Al. The amount of (B) Si-O and (C) Al-O bonds as a function of time.

absence of sodium caused by leaching makes the originally stable
oxygen species active again.

Figure 4 shows the variation in the amount of hydroxyls
attached to the alumino-silicate skeleton (Si-OH and Al-OH),
with or without the influence of leaching. For the reference
sample (no leaching), the hydroxyl amount fluctuates but
remains almost unchanged. By contrast, the amount of Si-OH
and Al-OH increases with relaxation time for the samples with
leaching. At 100 ps, the amount of Si-OH and Al-OH in the
sample after 100% leaching has increased by around 8 times, and
the increased amount for the sample after 50% leaching is around
4 and 5 times.

It should be noted that the formation of hydroxyls in
the N-A-S-H structure produced by the hydrolytic reaction
mentioned above further swells the N-A-S-H structure. This
is because that newly formed negatively-charged hydroxyls
increase the level of non-conservation of charge for the N-
A-S-H system. However, due to the tendency toward charge
neutral, a part of the hydrolytic reaction proceeds in the
reverse direction, which gives a reason for the large fluctuation
in the amount of hydroxyls in the structure over time.
Ultimately, there are still some hydroxyls formed in the
structure, which exacerbates the volume expansion of the N-A-
S-H gel.
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Furthermore, it has been reported (Zhang et al., 2018b)
that hydrolytic reactions can also directly weaken the N-A-S-H
structure. The stability of Al-O bonds is significantly reduced by
the chemical reaction between water and aluminate tetrahedrons.
But the stability of sodium is slightly improved, as a result of the
restriction of newly formed OH−.

Alumino-Silicate Skeleton Weakening
Leaching not only swells the N-A-S-H structure as mentioned
above, but also weakens parts of the alumino-silicate skeleton,
including the weakening of Si-O and Al-O bonds and reducing
the degree of polymerization of the N-A-S-H gel. A time-
correlated function (TCF), as determined by Equation (1), was
applied to the system to estimate the stability of Si-O and Al-
O bonds by counting the number of related bonds broken as
functions of relaxation time.

C (t) =
< δb (t) δb(0) >

< δb (0) δb (0) >
(1)

where δb (t) is equal to b (t) − < b >, and b(t) is a binary
operator. If the chemical bond remains bonded, the value is one,
otherwise it is zero; <b> is the average value of b during the
whole simulation process.

The TCF profiles of Al-O and Si-O bonds are depicted in
Figure 5. As simulation time goes, the TCF value begins to
decay from 1, which indicates the breaking of chemical bonds.
A reduced value of <0.01 after 90 ps for the scenario without
leaching shows the extreme stability of Al-O and Si-O bonds. As
the leaching ratio increases, the rate of decline increases and the
reduced value reaches around 0.02, indicating that the weakening
of Al-O and Si-O bonds is caused by leaching.

Under the influence of leaching, when compared with Si-
O bonds, there is a steeper downward gradient in the TCF
profiles of Al-O bonds, implying that Al-O bonds are weakened
more seriously by leaching. Sodium plays roles in maintaining
the charge balance of aluminate tetrahedrons, and its absence
has a direct effect on it. However, for the silicate tetrahedrons,
they are only indirectly affected by structural expansion and the
hydrolytic reaction mentioned in section Structure Expansion of
Surface Gel, thus the stability of Si-O bonds shows a relatively
slight decline.

In this stable environment, leaching may have little effect on
the stability of Si/Al-O bonds, because a reduced value of 0.02 for
the TCF profile after 90 ps is still very small. A decreased value up
to 0.4 has also been obtained for the stable H-bond in the cement
system when studied via an MD method (Zhang et al., 2018c).
However, the effect of leaching only becomes apparent once the
environment deteriorates, such as after structure deformation
caused by loading or temperature variation.

Polymerization of N-A-S-H gel is characterized by the
connectivity factor Qn. It varies with the leaching ratio as
shown in Figure 6. For a pristine sample (no leaching), Q4

is predominant and accounts for 79% of the sample, and is
followed by Q3 at 19%, and also there is a little Q2 structure.
This means that the N-A-S-H gel is mostly constructed of a
three-dimensional alumino-silciate network, and also contains
some two-dimensional branch structures and a small number

FIGURE 5 | Time-correlated function of (A) Al-O and (B) Si-O bonds.

FIGURE 6 | The degree of polymerization evolution with leaching ratio. Qn is

the polymerization factor, where n can be 0, 1, 2, 3, or, 4, representing the

number of bridging oxygens for a given Si/Al tetrahedron. Q0 means

monomer, Q1 stands for dimer, Q2 represents a chain structure, and Q3 and

Q4 are branch structure and network structure, respectively.

of chain structures. As the leaching ratio increases, the Q4

percentage gradually declines from 79 to 73%, which is replaced
by Q3 and Q2 structures, implying that three-dimensional
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network structure is gradually transformed into branch and
chain structures. It shows that leaching not only weakens the
alumino-silicate skeleton, but also breaks a small amount of the
alumino-silicate skeleton.

Under the influence of leaching, the alumino-silicate skeleton
of N-A-S-H gel is weakened to some extent, and even fractured,
leaching to the decrease in the stability of the overall structure.
Herein, the dynamics of the structure is estimated by mean
square displacement (MSD), as determined by the following
equation. The mobility of the solid species Si, Al, and Na, of the
N-A-S-H gel is investigated as follows:

MSD (t) = < |ri (t) − ri(0)|
2 > (2)

where ri(t) is the position of atom i at time t.
MSD profiles of Al, Si, and Na at different leaching ratios are

depicted in Figure 7. The MSD profiles increase with fluctuation
as relaxation time increases, and this means a slight displacement
of the atoms accompanied with vibrations. For the cases without
leaching, the MSD of Si and Al at 100 ps is just 0.005 and 0.02
Å2, respectively, meaning that the displacement of both types of
atoms is <0.14 Å during 100 ps, which is the typical nature of
a solid.

By contrast, the MSD of Na is around 50 times more than
that of Si and Al, and exhibits a glassy nature like that of
physically binding water in cement hydrates (Youssef et al.,
2011). Moreover, it has been reported (Zhang et al., 2018a) that
the mobility of the sodium depends on its position in the N-A-S-
H gel. For ones located at the surface of the N-A-S-H substrate,
their mobility is around 100 times more than that of those in the
interior. It means surface sodium can be dissociated from the
cavities among the alumino-silicate skeleton or exchanged with
outside alkali ions, which underlies the dissociation of sodium
from the N-A-S-H gel that is called leaching. The sodium species
are the most unstable species in the structure.

With the leaching of sodium, the mobility and the amplitude
of atomic vibrations increases for both Al and Si. It indicates a
gradual decrease in the stability of the alumino-silicate skeleton
of the N-A-S-H gel. Moreover, the increase in the MSD of Al is
muchmore than that of Si, and the value it reaches is around 70%
of that of the easily soluble Na (reference sample), which is also
consistent with the above conclusion that leaching has a direct
weakening effect on aluminate species. In previous work, it was
demonstrated that the removal of alkalis induces the reduction of
Q4(Al) and Al(VI) species as observed by 29Si and 27Al MAS-
NMR and FTIR analysis (Longhi et al., 2019). The weakening
of the AlO4 tetrahedral structure caused by sodium absence was
also characterized bymolecular dynamics simulation (Sadat et al.,
2016a). Both of these explain the experimental results of the
detection of aluminate species in the water soaked geopolymer
specimens (Zhang et al., 2016), which means the dealumination
of gel and thus dissolution of gel. The dissolution leads to the
decrease in geopolymer quality and the coarsening of the pore
structure. It also gives an explanation for the Mercury Intrusion
Method (MIP) experiments (Yao et al., 2016) which showed
an increase in nanopore volume in the geopolymer samples
after leaching.

FIGURE 7 | Mean square displacement of (A) Al, (B) Si, and (C) Na under the

influence of leaching.

Due to the degradation of the alumino-silicate skeleton,
sodium distributed among the skeleton receives less restriction
from the skeleton, resulting in the sodium transforming from
a glassy state into a flowing state progressively with leaching,
as illustrated in Figure 7C. It implies that the rate of sodium
dissociating from the N-A-S-H gel is getting faster and faster.
Also, it indicates that the dissociation of sodium accelerates the
degradation of alumino-silicate skeleton, which in turn promotes
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FIGURE 8 | Schematic diagram of leaching process. Green balls stand for sodium.

the dissociation of sodium. Therefore, the dissolution of surface
sodium is an accelerated process.

According to the above discussion, the mechanism of leaching
can be summarized in Figure 8. Loose in the alumino-silicate
skeleton, sodium located at the surface of the N-A-S-H substrate
is gradually dissociated and diffuses into the bulk water. It
results in structure swelling and the weakening of the alumino-
silicate skeleton, and then processes into the depolymerization
of the skeleton and even the peeling and dissolution of the
surface layer of the gel substrate. Subsequently, fresh internal
N-A-S-H gel is exposed, and the sodium in its surface begins
to diffuse into the bulk water. A new leaching process starts.
In this way, the N-A-S-H gel can be depolymerized layer by
layer, resulting in microscopic holes and fissures produced
leading to the degradation of the macroscopic properties of
the gel.

Mechanical Properties
Under the influence of leaching, the N-A-S-H gel is weakened
and even dissolved. Herein, the mechanical properties of the
N-A-S-H gel before and after leaching is investigated.

Figure 9A shows the stress-strain relations of the N-A-S-H
gel during elongation. The curves increase linearly and step into
a yield stage at around 60–80% of the peak value. The peak
value decreases with the leaching ratio. Tensile strength and
Young’s modulus are plotted in Figure 9B, showing a roughly
linear relationship with the leaching ratio. Approximately, the
tensile strength and Young’s modulus decline by respectively
0.45 and 2.55 GPa for every 25% sodium dissociation. This

is caused by the deterioration in terms of the degree of
polymerization of the N-A-S-H gel and the strength of Si-
O and Al-O bonds as discussed in section Alumino-Silicate
Skeleton Weakening.

Particularly, the reduction in Young’s modulus of the surface
gel can result in a mismatch of deformation between the surface
and internal gel when it is loaded. Taking the sample with 100%
leaching as an example, the linear deformation of the surface gel
is 84.5% of the internal when they are subject to the same stress.
For geopolymer materials with a considerably larger specific
surface area, it significantly increases the potential for surface
gel peeling.

For the post-peak stage, the curves drop at different rates. The
curve for the case of 100% leaching drops sharply, and the strain
at the breaking point is 0.71. The strain at the breaking point
increases with the decrease of the leaching ratio. Figure 9C shows
an approximately linear relationship between the leaching ratio
and the strain at the breaking point. The strain at the breaking
point for the sample with 100% leaching is around the 37% of
the pristine sample, meaning a significant reduction in ductility
of the structure after leaching.

In order to investigate the effect of leaching on the structure
evolution during a tensile process, the amount of variation
in Si-O-Si and Al-O-Si bonds during elongation is presented
in Figure 9D. Before a strain of 0.1, the amount of chemical
bonds remains stable, because this is the elastic stage at
which the alumino-silicate skeleton can resist tensile strain by
deformation only. For the strain between 0.1 and 0.2, the bond
amounts decrease slightly but the variation is almost the same
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FIGURE 9 | (A) Stress-strain relation of N-A-S-H gels after leaching; (B) tensile strength and elastic modulus, and (C) strain at the breaking point of N-A-S-H; variations

of (D) S-O-Si and Si-O-Al bonds and (E) Na-O bond variations as functions of tensile strain; (F) a snapshot of N-A-S-H gel without leaching at a tensile strain of 1.

for all samples. The above discussion is related to the pre-
peak stage.

In the post-peak stage, as plotted in Figure 9D, the downward
gradient of the bond amount increases, implying that the alumo-
silicate skeleton is broken to consume tensile energy. Meanwhile,
the breakage of the skeleton also means the appearance of cracks,
leading to a decrease in loading capacity.

Overall, the total amount of broken Si-O-Si and Al-O-Si
bonds decreases as the leaching ratio increases, as illustrated in
Figure 9D. For the N-A-S-H gel subject to mechanical tests, it
elucidates that the lower the amount of leaching, the more energy
is consumed.

The bridging effect of sodium underlies divergence of
bond breakages between samples with different leaching ratios.
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Figure 9E presents a snapshot of a N-A-S-H gel without leaching
at a tensile strain of 1. Sodium plays roles in connecting the
broken alumino-silicate skeleton through the electrostatic force
between sodium and oxygen. The sodium distributed among
the skeleton effectively transfers tensile stress, contributing to a
uniform dispersion of tensile stress.

Moreover, the existence of Na-O bonds also increases the
integrity of the structure. Figure 9F shows the variation of
Na-O bonds with strain. The downward trend indicates the
breakage of Na-O bonds under tension. But the broken Na-O
bonds can be easily reformed by matching with surrounding
tetrahedral oxygen. As a result, the breakage and regeneration
of Na-O bonds occurs simultaneously, resulting in a large
fluctuation in the amount of Na-O bonds. All of these processes
contribute to an improvement of the fracture energy of the
N-A-S-H gel.

The above results complement the mechanism of the
leaching process shown in Figure 8. The deterioration
of mechanical properties only occurs on the N-A-S-
H substrate surface that is exposed to solution. When
the external environment deteriorates, such as after
exposure to temperature variation or external loading,
it is more apparent that the dissolution and peeling of
the surface layer of N-A-S-H substrate further accelerates
sodium dissociation.

CONCLUSIONS

This paper simulated the leaching of a surface of a N-A-S-H gel
with a volume of 2× 2× 2 nm to reveal the mechanism of alkali
dissolution from the gels of geopolymers at the nanoscale.

1. Sodium plays roles in balancing the charges of [AlO4]
tetrahedrons, and its absence leads to local structures showing
a negative charge, resulting in locally mutual repulsion
between tetrahedrons, and eventually swelling the overall
structure. Leaching may not affect silicate species directly.

2. Sodium absence makes the originally stable non-bridging
oxygen active again, promoting hydrolytic reactions. Newly

produced hydroxyls exacerbate non-conservation of charge of
the N-A-S-H system, further swelling the structure.

3. Under the influence of leaching, the alumino-silicate skeleton
of the N-A-S-H gel is weakened to some extent, and even
fractured, leading to a decrease in the stability of the overall
structure, which in turn promotes the dissociation of sodium.

4. The structure deterioration mentioned above leads to the
degradation of mechanical properties of surface gel, including
strength, Young’s modulus, and ductility, which promotes
the disaggregation of the surface gel. Sodium plays roles
in connecting the skeleton by the electrostatic force with
tetrahedral oxygen, which transfers stress and contributes to
uniform stress dispersion.

5. Leaching starts from the gel surface, in which the gel
swells and is weakened in the above manner, resulting in
depolymerization and peeling. Then, a fresh internal N-A-S-
H gel surface is exposed and a new leaching process begins.
In this way, the gel peels off layer by layer, resulting in
microscopic holes and fissures.
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The incorporation of nano-reinforcements is believed to be a promising method to
create high performance nanocomposites, which are largely dependent on the interfacial
connections. In this work, the newly emerging two-dimensional (2D) material, 2D-
silica is intentionally intercalated into the interlayer defective sites of calcium silicate
hydrate (C-S-H), which is the primary hydration product of ordinary portland cements.
The reactive molecular simulation results indicate the nano-reinforcement can strongly
interact with the inorganic matrix to form a high-ductility nanocomposite. The uniaxial
tensile loading tests show the plastic stage of the C-S-H is considerably enhanced
due to the intercalation of 2D-silica, which removes the intrinsic brittleness of cement-
based materials at the nano-scale. It is observed that the dangling atoms at the
edge of 2D-silica can react with non-bridging oxygen atoms of C-S-H, forming Si-
O-Si bonds at interfaces. Those covalent bonds transform Q1 and Q2 in the C-S-H
into high connectivity Q3 and Q4 species, which increases the integrity of the matrix
and its resistance to crack propagation. During the tensile process, the elongation
and breakage of those high-strength covalent bonds needs higher tensile stress and
consumes higher energy, which leads to a strong plasticity and higher toughness. This
work may shed new lights on the interaction mechanisms between 2D-materials and
inorganic hosts, and provide solutions to modifying the brittleness of concrete.

Keywords: 2D-silica, calcium silicate hydrate, ductility, molecular dynamics study, mechanical property

INTRODUCTION

As the most widely used building material at present, nearly 30 billion tons concrete was consumed
globally every year (Kim et al., 2018). The manufacturing of cement and concrete releases large
amount of greenhouse gas and causes a huge adverse impact on the environment. To mitigate this
effect, one path is using less concrete to achieve the same engineering requirements. Therefore, it
is necessary to improve the various performance of concrete per unit mass, especially the tensile
strength, which is a significant index of mechanical properties and has always been the inherent
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defect of cementitious materials (Mehta and Monteiro, 2014;
Monteiro et al., 2017). As the main component of ordinary
cement hydration products, calcium silicate hydrate (C-S-H)
provides the cohesion strength and determines the durability,
volume stability, mechanical properties and other engineering
properties of concrete (Richardson, 2008; Zhou et al., 2016,
2018b). The C-S-H is a porous gel with an unfixed composition
(calcium to silicon ratio) ranging from 0.6 to 2.0 (Jennings, 2008).
It shows an amorphous nano-structure, where 3–5 nm particles
are packed arbitrarily and thus pores are present in the midst
among particles (Jennings, 2008). Within a particle, it is suggested
that atoms are arranged in long-range disorder and short-range
order. The calcium sheets attract defective silicate sheets to
constitute a skeleton of a layered C-S-H molecular structure, with
free calcium ions and water molecules filled into the interlayer
region (Cong and Kirkpatrick, 1996a; Bauchy et al., 2014). The
occurrence of large numbers of pores and defects within the C-S-
H nano-structure is believed to be a main factor which limits the
mechanical performance of cement-based materials (Jennings,
2008; Richardson, 2008; Mehta and Monteiro, 2014).

Previous publications have proved that an incorporation of
nanomaterials into pores and defects of C-S-H such as polymers
[PEG (Zhou et al., 2019a), PVA (Zhou et al., 2019b)] and carbon
materials [graphene (Hou et al., 2017), carbon nanotube (Konsta-
Gdoutos et al., 2010)], can effectively improve the strength,
stiffness, ductility, and toughness of C-S-H gels at nano-scale and
even concrete at macro-scale. Besides, nano-silica is considered
as one of the extremely promising high-tech superfine inorganic
materials, due to the small particle size, large specific surface area,
strong surface adsorption, high surface energy, excellent thermal
electrical resistance. It is widely applied in diverse industries
including catalyst carrier, petrochemical, rubber reinforcing
agent, plastic filling agent, printing ink thickener and so on
(Liong et al., 2008; Tang et al., 2012; Tang and Cheng, 2013).
Recently, nano-silica has been used to modify cement-based
material (Du et al., 2014; Yu et al., 2014). It is found that
nano-silica can act as a nucleation site of cement hydration
and participate the pozzolanic reaction to form C-S-H, which
improves the release rate of cement hydration heat, shortens
hydration induction period and thus improves the early strength
of concrete (Madani et al., 2012; Yu et al., 2014). On the other
hand, a two-dimensional version of nano-silica (2D-silica) has
emerged with the thermal, dynamical, and mechanical stabilities
of two-dimensional significantly stronger than the typical bulk
silica (Huang et al., 2012; Büchner and Heyde, 2017; Gao et al.,
2017). It is believed that 2D-silica can be a superior reinforcement
phase into C-S-H due to its high compatibility with the matrix
in terms of size and composition, potentially leading to a high
performance nanocomposite. However, both experimental and
theoretical studies on the C-S-H/2D-silica nanocomposites are
still missing, and the interaction mechanisms between the guest
and matrix remain unclear.

Molecular dynamics (MD), a force filed based numerical
computation method, has recently been widely used to assist
the understanding of experimental results, help explain the
interaction mechanisms at different phase interfaces, and
provide evidence for the composition, structure, and mechanical

properties of nanocomposites at the molecular scale (Sanchez
and Zhang, 2008; Sakhavand et al., 2013; Duque-Redondo et al.,
2014; Hou et al., 2018a,b, 2020). With the aid of molecular
dynamics, Pellenq et al. (2009) proposed a molecular model of
C-S-H with a calcium to silicon molar ratio (C/S) of 1.7 and a
density of 2.6 g/cm3 (Monteiro et al., 2017), which conformed
to the experimental data of nuclear magnetic resonance (NMR),
X-ray diffraction (XRD), and small angle neutron scattering
(SANS) (Cong and Kirkpatrick, 1996b; Janik et al., 2001; Allen
et al., 2007). This model also accurately predict the strength
and stiffness of C-S-H (Constantinides and Ulm, 2007; Ulm
et al., 2007). Besides, the mechanical properties of C-S-H with
different C/S ratios and its structural analogues jennite and
tobermorite, calculated by MD simulations, also agreed well with
the experimental results (Shahsavari et al., 2009; Manzano et al.,
2013; Hou et al., 2014a,b). It implied that C-S-H exhibited an
anisotropic feature when subjected to a uniaxial tensile process.
C-S-H possessed the weakest tensile strength and ductility
along the direction where calcium silicate sheets were aligned
alternately due to the defects and pores in the interlayer region
(Hou et al., 2014a). Furthermore, previous MD studies have
also demonstrated that the intercalation of reinforcement phases
could enhance the mechanical properties of C-S-H at the nano-
scale, and the corresponding mechanisms have been elucidated.
Zhou et al. (2018a) incorporated low-molecular weight polymers
into the defects of C-S-H and found a significant increase in the
ductility of C-S-H, which may be attributed to the bridging effect.
Similarly, the addition of graphene oxide also strengthened the
interlayer region of C-S-H by the formation of interfacial bonds
in the study of Hou et al. (2017) Moreover, MD simulations
also suggested that the stability of those interfacial bonds was
highly affected by the polarity of functional groups, which
determined the overall performance of the composite (Zhou et al.,
2017b). However, the simulation of the mechanical behavior and
mechanism of C-S-H/2D-silica nanocomposites is still lacking.

Therefore, in this work, in consideration of a high
compositional and volumetric compatibility with the matrix, 2D-
silica, a newly promising high-stiffness material was intercalated
into the defective sites of C-S-H. With the aid of molecular
dynamics, the composition, structure, and mechanical properties
of C-S-H/2D-silca nanocomposites were evaluated, while the
interfacial interactions between the matrix and reinforcement
phase and mechanisms on the performance enhancement
were investigated.

SIMULATION DETAILS

Reactive Force Fields
The reactive force field ReaxFF was employed to simulate the
chemical reactions occurring in both model establishment and
uniaxial loading test. The ReaxFF force field (C/O/H), developed
by van Duin, was originally applied in the large scale reactive
chemical systems of the hydrocarbons (van Duin et al., 2001), and
then another updated version (Si/O/H) was utilized to describe
an inorganic system (van Duin et al., 2003). Currently, it also has
extensive applications in the study of nanocrystals, silica-water
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interfaces, and calcium silicate hydrates (Ca/Si/O/H) (Manzano
et al., 2012; Hou et al., 2015; Zhou et al., 2017a). Instead of
predefining the connectivity between the atoms at a fixed state,
such as ClayFF and CSHFF, the ReaxFF force field adopts a bond
order-bond distance scheme. It can generate a smooth energy
evolution curve, which enables the breakage and formation of
chemical bonds to be captured (Schuetz and Frenklach, 2003).
In the light of this philosophy, the reaction process can be
tracked and the reaction can be unraveled. The fitting of quantum
chemical calculations determines the parameters of ReaxFF
(Ca/Si/O/H) and the specific values can be referred to previously
published papers (van Duin et al., 2001; Chenoweth et al., 2008;
Manzano et al., 2012).

Models
At first, an anhydrous C-S-H host model of around 44 × 44 ×
44 Å was built following the procedures in Zhou et al. (2017b),
and the C/S was set to be 1.3. As shown in Figure 1, the C-S-
H model has a layered structure. Within a calcium silicate sheet
(xy plane), and the defective chains of silicate tetrahedrons are
arranged along y direction and the neighboring silicate chains
are attracted by calcium sheets along x direction. The calcium
silicate sheets are alternately aligned out of the xy plane along z
direction. Obviously, several defects are present in the interlayer
region of C-S-H.

Subsequently, a proper 2D-silica guest model was selected
according to a previous density function theory study. Gao
et al. (2017) put forward four possible structures of 2D-silica.
Among those, δ-2D-silica, presented in Figure 1, is selected as
the reinforcement phase to be intercalated into the interlayer
region of C-S-H, due to its advantages over other structures (Gao
et al., 2017). δ-2D-silica has the smallest layer thickness and high
Young’s modulus as well as a negative Poisson ratio. Different
dosages of 2D-silica were intercalated into the defective sites of
anhydrous C-S-H model to construct the C-S-H/2D-silica model.

Finally, a Grand Canonical Monte Carlo (GCMC) water
adsorption method was employed to saturate the pure C-S-
H model and C-S-H/2D-silica model. By GCMC simulations,
water molecules can be imbibed into the anhydrous C-S-H,
until reaching an equilibrium sate with a fictitious infinite
reservoir, at chemical potential µ = 0 eV and temperature
T = 298 K (Bonnaud et al., 2012). In each GCMC simulation,
water molecules are shifted, rotated, created or destructed in
equal quantities. The equilibrium and production steps were 108

and 2∗108, respectively, in a run. The final pure C-S-H and C-S-
H/2D-silica models have around 8,000 atoms, which can ensure
the statistical reliability of the following structural analysis and
uniaxial tensile tests.

Structural Analysis and Uniaxial Tension
Tests
Reactive force field molecular dynamics simulations were
implemented to investigate the composition and structure of
pure C-S-H and C-S-H/2D-silica models. An isothermal–isobaric
(NPT) ensemble was utilized, with an equilibrium time of 100

ps and a production time of 300 ps. The C-S-H and C-S-H/2D-
silica models were subjected to uniaxial tensile loading through
gradual elongation at a fixed rate of 0.08/ps along x, y, z direction,
respectively. An isothermal–isobaric (NPT) ensemble was also
used. The model was initially relaxed at 298 K and then coupled
to zero external pressure in all three dimensions for 300 ps.
Subsequently, while the uniaxial test was carried out, the pressure
perpendicular to the loading direction was kept at zero, to
remove the influence of artificial constraint for the deformation.
The maximum strain was set to 0.8 Å/Å. The stress-strain
relationships can be obtained by recording the internal stress
along the loading direction as a function of the applied strain.

RESULTS AND DISCUSSION

Interactions between calcium silicate hydrate (C-S-H) and 2D-
silica are presented from the following perspectives. First, the
structure characteristics of pure C-S-H and C-S-H/2D-silica
are investigated, respectively, and several structural parameters
will be utilized to emphasize the influence of the intercalation
of 2D-silica on the composition and structure of the matrix.
Second, uniaxial tensile loading experiments are carried out
and the effect of 2D-silica on the mechanical properties of the
matrix is evaluated. At last, the interfacial reaction mechanisms
are unraveled on the basis of the microstructural analysis as a
function of the strain developments.

Structure
Calcium Silicate Hydrate
The pure calcium silicate hydrate, as presented in Figure 1,
has a layered structure. The well-aligned calcium sheets attract
the silicate sheets where silicate tetrahedrons connect with each
other and are aligned in chains to form the skeleton. Between
neighboring calcium silicate sheets, water molecules and calcium
ions are distributed, forming the interlayer regions. In the light
of different chemical environments, the calcium ions can be
divided into two categories, the structural calcium ions and
the interlayer calcium ions. The former represent those on
the skeleton merely surrounded by silicate tetrahedron chains,
attracting the oxygen atoms from silicate tetrahedrons (Os) to
achieve a specific coordination structure. The latter are those in
the interlayer regions, distinct of enclosure of water molecules.
Likewise, the calcium ions and the oxygen atoms from the water
molecules (Ow) are attracted by electrostatic force.

In silicate chains, the presence of bridging oxygen atoms
which connect with two silicon atoms, primarily contribute to
the connectivity (Figure 2). An index of Q species is put forward
to analyze the structural composition and connectivity of silicate
chains in C-S-H. For a certain silicon atom, Q species is defined
as the number of bridging oxygen atoms it forms covalent bonds
with. As illustrated in Figure 2, Q1 represents the silicon atoms
attracting merely one bridging oxygen atom, while Q2 for two
bridging atoms. Besides, the increase of the parameter n indicates
higher degree of polymerization of the silicate chains. Q1 and
Q2 is only existing Q species in the pure C-S-H, as presented in
Table 1, and the calculated percentages are consistent with the
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FIGURE 1 | The schematic illustration of the δ-2D-silica (red and yellow balls denote oxygen and silicon atoms, respectively) intercalation into the interlayer defective
sites of C-S-H model (green balls indicate calcium ions, red and yellow sticks indicate silicate tetrahedrons, red and white sticks denote water molecules).

(Pellenq et al., 2009) Si NMR experiments (Cong and Kirkpatrick,
1996a). As mentioned above, the interaction between the
calcium ions and oxygen atoms plays an important role on
the internal cohesion of C-S-H. Therefore, radial distribution
function (RDF) (Zhou et al., 2018a), another structural index
is proposed to describe the coordination between the calcium
ions and oxygen atoms. The result, as presented in Figure 3A,
indicates the interaction at a distance ranging from 2 to 3
angstroms, abundant pairs of calcium ions and oxygen atoms are
present, which represent the Ca-O coordination in C-S-H. Ca-Os
(oxygen from silicate tetrahedrons) pairs constitute the calcium
octahedral sheets of C-S-H, while Ca-Ow (oxygen from water
molecules) pairs represent the attraction between the intralayer
and interlayer region.

Calcium Silicate Hydrate With 2D-Silica Intercalated
The pure C-S-H structure and C-S-H intercalated with 2D-
silica structure are shown in Figures 4A,B, respectively. In
the interlayer regions of pure C-S-H, interstices induced by

FIGURE 2 | Schematic illustrations of Q species (red balls denote oxygen
atoms and yellow balls denote silicon atoms).

the defective silicate tetrahedron chains are filled up by large
quantities of water molecules, which decrease the density of
C-S-H and may affect the mechanical properties. With 2D-silica
intercalated, the deficiencies are physically filled up. Meanwhile,
owing to the surface effect of 2D-silica, the reactive dangling
atoms on the boundary of 2D-silica interact with the silicate
tetrahedron chains and form considerable quantities of Si-O-
Si bonds (Figure 4C). Table 1 presents the distribution of Q
species for pure C-S-H and C-S-H/2D-silica. It indicates that in
pure C-S-H, with paucity of Q3 and Q4, Q1 and Q2 primarily
dominate large fractions, respectively, 43.24 and 56.76%, which
corresponds with the (Pellenq et al., 2009) Si NMR experimental
values (Cong and Kirkpatrick, 1996a). In C-S-H/2D-silica, the
occurrence of Q3 and Q4 species is observed. Q3 denotes a silicon
connected with three bridging oxygen atoms, which implies a
cross-link between neighboring sheets, while Q4 denotes a silicon
network with all connecting oxygen atoms being bridged. The
former is owing to the interaction between 2D-silica and the
oxygen atoms in silicate tetrahedron chains. The latter, however,
is confirmed to mainly derive from 2D-silica rather than C-S-
H matrix, which will be explained in the next paragraph. As
for Q1 and Q2, a drastic decrease of Q1 is observed, along
with a slight decrease of Q2. The high reactivity of Q1 is due
to the fact that it is situated at the edge of the deficiencies,
with a considerable quantity of non-bridging oxygen atoms
surrounded. Thus, compared with Q2, the polymerizations of Q1
are susceptible to occur.

TABLE 1 | Q species distribution of pure C-S-H and C-S-H/2D-silica after
structural relaxation.

Structure Q0 (%) Q1 (%) Q2 (%) Q3 (%) Q4 (%)

Pure C-S-H 0 43.24 56.76 0 0

C-S-H/10 wt.% 2D-silica 0.44 27.88 51.84 14.16 5.68

C-S-H/15 wt.% 2D-silica 0.31 22.41 49.21 18.40 9.67

C-S-H/20 wt.% 2D-silica 1.65 20.64 48.00 23.14 6.57
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FIGURE 3 | (A) Radial distribution function between Ca and Ow (oxygen from water molecules), Os (oxygen from silicate tetrahedrons); (B) The coordinated oxygen
number of calcium ions on average.

Further analysis is conducted to distinguish the
transformation details of Q species in the C-S-H matrix
(Table 2). A decline of 121 is observed for Q1, and an increase
of 22, 26, 72, 8 for Q0, Q2, Q3, and Q4, respectively. The decline
of Q1 in the C-S-H matrix again confirms the active reactivity
of Q1 at the edge of the deficiencies. Thus, improvement of
cohesion of the structure is achieved with further polymerization
of Q1. For Q2, an increase is observed in the C-S-H matrix, yet
the overall structure of C-S-H/2D-silica undergoes a decline of
Q2. This means that the decline of Q2 primarily comes from
2D-silica. It is recognized that part of the surface silicon atoms
in 2D-silica are Q2, which interacts with non-bridging oxygen
atoms from the C-S-H matrix and then transformed to Q3 and
Q4. The increase of Q3 in the C-S-H matrix originates from the
polymerization of Q1 and occupies the largest proportion of
the loss Q1 quantities, consistent with Table 1 as demonstrated
above. However, the quantity of generated Q4 in the C-S-H
matrix is relatively low. Combing Tables 1 and 2, it can be
induced that Q4 is primarily generated in 2D-silica. A possible
explanation is the reorientation of Si-O bonds and transition of
tetrahedron structure from δ-2D-silica to α-2D-silica (Madani
et al., 2012). Apart from the polymerization, phenomenon of
de-polymerization also takes place. The increase of Q0 indicates
that chemical reactions between C-S-H and 2D-silica will
lead to a minor quantity of the breakage of Si-O bonds in the
silicate tetrahedrons. It is concluded that the polymerization
reactions of silicate tetrahedrons between C-S-H and 2D-silica
reinforcements lead to an integrated nanocomposite with
substantially higher connectivity than the matrix.

The interaction between calcium ions and oxygen atoms are
also altered due to the intercalation of 2D-silica. As presented
in Figure 3B, in pure C-S-H, the calculated coordination
environment of a calcium ion is 4.9 Os and 1.3 Ow on
average. A total coordination number of around 6 was
reported by a scanning transmission X-ray microscopy study

(Orozco et al., 2017), which is consistent with the MD simulation
results here. While in C-S-H/2D-silica nanocomposite, the
coordination oxygen number of a calcium ion is 4.0 for Os and
2.0 for Ow. As described earlier, the intercalated 2D-silica situates
in the interlayer regions and reacts with Os atoms, which lowers
the number of Os coordinating with the calcium ions. As a
consequence, more Ow atoms will be attracted by calcium ions
to maintain the stability of the coordination environment.

Mechanical Properties
The uniaxial tensile experiments for pure C-S-H along x, y,
z directions are conducted and the corresponding stress-strain
curves are presented in Figure 5A. It can be observed that along
z direction, C-S-H exhibits the weakest mechanical performance,
with a maximum tensile stress of merely 4.8 GPa. As the strain
level reaches 45%, a complete breakdown occurs. While along
y direction, C-S-H shows the best strength and ductility. After
the tensile stress reaches 10.0 GPa at the end of the elastic stage,
it maintains a plateau from 20 to 45%. Subsequently, the stress
keeps decreasing along with the development of strain level.
Along the x direction, the C-S-H exhibits a better mechanical
performance than that along z direction, though relatively weaker
than y direction. The different performances of C-S-H subjected
to tensile loading along three directions are closely related to
the structure of pure C-S-H. The out-of-plane stiffness and
ductility of C-S-H is dramatically lower than ones of xy-plane.
Here, the simulated results are consistent with the previous
high pressure XRD results (Geng et al., 2017, 2018) and the
detailed explanations will be illustrated in section Influence of
the Tensile Direction. It should be noted a minor bump still
appeared even after the stress reached zero. It is caused by
the computation errors in molecular dynamics simulations. For
example, some approximation methods may be employed when
computing long-order electrostatic, in order force to decrease the
overall computation cost, which may lead to errors.
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FIGURE 4 | Comparative snapshots of (A) pure C-S-H and (B) C-S-H/2D-silica structure; (C) Schematic illustration of the interfacial Si-O-Si bonds formed between
C-S-H and intercalated 2D-silica (the right red and yellow sticks indicate silicate tetrahedrons from C-S-H, while the left red and gray sticks indicate those from
2D-silica).

The influence of 2D-silica reinforcement on the stress-strain
relationships of C-S-H is shown in Figures 5B–D. Overall, the
matrix performs a better mechanical performance along all three
directions due to the incorporation of 2D-silica, while along z
direction (the originally weakest one) the enhancement efficiency
is the highest. It is observed in Figure 5D that the decline
of stress of pure C-S-H begins when the strain level reaches
15% and the complete fracture occurs when the strain level
reaches 45%. The maximum tensile strength is 4.8 GPa and
afterward the stress drops rapidly, indicating a brittle fracture.

TABLE 2 | The number change of each Q species in the matrix of C-S-H after the
intercalation of 20 wt.% 2D-silica.

Q0 Q1 Q2 Q3 Q4

Initial C-S-H 0 384 504 0 0

Final C-S-H 22 263 530 72 8

1Q of C-S-H 22 −121 26 72 8

After 2D-silica is intercalated, the ductility of the structure
has been greatly improved, due to the elongation of yield
stage. Especially for C-S-H/20 wt.% 2D-silica, the maximum
tensile strength reaches 6.8 GPa and the C-S-H remains at the
yield stage until the end of tensile process with no distinct
fracture observed. The improvement in the ductility can be
attributed to the filling of defective pores, and the strong
interaction between intercalated 2D-silica and C-S-H matrix,
which will be discussed in details in section Influence of the
2D-Silica Intercalated.

The mechanical properties (tensile strength and Young’s
modulus) of pure C-S-H and C-S-H/2D-silica with different
dosages of reinforcements are presented in Figures 6A,B,
respectively. As for tensile strength, it can be seen that
intercalation of 2D-silica greatly improves the tensile
strength along all three directions, while the increase of
dosage of 2D-silica has a slight influence on the values.
From Figure 6B, a distinct growth of Young’s modulus
can also be observed along each direction. Especially
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FIGURE 5 | (A) The stress–strain curves of pure C-S-H during the uniaxial tensile process along x, y, and z directions; The stress–strain curves of pure C-S-H and
C-S-H/2D-silica with different dosages during the uniaxial tensile process along (B) x direction, (C) y direction, and (D) z direction.

along z direction, the values of Young’s modulus seem to
have a positive correlation with the dosage of 2D-silica.
In conclusion, the intercalation of 2D-silica has the most
remarkable improvement on the mechanical performance of
the C-S-H matrix along z direction, while a slight influence
along x direction.

Mechanism
Influence of the Tensile Direction
First, the mechanisms on the distinguished response of C-S-
H matrix to uniaxial tensile process along x, y, and z
direction are interpreted. According to the theory of Zhu
et al. (2005), there exists two types of hydrolytic reactions in
C-S-H model. On the other hand, during the tensile process,
the internal tensile stress may reduce the activation energy
of those hydrolytic reactions, leading to the dissociation of
water molecules and further structural rearrangements. The two

types of hydrolytic reaction can be illustrated by the following
formulas, respectively:

Si− O · · · Ca+H2O→ Si− OH + Ca− OH (1)

Si− O− Si+H2O→ Si− OH + Si− OH (2)

In formula (1), the Si-O. . .Ca ionic bonds are fairly weak so
that they can be easily stretched until broken. The dangling Si-
O bonds will attract the water molecules and cause dissociation
of water molecules to hydrogen atoms and hydroxyl groups.
Subsequently, the generated hydrogen atoms and hydroxyl
groups react with the Si-O bonds and calcium ions, respectively,
to form the same amount of Si-OH and Ca-OH (presented in
Figure 7). In formula (2), the dissociation of water molecules is
based on the breakage of Si-O-Si bonds into Si-O- and Si- groups,
which indicates depolymerization of the silicate tetrahedrons.
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FIGURE 6 | The calculated mechanical properties of pure C-S-H and C-S-H/2D-silica with different dosages: (A) tensile strength; (B) Young’s modulus.

FIGURE 7 | The schematic illustration of dissociation mechanisms of Si-O... Ca and Si-O-Si bonds.

The active non-bridging oxygen atoms in Si-O- will attract and
dissociate the water molecules, forming double amount of Si-OH.

On the basis of the above reaction principles, the structural
evolution mechanism of C-S-H during the tensile process can
be unraveled by monitoring the number change of Ca-OH and
Si-OH, as well as the distribution development of Q species.
Figures 8, 9, respectively, represent the number evolution
of those indicators during the tensile process. As showed in
Figures 8A,C, along x and z directions, the number of Ca-OH
and Si-OH exhibits a synchronous increase, indicating merely
the occurrence of reaction (1) during the tensile process. The

plateau in the z direction (presented in Figure 8C) corresponds
with the complete fracture of C-S-H when the strain reaches 0.45
Å/Å. Besides, according to Figures 9A,C, there is no distinct
evolution of Q species along the x and z directions, which well
proves that the silicate tetrahedron chains are not affected in the
tensile process. Thus, it is the elongation and breakage of Si-O...

Ca bonds that are responsible for the strain development. Along
the y direction, the evolution of the Ca-OH and Si-OH number
follows another mode, with a rapid increase of Si-OH number
and almost no change of Ca-OH number. It is caused by the
mere occurrence of reaction (2). As for the evolution of Q species,
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FIGURE 8 | The number evolution of generated Ca–OH, Si–OH along (A) x, (B) y, and (C) z direction.

as presented in Figure 9B, it indicates a decrease of Q2 and an
increase of Q0 and Q1, which also suggests a decomposition of
Q2 to form Q0 and Q1. Therefore, it is concluded that mainly
the high-strength Si-O-Si bonds are stretched and broken during
the tensile process along y direction. Since the Si-O-Si bond owns
significantly higher bond energy than Si-O. . .Ca, C-S-H exhibits
a higher performance along y direction (Figure 5A).

Influence of the 2D-Silica Intercalated
Since the intercalation of 2D-silica performs the highest
enhancement efficiency on the mechanical properties of C-S-H
along z direction, the detailed interaction mechanisms between
the host and the reinforcement will be interpreted along this
direction. Snapshots of pure C-S-H and C-S-H/2D-silica during
the tensile process are presented in Figure 10 which are arranged
on the basis of different strain levels (0.1, 0.2, 0.3, 0.4, 0.5,
and 0.6 Å/Å). The initial interlayer spacings are, respectively,
8.2 and 9.5 Å for C-S-H and C-S-H/2D-silica, indicating

that the intercalation of 2D-silica has enlarged the interlayer
spacing. The 2D-silica molecules act as bridges in the interlayer
regions, connecting the neighboring calcium silicate sheets by the
formation of large quantities of Si-O-Si bonds, which is caused by
the strong interaction between the 2D-silica and C-S-H matrix,
as shown in Figure 4C. As described earlier, during the tensile
process along z direction, for pure C-S-H, the breakage of Si-O...

Ca bonds is primarily responsible for the development of strain,
generating the same amount of Ca-OH and Si-OH. However, for
C-S-H/2D-silica, the presence of Si-O-Si bonds in the interlayer
regions significantly changes the reaction mechanism during the
tensile process.

With the development of the strain, the interlayer spacing
of pure C-S-H is gradually enlarged, leading to distinct cracks
when the strain reaches 0.3 Å/Å. On the contrary, the interlayer
spacing of C-S-H/2D-silica increases continuously, with no soar
of extension rate observed. The integrality of the C-S-H has
not been affected owing to the formation of Si-O-Si bonds
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FIGURE 9 | The number evolution of each Q species of pure C-S-H as a function of strain during the tensile process along (A) x, (B) y, and (C) z direction.

between calcium silicate sheets. Yet for the regions deficient of
layer connection, the expansion of interstices can be observed.
When the strain reaches 0.4 Å/Å, pure C-S-H undergoes a
complete fracture (interlayer spacing of 15.2 Å/Å), while C-S-
H/2D-silica still remains intact (interlayer spacing of 12.1 Å/Å).
When the strain continues to develop in C-S-H/2D-silica,
considerable deformation and interstices can be observed. With
the connection of the strong Si-O-Si bonds, ultimate rupture is
not observed even though the strain reaches 0.8 Å/Å. It is owing
to the high strength of Si-O-Si bonds that contributes to the
elongation of yield stage, which is consistent with the plateau of
stress as presented in Figure 5D.

Besides, it is worth noting that in Zhou’s research about
polymer-reinforced C-S-H (Zhou et al., 2018a), the formation
of Si-O-C bonds between C-S-H and PEG, PVA, and PAA
strengthens the connection of layers, which leads to similar
effect of enhancement of strength and ductility. Thus, it is

concluded that the interlayer bridging mechanism can effectively
enhance the ductility of C-S-H matrix. In addition, in Zhou’s
research, even though the intercalation of PEG shows the
best enhancement of ductility comparing with other polymers,
the C-S-H structure still undergoes a complete fracture when
the strain reaches 0.8 Å/Å. In the opposite, as presented in
Figures 5D, 10, the C-S-H/2D-silica structure still remains intact
and retains a high level of tensile strength even the strain reaches
0.8 Å/Å. This proves that the strength of Si-O-Si bonds are
higher than that of Si-O-C bonds, thus the breakage of bonds
requires more activation energy. In other words, in terms of the
enhancement efficiency, 2D-silica performs better than polymers.
Besides, the enhancement effect shows a positive correlation
with the amount of intercalation of 2D-silica (Figures 5D, 11).
The increase of amount of 2D-silica can effectively fill up the
interstices and form more Si-O-Si bonds between layers which
significantly enhance the connection.
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FIGURE 10 | The snapshots of (A) pure C-S-H and (B) C-S-H/20 wt.%
2D-silica during the tensile process along z direction at different strain levels.

Evolution of the number of generated Ca-OH and Si-OH of
pure C-S-H and C-S-H/2D-silica during the tensile process along
z direction are recorded and presented in Figure 12. And on the
basis of the stress -strain curve in Figure 5A, the tensile process
of pure C-S-H can be categorized into elastic stage, yield stage
and ultimate fracture. In the elastic stage, the evolution of Ca-
OH and Si-OH keeps a synchronous correlation, indicating the
occurrence of reaction (1). With the development of the strain
level, a distinct increase of the slope is observed, which is an
indicator for the breakage of more Si-O. . .Ca bonds and can be
considered as the beginning of the yield age (around 0.15 Å/Å).

FIGURE 11 | Snapshots of (A) C-S-H/10 wt.% 2D-silica, (B) C-S-H/15 wt.%
2D-silica, (C) C-S-H/20 wt.% 2D-silica at the strain level of 0.5 Å/Å during the
z direction tensile process.

The number of generated Ca-OH and Si-OH keeps increasing
until the ultimate fracture of C-S-H (0.4 Å/Å).

The number evolution of generated Ca-OH and Si-OH in C-S-
H/2D-silica shows a similar tendency as the strain level is lower
than 0.3 Å/Å. After that point, the number of hydroxyl groups
keeps increasing and the rate of Si-OH surpasses that of Ca-OH,
which is on account of the onset of reaction (2). From 0.3 to 0.8
Å/Å, both reaction (1) and (2) take place. The elongation and
breakage of high-strength Si-O-Si bonds contribute to a higher
stress level, which extends the yield stage compared with pure
C-S-H. As shown in Figure 5D, the larger amount of 2D-silca is
intercalated, the higher ultimate strain will be reached. For C-S-
H with 20 wt.% 2D-silica intercalated, the stress still maintains
as high as the yield stress until the end of the simulation. As
presented in Table 3, the generated number of Ca-OH and Si-OH
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FIGURE 12 | The evolution of generated number of Ca–OH, Si–OH of (A) pure C-S-H and (B) C-S-H/2D-silica during tensile process along z direction.

TABLE 3 | Generated number of Ca-OH and Si-OH of pure C-S-H and C-S-H/2D-silica during the tensile process along z direction.

Ca-OH Si-OH

Starting
number

Ending
number

Generated
number

Generated
proportion (%)

Starting
number

Ending
number

Generated
number

Generated
proportion (%)

C-S-H 531 576 45 8.47 375 417 42 11.20

C-S-H/2D-silica 274 361 87 31.75 345 451 106 30.72

during the tensile process of pure C-S-H is, respectively, 45 and
42, which approximately agrees with the 1:1 correlation. While
for C-S-H/2D-silica, the generated number is 87 and 106 for Ca-
OH and Si-OH. From the perspective of energy dissipation, the
occurrence of more chemical reactions takes in more energy, and
thus increases the toughness of the matrix.

CONCLUSION

In this work, 2D-silica is selected as the nano-phase
reinforcement and intercalated into the interlayer regions
of a C-S-H matrix, modifying the structure and thus enhancing
the mechanical performance. Molecular dynamic simulation is
utilized to investigate the interactions between 2D-silica and
C-S-H matrix and to unravel the interfacial mechanism.

The pure C-S-H has a layered structure with only Q1 and
Q2 silicon atoms. As the 2D-silica reinforcement is incorporated
into the C-S-H matrix, the dangling silicon atoms at the edge
of 2D-silica strongly interact with the reactive non-bridging
oxygen atoms at the defective sites, leading to formation of
interfacial Si-O-Si bonds. Those covalent bonds transform Q1
and Q2 in the C-S-H into high connectivity Q3 and Q4 species,
which increases the integrity of the matrix. The uniaxial tensile
loading experiments are conducted on C-S-H and C-S-H/2D-
silica models along x, y, and z direction, respectively. The results
show that along z direction pure C-S-H performs the weakest

mechanical performance due to large numbers of defects in the
interlayer, while the intercalation of 2D-silica can dramatically
improve the tensile strength and ductility along this direction.
The enhancement efficiency of 2D-silica on the stiffness and
toughness of C-S-H xy-plane is relatively lower, since the pure
C-S-H model is originally strong in the intralayer region. The
enhancement mechanisms are demonstrated as follows. During
the tensile process of a pure C-S-H model along z direction,
it is primarily the dissociation of Si-O. . .Ca ionic bonds in the
interlayer region that contributes to the development of strain.
This relatively weak interlayer cohesion causes a brittle fracture
of the matrix. However, within a C-S-H/2D-silica model, the
presence of interfacial Si-O-Si bonds also shares responsibility for
the strain development. The elongation and breakage of those
high-strength covalent bonds needs higher tensile stress and
consumes higher energy, which leads to a longer plastic stage
and higher toughness. The occurrence of Q3 and Q4 species
in the nanocomposite leads to a high-connectivity net system,
increasing the resistance of crack propagation.

This work may shed new lights on the interaction
mechanisms between nano-reinforcements and an inorganic
host. Geopolymers also include the silicate tetrahedra, hence,
such a strengthening principle may also apply to geopolymers.
The dangling atoms at the edge of 2D-silica can react with
non-bridging oxygen atoms of geopolymers, forming Si-O-Si
bonds at interfaces. Those covalent bonds transform Q1 and
Q2 of geopolymers into high connectivity Q3 and Q4 species,
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which increases the integrity of the matrix and its resistance to
crack propagation.

Furthermore, this work provides solutions to modify the
brittleness of concrete so as to achieve high performance
construction materials. In this way, less cement is required
for an equal bearing capacity, which promotes a low-carbon
manufacturing and sustainable industry. However, the current
study of 2D-silica reinforcement is still limited to a theoretical
level, while further experimental research is needed to validate
the simulation results.
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Sodium aluminosilicate hydrate (NASH) gel, the primary binding phase in
geopolymer, determines the mechanical properties and durability of environment-friendly
construction materials. In this work, the models of NASH gel were obtained through a
two-step procedure: the temperature quenching method and Grand Canonical Monte
Carlo water adsorption. The reactive force field (ReaxFF) molecular dynamics were
utilized to investigate the structure, reactivity, and mechanical performance of the NASH
gel with Na/Al ratio ranging from 1 to 3. Q species, the connectivity factor, shows that the
increase of sodium content in NASH gel leads to depolymerization of the aluminosilicate
network and more non-bridging oxygen (NBO) atoms. The adsorbed water molecules
dissociate near the NBO with high reactivity in defective aluminosilicate structure. The
newly produced hydroxyls associate with the aluminate species, contributing to the
formation of the pentahedron local structure. The sodium ions distributed in the cavity
of the aluminosilicate skeleton have around 4 7 nearest neighbors. Furthermore, with an
increase in sodium, the molecular structure of the aluminosilicate skeleton is transformed
from an integrity network to partially destroyed branch structures, which gradually
decrease the stiffness and cohesive force of NASH gel, characterized by the uniaxial
tensile testing. During the large tensile deformation process, the ReaxFF MD correlates
the mechanical response with the chemical reaction pathway. The aluminosilicate
skeleton is stretched broken to resist the tensile loading and the hydrolytic reaction
of water molecules near the stretched Si-O and Al-O bond further accelerates the
degradation of NASH gel. Hopefully, this work can shed light on the material design
for a high performance of sustainable geopolymer at the nanoscale.

Keywords: molecular dynamics, geopolymer, sodium aluminosilicate hydrate, mechanical properties, structure

INTRODUCTION

Ordinary Portland cement (OPC) is ubiquitously utilized as the essential construction and building
material worldwide (Li, 2011). Cement demand is estimated to increase from around 3.5 Gt in
2015 to nearly 4.4 Gt per year by 2050 (Luukkonen et al., 2018). The manufacturing of OPC
is accompanied with CO2 emissions such as the calcination of limestones at 1,450◦C and the
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energy consumed by the cement plant itself, which is supplied
by coal combustion (Damtoft et al., 2008). In 2016, the
production of OPC contributed to around 1.45 Gt CO2,
occupying approximately 8% of the global CO2 release (Andrew,
2018). Even though great efforts have made to improve energy
efficiency, the clean production of cement remains a difficult
issue to solve, especially considering the increasing cement
demand and the inevitable CO2 emission reactions from cement
production. Consequently, to reduce the carbon footprint, it is
necessary to develop environment-friendly construction material
to serve as an alternative and supplementary binder for OPC.
Geopolymer, one type of alkali activated aluminosilicate cement,
is used primarily as an environmentally beneficial alternative
to OPC (Davidovits, 1991; Duxson et al., 2007a). Geopolymers
use industrial byproducts as precursors, and therefore result in
dramatically less CO2 emissions per ton of concrete produced
(Duxson et al., 2007a). The industrial byproducts utilized in
geopolymer synthesis include fly ash and slag, which when
combined with alkaline activators react to form a hardened
binder possessing performance characteristics comparable to
traditional Portland cement (Davidovits, 1982; Palomo et al.,
1999; Van Jaarsveld et al., 2002; Bakharev, 2005). It is synthesized
by dissolution of Al and Si in alkali medium, transportation,
and polycondensation, forming a three-dimensional network
structure. Due to their inorganic three-dimensional network
structure, geopolymers show high efficiency of fireproofing,
excellent thermal stability, and superior mechanical properties
as compared with traditional OPC (Palomo and Glasser, 1992;
Xu and Van Deventer, 2000; Barbosa and MacKenzie, 2003;
Kriven et al., 2003). Geopolymers have therefore received great
growing in recent years in the field of cleaner production of
construction materials.

Sodium aluminosilicate hydrate (NASH) gel is a primary
binding phase in geopolymers. According to most of the papers
published so far (White et al., 2012; Parthasarathy et al., 2017),
the mechanical properties, mass transport, ion exchange, and
other physicochemical properties of NASH gels are controlled by
the chemical composition and nanostructure, which have drawn
attention from researchers in related fields. In order to determine
the coordination state of aluminum and oxygen, and to explain
the abnormal changes of physical properties from the perspective
of structure, many experiments and simulations have been
carried out (McKeown et al., 1984; Leonelli et al., 2001; Okuno
et al., 2005; Sadat et al., 2016). Earlier spectroscopic studies on
geopolymer paste show that the structure of NASH gel primarily
consists of an alkali aluminosilicate hydrate gel framework (the
alkali used commonly is Na) formed by disordered interlinked
aluminosilicate tetrahedrons. Al and Si are both present in
tetrahedral coordination connected by bridging oxygen (BO),
and the negative charge associated with Al substitution for
Si is balanced by the alkali cations (Barbosa et al., 2000;
Duxson et al., 2005, 2007a,b; Singh et al., 2005). Compared
with the bonding between Na and NBO, the interaction between
charge compensating alkali cations (Na+) and [AlO4]− units
are more ionic and weaker (Uchino et al., 1993). The Na/Al
ratio in compositions indicates the change in internal structure.
In the geopolymers with low sodium content, Na+ is bound

superficially to the [AlO4]−. When the Na/Al ratio is larger
than 1, Na+ may break the Si–O–Si linkage, associating it
with part of the silicon in the form of SiO-(Na+)-Si− (Uchino
et al., 1993). Using molecular dynamics, Xiang et al. (2013)
studied the changes in the structure and mechanical properties
of sodium aluminosilicate glass as a function of Al/Na ratios,
and the results were in good agreement with experimental
data. Zhang M. et al. (2018) studied the local structure and
dynamics of sodium in NASH gel, demonstrated the loose
connection between sodium and aluminate tetrahedron, and
modeled the dissociation process of sodium, which is so-called
leaching. Meanwhile, the ion immobilizing ability of NASH gel
was studied by molecular dynamics, providing a fundamental
understanding of the immobilization mechanism of geopolymer
materials (Hou et al., 2019b). An empirical force field molecular
dynamics method was also employed to investigate the structure,
dynamics, energetics, and mechanical properties of calcium
silicate hydrate (C-S-H) (Hou et al., 2019a, 2015b; Wang
et al., 2019). Furthermore, reactive molecular dynamics were
used to simulate the polymerization process and the molecular
structure of geopolymer gels, and evaluated the influence of
the simulation temperature and Si/Al ratio on the geopolymer
(Zhang M. et al., 2018).

Typically, the properties of the materials subjected to loading
will be greatly reduced largely due to the degradation of the
chemical and physical structure. The aluminosilicate skeleton
significantly influences the adsorption capability, reactivity, and
hydrogen bond of the structural water molecules. The way of
binding water in NASH gel is of particular importance, as it is
closely related to strength and stiffness. In some cases, the internal
damage of NASH gel is caused by the hydrolysis reaction of the
silicate network, attacked by dissociated water molecules (Hou
et al., 2014a, 2016a). Sadat et al. (2016) reported that exposure
to water promotes the diffusion and dissociation of structural
sodium, leading to destabilization of aluminate tetrahedrons and
underling mechanical failure of the local structure. However,
minute quantities of water could stabilize the sodium in NASH
gel, which was attributed to the hydrolysis associated with
aluminate tetrahedron and the formation of Na-OH (Zhang Y.
et al., 2018). The attack of water molecules on chemical bonds
promoted bond breaking in the loading test (Hou et al., 2014a;
Zhang Y. et al., 2018). In addition, some studies have focused on
the effects of chemical compositions (Hou et al., 2015a, 2016b,
2015c). To the best of our knowledge, the mechanical properties
and weakening mechanisms have not been fully understood and
the case of coupling with hydrolysis and depolymerization, in
particular, has not been studied yet.

In this study, NASH gel with different compositions of
the Na/Al ratio were characterized by molecular dynamics
using a reactive force field (ReaxFF), which can perform
a physical and chemical process in hydration, aiming to
understand the structural role of sodium as a function of the
chemical composition. The structural, mechanical, and chemical
properties of NASH gel with different Na/Al ratios have been
investigated. The influences of an existent form of water within
NASH gel were also analyzed to obtain a better understanding
of their behavior. The obtained results highlight that NASH gel
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is weakened by the breakage of aluminosilicate chains and the
penetration of water molecules, and show the mechanism of
influence on its properties.

MATERIALS AND METHODS

Reactive Force Field
The ReaxFF, developed by van Duin et al. (2001), was used to
simulate the chemical reaction between sodium aluminosilicate
glass and water molecules for both atomic structure construction
and uniaxial tensile testing. The ReaxFF provides an advanced
description of the interaction between water and NASH surface.
In addition, the ReaxFF has been widely used in silica glass (Hou
et al., 2014a), C-S-H gel (Hou et al., 2015c), ordered crystal, and
disordered glass (Hou et al., 2016b), discussing their structure
evolution and tensile behavior under water penetration. The
short-range interactions for the ReaxFF are determined by bond
length-bond order scheme so that the bonds can be broken and
formed with the potential energy transforming into a smooth
state (Brenner et al., 2002). On the contrary, the long-range
Coulombic interactions are determined by a seventh-order taper
function, with an outer cutoff radius of 10 Å. The parameters of
the force field for Na, Si, Al, O, and H can be obtained directly
from previously published reference data (Cygan et al., 2004).

NASH Models With Different Na/Al Ratios
The LAMMPS package was used to construct three NASH gel
models with Na/Al ratios of 1, 2, and 3 via two steps, respectively.
First, a temperature quenching process was performed to build
the NAS glass model. The water molecules were then inserted
into the NAS glass model to obtain the NASH gel model. In order
to obtain initial configuration with different Na/Al ratios, four
types of atoms (Na, Si, Al, and O) were added in a cubic box
with a side length of 20 Å to generate random coordinates. The
density was adjusted to a typical value (see Table 1; Sadat et al.,
2016). A time step of 0.1 fs was used for the simulation. The
system was operated by a heating/cooling cycle process from 300
to 4,000 K under NPT ensemble at a rate of 10 K/ps, then the
system was cooled from 4,000 to 300 K at the same rate. Finally,
the system was further equilibrated at NVT ensemble with the
temperature maintained at 300 K for 300 ps. The simulated
equilibrium structure of the aluminosilicate chain with different
Na/Al ratios are shown in Figure 1.

The Grand Canonical Monte Carlo (GCMC) method was
utilized to adsorb water molecules into the NAS structure to
obtain a NASH gel model (Bonnaud et al., 2012). The simulation
process is analogous to the water adsorption in a microscopic
porous structure such as C-S-H and silica glass (Hou et al.,
2014a, 2015c). A two million step simulation was performed for
the system equilibrium, followed by one million steps for data
analysis. Water molecules can be inserted, deleted, displaced, and
rotated in the constant volume system. After GCMC simulation,
the NASH gel model saturated with water molecules will be
obtained. The aluminosilicate skeletons with a Na/Al ratio of 1,
2, and 3 are shown in Figure 1. The composition of the NASH gel
models is shown in Table 1.

Uniaxial Tension Test
A uniaxial tension test was utilized to detect the mechanical
behavior of amorphous NASH gel. In order to reduce error and
to ensure stability of the simulation system during stretching,
the initial NASH models (20 × 20 × 20 Å) were expanded
periodically (40× 40× 40 Å) and then used in a uniaxial tension
test in the X direction. Moreover, there are 5,000 to 6,000 atoms in
every supercell with a specific Na/Al ratio. It should be noted that
a large number of atoms in simulation models can provide stable
statistical results, especially for the reliable failure modes. To
explore the failure mechanism of the NASH gel, the stress–strain
relation and the change of molecular structure during loading
were investigated.

To obtain the stress–strain relations, the supercell structures
were subjected to uniaxial tensile loadings through gradual
elongation at a strain rate of 0.08/ps. In the uniaxial tensile
simulation process, NPT ensembles were defined for the system.
When stretched along the X direction, the supercells were relaxed,
coupled with zero external pressure in the x, y, and z dimensions
at 300 K for 400 ps. Until the pressures reached equilibrium
in three directions, the NASH gel would be elongated in the X
direction. Furthermore, the pressure was zero in the Y and Z
directions, respectively. Pressure evolution in the X direction was
taken as the internal stress σxx. By setting the pressure to 0, which
is perpendicular to the stretch direction, the normal direction
can be relaxed toward the anisotropy without any restriction.
The Poisson’s ratio was considered in the setting, eliminating the
artificial constraints of deformation.

RESULTS AND DISCUSSION

Structure Properties
After water adsorption, the molecular structures of the NASH gel
were obtained. Water molecules penetrated into the cavity region
of NAS glass and randomly distributed in the NASH gel. As
shown in Figure 2, for gel with a Na/Al ratio of 1, two forms of the
water molecules influencing the NAS glass can be found: chemical
decomposition and physical adsorption. The water molecules
adsorb and form physical bonds with NASH at first. Very small
percentages of water molecules are decomposed to hydrogen
and hydroxyl. The hydrogen forms a chemical bond with the
oxygen of silicon–oxygen tetrahedron, and the hydroxyl forms a
chemical bond with the aluminum. For chemical decomposition
(see region I), a small number of water molecules (less than
7.2%) break the aluminosilicate skeleton by occupying the BO
site, and construct aluminum hydroxyl or silicate hydroxyl. In the
case of physical adsorption water (see region II), the hydroxyl in
water molecules point to the aluminosilicate skeleton to form a
hydrogen bond with its oxygen atoms, and these water molecules,
called physical adsorption water, makes up more than 92.8% of
the total. From the molecular structure of the static state, physical
adsorption is the main existing form for water molecules in
NASH gel, and the proportion of decomposition is very low. This
conclusion agrees with previously published works (Hou et al.,
2014a; Zhang Y. et al., 2018).
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TABLE 1 | Compositions and densities of simulated NASH gel.

Na/Al ratio Na2O (wt. %) Al2O3 (wt. %) SiO2 (wt. %) H2O (wt. %) Total atoms in
simulation cell

NAS density
(g/cm3)

NASH density
(g/cm3)

1 11.00 18.10 64.37 6.53 682 2.41 2.57

2 20.65 16.78 59.24 3.39 688 2.56 2.65

3 28.19 15.46 54.57 1.77 710 2.70 2.74

The three-dimensional network structure of the NASH gel
with a Na/Al ratio of 1 is shown in Figure 2, which is the most
representative feature. In the structure, silicon and aluminum
atoms are interconnected by BO, and nearby sodium ions play
a role in charge balance (Barbosa et al., 2000; Schmücker and
MacKenzie, 2005). The coordination number (CN) of NASH gel,
obtained using dynamic simulations, shows the local structure.
In thermodynamic equilibrium state, as shown in Table 2, the

FIGURE 1 | Snapshot of the simulated NAS glass with Na/Al ratio (A) 1.0, (B)
2.0, (C) 3.0. The red (O atom) and yellow (Si atom) line represents the Si-O
bond, the red and blue (Al atom) line represents the Al-O bond, and the green
ball is sodium. Such markings are adopted in all of the following figures and
the molecular structure of the NASH gel model with Na/Al ratio (D) 1.0, (E)
2.0, (F) 3.0. The light blue ball represents the O atom in water molecular or
hydroxyl, the white ball represents the H atom. The balls have the same
meaning in all following figures.

CN of all the silicon in the gel with different Na/Al ratios is
fourfold coordination, indicating that silicon in NASH gel exists
in the form of tetrahedron. The aluminum coordination in the
network structure is also predominantly tetrahedral (∼95.57,
94.14, and 96.51%), and some aluminum (∼2.16, 5.84, and 3.49%)
with fivefold coordination, which is related to formation of Al-
OwHw. Sodium diffuses in the cavity of the Si-Al framework,
and exists in the form of Na(H2O)n

+ rather than Na+, implying
a loose interaction between sodium and the neighboring Si-
O-Al bond. Sodium is located at a vacant region among the
skeleton, showing multiple coordination forms. The results of
MD simulation match well with previous experimental results
(Barbosa et al., 2000; Duxson et al., 2005; De Silva et al., 2007;
Walkley et al., 2018).

In NASH gel, Si and Al are predominantly tetrahedral, which
can also be revealed by the angle distribution of the O-Si-O, Si-
O-Si, and O-Al-O angle. As shown in Figures 3A,B, the angle
distributions of Si-O-Si and O-Si-O are almost fully overlapped
for different Na/Al ratio gels, indicating that the tetrahedral SiO4
structure and the silicate skeleton is not sensitive to the Na/Al
ratio. The O-Si-O angles are mainly distributed between 90◦
and 130◦. The obvious peak located at around 110◦, matches
well with the experimental result of 109.7◦ measured by neutron
diffraction (Mozzi and Warren, 1969). The simulated Si-O-Si
angle distribution of the NASH gel ranges from 110◦ to 180◦,
and the average value is located at 144.0◦, 143.4◦, and 142.7◦,

FIGURE 2 | Snapshot for the NASH gel with water penetration. The left-hand
figure is the configuration of the NASH gel with a Na/Al ratio of 1. Region I and
region II represent chemically dissociated water and physical adsorption
water, respectively. Region I and region II are highlighted in the right-hand
figures. The red ball is the BO atom in the aluminosilicate skeleton. The blue
ball is the aluminum atom. The yellow ball is the silicon atom.
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TABLE 2 | Coordination number (CN) of NASH gel model with different
Na/Al ratios.

Na/Al ratio CN (n) 4 (%) 5 (%) 6 (%) 7 (%)

1 Si-On 100 – – –

Al-On 95.57 2.16 – –

Na-On 24.99 30.54 25.74 7.50

2 Si-On 100 – – –

Al-On 94.14 5.84 – –

Na-On 10.76 29.85 41.02 14.33

3 Si-On 100 – – –

Al-On 96.51 3.49 – –

Na-On 4.87 29.31 37.74 22.97

respectively. The simulation results are in agreement with the
experimental results given by nuclear magnetic resonance, and
X-ray diffractions are between 142◦ and 151◦ (Mauri et al., 2000).
More significantly, the Si-O-Si angle peak value decreased slightly

with the increase of the Na/Al ratio due to the change of sodium
ions. However, Figure 3C shows that the angle distributions
of O-Al-O are far broader than that of O-Si-O, and there
are more obvious peaks located at different angles. It can be
attributed to two possible factors: aluminum exists in multiple
coordination configurations in the NASH gel, and the Al-O bond
is relatively unstable in the aluminosilicate skeleton compared
with the Si-O bond.

Mechanical Properties
Stress–Strain Relation for NASH Gel
Given the constitutive stress–strain relation, the stress–strain
curve can reflect the mechanical properties of NASH gel in the
process of uniaxial tension testing. Due to the isotropic structure
of NASH, in the directions X, Y, and Z, they have the same stress–
strain curves. Figure 4 shows the constitutive relation between
stress and strain with a strain rate of 0.08/ps along the X direction.
Although the stress–strain curves have similar evolutionary

FIGURE 3 | (A) O-Si-O, (B) Si-O-Si, and (C) O-Al-O angle distribution of the NASH gel with a Na/Al ratio of 1, 2, and 3.
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FIGURE 4 | Stress–strain relation for NASH gel with a ratio of 1, 2, and 3,
stretched along the X direction with a strain rate of 0.08/ps.

trends, the intrinsic strength and failure strain of the specimen
with a different Na/Al ratio is obviously different from others.
The tensile strain, when the stress reaches the maximum value,
is gradually decreased from 0.45 Å/Å to 0.3 Å/Å. The NASH gel
with a lower Na/Al ratio is more easily stretched broken, and the
yield strength of the NASH gel with a Na/Al ratio of 1, 2, and
3 is 17.7, 16.2, and 14.3 GPa, respectively. From the perspective
of composition, the stress maximum value decreased as the
Na/Al ratio increased. The number of sodium ions beyond that
required, compensated for the negatively charged [AlO4]− units.
Excess sodium ions with a positive charge can then attack the Si-
O-Si and Si-O-Al bond (Irwin et al., 1988; Barbosa et al., 2000;
Schmücker and MacKenzie, 2005), leading to aluminosilicate
skeleton instability. It means that the increase of sodium content
reduces the mechanical strength of the system. This result is
consistent with the experimental result that the compressive
strengths are decreased with increasing the Na/Al ratios when the
Na/Al ratio is greater than 1 (Rowles and O’connor, 2003).

The stress–strain relations for different Na/Al ratios show the
detailed mechanical performance during the process of tensile
loading. The whole process can be divided into several stages.
Taking the NASH gel with a Na/Al ratio of 1 as an example,
the stress initially increases linearly in the elastic stage and
subsequently slowly increases to a maximum value at a strain
around 0.30 Å/Å. After the stress varies very slowly with strain
from 0.3 to 0.45 Å/Å, there is a region with a dramatic drop
in stress as the strain increases. Finally, the NASH gel was
completely fractured at a strain of 0.8 Å/Å, corresponding to
zero stress. It is obvious that the NASH gel is more prone
to yield deformation as the Na/Al ratio increases. As the
Na/Al ratio increase from 1 to 3 in the NASH gel, the tensile
strength of the gel greatly decreases from 17.69 to 14.30 GPa
accompanied by Young’s modulus deduction from 71.84 to
47.46 GPa (see Table 3), and results in an obvious decrease of

TABLE 3 | Young’s modulus of NASH gel models with different Na/Al ratios.

Na/Al 1 2 3

Young’s modulus (GPa) 71.84 50.16 47.46

Tensile strength (GPa) 17.69 16.22 14.30

FIGURE 5 | Evolution of the structure during the tensile process with a Na/Al
ratio of 1 and 3. From top to bottom, the strain state is 0.2 (A,B), 0.4 (C,D),
and 0.6 (E,F) Å/Å, respectively.

ultimate tensile strength of the NASH gel. For the specimens
with different Na/Al ratios, the difference in the mechanical
properties can be explained by different molecular structures and
reactivity mechanisms.

Molecular Local Structure Evolution
The evolution of the structure during the tensile process from a
strain of 0.2 Å/Å to 0.6 Å/Å is shown in Figure 5, a preliminary
qualitative illustration of the damage process in the NASH gel.
The aluminosilicate skeleton is stretched broken to resist the
tensile loading. In the elastic region, Si-O and Al-O bonds in
the aluminosilicate skeleton, subjected to tensile loading, are
elongated. The Si-O-Si and Si-O-Al angles are stretched to bear
the strain in the NASH gel system. In the subsequent yield
region, the Si-O and Al-O bonds break down gradually, causing
morphology transformation. As shown in Figure 5, the shape
of the aluminosilicate skeleton changes at the strain of 0.4 Å/Å
due to the bond breakage and reconnection. Small cracks have
been created during the tensile process, but the local structure
rearrangement slows down its propagation (Hou et al., 2014b,
2015c). In the failure stage of strain states 0.4 Å/Å to 0.6 Å/Å,
the cracks created before continuing to grow and coalesce fast
as strain increases in the area with the defective aluminosilicate
skeleton, leading to the stress dropping rapidly (see Figures 4, 5).
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FIGURE 6 | Evolution of RDF for (A) Si-O, (B) Al-O stretched by loading with a rate of 0.08/ps, and (C) Si-O-Si angle distribution as a function of strain for the NASH
gel with a Na/Al ratio of 1. Stage 1, 2, and 3 represent the elastic region, yield region, and failure region, respectively.

It should be noted that the increase of sodium ions at the
end of the crack tips prevents the Si-O-Si and Si-O-Al bonds’
reconnection, and further decreases the tensile properties of
the gel structure. According to Table 2, the higher the Na/Al
ratio, the more Na-O bonds and the less Al-O bonds form.
The Na and Al are competitive, therefore, we can conclude
that the aluminosilicate skeleton is unstable after an increase in
the ratio of Na/Al.

TABLE 4 | Q species, bridging oxygen (BO), and non-bridging oxygen (NBO) of
the NASH gel model with different Na/Al ratios.

Na/Al ratio Q4 (%) Q3 (%) Q2 (%) BO (%) NBO (%)

1 81.22 5.09 – 97.13 2.87

2 60.64 21.65 5.36 83.25 16.75

3 51.25 26.88 10.63 76.92 23.08

For the purpose of investigating the morphology evolution
quantitatively, the RDF, angle distribution, and Q species changes
have been calculated to depict the structural variation of the
aluminosilicate skeleton during the tensile process. The RDFs
of Si-O and Al-O as a function of strain for the NASH gel
with a Na/Al ratio of 1 are shown in Figures 6A,B. Based
on Figures 6A,B, the spectrums show similar peak emerging
positions, indicating that the Si-O or Al-O were changed slightly
during stretching. For the RDFs of Si-O, the peak positions
of different strains are slightly different. In stage 1 (the elastic
region), the Si-O peaks shift toward a lager distance with an
increasing strain, which means the elastic elongation of the Si-O
bonds. In stage 2 (the yield region), the peak positions of Si-O
at different strains remain almost the same, implying that the
continuous break and reconnection of a large number of Si-O
bonds causes rearrangement of aluminosilicate chains. This is
consistent with the conclusion obtained above from the evolution
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FIGURE 7 | Evolution of Qn species (n = 0, 1, 2, 3, and 4) for the NASH gel with a Na/Al ratio of (A) 1, (B) 2, and (C) 3 during the tensile process at a strain rate of
0.08 ps.

of the structure during the tensile process (Figure 5). In stage 2
(the failure region), the Si-O distance observed in RDF, recovered
close to that of the unstrained state (1.62 Å). The trends of
RDFs for Al-O are the same, and further verifies the evolution
of structure during the tensile process.

A similar evolution trend can be obtained in the angle
distribution variation as a function of the strain. As shown in
Figure 6C, the average value of the Si-O-Si angle is stretched from
139.2◦ to 150.7◦ in the elastic region. However, in the yield region,
the angle remains basically unchanged and finally returns to the
unstrained state. These are consistent with the trends of RDFs.

To depict the structural variation of the aluminosilicate
skeleton, the change of Qn percentages has been calculated. Q
species play an important role in the quantitative analysis of the
morphological evolution. A connectivity factor, Qn (n = 0, 1, 2,
3, and 4), is a parameter that estimates the molecular skeleton
connection, where n is the number of connected BO of central

atoms (Si or Al). Q0 is the monomer; Q1 represents the dimmer
structure (two connected BO of central atoms); Q2 is the long
chain; Q3 is the branch structure; and Q4 is the network structure
(Feuston and Garofalini, 1990). When the system reaches the
thermodynamic equilibrium state, the basic parameters of the
Q species, BO, and NBO in different Na/Al ratio samples are
shown in Table 4. It is basically consistent with the experimental
results (Sadat et al., 2016). With a Na/Al ratio increase, the
percentage of Q4 species (from 81.22 to 51.25%) and BO are both
decreased, implying that the network structure (aluminosilicate
skeleton) depolymerizes, further resulting in a decrease of the
mechanical properties. Furthermore, the aluminosilicate skeleton
depolymerizes to branch structure, long chain, short chains, or
monomers, so that the percentage of other phases, including Q3,
Q2, and Q1 obviously increases as the sodium content increases.

During the tensile process, the Q species can depict the
structural variation of the aluminosilicate skeleton quantitatively.
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FIGURE 8 | Evolution of the number of water molecules and hydroxyl as functions of strain with a Na/Al ratio of (A) 1, (B) 2, and (C) 3.

At the beginning of the elastic stage, the aluminosilicate skeleton
takes up the strain by changing the Si-O and Al-O bonds,
and the Q4 percentage remains unchanged at low strain levels
for the NASH gel with all Na/Al ratios (Figure 7), implying

FIGURE 9 | Evolution of molecular structures for the chemical dissociation of
water: (A) mechanism 1; (B) mechanism 2.

that the structure only undergoes elastic deformation with
no structural damage. As the strain increases, the Q4 species
starts to reduce at a strain of 0.06 Å/Å and continues to
decrease from 81 to 39%. This means that some aluminosilicate
skeletons were stretched broken, resulting in the morphological
transformation from network structure to branch structure,
long chain, short chains, or monomers. At the failure stage,
the Q4 species percentage decreases slightly and finally tends
to become stable. Furthermore, the increase of the Q3 and
Q2 species suggests that the network transforms to branch
structures and long aluminosilicate chains. The Q3 and Q2
species continued to depolymerize to shorter chains and
monomers, and the proportion of other Q species (Q1, Q0)
also increased later. The tensile damage of the NASH gel
structures is therefore mainly attributed to the depolymerization
of the aluminosilicate network. The Q4 species percentage
increased partially in the NASH gel with a Na/Al ratio of 3
at the failure stage, suggesting that the increase of sodium
content rearranges the structure by electrostatic attraction
of Coulomb force.
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Hydrolytic Reaction Under Tensile Loading
According to previous studies, water molecules play an important
role in the depolymerization of the aluminosilicate network
during the tensile process, and the chemical dissociations can be
observed (Hou et al., 2014a, 2015c). Water molecules attack the
Si-O-Si and Si-O-Al bonds form Si-OH and Al-OH groups, then
further weakens the aluminosilicate skeleton during the tensile
process. Therefore, the number of Si-OH, Al-OH groups, and
water molecules were recorded as functions of strain to analyze
the dissociation process quantitatively. The primary factor of
the tensile process is the chemical effect. For the sample with
a Na/Al ratio of 1 (Figure 8A), the number of water molecules
decreases as the strain increases until reaching a strain of 0.5 Å/Å,
and then it remains unchanged, implying that a large number of
water molecules dissociate with the strain increase. The number
of Si-OH and Al-OH groups increases co-instantaneous, and is
close to a stable state at the strain of 0.5 Å/Å. This indicates
that the hydrolysis reaction has gradually occurred in large
quantities, especially after the strain is greater than 0.05 Å/Å.
It is consistent with the theory that increasing the stress in
the structure can reduce the energy barrier for activating the
hydrolytic reaction (Zhu et al., 2005). For samples with different
Na/Al ratios, the strain at which the number of water molecules
starts to reduce with a Na/Al ratio increase (Figures 8B,C). In
addition, at the same strain rate in the failure region, the number
of water molecules of NASH gels with higher Na/Al ratios are
significantly smaller than that of the lower sample. These are
good validations of the inference that increasing the amount of
sodium content accelerates the hydrolytic reaction and the silicate
structure transformation, which can be interpreted by the attack
on Si-O and Al-O bonds from sodium ions. Furthermore, the
number of Al-OH groups increases significantly more than that
of Si-OH as the Na/Al ratio increases. This is related to the poorer
stability of Al-O bonds than Si-O bonds.

The hydrolytic reaction greatly affects the silicate structure
transformation during the uniaxial tension process. The reaction

mechanisms of water dissociation have been investigated, and
there are two reaction mechanisms: the first mechanism of
reaction started in the yield stage and is listed in the following
sequence (Figure 9A): water diffuses and water molecule is
adsorbed close to the neighboring aluminum atom; a bond
forms between the aluminum atom and the oxygen atom of
the water molecule; a five coordination aluminum structure
is formed; the Al-O bond is broken and the aluminum
structure restores to four coordination; the water molecule
dissociation and proton transfers. In the dissociation process,
water molecules lead to the formation of a five coordination
aluminum structure, which is disadvantageous in terms of
energy. Then the unstable structure separates from the BO. The
stretched Si-O-Al bond was attacked by water molecules, and the
separation of aluminosilicate network was accelerated. The other
mechanism of water dissociation is illustrated in Figure 9B, the
aluminosilicate skeleton was stretched broken by increasing the
tensile strain. The sequence is displayed as follows: the water
molecule diffuses close to the neighboring Si-O-Al bond or Si-
O-Si bond; a bond is formed between the BO atom and the
hydrogen atom of water molecules; the Al-O bond or Si-O bond
is broken; water dissociation and proton transfers. However, it
should be noted that Al-O bonds are more unstable and easily
broken than Si-O bonds.

On the other hand, the dissociation process of water
corresponds to the evolution of BO (Figure 10A) and NBO
(Figure 10B) as functions of strain. During the tensile process,
the percentage of BO decreases, and that of NBO increases
as the Na/Al ratio increases from 1 to 3. It means that
the aluminosilicate networks with a lower Na/Al ratios have
a higher degree of polymerization, confirming the previous
conclusion that an increase of sodium content leads to a
decrease in the degree of polymerization and in the mechanical
strength of system.

With an increase in the strain, the percentage change of BO
and NBO shows nearly the opposite tendencies. At the beginning
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of the elastic region, the percentage of BO and NBO is relatively
stable, that is the process of crossing the energy barrier for
activating the hydrolytic reaction (Hou et al., 2019c). And then
the percentage of BO drops sharply and the percentage of NBO
increases up to the tensile strain of around 0.4 Å/Å. With an
increase of tensile strain before failure, the percentage of BO
reduces slowly and fluctuates on a small-scale, which can also be
found in the opposite trend of change for NBO. This is consistent
with the analysis of the hydrolysis mechanism above. Thus, the
hydrolytic reaction of water molecules near the stretched Si-O
and Al-O bond further accelerates the NASH gel degradation to
resist the tensile loading.

CONCLUSION

Based on the molecular dynamics by a ReaxFF, the structure,
reactivity, and mechanical performance of the NASH gel with
a Na/Al ratio ranging from 1 to 3 have been investigated. The
conclusions can be drawn as follows.

(1) For NASH gels with different Na/Al ratios, Si and
Al are predominantly tetrahedral, and the tetrahedral SiO4
structure and silicate skeleton are not sensitive to the Na/Al
ratio. The sodium ions distributed in the NASH gel have
around 4 ∼ 7 nearest neighbors including oxygen atoms in the
silicate/aluminate tetrahedron and hydroxyl. The adsorbed water
molecules dissociate into the hydroxyl group near the defective
aluminosilicate structure, contributing to the formation of an
aluminate pentahedron.

(2) With the amount of sodium content increasing, the
molecular structure of the aluminosilicate skeleton transforms
from an integrity network to partially destroyed branch
structures, decreasing the strength and cohesive force of the
NASH gel, characterized by the uniaxial tensile testing. It
means that the connection of the aluminosilicate skeleton
becomes unstable and further affects the tensile properties of
the structure, due to the attack on the Si-O-Si and Si-O-Al
bond by sodium ions.

(3) The aluminosilicate skeleton is stretched broken to
resist the tensile loading. A high degree of polymerization
of the aluminosilicate skeleton network enhances the loading
resistance. As the Na/Al ratio increases, the polymerization
degree of the aluminosilicate skeleton gradually decreases, and
the defective aluminosilicate chains produce more NBO.

(4) Water molecules play an important role in the
depolymerization of the aluminosilicate network during the
tensile process, and the chemical dissociations can be observed.
The adsorption and dissociation are promoted by hydrophilic
NBO, further forming Si-OH and Al-OH with the surrounding
aluminosilicate skeleton. And the number of Al-OH changes
more than that of Si-OH at high Na/Al ratios due to the increase
of the sodium content.
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γ-Ca2SiO4 as a promising carbonation-activated cementitious material features an
attractive capacity of carbon sequestration. Improving the carbonation reactivity of γ-
Ca2SiO4 is of great significance for its practical application. In this paper, first-principles
calculations are performed to single out the potential candidates for carbonation
activation from a series of dopants. Electronic structure analyses reveal that the
carbonation reactivity is related to the reactive site distribution and the binding strength
of γ-Ca2SiO4 crystal. Ba, P, and F elements are found to decrease the overall binding
strength of γ-Ca2SiO4 crystal, which benefits the dissolution of ions from the crystal
to take part in the carbonation reactions. The theoretical conjectures are validated by
designed and previous experiments, which confirms the first-principles-based method
to effectively guide our experimental investigation.

Keywords: γ-dicalcium silicate, carbonation, reactivity, electronic structure, first-principles

INTRODUCTION

Exploiting effective ways to suppress the carbon dioxide level of the atmosphere is one of the most
important scientific issues, which mainly includes two aspects: reducing carbon dioxide emissions
and capturing carbon dioxide. Regarding the former, taking the cement industry as an example,
the production of cement contributes about 7% of anthropogenic carbon dioxide emissions (Liu
et al., 2015), mainly derived from the calcination and decomposition of limestone (one of the main
raw minerals). The two main components of ordinary Portland cement clinker are β-dicalcium
silicate (β-Ca2SiO4, also belite) and tricalcium silicate (Ca3SiO5, also alite). Belite has a lower
Ca/Si ratio than alite and requires a lower calcination temperature, which means manufacturing
belite causes less energy consumption and carbon dioxide emissions. Thus, in recent years, experts
in the cement field have been pushing the use of high belite content cement (compared to the
composition of ordinary Portland cement clinker) (Ludwig and Zhang, 2015). However, belite has
a much lower hydration reactivity than alite leading to slower development of the early strength of
concrete (Scrivener et al., 2015), making it difficult to meet the needs of most practical projects.

On the other hand, regarding capturing carbon dioxide, the use of geological minerals to
sequestrate carbon dioxide has long been an attractive topic in geological science (Olajire, 2013).
Olivine minerals such as fayalite (Fe2SiO4), forsterite (Mg2SiO4), etc. are widely investigated as
the candidates for carbon sequestration (Olsson et al., 2012; Todd Schaef et al., 2012). The Fe
and Mg ions in olivine can be substituted by Ca ions without destroying the symmetry of the
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crystal. The olivine Ca2SiO4 that belongs to the orthorhombic
crystal system is also one of the polymorphs of belite (β-
Ca2SiO4), known as γ-dicalcium silicate (γ-Ca2SiO4) (Naa
et al., 2015). Previous studies have shown that among common
olivine minerals, γ-Ca2SiO4 has a significantly dominant surface
water absorption capacity (Kerisit et al., 2013), suggesting the
potentially high carbonation reactivity. Besides, compared with
the polymorph β-Ca2SiO4, γ-Ca2SiO4 also showed much higher
carbonation reactivity (Chang et al., 2016). Mu et al. (2019)
found that the γ-Ca2SiO4 samples exposed to a 100% carbon
dioxide environment under high pressure achieved mechanical
properties in hours equivalent to that of the hydration product of
a cement clinker hydrated for days, which provides a perspective
of using carbonation-activated cementitious materials to reduce
the dependence on alite- and belite-based cementitious materials.
Theoretically, the use of γ-Ca2SiO4 carbonation instead of
cement clinker hydration not only reduces the carbon dioxide
emissions from clinker production but also sequestrates the
released carbon dioxide in a natural way, i.e., mineralization
(Ashraf, 2016). However, the trace amount of carbon dioxide
in the air does not allow γ-Ca2SiO4 to achieve a high degree
of carbonation in a short time. Apart from the pre-carbonation
process under carbon dioxide-rich conditions (Mu et al., 2018),
the carbonation reactivity of γ-Ca2SiO4 needs to be improved.
To this end, this article aims to select dopant ions that can

theoretically increase the carbonation reactivity of γ-Ca2SiO4
through first-principles calculations.

Previous researches tried to reveal the carbonation mechanism
of olivine minerals from the perspective of surface reactions. For
example, Watson et al. (1997) studied the stability of seven low-
index surfaces of forsterite and found that the (1 0 0) surface
was the most stable one. De Leeuw et al. (2000) computed
the associative and dissociative adsorption of water on the
low-index surfaces of forsterite. They found that all surfaces,
except the non-dipolar (1 0 0), were favorable for dissociative
adsorption while the (1 0 0) surface was preferable for associative
adsorption. Kerisit et al. (2013) revealed that calico-olivine
(γ-Ca2SiO4) featured the largest adsorption energy (absolute
value) among five olivine minerals, namely, forsterite, calico-
olivine, tephroite, fayalite, and Co-olivine. These thermodynamic
computations regarding the surface adsorption, dissolution,
nucleation, and so on are conducive to understanding some
steps of the carbonation process of olivine. However, they
did not give a general indicator to predict the carbonation
reactivity, and the performed thermodynamic calculations (like
dissolution energy barrier) (Morrow et al., 2009) are too
sophisticated to be used as indicators for singling out reactivity-
promoting candidates from numerous dopant species. Herein,
we are trying to find a simplified way to roughly give
hints to our experiments for searching reactivity-promoting

FIGURE 1 | Crystal models of the pristine (A), O site substituted (B), Ca site substituted (C), and Si site substituted (D) γ-Ca2SiO4. The green, orange, and red
spheres are Ca, Si, and O atoms, respectively. The blue spheres indicate the atom sites for different types of substitution.
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candidates for γ-Ca2SiO4 carbonation, which is actually like
the machine learning using simple indicators to screen out
potential materials for desirable properties. We first analyzed
the electronic structures of γ-Ca2SiO4 to reveal the latent
relationship between electronic structures and carbonation
reactivity, based on which the potential influence of 10 kinds
of doping ions on γ-Ca2SiO4 was estimated. Promising doping
candidates were singled out, and the theoretical conjectures were
verified by experiments.

MATERIALS AND METHODS

The pristine γ-Ca2SiO4 crystal structure (Udagawa et al., 1980)
was obtained from the inorganic crystal structure database
(ICSD). The primary cell of γ-Ca2SiO4 contains 28 atoms (8 Ca,
4 Si, and 16 O atoms). To reduce the concentration of doped
ions, a supercell of 2 × 1 × 2 was adopted as the matrix of
doping models. We selected 10 common impurity ions of olivine
as substituent ions: Mg, Sr, Ba, Al, Fe, Zn, P, F, Cl, and Br.
As shown in Figure 1, according to the similarity of chemical
properties, the anions F, Cl, and Br are supposed to replace the O
ions in γ-Ca2SiO4, whereas the cations replace the Ca ions (Mg,

Sr, Ba, Zn) or Si atoms (P). Since the Fe and Al ions can replace
both the Ca ions and Si atoms as reported in previous researches
(Manzano et al., 2011; Durgun et al., 2012), we calculated the two
substitution methods for Fe and Al doping.

The Vienna Ab initio Simulation Package (VASP) (Kresse
and Furthmüller, 1996; Kresse, 1999) was used to optimize the
crystal structure through energy minimization with the conjugate
gradient method. The constructed models were continuously
optimized until the energy differences and the force differences
were less than 10−5 eV/atom and 0.005 eV/Å, respectively. Then,
the electronic structures were calculated and analyzed by the
Cambridge Sequential Total Energy Package (CASTEP) (Clark
et al., 2005). The exchange-correlation potential was estimated
by the Perdew–Burke–Ernzerhof (PBE) method (Blöchl, 1994;
Perdew et al., 1994) for both the VASP and CASTEP calculations.
In addition, the projector augmented plane wave (PAW) method
was implemented in the VASP calculation. A kinetic energy cutoff
of 580 eV was adopted based on multiple tests as posted in the
Supplementary Material S1. More computational details can be
found in our previous studies (Tao et al., 2018a, 2019a).

To verify the doping effects on carbonation reactivity,
corresponding experiments were implemented. γ-Ca2SiO4 was
synthesized at 1400◦C using the analytical reagent Ca(OH)2

FIGURE 2 | The density of states (A) and local charge density distribution of the valence band maximum (B) and conduction band minimum (C) of pure γ-Ca2SiO4.
The green, orange, and red spheres are Ca, Si, and O atoms, respectively. The blue translucent electron clouds represent the orbitals of energy band edges.
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and SiO2. Cationic dopants (Mg2+, Al3+, Ba2+, P5+) were
introduced into the raw mix in the form of oxides while anionic
dopant F− was in the form of CaF2. The dopant dosage was
2 mol% relative to the molar content of γ-Ca2SiO4 in the
reference (undoped) group. The fabricated pure and doped
specimens were ground into powders with a particle size smaller
than 74 µm. For each group to be carbonated, 10 g of γ-
Ca2SiO4 powder was mixed with 1.5 g water and compacted
into cylindrical tablets, which were put into the carbon dioxide
atmosphere (purity = 99.9%) for 3 days without extra pressure.
We use the degree of carbonation (DOC) of γ-Ca2SiO4 to
indicate the carbonation reactivity of different doping models.
DOC was defined as

DOC =
mreal

mtheo
× 100%

where mtheo and mreal are the theoretically maximal and real
uptake of CO2 respectively. mtheo can be estimated by the
carbonation reaction equation as follows:

Ca2SiO4 + 2CO2
H2O
→ 2CaCO3 + SiO2(gel)

The details about the materials preparation and testing
procedures can be attained by consulting our previous study (Mu
et al., 2018, 2019).

RESULTS AND DISCUSSION

Electronic Structures of Pristine
γ-Ca2SiO4
To understand the effects of doped ions on the carbonation
reactivity of γ-Ca2SiO4, we first need to uncover the relationship
between the electronic structures of the pure γ-Ca2SiO4 phase
and its carbonation reactivity. Previous studies indicate that the
carbonation reaction of γ-Ca2SiO4 requires water and involves
the dissolution and migration of Ca ions from the crystal.
Hence, mapping the reactive sites in the γ-Ca2SiO4 crystal and
measuring the strength of the chemical bonds are essential for
the analysis of carbonation reactivity. We calculated the energy
band edge structures and bonding structures of γ-Ca2SiO4 as
illustrated in Figures 2, 3. Figure 2A is the partial density of
states (PDOS) and the total density of states (TDOS) of γ-
Ca2SiO4. The dashed line locates the highest occupied molecule
orbital of the system (known as the valence band maximum
or VBM), which is also set as the position of relative Fermi
level. The closest TDOS peak above the Fermi level implies the
lowest unoccupied molecule orbital of the system (known as
the conduction band minimum or CBM) (Parr and Yang, 1984;
Chattaraj, 2009). The VBM and CBM are separated by a large
energy band gap (about 4.2 eV) because the pure γ-Ca2SiO4
crystal is a typical insulator. The VBM is the most vulnerable part
of the system to lose electrons. Therefore, those species whose
atomic energy level contributes to the VBM are the areas in
the system that are most vulnerable to an electrophilic attack,
i.e., electrophilic reactive sites. Correspondingly, the CBM is the
most vulnerable part of the system to accept electrons, pointing

FIGURE 3 | Bond order-bond length distribution of Si-O bonds (A) and Ca-O
bonds (B) of the pure γ-Ca2SiO4 crystal. The coordination structures of the Si
atom and Ca ion are illustrated in plots (A) and (B) respectively.

to the nucleophilic reactive sites of the system (Manzano et al.,
2009; Wang et al., 2015). Figures 2B,C visualize the local charge
density (LCD) distributions of pure γ-Ca2SiO4 at the VBM and
CBM, respectively. The blue translucent electron clouds indicate
the electrophilic and nucleophilic reactive sites of the system,
respectively. The electrophilic reactive sites are almost entirely on
O atoms, which is consistent with the result of the PDOS (left
inset of Figure 2A) as the VBM is predominantly contributed
by the O 2p state. In contrast, the nucleophilic reactive sites are
the regions surrounded by Ca ions, which is also understandable
because the CBM is mainly contributed by the 4s and 3d states of
Ca atoms (right inset of Figure 2A).

The local charge density distribution of the energy band
edges (VBM and CBM) qualitatively visualized the reactive sites
of the pure γ-Ca2SiO4 crystal, while the binding strength of
ions in the system can be quantitatively estimated by the bond
length (BL)–bond order (BO) analysis (Figure 3). The BO is
obtained by calculating the degree of overlap of the electron
cloud between two bonding atoms, which directly reflects the
strength of the bond: the larger the BO, the stronger the bond
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(Dharmawardhana et al., 2013; Tao et al., 2018b). Therefore, the
BO quantifies the difficulty of extracting ions from the crystal,
which is related to the carbonation reactivity. It should be noted
that there are a variety of methods of calculating the BO, and
the Mulliken scheme (Mulliken, 1955) is adopted here. Although
the absolute values of the BO calculated by different methods
are different, it is reasonable to compare the relative magnitude
of the BO calculated from the same system with the uniform
method. The BL also indirectly maps the strength of chemical
bonds, that is, the larger the bond length, the weaker the bond.
Compared to the correlation of the BO and bond strength, the
BL and bond strength are not strictly correlated. As shown in
Figure 3A, the Si–O bonds in [SiO4] tetrahedra are almost equal
in length (around 1.66 Å), while their BO is clearly distinguished.
The BL of Ca–O bonds varies widely from 2.31 to 2.48 Å,
whereas their BO is around 0.12 (Figure 3B). Therefore, the
BO is an effective indicator for measuring the binding strength
of ions in a crystal, suggesting the difficulty of dissolving them
from the crystal.

Reactivity Modification by Doping
Having revealed the correlation between the carbonation
reactivity of pure γ-Ca2SiO4 and its electronic structures,

we now can evaluate the doping effect on the carbonation
reactivity by monitoring the changes in the electronic structures
of the doped γ-Ca2SiO4. Figures 4, 5 depict the changes
of LCD distribution of the VBM and CBM, indicating the
electrophilic and nucleophilic reactive sites, respectively, as
aforementioned. Compared with the undoped γ-Ca2SiO4 in
Figures 2B,C, the anionic substitution (F, Cl, Br) significantly
changes the electrophilic reactive site distribution (VBM). It
is mainly because the substitution of F, Cl, or Br for O
changes the effective charge of O ions, causing the shift of
the original electrophilic reactive sites from O ions. For the
Fe doping, both the electrophilic and nucleophilic reactive sites
shifted from O ions and the Ca-blocked regions to the vicinity
of Fe impurity. Previous studies have explained that this is
due to the strong delocalization of the Fe 3d electron shell,
almost spanning the Fermi level, which can lose or accept
electrons easily (Tao et al., 2019b). Therefore, Fe ions become
the new electrophilic and nucleophilic reactive center of the
system. The substitution of Mg, Sr, and Ba for Ca causes less
influence on the reactive sites as they come from the same
family, namely the IIA group, sharing a similar valence electron
structure. Compared with the diffuse distribution of reactive
sites in the pure γ-Ca2SiO4, a slight local enhancement of some

FIGURE 4 | The local charge density distribution of the valence band maximum of doped γ-Ca2SiO4 crystals. The green, orange, red, and black spheres are Ca, Si,
O, and dopant atoms, respectively.
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reactive sites (forming reactive center) is conducive to improving
the overall reactivity. However, too strong localization of the
reactive sites results in a significant decrease in the number
of reactive sites, thereby reducing the overall reactivity. The

difficulty lies in how to quantitatively measure the weight of
these two aspects.

As discussed in the analysis of pure γ-Ca2SiO4, the BO can
map the potential reactivity of ions from the perspective of their

FIGURE 5 | The local charge density distribution of the conduction band minimum of doped γ-Ca2SiO4 crystals. The green, orange, red, and black spheres are Ca,
Si, O, and dopant atoms, respectively.

FIGURE 6 | Total bond order density of the doped γ-Ca2SiO4 crystals relative to the pure γ-Ca2SiO4.

Frontiers in Materials | www.frontiersin.org 6 September 2020 | Volume 7 | Article 29965

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles


fmats-07-00299 September 6, 2020 Time: 20:46 # 7

Tao et al. γ-Ca2SiO4 Carbonation Activation

binding strength in the system, which is an easy method to
quantify. Therefore, we calculated the BO of Si–O and Ca–O
bonds for different doping models and used the changes in the
total bond order density (TBOD) to evaluate the doping effect
(Dharmawardhana et al., 2016):

TBOD =
N∑
i

B(i)/V

where N is the number of bonds in the model and B(i) is the
bond order of the ith bond. V is the crystal volume. Figure 6
shows the changes in the TBOD for different doped systems
compared to the pure γ-Ca2SiO4. The TBOD of pure γ-Ca2SiO4
as a reference (set to unity) is marked in red in the figure. The
tabulated data of the TBOD can be found in Supplementary
Material S2. It should be noted that for the Al and Fe doping,
the TBOD is an average of the two substitution schemes, that
is, an arithmetic average of the TBOD of Ca site and Si site
substitutions. The TBOD comprehensively considers the doping
effect on Si–O and Ca–O bonds and the crystal volume. The
smaller the TBOD, the weaker the overall binding strength of
the system, and the more likely the crystal is to decompose by
ion attacks, implying the potentially high carbonation reactivity.
In this regard, it can be observed that some ion doping (Ba,
P, F, Cl, Br) is conducive to improving the reactivity of γ-
Ca2SiO4, whereas some ions (Mg, Al, Fe, Zn) induce the
opposite effect, and the rest (Sr) causes negligible influence. The
theoretical reasoning is tested by experiments discussed in the
following section.

Experimental Verification
In order to verify the theoretical prediction of the doping
effect based on the TBOD analysis, we experimentally tested
the carbonation reactivity of different ion-doped systems. Due
to the limitation of experimental conditions, here we only
conducted tests for some representative ions: Mg, Al, Ba, P, and
F. Figure 7 compares the carbonation degree of γ-Ca2SiO4 with
five different ion-doping schemes. Comparing Figure 7 with
Figure 6, our theoretical predictions are generally consistent with
the experimental results. The theoretically predicted reactivity
promoting ions Ba, P, and F indeed accelerated the γ-Ca2SiO4
carbonation, and the predicted reactivity inhibiting ions Mg
and Al retarded the carbonation reaction. Moreover, Mu
et al. (2018) studied in detail the Ba doping effect on the
carbonation reactivity of γ-Ca2SiO4. They found that Ba doping
significantly increased the carbonation degree of γ-Ca2SiO4.
Although Mu and colleagues speculated from the macroscopic
point of view that Ba doping modifies the surface structure,
which improves carbon dioxide penetration, our calculations
provide a different perspective from the electronic structure
modification: Ba doping reduces the overall binding strength
of γ-Ca2SiO4 crystal, making ions easier to dissolve and
participate in the carbonation reaction. Therefore, based on
our and previous experimental verifications, the theoretical
method we proposed is effective to give qualitatively reliable
results, which expedites exploring the activation methods of
γ-Ca2SiO4 carbonation.

FIGURE 7 | Carbonation degree of γ-Ca2SiO4 specimens in 3 days under
normal pressure with different doping schemes.

CONCLUSION

In this paper, the potential relationship between the carbonation
reactivity of γ-Ca2SiO4 and its electronic structures is
investigated by the first-principles calculations. By monitoring
the changes in the electronic structures of γ-Ca2SiO4 by different
doping schemes, the candidates for reactivity promotion are
screened out and validated by experiments. If the carbonation
reaction of γ-Ca2SiO4 is regarded as a typical ion attack reaction,
the electrophilic reactive sites of γ-Ca2SiO4 are the O ions
while the nucleophilic reactive sites are the Ca-blocked regions.
Anionic doping strikingly changes the electrophilic reactive sites,
whereas the ionic substitutions that happened within the same
main group scarcely modify the reactive site distribution. Doping
also changes the binding strength of ions in γ-Ca2SiO4 crystals,
which affects the dissolution rate of ions in the carbonation
reactions. For this reason, the total bond order density was
proposed as an indicator to estimate the changes in binding
strength to further predict the effect of different ion doping on
the γ-Ca2SiO4 carbonation reactivity. This theoretical study
provides novel perspectives of the carbonation reactivity of
γ-Ca2SiO4 and accelerates the experimental modification of
γ-Ca2SiO4.
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In the marine environment, reinforced concrete will suffer from chloride ion erosion and

sulfate ion erosion at the same time. However, most scholars only study the interaction

mechanism between chloride ion and sulfate ion, and the consideration of physical

adsorption and chemical combination caused by hydration products is not perfect.

Based on the law of conservation of mass, this study integrates the relationship between

porosity and hydration time, the weakening of chemical binding of sulfate ions to chloride

ions into the mathematical model, establishes the coupling transport model of sulfate and

chloride, and verifies the rationality of the model by comparing with the measured data.

And then, the physical adsorption and chemical binding of chloride ions under the action

of sulfate ions were quantitatively analyzed. It is found that chemical binding is dominant

and sulfate ion will reduce the chemical binding effect of chloride ion. With the decrease

of the initial water/cement ratio, the diffusion depth of free chloride ion will also decrease.

Keywords: chemical binding, physical adsorption, coupled transport, free chloride ion, mathematical model

INTRODUCTION

The concrete structure is widely used admittedly in Ocean Engineering, for example, subsea tunnel
engineering which tests the durability extremely. Concrete is buried under the seafloor for a long
time to withstand the erosion of sea salt, which will not only cause damage to the concrete structure
but also affect the normal service life of the building (Banthia et al., 2005; Choinska et al., 2007;
Ghazy and Bassuoni, 2017;Montoya andNagel, 2020;Wang et al., 2020a; Xu et al., 2020; Zhou et al.,
2020). In the marine environment, the porous nature of concrete determines that it will inevitably
be eroded by sea salt. This kind of erosion can be divided into two types, one is the diffusion of
ions, the other is the combination of ions (Song et al., 2008; Medeiros et al., 2009). As we all know,
there are many reasons for the damage of reinforced concrete structure, such as corrosion and
expansion of reinforcement, resulting in concrete cracking and damage (Sofia and Alexandre, 2018;
Wang et al., 2020b), loss of setting the strength of the concrete itself (Neville, 2004), mechanical
wear of concrete structure surface (Fiorio, 2005), etc. In the marine environment, corrosion of
reinforcement is mainly caused by the diffusion of chloride ions, while the loss of concrete strength
is mainly caused by the chemical reaction of sulfate ions.
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At present, many scholars have discussed the combination of
chloride ions in concrete. Dhir et al. (1996) reported the results
of the determination of the chloride binding capacity of Ground
Granulated Blast-furnace Slag (GGBS) slurry. It was found that
the higher the concentration of aluminate, the stronger the
chloride binding capacity. Zhu et al. (2012) through exploring
the influence of different types of chloride salts on the binding
capacity of chloride ions in concrete, found that the binding
capacity of chloride ions corresponding to calcium chloride is the
strongest, while that of sodium chloride and potassium chloride
is the weakest. Arya and Xu (1995) studied the influence of
different types of cement on the chloride binding capacity. The
chloride binding capacity was successively enhanced, and the
order was GGBS, Pulverized Fuel Ash (PFA), and Ordinary
Portland Cement (OPC). It is observed that although GGBS has
the strongest chloride binding capacity, OPC concrete has the
strongest corrosion resistance. Tang and Nilsson (1993) studied
the sorption of chloride ions on OPC concrete under different
water/cement ratio and aggregate content. The results showed
that the sorption capacity of chlorine ion was closely related to
the content of CSH gel, but had nothing to do with water/cement
ratio and aggregate content. Geiker et al. (2007) studied the
prediction and analysis of chloride binding capacity in OPC
concrete by different salt types. The results showed that the ratio
of chloride binding capacity to free chloride content in pore
solution was the largest when AFm content was high. Jensen et al.
(1999) tested the influence of different components of cement
paste and mortar, as well as the different exposure conditions
on the self-entry of chloride into the concrete. It was found
that the combination of chloride ions changed the shape of
the entrance profile of the model. Martin-Pérez et al. (2000)
discussed the influence of three kinds of bind isothermal curves
on the chloride ion permeability profile with a finite difference
method and evaluated the service life of reinforced concrete in
this way. Yoon et al. (2014) proposed the use of calcined layered
double hydroxides to prevent chloride induction, which greatly
improved the durability of reinforced concrete, not only adsorbed
the memory effect in aqueous solution but also had a higher
binding capacity than the original layered double hydroxides
in cement-based materials. The effect of fly ash and slag on
the binding capacity of chloride ion in the sulfate environment
(Castellote et al., 1999; Xu et al., 2013; Geng et al., 2015). The
results show that the addition of fly ash and slag increases the
release of chloride ions.

Through the reading of the above literature, it is found that
most of the researchers only study and discuss the diffusion law
of combined chloride ion and free chloride ion under the action
of a single factor. However, it is still shallow to discuss and
study the combined chloride ion under the action of multi-factor
and multi mechanism, which is divided into physically adsorbed
chloride ion and chemically combined chloride ion. In this study,
a multi-factor coupled chloride diffusion model is proposed.
It will take into account the reduction of chloride binding to
chloride ions, the adsorption, and chemical action of hydrated
calcium silicate gel, and the quantitative analysis of free chlorine
ions, physisorption chlorine ions, and chemically bound chloride
ions through the PDE module of the finite element analysis

software COMSOL. In this model, the diffusion coefficient of free
chloride ion in a porous solution is established by considering
the interaction between ions. Besides, it is assumed that there is
no calcium corrosion under the coupling effect of sulfate and
chloride, that is, the adsorbed free chloride ions do not have
biological understanding adsorption. It is worth noting that even
though the physically adsorbed chloride ions cannot be moved,
they still carry electric charges.

MODELING

The time-depth relationship model of porous Fick law is adopted
for chloride diffusion in concrete (Valdes-Parada et al., 2007):

εtot
∂Ccl

∂t
+ divJcl = 0 (1)

where εtot is the total porosity of concrete (m3/m3);Ccl is the total
chloride ion concentration (%); t is the erosion time (s); Jcl is the
material flux of the corresponding component (m/s).

Hirao et al. (2005) have studied that the cement hydration
products in concrete have the binding ability to chloride ions,
which are mainly calcium silicate hydrate (CSH) and calcium
monosulfate hydrate (AFm). Among them, CSH is mainly
physical adsorption, while AFm is mainly chemical binding
(Florea and Brouwers, 2012). In this model, Equation (2-a)
transformation is still carried out according to the law of
conservation of mass. The difference is that only the chemical
binding term of chloride ions is modeled as a sink term.
The reason is that as long as there is calcium aluminate,
the chemisorption of chloride ions in the combination will
react with it. In the final analysis, it is only related to the
concentration of reactants. Therefore, when considering the
chloride ion transport of chemisorption, we use the form of
sink term to model separately, see Equation (2-b). Add the
part of chloride ions physically adsorbed to the first item of
Equation (1). Component Ccl is divided into two parts, one is
free chloride ion concentration, the other is physical adsorption
chloride ion concentration.

εtot
∂(Cpa + Cf )

∂t
+ divJcl + Q(Ccb) = 0 (2-a)

Q(Ccb) =
∂Ccb

∂t
(2-b)

Ccb = f (Cf ) (2-c)

Ccb = βCα
f (2-d)

CT = Cpa + Ccb + Cf (2-e)

where Ccb is the concentration of chemically bound chloride
ions (%); Cpa is the concentration of chloride ions adsorbed in
the double layer region (Chatterji and Kawamura, 1992), that is,
the concentration of physically adsorbed chloride ion (%); Cf is
the concentration of free chloride ion in pore solution (%);Q(Ccb)
is the sink term which is a function of chemically bound chloride
ions (1/s); CT is the concentration sum of free chloride ion,
chemically bound chloride ion, and physically adsorbed chloride
ion at the depth z from the erosion surface (%).
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Hirao et al. (2005) through the study of the adsorption and
combination of chloride ions by cement hydration products,
found that ettringite, and calcium hydroxide does not have the
ability of physical adsorption of chloride ions. However, through
the comparison between the final model and the measured data,
it is found that there may be a weak chemical combination. It
can be seen from Carrara et al. (2016) that the concentration of
chemically bound chloride ion is a function of the concentration
of free chloride ion, using Carrara et al. (2016) research model
(β = 0.4366, α = 0.58), see Equation (2-d). According to
Ishida and Maekawa (1999), the total porosity of chloride in
concrete is divided into two categories, one is gel porosity and
the other is capillary porosity, see Equation (3-a). Considering
that the porosity of concrete is related to the degree of hydration
of cement, Masi et al. (1997) established a functional relationship
between the degree of hydration α and the time of hydration t
by studying the hydration process from calcium aluminate to the
hydration product. See Equation (3-b) for the specific expression.

εtot = εgl + εcp (3-a)

α = 1− 0.5
[

(1+ 1.67τ )−0.6
+ (1+ 0.29τ )−0.48

]

(3-b)

where εgl is the gel porosity (m
3/m3); εcp is the capillary porosity

(m3/m3); α is the degree of hydration of cementitious materials;
τ is the time consumed in the hydration process(day).

Hansen (1986) has derived the formula for calculating the
porosity and capillary porosity of the gel through the formula
derived from the experimental data of (Powers and Brownyards,
1948).

εgl =
(w0
c )− 0.36α

(w0
c )+ 0.32

(4-a)

εcp =
0.19α

(w0
c )+ 0.32

(4-b)

where w0
c is the initial water/cement ratio in the form of mass

fraction (kg/kg).
The results show that the presence of Jin et al. (2019) sulfate

ions will reduce the chemical binding capacity of chloride ions,
and Equation (5-a) is used for calculation when the relationship
between combined chloride and free chloride is non-linear.
Because sulfate ion reacts mainly with calcium hydroxide and
aluminate hydrate in concrete (Sun et al., 2013), it has little effect
on the physical adsorption of chloride ion. In this study, the
chemical binding weakening model of chloride ions under the

influence of sulfate ions established by Jin et al. (2019) is used, see
Equation (5-d). The specific derivation process is as follows.

R0 =
∂Cb

∂Cf
(5-a)

Cb = Ccb + Cpa (5-b)

Cpa =
KCf

1+NCf
(5-c)

R =
∂Cb

∂Cf
(a+ bCc

SO2−
4
) (5-d)

Ccb,SO2−
4

= RCf − Cpa (5-e)

Q
(

Ccb,SO2−
4

)

=
∂Ccb,SO2−

4

∂t
(5-f)

where R0 is the ability of chloride binding without the influence
of sulfate ion; Cb is the total bound chloride concentration at
depth z (%); and are fitting parameters (Carrara et al., 2016)
(K = 0.1228, N = 0.0747); R is the chloride binding capacity
under the influence of sulfate ion; Ccb,SO2−

4
is the chemical

binding content of chloride ion under the action of sulfate ion;

Q
(

Ccb,SO2−
4

)

is the sink term produced by the action of sulfate

ion (1/s); a, b, and c are fitting parameters (Jin et al., 2019),
respectively (a = 1, b = −0.011, c = 1.31); CSO2−

4
is the free

sulfate ion concentration (%).
In saturated concrete, ions are mainly transmitted to the

medium in the form of diffusion. However, not all ions are
presented in dynamic form. Static ions can be divided into two
categories: one is physically adsorbed ions, the other is chemically
combined ions. As mentioned above, although the physically
adsorbed ions in static ions still carry charges, they cannot move.
As we all know, only the free ions can conduct electricity. In this
model, Einstein’s law is used to establish the diffusion coefficient
of free chloride ion in pore solution, see Equation (6).

Df = RgT
3cl−

z2
cl−

F2
(6)

where Df is the diffusion coefficient of chloride ion in the pore
solution (m2/s); Rg is the universal gas constant (J/K·mol); T
is the ambient temperature (K); 3cl− is the molar conductivity
of free chloride ion in porous solution (Sm2/mol); zcl− is the
chloride ion valence (= −1); F is the Faraday constant (c/mol).

As we all know, the conductivity of mobile ion in solution
is closely related to its concentration. In 1929 Onsager deduced
the theoretical model of conductivity and concentration through
the concept of the ion-atmosphere. However, this model is only
applicable to dilute solution with ion concentration C ≤ 0.005
mol/l, not to the solution with higher concentration. Chandra
and Bagchi (1989) modified the Onsager model and proposed an
ion conductivity that can calculate the ion concentration up to
2,000 mmol/L, see Equation (7).

3cl− = 3∞
cl− −

(

Gz2cl− +Hz3cl−wcl−3∞
cl−

)

√

Cf (7)

Frontiers in Materials | www.frontiersin.org 3 September 2020 | Volume 7 | Article 53651771

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Xu et al. Transport of Sulfate and Chloride

TABLE 1 | Parameter value in calculation formula of conductivity and free chloride ion diffusion coefficient.

Rg T ε0 εr e F η

(J/K•mol) (K) (c2/J •m) (c) (c/mol)

8.31451 298 8.85 × 10−12 78.54 1.602 × 10−19 9.64853 × 104 0.000891

TABLE 2 | Parameter value of ions in pore solution (Chatterji and Kawamura,

1992).

Ionic species Valence Conductivity Ionic radius

Cl− −1 7.635 × 10−3 1.81 × 10−10

SO2−
4 −2 8.000 × 10−3 2.58 × 10−10

Ca2+ +2 5.950 × 10−3 0.99 × 10−10

Na+ +1 5.010 × 10−3 0.95 × 10−10

OH− −1 1.992 × 10−2 1.33 × 10−10

where 3∞
cl−

is the limit molar conductivity of free chloride ion in
infinite dilution solution when the ambient temperature is 25◦C,
the corresponding 3∞

cl−
is 7.635 × 10−3[Sm2/mol]; G and H are

parameters related to temperature, ion type, and medium; wcl− is
the influence coefficient considering ion activity.

Here, G, H, and wcl− are calculated by Equations (8-a) to
(8-c), respectively.

G =

√
2πeF2

3πη
√
1000ε0εrRT

(8-a)

H =

√
2πeF2

3
√
1000 (ε0εrRT)

3
2

(8-b)

wcl− = 2



1−

(

1

2

n
∑

i=1

3∞
cl−

3∞
cl−

+ 3∞
i

)
1
2



 (8-c)

where e is the elementary charge (c); ε0 is the vacuum dielectric
constant (c2/J·m); εr is the relative permittivity of water;
3∞

i is the limit molar conductivity of all ions in the pore
solution (Sm2/mol); n is the total number of ions; η is the
viscosity coefficient of medium water (see Table 1 for specific
parameter values). The conductivity and ionic radius values are
given in Table 2.

It is not only the interaction between ions but also the
tortuosity of aggregate and pore structure that affects the
diffusion of free chloride. Therefore, it is necessary to introduce
tortuosity to correct the diffusion coefficient in the flux (see
Equation 9).

Jcl = −
(εcp + εgl)Df

�
∇Cf (9)

where � is the tortuosity of ion transport in porous media
(� = 192), the calculation of tortuosity is based on the method
used by Ahmad et al. (2005). The tortuosity and porosity are
both inherent properties of materials, but the former reflects
the complexity of the transport path, which further affects the

FIGURE 1 | Tortuosity of concrete solid phase.

ion transport. Specifically, the larger the tortuosity is, the more
difficult the transport is, and vice versa (see Figure 1).

By substituting Equations (2-a), (2-b), (3-a), and (9) into
Equation (1), the following free chloride transport model can
be obtained.

[

(εtot − 1)
dCpa

dCf
+ εtot

+
∂Cb

∂Cf
(a+ bCc

SO2−
4
)

]

∂Cf

∂t
= ∇

(

εtot
Df

�
∇Cf

)

(10)

Equation (10) with the help of the COMSOL finite element
analysis software, a one-dimensional solution of the two-
dimensional geometric model is carried out for the model.
The specific operation details are as follows. First, two-
dimensional graphics (such as squares) are created in the
geometry module. Here, it is emphasized that the creation of
two-dimensional/three-dimensional graphics is only for a better
presentation of the solution results. From the perspective of
diffusion, Equation (10) is essentially one-dimensional. In this
paper, the interface of partial differential equation in the form of
a coefficient is selected for the transient solution. See Figure 2,
578 domain elements, and 60 boundary elements, that is, the
number of triangles or quadrilaterals in 2D geometry. Among
them, boundary elements are the number of triangles included
in the boundary. For the mathematical model with complex
boundary conditions, it needs to be rezoning. In this model, the
boundary conditions are set as fixed values, so no modification
is needed. It is worth noting that the fitting parameters involved
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FIGURE 2 | Physical field control grid.

in this paper are all derived from the results of reference
concrete (without any mineral admixture). If we want to simulate
the concrete with mineral admixture, the retest is needed to
determine the parameters.

NUMERICAL VERIFICATION

Based on the test data of Sandberg (1999) by Equation (10), the
OPC concrete slab with a length of 100 cm, a width of 70 cm, and
a thickness of 10 cm was immersed in seawater for 14 months in
the literature. Here, the way of immersion is to use half of the
immersion and half of the exposure in the thickness direction.
Notice that this model only validates the submerged part of
the test block. The specific mix proportion is 390 kg/m3 dry
weight cement, 0.5 water/cement ratio, 0–8mm grain size sand,
its density is 853 kg/m3, 8–16mm gravel aggregate, which is
787 kg/m3. Through the comparison between the model and the
measured data and error analysis, it is found that the calculation
results are in good agreement with the experimental data. In the
model, the surface concentration of free chloride ion is 1.05%,
and the initial concentration value is 0. Because the concentration
of chloride ion in the marine environment is about 7 times
the concentration of sulfate ion, and assuming that the surface
ion content of concrete to meet this relationship, the surface
concentration of sulfate ion is 0.15%. As shown in Figure 3, the
curve of free chloride ion concentration in concrete pore solution
with 14 months, w

c = 0.5 in the immersion area with diffusion
depth is depicted. Figure 4 shows the free chloride concentration
(Cf ) Test values, calculated values, and relative error values
at different depths. Here, the relative error is expressed as a
percentage. Through comparison, it is found that the maximum
error is not more than 10%. It can be found from Figure 3 that
the chloride concentration gradient decreases with the increase
of depth.

Based on Equations (10) and (2-e), the test data of Tumidajski
et al. (1995) are verified. In the literature, 50 type cement is

FIGURE 3 | Simulation and test comparison of free chloride ion of concrete

slab exposed to marine environment for 14 months.

FIGURE 4 | Error analysis of calculation value and test value.

used for mix design, which is 370 kg/m3, 1, 107 kg/m3 coarse
aggregate, 148 kg/m3 water, and 738 kg/m3 fine aggregate. The
size of a concrete specimen is 75mm × 75mm × 300mm, and
it is cured in a 100% humidity environment for 28 days. In this
model, the surface concentration of free chloride ion is 1.05%,
the initial concentration value is 0, the surface concentration
of sulfate ion is 0.05%, the initial concentration value is 0,
and see Figure 6 for concentration distribution of free chloride
ions under time and depth. Figure 5 depicts the concentration
distribution curve of concrete beams corroded by chloride ion
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FIGURE 5 | Simulation and test comparison of total chloride ions in concrete

beams exposed for 3, 6, and 12 months.

and sulfate ion in a multi-component solution for 3, 6, and
12 months in a saturated state. It can be seen from Figures 5,
6 that with the increase of time, the internal diffusion depth
of concrete is also increasing and the increasing range is
decreasing. Through the comparison between the numerical
model Equation (2-e) and the measured data, it is found that
the error value of the rest points decreases obviously with the
increase of the diffusion depth, except for the points close to
the erosion surface, which may be caused by the loss of ion
concentration during the measurement. The reason why the
point close to the erosion surface is more consistent with other
points may be due to the measurement time, but on the whole,
the calculated value of the model is in good agreement with
the measured data. This model can well-reflect the trend of
ion concentration.

RESULTS AND DISCUSSION

Effect of Physical Adsorption and
Chemical Binding on Chloride Transport
This section discusses the analysis based on Sandberg’s test data.
Equations (2-d) and (5-c), respectively represent the chloride
ion content of chemical binding and physical adsorption at
different concentrations of free chloride ion. Figure 7 shows
the change curve of free chloride ion content with depth in 14
months pore solution of the concrete slab in immersion area, the
distribution curve of chloride ion concentration in pore solution
considering adsorption effect, and the curve of total chloride ion
in chemical combination.

It can be found from Figure 7 that the content of the
chemical binding part is more than 5 times that of the physical
adsorption part, and the effect is more obvious with the increase

FIGURE 6 | Concentration distribution of free chloride ions under time and

depth.

FIGURE 7 | The free chloride ion calculated by the model includes the

physical adsorption and the total chloride concentration curve.

of diffusion depth. Therefore, it can be found that chemical
binding plays a leading role while physical adsorption and
chemical binding are simultaneously applied to the concrete
interior. However, physical adsorption and chemical binding did
not change the chloride concentration transport trend, and the
three showed the same diffusion law. Figure 8 describes the
curve of chloride concentration with time under the action of
physical adsorption and chemical combination. It can be found
in Figure 8 that compared with physical adsorption, chemical
binding still dominates, and chemical binding takes place faster
than physical adsorption.
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FIGURE 8 | Three forms of concrete interior calculated by model: the free

chloride, the chloride of including the physical adsorption and the total

chloride.

FIGURE 9 | Chemical binding curve of chloride ion: red solid line (sulfate ion is

considered), blue solid line (sulfate ion is not considered).

The Effect of Sulfate Ion on the
Concentration of Chemically Bound
Chloride Ion
Dehwah et al. (2002) studied the effect of cement alkalinity
on chloride corrosion in OPC concrete and Sulfate Resistant
Portland Cement Concrete (SRPC). It was found that the
binding capacity of chloride decreased with the increase of

FIGURE 10 | Concentration of chemically bound chloride ions at different

sulfate ion concentrations.

FIGURE 11 | Free chloride concentration under different initial water-cement

ratio.

sulfate ion concentration in pore solution. Shaheen and Pradhan
(2015), respectively studied the determination of free chloride
ion content in the mixed solution with the same chloride ion
concentration by 3, 6, and 12% sulfate ion. The results showed
that the free chloride ion concentration decreased with the
increase of sulfate ion concentration. In this study, the chemical
binding model established by Hirao et al. (2005), see Equation (2-
d) and based on Paul’s experimental data for quantitative analysis.
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Figure 9 depicts the change curve of the concentration of
chemically bound chloride ions with depth under the action
of chemical binding. It can be seen from Figure 9 that sulfate
ions cause a decrease of chemically bound chloride ions, which
verifies the correctness of the model. It can also be found that
in the depth range of 0–45mm, there is a linear relationship
between the chemically bound chloride ions and the diffusion
depth, which decreases with the increase of the erosion depth.
Figure 10 depicts the relationship between the concentration
of chemically bound chloride ions and the depth of diffusion
under different concentrations of sulfate ions. It can be seen from
Figure 10 that with the increase of sulfate ion concentration, the
concentration of chemically bound chloride ion at the same depth
decreases continuously, and the decreased amplitude increases
with the increase of sulfate ion concentration at the same step
length. When the concentration of sulfate ion reaches more than
1.7%, the curve is segmented, and the decrease of the content of
chemically bound chloride ion in the range of 0–5mm is much
higher than that in the range of 5–50mm. This is consistent with
the conclusion of Dehwah et al. (2002).

Effect of Initial Water/Cement Ratio on
Free Chloride Diffusion
Based on Equation (10), the law of chloride diffusion under
different initial water/cement ratio was studied. As above, Paul
test data is still used as a reference. Figure 11 depicts the
diffusion curve of free chloride ion in concrete under different
water/cement ratios, among which the blue solid line represents
the diffusion curve of free chloride ion eroded for 6 months
in Paul’s literature. It can be seen from Figure 11 that the
diffusion depth of free chloride ion decreases with the decrease of
water/cement ratio, which is 31, 30, 27.5, and 23.3mm in turn. It
can be seen that the decreased amplitude has an increasing trend.

Figure 11 shows that the decrease of the water/cement ratio
does not change the diffusion rule of free chloride ion. It only
reduces the penetration of free chloride ions.

CONCLUSIONS

Through the verification of the mathematical model, it is
shown that the model can be used to predict the diffusion
process of chloride ions into the concrete. After discussing the
coupled transport model of sulfate and chloride, the following
conclusions can be obtained:

• The diffusion of chloride in concrete can be reflected
more truly by separately modeling of chloride binding and
integrating the relationship between porosity and hydration
time into the mathematical model.

• It is found that the chemical binding at different depths is more
than 5 times the content of physical adsorption chloride ions.
However, chemical binding and physical adsorption do not
change the diffusion trend of chloride ions.

• The results show that sulfate ion can reduce the chemical
binding capacity of chloride ion. With the increase of sulfate
ion concentration, the trend is increasingly obvious. When the
concentration of sulfate ion is more than 1.7%, the curve of
the change of the chemical bound chloride ion with the depth
is segmented.

• With the decrease of the initial water/cement ratio, the
diffusion depth of free chloride ion decreased.When the initial
water/cement ratio increases in the same step (H = 0.05),
it can be found that the increasing speed of diffusion depth
slows down.
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GLOSSARY

Ccl Total chloride ion concentration (%)
εtot Total porosity of concrete (m3/m3)
t Erosion time (s)
Jcl Material flux of the corresponding component (m/s per unit area perpendicular to the direction of diffusion)
Ccb Concentration of chemically bound chloride ions (%)
Cpa Concentration of chloride ions adsorbed in the double layer region (%)
Cf Concentration of free chloride ion in pore solution (%)
Q(Ccb) Sink term which is a function of chemically bound chloride ions (1/s)
CT Total chloride ion concentration (%)
εgl Gel porosity (m3/m3)
εcp Capillary porosity (m3/m3)
α Degree of hydration of cementitious materials
τ Time consumed in the hydration process (day)
w0
c Initial water-cement ratio in the form of mass fraction (kg/kg)
R0 Ability of chloride binding without the influence of sulfate ion
Cb Total bound chloride concentration at depth z (%)
R Chloride binding capacity under the influence of sulfate ion
Ccb,SO2−

4
Chemical binding content of chloride ion under the action of sulfate ion (%)

Q
(

Ccb,SO2−
4

)

Sink term produced by the action of sulfate ion (1/s)

CSO2−
4

Free sulfate ion concentration

Df Diffusion coefficient of chloride ion in the pore solution (m2/s)
Rg Universal gas constant (J/K·mol)
T Ambient temperature (K)
3cl− Molar conductivity of free chloride ion in porous solution (Sm2/mol)
zcl− Chloride ion valence (=−1)
F Faraday constant (c/mol)
3∞

cl−
Limit molar conductivity of free chloride ion in infinite dilution solution (Sm2/mol at 25◦C)

wcl− Influence coefficient considering ion activity
e Elementary charge (c)
ε0 Vacuum dielectric constant (c2/J·m)
εr Relative permittivity of water
3∞

i Limit molar conductivity of ions in the pore Solution (Sm2/mol at 25◦C)
n Total number of ions
η Viscosity coefficient of medium water
� Tortuosity of ion transport in porous media
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Numerical Simulation of Water
Transport in Unsaturated Recycled
Aggregate Concrete
Zhaolin Liu1,2, Peng Zhang1*, Jiuwen Bao1 and Yu Hu2

1Center for Durability & Sustainability Studies of Shandong Province, Qingdao University of Technology, Qingdao, China, 2State
Key Laboratory of Hydroscience and Engineering, Tsinghua University, Beijing, China

The old mortar attached to recycled aggregate (RA) is the main reason for the difference in
water movement between RA concrete (RAC) and natural aggregate concrete. In this
study, considering the old and new interfacial transition zones, a five-phase composite
model for describing the water transport and distribution in RAC is established at the
mesoscale. The key parameters describing water unsaturated transport in two types of
mortar, saturated hydraulic conductivity (Ks) and van Genuchten model parameters (α, n),
are obtained through the constant-head permeability test and isothermal adsorption test.
By using the finite element method, the numerical simulations of unsaturated moisture
movement in the homogeneous mortar, natural aggregate concrete, and five-phase RAC
are systematically carried out. The proposed water transport model in the matrix is
validated by comparison with the available experimental findings from the literature.
The results show that the model can well predict unsaturated water transport in
cement-based materials, including RAC. A parameter sensitivity analysis is undertaken
to ascertain the main influencing factors of water transport in RAC. It is concluded that the
RA replacement rate (Rra), the thickness of the old mortar (dm), and the aggregate volume
fraction (Fa) are the primary parameters affecting moisture movement in RAC.

Keywords: mesoscale model, recycled aggregate concrete, Richards’ equation, interfacial transition zone, water
unsaturated transport

INTRODUCTION

With the rapid progress of infrastructure construction, two contradictions have gradually emerged.
One is the imbalance between excessive and unsustainable exploitation of natural resources and the
ever-growing requirements of building materials. Another is that the increasing wastes from
construction and demolition conflicts with inadequate waste disposal methods. This
phenomenon poses a severe threat to the economic development and ecological equilibrium in
many countries and regions all over the world (Oikonomou, 2005; Xiao et al., 2012; Fraj and Idir,
2017; Tam et al., 2018; Lam et al., 2019; Song et al., 2020). Thus, processing the construction waste
into recycled aggregates (RAs) instead of the natural aggregates (NAs) is known as an effective way to
resolve these two contradictions. However, compared with NA concrete (NAC), RA concrete (RAC)
whose applications are limited to low-level civil construction works are rarely used in modern
infrastructure construction due to the inferior performance of RA caused by its complicated
composition.
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As is known to all, there are at least two interface transition
zones (ITZs) in RAC (Tam et al., 2005; Xiao et al., 2013): 1) the
old ITZ between NA and its adhered old cement mortar, which
already exist in RA; and 2) the new ITZ between the RA and new
cement mortar. Compared to traditional concrete, this caused
more defects in mechanical properties and more significant
hidden dangers of durability problems (Bao et al., 2020a;
Wang et al., 2020). Thus far, investigations mainly focused on
the mechanical properties of RAC (Folino and Xargay, 2014; Kim
and Yun, 2014; Velay-Lizancos et al., 2018; Wang and Xiao, 2018;
Munir et al., 2020), yet still limited in durability problems.

Most of the durability degradation mechanisms of cement-
based materials can almost be attributed to the distribution and
migration of moisture which either causes physical damage to
the concrete structure such as freeze-thaw cycles (Zhang et al.,
2017b; Wang et al., 2019; Bao et al., 2020b) (Zhang et al., 2017b;
Bao et al., 2020b) or carries deleterious agents, such as chloride
and sulfate, into the interior of cement-based materials
(Phillipson et al., 2007; Tian et al., 2020; Zhang et al., 2020).
Thus far, there are few experimental methods to study water
transport directly. Neutron radiography is an excellent non-
destructive testing method (Zhang et al., 2017a). However,
inhomogeneous moisture distribution in the thickness
direction caused by the complex structure of RAs will result
in the moisture distribution overlap during the imaging process
and eventually lead to abnormal images. As for other advanced
non-destructive testing techniques such as X-ray computed
tomography and nuclear magnetic resonance, there are also
certain limitations. X-ray computed tomography (Smyl et al.,
2016; Xue et al., 2020) has higher resolution than neutron
imaging and can realize spatial detection of structures
relatively faster, yet limited by the distinction between matrix
and moisture. Nuclear magnetic resonance (Rucker-Gramm and
Beddoe, 2010; Wyrzykowski et al., 2017; McDonald et al., 2020)
is sensitive to hydrogen nucleus, however, it is limited by its
parameters setting (such as the determination of surface
relaxation rate) and imaging resolution. Thus, numerical
methods may be an effective method for moisture distribution
research.

In recent years, some contributions have been made to
improve the mass transfer theory of cement-based materials
by using numerical simulation methods. For example,
considering the coupling effect of moisture and heat, Burkan
Isgor and Razaqpur (2004) developed a macroscopic spatial and
temporal simulation of the carbonation front advancement in
cracked concrete. Based on Voronoi tessellation, Wang et al.
(2016) presented a 2D numerical lattice model of mass transport
in concrete on the mesoscale level to study the migration of
moisture and chloride ions in cracked concrete under the action
of dry and wet cycles. According to the theory of computational
mechanics, Caggiano et al. (2018) conducted mesoscopic
numerical simulation research on water transport of concrete
under capillary action by combining zero-thickness interface and
pipe elements. On the basis of the unsaturated flow theory, Li
et al. (2017, 2018) carried out a numerical simulation study on the
moisture distribution characteristic of ITZ and the crack network.
Zhao K. et al. (2020) carried out study on chloride transport in

cement mortar during drying process which evaluates the
influence of diffusion and convection on chloride transport by
experiments and numerical simulation. Zhao H. et al. (2020)
proposed a coupled hygro-thermo-chemical model, and
accurately predicted the three stage of coupled humidity and
temperature filed via numerical and experimental method.
However, there are still few studies on numerical simulation of
the mass transfer process in RAC, especially lacking the water
unsaturated transport research.

For the purpose of revealing the water migration in a
heterogeneous RAC of multiple phases, this work is aimed
to find the water transport characteristic in RAC and calculate
the distribution of water content at any elapsed time instead of
developing a complicated model for water transport in real
RAC. The model in this paper focused on the mesoscale,
whereby RAC was idealized as a five-phase composite
porous media made up of two kinds of ITZs, two types of
mortars, and NCs. Nonlinear diffusion equations based on
unsaturated flow theory, were used to describe the water
movement, and solved by the finite element method (FEM).
And the model parameters were determined by the
experimental method in this paper.

UNSATURATED FLOW THEORY

In principle, the moisture migration in cement-based materials is
dominated by two mechanisms: permeability and absorption. If
the cement-based materials are thoroughly saturated with water,
Darcy’s law can be used to describe the process of moisture
movement, i.e., permeability. Nevertheless, saturated flow is the
exception, and most building constructions can not serve in a
saturated state so that capillary absorption should be considered
as the primary mechanism of water transport. According to the
work of Swartzendruber (1969) in the field of soil, the extended
Darcy’s law can be used as the governing equation for describing
water unsaturated transport,

u � −K(Θ)∇Ψ (1)

where u is the flow velocity (LT−1); K(Θ) is the unsaturated
hydraulic conductivity which is also known as unsaturated
permeability (LT−1); Ψ is the capillary potential (L); ∇ is the
Gradient tensor operator (L−1). Θ denotes the normalized water
content (–), and it can be written as

Θ � θ − θr
θs − θr

0≤Θ≤ 1 (2)

where θ, denoted the ratio of water volume to sample bulk
volume, is the volumetric water content (–); θr is the residual
water content (i.e., the water content at dry condition, generally 0)
(–) (Lockington et al., 1999), and θs is the saturated water content
(i.e., the water content in the saturated condition) (–).

In fluid mechanics, the law of conservation of mass is
expressed as a Continuity Equation, which is as follows:

zθ

zt
+ ∇u � 0 (3)
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Combining Eq. 1with Eq. 3 leads to the fundamental equation
of unsaturated flow, namely the Richards’ equation

zθ

zt
� ∇K(Θ)∇Ψ (4)

Usually, Richards’ equation can also be expressed in another
two equivalent forms:

(1) Θ based form :
zΘ
zt

− ∇D(Θ)∇Θ � 0

(2) Ψ based form : C(Ψ) zΨ
zt

− ∇ · K(Ψ)∇Ψ � 0

where C(Ψ) � dΘ
dΨ
.

A serious limitation of the Θ-based Richards Equation is that
the materials of interest must be homogeneous. However, RAC is
a kind of multiple-phase composite material which can not be
considered as a homogeneous material. In this way, across the
interfaces between different phases, the distribution of water
content becomes discontinuous. In other words, the Ψ-based
form, which can balance the saturation and the capillary
potential well, is more suitable for this study.

In Eq. 1, the unsaturated hydraulic conductivity K(Θ) can
hardly be obtained experimentally for cementitious materials.
According to soil mechanics theory, it can be well estimated by
the most widely used model, Mualem equation (Mualem, 1976),

K(Θ) � KsΘl[1 − (1 − Θ 1
m)m]2 (5)

where m is the van Genuchten parameter (–), usually
simplified to m � 1/(1− n); l is a constant equal to −0.5

for cementitious materials (–); Ks is the saturated hydraulic
conductivity, also known as permeability (LT−1). The
relationship between saturation Θ and capillary potential Ψ
can be easily established by van Genuchten model (van
Genuchten, 1980),

Θ(Ψ) �
⎧⎪⎪⎨⎪⎪⎩

[ 1
1 + (αΨ)n]

m

Ψ< 0

1 Ψ≥ 0

(6)

with α (L−1) and n as fitting constants and properties of the
material. These parameters can adequately describe the water
retention curve of cement-based materials, so as to express the
unsaturated water transport characteristics of different phase
under capillary suction.

DETERMINATION AND VALIDATION OF
PARAMETERS

In order to solve the governing equation, the first issue is to
determine the parameters (i.e., Ks, α, and n) of different phases.
Since the data for cementitious materials are sparse, to ensure the
accuracy and effectiveness of the simulation results, adsorption
tests, and static pressure penetration tests were conducted in this
work. The process is as shown in Figure 1.

Materials and Specimen Preparation
Ordinary Portland cement 52.5 type and river sand with a
maximum grain size of 5 mm were used to prepare the mortar
specimen. Cube specimens with the side length of 70.7 mm and

FIGURE 1 | Process of specimens’ preparation.
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cylinder specimens with the size of Φ100 mm × 50 mm were
prepared separately. All these specimens were demolded after
24 h and then cured in water at an ambient temperature of 20 ±
2°C. After 7 days, specimens were cut into slices of 5 mm thin and
then soaked in water for 90 days to minimize the negative impact
of hydration on subsequent tests. The mix proportion was
determined, according to the research of Zhang et al. (2017a),
as shown in Table 1.

Isothermal Adsorption Test
The adsorption isotherm is the basis for studying the properties
related to water transport of materials. In order to obtain the van
Genuchten parameters α and n, it is necessary to achieve the time-
dependent adsorption curves. The following experiments were
therefore carried out.

In the beginning, different humidity environments need to be
established. Five inorganic salts were selected to prepare
supersaturated salt solutions namely MgCl2, NaBr, NaCl, KCl,
and K2SO4, by whose theoretical humidity that they can regulate
is 33, 58, 76, 86, and 98%, respectively. Correspondingly, five
humidity chambers with different salt solutions were prepared in
a constant temperature and humidity room [T � 20 ± 2°C and
relative humidity (RH) � 50 ± 2%]. The RH (–) of each chamber
was measured repeatedly by using humidity sensors until it
reached a steady state (the fluctuation in 24 h did not exceed
±1.5%). The actual RH were shown in Table 2.

Secondly, the cured square sheet specimens ofM1 andM2were
dried to a constant weight at 105 C (mass variation in 7 days is less
than 0.01 g), and the dried mass was recorded as md. Six pieces of
M1 and M2 specimens had been placed and numbered in each
humidity chambers, followed by a long-term test. After 3 months,
the specimens were weighed every 7 days until the constant weight
was reached. Each specimen’s mass m at this time was the mass
with the adsorption reached equilibrium. Then these specimens
were soaked into the water again until saturated, and the water-
saturated massms was recorded. By transforming Eq. 2 as follows,

Θ � θ − θr
θs − θr

� m −md

ms −md
(7)

the relationship between Θ and RH can then be successfully
established. According to this relationship, the isothermal
adsorption curves were plotted, as shown in Figure 2A.

The relationship between hydrostatic pressure and RH can be
described by the Kelvin-Laplace equation,

Pw � ρwRT
Mw

ln(RH) (8)

where Pw denotes the hydrostatic pressure (L−1 MT−2), Pw �
ρwgΨ; ρw is the water density, ρw � 1 g/cm3; R denotes the ideal gas
constant, which is 8.3144 J/(mol K); T is the Kelvin temperature,
which is 293.15 K in this paper;Mw denotes the relative molecular
weight of water. Combining Eq. 6 with Eq. 8 leads to the
following equation,

Θ �
⎧⎨⎩ 1
1 + [α RT

Mwg
ln(RH)]n

⎫⎬⎭
1

1−n

Ψ< 0

1 Ψ≥ 0

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (9)

The value of α and n were obtained by fitting Eq. 9, as shown in
Figure 2A.

The isotherm adsorption curves fitted in Figure 2A can be
transformed into water retention curves in Figure 2B by Eq. 6.
The saturation can be easily converted into capillary potential
according to these curves, and the initial condition value and
boundary condition value of the matrix can be determined
quantitatively. It can be manifested from the profiles that when
the capillary potential reaches Ψ � −2.16 × 10−6 mm, the saturation
of M1 and M2 is almost equal to zero (that is, the dry state).

The Static Pressure Penetration Test
In Richards’ equation, the value of saturated hydraulic
conductivity Ks is also an important parameter to define the
properties of the matrix material, which can be obtained by the
static pressure penetration test. The pressure penetration
apparatus shown in Figure 3A is manufactured according to
the research of Ludirdja and Young (1989).

Firstly, each mortar specimen was wrapped with the rubber
ring and sealed at the junction by epoxy resin to prevent water
leakage. And then, the upper chamber, the rubber ring, and the
lower chamber were connected in sequence. The lower chamber
was filled with water until the liquid level in the stainless-steel
pipe reached the top. In the same way, the upper chamber and the
pipette were filled with water carefully to 305 mm. The top of the
stainless-steel pipe was kept horizontal with the upper surface of
the specimen so that the water at the top will penetrate through
the specimen into the lower chamber under the single action of
water pressure and flow out from the stainless-steel pipe. The
volume change of the water in the pipette was recorded every 24 h
as qi (L

3), and then water was filled again to 305 mm height. Due
to the little change of water level within 24 h, the specimens can
be considered to be under the load of a constant head at all times.

TABLE 1 | Mix proportion of cement mortar, kg/m3 (The permission has been
obtained from the copyright holders).

Mix W/C Cement Sand Water

M1 0.6 500 1,350 300
M2 0.4 562 1,350 225

TABLE 2 | Relative humidity of supersaturated salt solution.

MgCl2 (%) NaBr (%) NaCl (%) KCl (%) K2SO4 (%)

Theoretical humidity 33 58 76 86 98
Actual humidity after stabilization 35.1 57.9 71.4 80.4 92.7
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The above procedure was repeated until qi reached a constant
value. The relationship between Q (that is, the accumulated
amount of qi) and observation time t was plotted in
Figure 3B. Ks can be obtained by fitting the following Eq. 10,

Ks � QL
hAt

(10)

where L denotes the thickness of the specimen (L); A denotes the
permeability area (L2), which is the cut surface area of each
specimen; h denotes the water head (L), which is the distance
from the liquid surface at the top of the pipette to each specimen.

Validation of the Models
It is difficult to measure the distribution of moisture in non-
transparent cement-based materials by experimental methods,
and the process of non-destructive testing is also limited.
Therefore, in order to verify the accuracy of the theoretical

model and parameters, the results of the neutron radiography
test carried out by Zhang et al. (2017a) were chosen to compare
with the simulation results in this paper. The specimens used in
the analysis are mortar specimens with a water-cement ratio of
0.6, whose mix proportion is the same as that of M1 in Table 1.
The prepared mortar specimen was cut into thin slices of 100 mm
× 100 mm × 25 mm and sealed with aluminum foil tape around to
prevent moisture intrusion from other boundaries instead of the
bottom surface (Figure 4A). The sealed specimen was placed in a
flume for the capillary water absorption experiment, and the
neutron radiography test was administered in the meantime.

According to the capillary absorption test, the cement mortar
absorption model can be established, as shown in Figure 4B. The
matrix is initially in a dry state and can only contact the water
through the bottom boundary. The remaining boundaries do not
exchange water with the outside environment. Therefore, the
initial condition and boundary condition can be expressed by

FIGURE 2 | (A) Isothermal adsorption curves and (B) water retention curves of M1 and M2.

FIGURE 3 | Static pressure test: (A) penetration apparatus, and (B) curves of cumulative volume of water permeated vs. time for M1 and M2.
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⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ψ|t�0 � Ψ0,m

ΨΓ1 � Ψp,m

zΨ
z{n}

∣∣∣∣∣∣∣Γ2 � f � 0

Ψ ∈ Ω

Ψ ∈ Γ1

Ψ ∈ Γ2

(11)

where Ω is the mortar matrix; Γ1 and Γ2 are the water absorption
boundaries of the mortar specimen and the remaining
boundaries, respectively, Γ1∪Γ2 � Γ; f denotes the flow velocity
through boundary Γ2 (LT−1); Ψ0,m is the capillary potential at
matrix saturation of 0 (L); Ψp,m is the capillary potential at matrix
saturation of 1 (L). The parameters for numerical computation
are listed in Table 3.

The cloud maps of water distribution at different times can be
obtained by employing numerical simulation, and the results are
compared with the experimental results of neutron imaging. By
comparing Figures 4C,D, it can be observed intuitively that the
moisture in the specimen is absorbed upward from the lower
surface of the specimen under the action of the capillary
adsorption force. Due to the inhomogeneity of the mortar
composite, the water front is not completely parallel to the
water absorption surface, and the water distribution at
different coordinates is also slightly different. However, these
differences did not substantially affect the results. The
distribution of water front illustrates that the water transport
is almost one-dimensional parallel to the bottom of the boundary,
and the movement of the water front slows down gradually with
time elapsing. The simulated position of the water front at
different times shows good agreement with the experimental
results.

The marked central area shown in Figures 4C,D is selected for
quantitative analysis to obtain numerical and experimental water
distribution shown in Figure 4E. It can be seen quantitatively that
the water distribution along the y-axis in the simulation results is
roughly the same as that in the test results. The difference between
the simulation results and the test results mainly comes from the

FIGURE 4 | (A) Schematic and (B) model of water absorption test, and the comparison of experimental and numerical results: (C) the neutron images of water
distribution by Zhang et al. (2017a) (The permission has been obtained from the copyright holders), (D) water distribution cloud maps by numerical simulation, and (E)
one-dimensional water distribution profiles by Zhang et al. (2017a) (The permission has been obtained from the copyright holders).

TABLE 3 | Summary of parameters for M1.

Parameters Values

Residual water content θr , – 0
Saturated water content θs, – 0.127
Saturated hydraulic conductivity Ks, mm min−1 2.422 × 10–6

van Genuchten parameter α, 1/m 1.252 × 10–4

van Genuchten parameter n, – 1.752
Capillary potential at dry condition Ψ0,m, m 2.16 × 10–6

Capillary potential at boundary Ψp,m, m 0.05
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following points: a) The mortar model is simplified to a
homogeneous model structure whereby water is uniformly
distributed in the horizontal direction. However, in the
capillary absorption test, due to various factors such as uneven
distribution of sand particles and insufficient hydration, the
results will inevitably be different from the idealized model’s.
Sand and insufficient hydration will cause the lag of unsaturated
water transport. b) In the capillary water absorption test, the
sample needs to be dried by oven. High temperature will damage
the material, enhance the connectivity of the pores, and accelerate
the process of water transport in the matrix. c) The
inhomogeneity of the mortar specimens causes the saturation
water content at each position to be different, so it is inevitable to
underestimate or overestimate the saturation of certain areas after
normalization by the formula. However, the influence of these
errors is very weak and within an acceptable range, thus overall
results show well agreement. This agreement suggests that the
numerical model and substitute parameters correctly describe the
capillary absorption process in the cement mortar matrix, which
provides a guarantee for the accuracy of subsequent studies on
water unsaturated transport in RAC.

TRANSPORT ANALYSIS FOR RECYCLED
AGGREGATE CONCRETE

Mesoscale Recycled Aggregate Concrete
Model
Considering that the polygonal aggregate has a huge amount of
calculation for the simulation and the limited influence on water
transport (Li et al., 2016; Liu et al., 2018), the round aggregates are
used in our study to simplify the calculation. As mentioned
before, the essential difference between RAC and NAC is the
coarse aggregate. Compared to NA, RAC can not be considered as
traditional aggregate-matrix two-phase material structure nor
aggregate-ITZ-matrix three-phase material structure because of
the old mortar attached to old NA. The old ITZ initially existed
between the old aggregate and the old mortar, and new ITZ

gradually forms between the old mortar and the new mortar after
setting. As a consequence, in order to describe the migration of
water in RAC more accurately, the five-phase RAC model
consisting of old aggregate, old mortar paste, old ITZ, new
mortar paste, and new ITZ were established by simplifying the
actual RA into a concentric circle model (Figure 5A).

By means of the Monte Carlo method, in other words,
cyclically putting concentric circles of different sizes into a
square area until it reaches the expected area fraction
(i.e., coarse aggregate volume fraction), the two-dimensional
RAC random aggregate model can be established. This process
was achieved by randomly generating NC aggregate center
coordinates, radius, and adhesive mortar thickness and
running a set of MATLAB codes. The meshed RAC model is
shown in Figure 5B.

Definition of Interface Transition Zones
Phase
According to the description of the smooth plate crack flow
method (Chen et al., 2013; Li et al., 2017), a variant of extended
Darcy’s law was adopted to describe the water flow in ITZ. In this
way, ITZs in the model will have no geometric width, and water
transport in it might be simplified to flow along interior
boundaries between the two different phases. The governing
equation of water transport in the crack is as follows,

⎧⎪⎪⎪⎨⎪⎪⎪⎩
dITZCITZ(Ψ) zΨ

zt
+ ∇T × [dITZ(− K ITZ(Ψ)∇TΨ)] � fa + fo

dITZCITZ(Ψ) zΨ
zt

+ ∇T × [dITZ(− KITZ(Ψ)∇TΨ)] � fo + fn

(12)

where dITZ is the ITZ width, and ∇T denotes the tangential
derivatives of ITZ. fi is the exchange item (i.e., the flow rate)
between ITZ and matrix, the subscript i represents the three
matrix NA(a), old adhesive mortar (o), and newmortar (n). Since
the width of ITZ is far smaller than that of the matrix, the
capillary potential at the two sides of it is identical to Ψ. Therefore
fi can be expressed as follows

FIGURE 5 | Mesoscale structure of recycled aggregate concrete: (A) schematic diagrams and (B) finite element meshes diagrams.
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−Kn
zΨ
z{n}

∣∣∣∣∣∣∣Γon, ITZ � fn Ψ ∈ Γon,ITZ

−Ko
zΨ
z{n}

∣∣∣∣∣∣∣Γon, ITZ � fo Ψ ∈ Γon,ITZ

−Ka
zΨ
z{n}

∣∣∣∣∣∣∣Γan, ITZ � fa Ψ ∈ Γao,ITZ

−Ko
zΨ
z{n}

∣∣∣∣∣∣∣Γao, ITZ � fo Ψ ∈ Γao,ITZ

(13)

where Γj, ITZ is different interfaces. Ki is the hydraulic
conductivity of different matrix.KITZ(Ψ) in Eq. 12 denotes the
unsaturated hydraulic conductivity of ITZ,

KITZ(Ψ) � Ks,ITZΘl[1 − (1 − Θ 1
m)m]2 (14)

where l is a constant equal to −0.5 for cementitious materials (–);
m is the van Genuchten parameter (–), m � 1− 1/n. It is reported
that the value of n is generally between 1 and 2, fluctuating little in
similar materials. In this work, n is assumed as 2 for ITZs.
Ks,ITZ(Ψ) is the saturated hydraulic conductivity of ITZ.
According to the cubic law (Witherspoon et al., 1980; Wang
et al., 2016), the relationship between Ks,ITZ and width can be
expressed as Eq. 15

Ks, ITZ � d3ITZ
12lITZ

ρg
μ

(15)

where μ is the viscous coefficient of water. With these
formulations above, the ITZ domain can be idealized as a
porous and zero-model-thickness interface with higher
hydraulic conductivity in RAC.

Definition of Natural Aggregate and Mortar
Phases
The pore structure determines the mass transfer performance of
cementitious material. Since the pore structure of RC is different
from NC, the water transfer law in RAC is naturally different
from NAC. The migration velocity of water in the matrix can be

regarded as a function of the characteristics of the RAC’s different
phases. In other words, correctly distinguishing and defining the
properties of each phase to represent its pore structure
characteristic in numerical simulation is an essential factor in
ascertaining the water distribution in RAC. In this model, both
the cement mortar phase and the aggregate phase are considered
as the porous material so that the water transport in them follows
the Richards’ Equation (i.e., Eq. 3). Consequently, combining the
previously mentioned theory of water transport in the matrix, the
governing equation of water transport in recycled concrete can be
obtained, which is expressed as follows,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Cn(Ψ) zΨ
zt

− ∇Kn(Ψ)∇Ψ � 0 Ψ ∈ Ωn

Co(Ψ) zΨ
zt

− ∇Ko(Ψ)∇Ψ � 0 Ψ ∈ Ωo

Ca(Ψ) zΨ
zt

− ∇Ka(Ψ)∇Ψ � 0 Ψ ∈ Ωa

dao,ITZC(Ψ) zΨ
zt

+ ∇(dao,ITZKao,ITZ(Ψ)∇Ψ) � 0 Ψ ∈ Γao,ITZ

don,ITZC(Ψ) zΨ
zt

+ ∇(don,ITZKom,ITZ(Ψ)∇Ψ) � 0 Ψ ∈ Γon,ITZ
(16)

And the initial and boundary condition can be expressed as

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ψ|t�0 � Ψ0

ΨΓ1 � Ψp

zΨ
z{n}

∣∣∣∣∣∣∣Γ2 � f � 0

Ψ ∈ Ω

Ψ ∈ Γ1

Ψ ∈ Γ2

(17)

In the Eq. 16, if the governing equation in domain Ωo is replaced
with that in domain Ωn, the unsaturated transport simulation of
NAC can be implemented.

Compared with the new cement mortar matrix, due to various
factors such as crushing and grinding, the micro-cracks of the old
adhesive mortar and the old ITZ increase, and their saturated
water content and permeability also increase accordingly. This
means that the saturated water content θs and hydraulic
conductivity Ks of new mortar are higher than these of old
adhesive mortar. For this purpose, the parameters of M1 and
M2 are used to describe the old adhesive mortar and new mortar
in the model, respectively. Considering the extremely low water
absorption rate, NA can be regarded as an impermeable porous
media. It is found through trial calculation that, when
Ks(NA)/Ks(mortar matrix)≤ 1 × 10− 6, θs(NA)/θs(Matrix)≤
1 × 10− 3, there is hardly water movement in NA. To simplify the
calculation, the Ks and θs are assumed as 1 × 10–20 m/sec and
0.0001 in this work. The parameter settings of RAC are
summarized in Table 4.

Validation of the Recycled Aggregate
Concrete Models
To verify the accuracy of the model, we compared the simulation
results with the capillary water absorption test results of Bao et al.
(2020a) which is shown in Figures 6A,B. It is illustrated that,

TABLE 4 | Summary of material parameters for recycled aggregate concrete.

Parameters Values

Old mortar Saturated water content θs,n, – 0.127
Saturated hydraulic conductivity Ks,n ,mm·min−1 2.422 × 10–6

van Genuchten parameter α, 1/m 1.252 × 10–4

van Genuchten parameter n, – 1.752
New mortar Saturated water content θs,o, – 0.107

Saturated hydraulic conductivity Ks,o , mm·min−1 0.853 × 10–6

van Genuchten parameter α, 1/m 1.029 × 10–4

van Genuchten parameter n, – 1.713
NA Saturated hydraulic conductivity Ks,a , mm·min−1 0.853 × 10–6

Saturated water content θs,a, – 1 × 10–4

Other parameters Capillary potential at dry condition Ψ0, m 2.16 × 10–6

Capillary potential at boundary Ψp, m 0.05
New ITZ width dao,ITZ, μm 20
Old ITZ width don,ITZ, μm 40
van Genuchten parameter of ITZ n,– 2

ITZ, interface transition zone.
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both the macroscopic water absorption and the microscopic
water penetration depth, the simulation results agree well with
experimental results. The differences are mainly due to the
following factors: a) There is a slight difference in water
cement ratio between experiment (W/C � 0.39) and
simulation (W/C � 0.40) which might cause differences in
results; b) There are some uncertainties in practice, such as
the insufficient hydration and the heterogeneity of mortar
matrix, which is difficult to achieve by numerical model; c)
Although a complex RA model has been established, it is still
a simplified form of practical RA. These factors may cause small
changes in the results but will not have a substantial impact on the
conclusions. Hence one can conclude that the RACmodel used in
this study is accurate and reliable.

Modeling Results of Water Uptake in
Recycled Aggregate Concrete and Natural
Aggregate Concrete
Equation 16 was implemented in the commercial finite element
software, COMSOL Multiphysics, the multi-field coupled FEM
simulation program, and the cloud map of water distribution of
NAC and RAC at different times were obtained to describe the 2D
water distribution in RAC and NAC at different times
(Figures 7A,B).

It can be seen that, as t � 30 min, the water front in RAC has
wholly surpassed the marked aggregate, and the water front
behind the aggregate penetrates deeper than it in the mortar
matrix. While the moisture penetrating speed in NAC slows
down, and the water front in the mortar penetrates is deeper.
When t � 60 min, the difference in the penetration depth is
more prominent. The peak of the water front has reached a
depth of about 13 mm in RAC, while barely about 7 mm
in NAC.

Despite considering the influence of ITZ of NAC, the
hindrance effect of NA on water transport is much higher
than the promoting effect of ITZ. By comparing the flow flux

arrow diagram shown in Figures 7C,D, one can see in NAC that
although the flow velocity of ITZ is higher than that of the
ordinary mortar matrix, it is still lower than the moisture
transmission in the narrow and long domain between NAs.
However, in RAC, the flow velocity between RAs is relatively
low, and the main flow velocity is concentrated in the old
adhesive mortar and ITZ area. This phenomenon can be
explained that water only moves in the matrix and single ITZ
on condition that NA is assumed as impermeable, whereby the
real water transport area is equivalent to narrowing. Thus, due to
the limitation of water transport capacity, the vast majority of
water still crowds in the mortar matrix, so that the convex
surface of the water front is formed between the aggregates
(Figure 7E). However, the old mortar and the double ITZs are all
weak areas for RAC. Both of the porosity and hydraulic
conductivity are relatively large. On the one hand, similar to
NAC, the water absorption of RAC is accelerated due to the
existence of ITZ. On the other hand, as moving in ITZ, water also
transfers rapidly into the old mortar whose capillary pressure is
higher than that of the new mortar, which further accelerates the
penetration of water. Because of the higher penetration velocity
in RA, the convex surface of the moisture front is formed behind
RA (Figure 7F).

The relationship between the water penetration depth and the
square root of the time were plotted in Figure 8, which is
approximated to a positive linear correlation. The slope of the
curve corresponds to the velocity of water uptake, which
indicated that the water absorption velocity in RAC is much
larger than the other two materials. As t � 600 min, the
penetration depth of water in RAC even reaches 1.6 times
that in NAC. By comparing NAC and cement mortar, it can
be illustrated that the penetration depth in RAC always slightly
lags behind in cement mortar, which confirms that the hindrance
effect of NA on moisture is stronger than the promoting effect of
single ITZ as mentioned before. However, the error bars of
moisture penetration in NAC shows lower variability, which
indicates that NA and single ITZ have limited effects on water

FIGURE 6 | Comparison of numerical results and the experimental results of Bao et al. (2020a) on (A)water penetration depth and (B) amount of water absorption
(The permission has been obtained from the copyright holders).
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uptake. Instead, this situation is quite different in RAC.
“Convenient access” of RA occupies a dominant position in
water transport, which leads to the increased influence of matrix
heterogeneity, and then causes larger variability of penetration
depth showed in profile. This feature can also be found
intuitively in the cloud map in Figures 7A,B, as t � 480 min.

PARAMETER SENSITIVITY

The previous content illustrates the critical role RA plays in
unsaturated absorption of RAC. Therefore, it is necessary to
conduct a more detailed study on the impact of aggregate. For
this purpose, parameter sensitivity analyses on RA replacement

FIGURE 7 | Comparison of numerical simulation results between recycled aggregate concrete (RAC) and natural aggregate concrete (NAC): cloud maps of water
distribution in (A) RAC and (B)NAC, the arrow diagram of flow flux in (C) RAC and (D)NAC, and the schematic of water movement characteristic between aggregates in
(E) RAC and (F) NAC.
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rate (Rra), the thickness of old mortar (dm) and the RA volume
fraction (Fa) were implemented.

Effect of Recycled Aggregate Replacement
Rate on Water Absorption
Rra refers to the volume ratio of RA to all aggregates, which is
assumed to be the area ratio in 2D condition. To investigate its
influence on the water absorption of RAC, five Rra of 0, 25, 50, 75,
and 100% were used, and then a random aggregate model was
generated.

As shown in Figure 9A, it can be learned that with the Rra

increases, the penetration depth of the water front advances
slightly. By observing the marked red area, the difference in
water distribution can be distinguished. Figure 9B shows the
water penetration depth against the different square root of t, with
the given values of Rra. One can see that with the increase of R,
water uptake is gradually accelerated, and the depth of water
penetration also obviously increases. The reason for this
phenomenon is mainly that the appearance of old adhesion
mortar and double ITZs increase the overall capillary potential
macroscopically, thereby enhance the water absorption
performance of concrete. It can be found that water
penetration depth in concrete with Rra of 50% advances nearly
5 mm more than it with Rra of 0%, which is almost equivalent to
1.35 times depth of the latter. It can also be seen that the volatility
of the water front gradually rises with the Rra becoming greater. It
can be attributed that the increase of RA causes greater
heterogeneity of concrete matrix by randomly increasing weak
areas. This phenomenon evidences that it is necessary to reduce
water absorption performance of RA if higher Rra are pursued.

Effect of Thickness of Old Mortar on Water
Absorption
To investigate the influence of old adhesive mortar on water
movement in RAC, without changing the size of the NC, the RAC
model is generated. Figure 10A indicates that with the increase of
dm, wet front reaches much deeper. The quantitative depth of
water penetration over time can be learned in Figure 10B. In the
beginning, it indicates no significant difference. However, the
influence of dm becomes noticeable over time. The reason might
be that the increase of dm directly leads to the increase of
volumetric ratio of old mortar to NA, which increases the
overall porosity of RA and accelerates water movement. It is

FIGURE 8 | The profiles of water penetration depth in recycled
aggregate concrete (RAC), natural aggregate concrete (NAC), and cement
mortar at different time.

FIGURE 9 | (A) 2D cloud diagram and (B) profiles of moisture distribution with different Rra (Fa � 50%).
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worth to mention that radius of NA is reduced to keep Fa
unchanged. This means that when dm increases, it not only
promotes moisture absorption, but also reduces the blocking
effect of the aggregate on the moisture. Therefore, in order to
improve the durability of RAC, it is necessary to minimize dm as
much as possible.

Effect of Recycled Aggregate Volume
Fraction on Water Absorption
Fa refers to the volume ratio of RA to the concrete matrix, which
is assumed to area ratio in the 2D model. The presence of

adhesive mortar and ITZ plays a certain role in promoting
water transport, and that of NA plays a certain role in
inhibiting water transport. When the Fa changes, the volume
fraction of adhesive mortar and old aggregate has also changed
accordingly. To investigate the influence of Fa, a RA model with
dm of 1.5 mm and particle size of 5–20 mm is generated.

The cloud map in Figure 11A shows that the change in Fa
causes the difference in moisture distribution. However, this
change seems to be reflected only in the difference of water
front tortuosity instead of the depth. The water penetration depth
of different Fa plotted against the square root of time is shown in

FIGURE 10 | (A) 2D cloud diagram and (B) profiles of moisture distribution with different dm (Fa � 50%).

FIGURE 11 | (A) 2D cloud diagram and (B) profiles of moisture distribution with different Fa.
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Figure 11B The profiles show that the slope slightly increases
with the growth of volume fraction, which signifies that the
velocity of water absorption increases. In Validation of the
RAC Models, it has been reported that the hindrance effect of
NA in NAC is the reason for the lower water absorption velocity
than in cement mortar. In this section, one can see when Fa is
relatively low, there is no RA in lower area of the concrete model,
which makes the early moisture absorption only proceed in the
mortar matrix and caused a lower velocity of moisture absorption
during the first 60 min. This result indicates that the promoting
effect of the old mortar exceeds the hindrance effect of NAs.

CONCLUSIONS

In this paper, the influence of aggregates and ITZs on the water
transport performance of concrete are studied by combining the
FEM and unsaturated theory. The numerical simulation
approach is reported to evaluate the unsaturated transport
process in RAC. The following conclusion can be drawn:

• On the basis of the non-homogeneous characteristic of
concrete, the five-phase RAC model consisting of old
aggregate, old adhesive mortar, old ITZ, new mortar, and
new ITZ is established on themesoscopic level. The capillary
absorption equation in unsaturated RAC is reasonably
derived, and the model parameters required in the
equation are determined by the experimental method.
The accuracy of the model and parameters are validated
by comparing experimental data.

• The double ITZs and old mortar in RAC provide a more
convenient channel for moisture movement, which results in
moisture preferentially transporting along the aggregate
instead of the new mortar matrix and causing the
forefront of the wet front always forming behind the RA.
This transmission mode greatly accelerates the capillary

absorption rate of water in the concrete, thereby seriously
threatening the durability of this concrete.

• The parameter sensitivity analysis of recycled concrete is
conducted. It is found that as the thickness of the old
adhesive mortar and the replacement rate of RA increase,
the water absorption velocity in RAC is significantly
accelerated. The moisture uptake velocity increases with
the growth of aggregate volume fraction, but the amplitude
is relatively small, which shows that the hindrance effect of
NA onmoisture is offset by the promotion effect of adhesive
mortar with dual ITZs.
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Optimum Design of High-Strength
Concrete Mix Proportion for Crack
Resistance Using Artificial Neural
Networks and Genetic Algorithm
Li Yue1, Li Hongwen1, Li Yinuo2 and Jin Caiyun3*

1Key Laboratory of Urban Security and Disaster Engineering of Ministry of Education, Beijing Key Laboratory of Earthquake
Engineering and Structural Retrofit, Beijing University of Technology, Beijing, China, 2Materials Engineering CO-OP, McGill
University, Montreal, Canada, 3College of Applied Sciences, Beijing University of Technology, Beijing, China

The fact that high-strength concrete is easily to crack has a significant negative impact on
its durability and strength. This paper gives an optimum design method of high-strength
concrete for improving crack resistance based on orthogonal test artificial neural networks
(ANN) and genetic algorithm. First, orthogonal test is operated to determine the influence of
the concrete mix proportion to the slump, compressive strength, tensile strength, and
elastic modulus, followed by calculating and predicting the concrete performance using
ANN. Based on results from orthogonal test and ANN, a functional relationship among
slump, compressive strength, tensile strength, elastic modulus, and mix proportion has
been built. On this basis, using the widely used shrinkage and creep models, the functional
relationship between the concrete cracking risk coefficient and the mix proportion is
derived, and finally genetic algorithm is used to optimize the concrete mix proportion to
improve its crack resistance. The research results showed that, compared with the control
concrete, the cracking risk coefficient of the optimized concrete was reduced by 25%, and
its crack resistance was significantly improved.

Keywords: optimum design, concrete mix proportion, crack resistance, artificial neural networks, genetic algorithm

INTRODUCTION

The characteristics of high-strength concrete are the low water-binder ratio and the extensive use of
mineral admixtures. Therefore, compared with ordinary concrete, high-strength concrete has the
properties of rapid early hydration, rapid internal temperature rise, rapid reduction of internal humidity,
and large shrinkage, which leads to very prominent early cracking phenomenon (Yun-sheng et al.,
2002). The early cracking of concrete seriously reduces its durability and safety, so it is of great
significance to prevent early cracking of concrete (Bentz et al., 1999; Wittmann, 2002; Liu et al., 2012).

There are many factors that may affect the cracking of concrete, such as its compressive and tensile
strength, elastic modulus, shrinkage, and creep (Zhang et al., 2012; Huang et al., 2020; Li et al., 2020; Xin
et al., 2020). Bruce Menu studied the effect of shrinkage of concrete on cracking. He found that when the
water-to-binder ratio decreases, the shrinkage of concrete increases as well as the risk of cracking (Menu
et al., 2020). Inamullah Khan found that the creep coefficient has a significant impact on the cracking risk
of concrete. The higher the creep coefficient, the lower the cracking risk of concrete (Khan et al., 2019).
Bendimerad et al. (2020) have observed the same phenomenon. The concrete mix proportion determines
its performance (Li et al., 2019). In order to reduce the cracking risk of concrete, it is an effectivemethod to
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directly optimize themix proportion. However, the current methods
to improve the crack resistance of concrete are mainly use of internal
curing and incorporation of fibers (Schroefl et al., 2012; Feng et al.,
2019). The research on the optimization of concrete mix proportion
is urgently needed.

Artificial neural networks (ANN) have already been applied in
the field of concrete research, mainly to predict various properties
of concrete (Yeh, 2007; Far et al., 2009; Mangalathu et al., 2018;
Abellan Garcia et al., 2020). For example, Chithra applied
regression analysis and ANN, respectively, to predict the
compressive strength of concrete mixed with copper slag. The
results show that results predicted by ANN were more accurate
(Chithra et al., 2016). Xu et al. (2019) used ANN to predict the
performance of recycled aggregate concrete under triaxial loads.
Zhou et al. (2020) used ANN to predict the interface bond
strength between fiber and concrete. It has been found that
the prediction results of the ANN had high accuracy and good
application effects. Many studies have shown that it is feasible to
predict the performance of concrete through ANN.

Genetic algorithm (GA) is a parallel random search
optimization that combines the principles of biological
evolution and genetic mechanism. As a kind of biological
modeling algorithm, GA has the advantages of global search,
which consideration of whether the function is continuous,
differentiable and derivable is unnecessary. Therefore, GA has
been put into extensive use in various fields (Shahnewaz et al.,
2016; Chowdhury and Garai, 2017). In the field of concrete, GA is
often used to optimize the mix proportion of concrete.
Considering the cost, strength, workability and carbonation
durability of concrete, Wang (2019) used GA to optimize the
content of fly ash and mineral powder, and obtained satisfactory
results. Lee et al. (2009) applied GA to optimize the mix
proportion of concrete, which reduced the price of unilateral
concrete. Rita et al. (2018) also optimized the concrete mix
proportion by GA to reduce the project cost. However, there
are only few reports on the use of GA to optimize the mix
proportion of concrete in order to improve crack resistance.

This paper optimizes the mix proportion of concrete based on
orthogonal test, ANNandGA to improve its cracking resistance. First,
orthogonal tests are used to determine the effects of concrete
components on slump, compressive strength, tensile strength, and
elastic modulus. Then ANN is used to predict the above properties.
Based on the results of orthogonal test and ANN prediction, the
functional relationship between concrete slump, compressive strength,
tensile strength, and elastic modulus and the mix proportion was
fitted. On this basis, shrinkage and creepmodels are used to derive the
functional relationship between the concrete cracking risk coefficient
and the mix proportion. In the end, GA is used to optimize the
concrete mix ratio to proportion its crack resistance.

MATERIALS AND METHODS

Material
The cement used is PO42.5 Portland cement and its compressive
strength of 28 days is 47.3MPa. The type of fly ash is Class F Class I,
while the water demand ratio is 88%. The slag grade is S95 and its

7 days activity index is 78%. The pozzolanic activity index of silica
fume is 120%. The chemical composition of cement, fly ash, slag, and
silica fume is shown in Table 1. The fine aggregate is made of finely
graded river sand with a fineness modulus of 2.65. The coarse
aggregate is made of continuously graded calcareous gravel with a
particle size of 5–20mm. The type of water reducing agent is
polycarboxylate superplasticizers with a water reduction rate of 33%.

Concrete Mix Proportion
The goal is to prepare concrete with its compressive strength
above 60 MPa. In order to establish a mathematical model
between the performance of concrete and its mix proportion,
six factors affecting the mix proportion have been determined,
expressed as x1–x6: water to binder ratio (x1), sand ratio (x2), the
amount of cement per cubic meter of concrete (x3), the ratio of fly
ash mass to cementitious materials mass (x4), the ratio of slag
mass to cementitious materials mass (x5), and the ratio of silica
fume mass to cementitious materials mass (x6). In order to
effectively analyze the influence of various factors on the
performance of concrete, orthogonal experiments are used.
Since each factor is selected at five levels, a total of 25 sets of
experiments are designed. The concrete mix proportion is shown
in Table 2. The mass of polycarboxylate superplasticizers in all
proportions is 2.4% of the mass of cementitious materials.

TABLE 1 | The chemical components of cementitious materials (wt%).

CaO SiO2 Al2O3 Fe2O3 SO3 MgO Loi

Cement 59.1 24.2 7.6 2.9 2.1 1.9 2.2
Fly ash 3.2 57.2 25.5 7.7 0.5 2.2 3.7
Slag 42.5 38.7 7.5 0.4 0.9 6.9 3.1
Silica fume 0.4 93.4 0.4 0.8 0.5 0.3 4.0

TABLE 2 | Concrete mix proportion.

No x1 (%) x2 (%) x3 (kg/m3) x4 (%) x5 (%) x6 (%)

E1 27 43 240 15 11 4
E2 27 46 270 20 14 5.5
E3 27 49 300 25 17 7
E4 27 52 330 30 20 8.5
E5 27 55 360 35 23 10
E6 29 43 270 25 20 10
E7 29 46 300 30 23 4
E8 29 49 330 35 11 5.5
E9 29 52 360 15 14 7
E10 29 55 240 20 17 8.5
E11 31 43 300 35 14 8.5
E12 31 46 330 15 17 10
E13 31 49 360 20 20 4
E14 31 52 240 25 23 5.5
E15 31 55 270 30 11 7
E16 33 43 330 20 23 7
E17 33 46 360 25 11 8.5
E18 33 49 240 30 14 10
E19 33 52 270 35 17 4
E20 33 55 300 15 20 7
E21 35 43 360 30 17 5.5
E22 35 46 240 35 20 7
E23 35 49 270 15 23 8.5
E24 35 52 300 20 11 10
E25 35 55 330 25 14 4
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Method
Slump, Strength, and Elastic Modulus
The slump is measured in accordance with the test method in
“Standard for test method of performance on ordinary fresh
concrete” (GB/T 50080-2016). Compressive strength, tensile
strength, and modulus of elasticity are determined in
accordance with the test methods in “Standard for test
methods for mechanical properties on ordinary concrete” (GB/
T 50081-2016). The size of the sample used in the compressive
strength test is 100 × 100 × 100 mm. The size of the sample used
in the tensile strength and elastic modulus test is 100 × 100 ×
300 mm. The loading rate of compressive strength test and tensile
strength test is 0.8 MPa/s.

Shrinkage and Creep
The test method of shrinkage and creep refers to the “Standard for
test methods of long-term performance and durability of
ordinary concrete” (GB/T 50082-2009). The size of the sample
for shrinkage test is 100 × 100 × 515 mm. The size of specimen for
creep test is 100 × 100 × 400 mm, while the loading stress is 40%
of its compressive strength. The curing temperature for shrinkage
and creep is 20 ± 2°C, and the relative humidity is 65%. The
drying shrinkage test and creep test were carried out when the
concrete age was 1 day. The creep performance of concrete is
usually expressed in terms of the creep coefficient and its
calculation method is shown in Eq. 1:

φt � (ΔLt − ΔL0
Lb

)/ε0 (1)

where φt is the creep coefficient after loading for t days; ΔLt is the
total deformation after loading for t days; ΔL0 is the initial
deformation during loading; Lb is the measured gauge length.
εt is the same age shrinkage and ε0 is the initial strain during
loading.

Early Cracking Test
A slab cracking frame is used to detect the cracking of concrete, as
shown in Figure 1. The size of the slab cracking frame is 800 ×
600 × 100 mm. The side plates, bolts and are applied to fix the
steel formwork of the cracking frame, as well as the crack inducer
to induce the early concrete cracking caused by shrinkage.

PREDICTION OF CONCRETE PROPERTIES
BY ARTIFICIAL NEURAL NETWORKS

Artificial Neural Networks Calculation
Process
The process of ANN is shown in Figure 2A. First, the system
assigns weights to each group of input data. Then trains according
to the set parameters to calculate the predicted value. After that,
calculate the error between the predicted value and the test value.
If the error meets the requirements, the predicted value is output.
If the error is too large, the system resets weights and re-predict
until the error meets the requirements. The simplest forward
artificial neural network could be divided into three layers: input

layer, hidden layer, and output layer, as shown in Figure 2B. The
role of the input layer is to input data. Hidden layer is for data
analysis and calculation. Output layer is to output predicted
values. Calculation method of the ANN is explained in detail
by following.

Processing of Input Data
When the magnitude of each group of input data differs greatly,
the accuracy of the system’s prediction is reduced. Therefore, in
order to avoid this situation, it is necessary to normalize the input
data on each neuron. The data is converted to [0,1], as shown in
Eq. 2 (Yan and Lin, 2016).

xi � xi − xmin

xmax − xmin
(2)

where xi is the ith data before normalization. xmin and xmax are the
minimum and maximum of all data before normalization
respectively. xi is the ith data after normalization.

Weights and Activation Function
Based on the characteristics of neurons, it is needed to assign
weights to input data and set activation functions (also known as
transfer function).

The sum of data is expressed by weight and input data, as
shown in Eq. 3.

netj � ∑n
i�1

xiωij (3)

where ωij is the weight from the ith neuron in the previous layer to
the jth neuron in the current layer. netj represents the sum of the
weighted inputs of the jth neuron.

After the neuron receives the information, data needs to be
processed and transmitted. At this time, an activation function
needs to be set to output data. The general form of the activation
function is shown in Eq. 4.

FIGURE 1 | Schematic diagram of slab cracking frame test.

Frontiers in Materials | www.frontiersin.org October 2020 | Volume 7 | Article 5906613

Yue et al. Optimum Design of Anti-Cracking Concrete

95

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


y � f (netj + bj) (4)

where bj is the bias.
Commonly used activation functions are Purelin function (Eq.

5), Sigmoid function (Eq. 6), Tansigmoid (Eq. 7) function, and
Relu function (Eq. 8).

Purelin(x) � x (5)

Sigmoid(x) � 1
1 + e−x

(6)

Tansigmoid(x) � ex − e−x

ex + e−x
(7)

Relu(x) � max(0, x) (8)

Training: When the predicted value calculated by the system is
not equal to the expected value, an error Eerror occurs. The weight
between the input layer and the hidden layer is ωij, the weight
between the hidden layer and the output layer is ωjk, d represents
the expected output, then:

Eerror � 1
2
∑l
k�1

⎧⎨⎩d − f ⎡⎢⎢⎣∑m
j�0

ωjkf⎛⎝∑n
i�0

ωijxi⎞⎠⎤⎥⎥⎦⎫⎬⎭
2

(9)

According to Eq. 9, the error is determined by the weight of
each layer. Therefore, training is a process which continuously
adjusts the weight of each layer to make the error meet the
requirements. The principle of weight adjustment is to reduce the
error. Therefore, the adjustment of the weight is proportional to
the gradient of the error, see Eqs 10 and 11.

Δωij � −χ zEerror

zωij
(10)

Δωjk � −χ zEerror

zωjk
(11)

where χ is the learning efficiency, and the value is between (0,1).

Artificial Neural Networks Model
Establishment
It can be seen from Artificial Neural Networks Calculation
Process that the model first requires the ANN structure, which
is the number of nodes in each layer (the number of neurons) and
the number of hidden layers. For the prediction of concrete
performance, a simple ANN structure of three layers can meet
the requirements (Ji et al., 2006). The experiment set six variables,
so the number of nodes in the input layer is 6. Although it is
necessary to predict multiple properties of concrete, only one type
is predicted at a time. Therefore, the number of nodes in the
output layer is 1. The number of nodes in the hidden layer can be
determined by Eq. 12 (Peng and Gao, 2018). In this case, the
number of nodes in the hidden layer is 3. The ANNmodel used in
the test is shown in Figure 2C, where x1–x6 represent the water to
binder ratio, sand ratio, the amount of cement per cubic meter of
concrete, the ratio of fly ash mass to cementitious materials mass,

FIGURE 2 | The process and models of ANN. (A) the process of ANN,
(B) a typical neuron Model, (C) the ANN model used in the test.
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the ratio of slag mass to cementitious materials mass and the ratio
of silica fume mass to cementitious materials mass, respectively.

m � log2 n (12)

Where m is the number of hidden layer nodes, and n is the
number of input layer nodes.

The weight is set to a value between [−1,1]. For the prediction
of concrete performance, many studies have shown that the
Tansigmoid function has good applicability (Yan et al., 2017).
Therefore, this paper chooses the Tansigmoid function as the
activation function. The learning efficiency is an empirical value,
which is 0.1 in this paper (Yan and Lin, 2016).

Performance Assessment Indices
The performances of ANN prediction are usually evaluated by
Mean Absolute Error (MAE), Mean Square Error (MSE), Root
Mean Square Error (RMSE), and Correlation Coefficient (R2),
which is shown in Eqs 13–16. MAE demonstrates the residual
error between the target values and predicted values for each data
set. MSE demonstrates the mean of the sum of squares of the
errors of the target values and predicted values. RMSE
demonstrates the square root of average residual error between
the target values and predicted values for each data set. The
smaller the MAE, MSE, and RMSE, the larger R2, the better the
prediction performance of ANN.

FIGURE 3 | Cracking state of concrete at the age of 3 days. (A) E1, (B) E6, (C) E11, (D) E16, (E) E21.
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MAE � 1
N

∑N
i�1
|Ei − Pi| (13)

MSE � 1
N

∑N
i�1

(Ei − Pi)2 (14)

RMSE �

�������������
1
N

∑N
i�1

(Ei − Pi)2
√√

(15)

R2 �
[ ∑N

i�1
(Ei − E)(Pi − P)]2

∑N
i�1

(Ei − E)2 ∑N
i�1

(Pi − P)2 (16)

where Ei is the ith experimental value, E is the average of the
experimental values, Pi is the ith predicted value, P is the average
of the predicted values.

Artificial Neural Networks Prediction
Results
Table 3 shows the test results and ANN prediction results of all
the 25 groups of concrete properties in Concrete Mix Proportion.
In the table, Exp represents the test results and Pre represents the
ANN prediction results. Table 4 shows the MAE, MSE, RMSE,
and R2 values of slump, compressive strength, tensile strength,
elastic modulus, and shrinkage. For each performance, the error
between the predicted value and the test value was very small and
R2 was above 0.94, which shows that ANN has very high accuracy
in predicting concrete performance.

OPTIMIZATION CONCRETE FOR CRACK
RESISTANCE BY GENETIC ALGORITHM

Mathematical Model Between Concrete
Performance and Mix Proportion
The objection of this paper was to improve crack resistance of
concrete, thus we should find a criterion to evaluate it firstly.
According to the concrete cracking criterion (Bendimerad et al.,
2016), the cracking risk coefficient η is used to evaluate the early
anti-cracking performance of concrete, as shown in Eq. 17:

η � E(t) · εsh−e(t)
ft(t) (17)

where ft(t) is the tensile strength of concrete at age of t, E(t) is the
elastic modulus of concrete at the age of t, εsh−e(t) is the effective
shrinkage strain at the age of t.

When η < 0.7, the concrete does not crack; when 0.7 ≤ η ≤ 1.0,
the concrete may crack; when η > 1.0, the concrete cracks.

Studies have shown (Andrade et al., 1999; Gao et al., 2013) that
the effective shrinkage strain is the result of the combined effect of

TABLE 3 | Concrete performance test results and ANN prediction results.

No Slump (mm) Compressive strength
(MPa)

Tensile strength (MPa) Elastic Modulus (MPa)

Exp Pre Exp Pre Exp Pre Exp Pre

E1 248 251 76.1 76.4 6.74 6.59 37.37 37.08
E2 255 252 77.3 76.7 6.92 6.81 37.43 36.75
E3 252 254 77.4 76.9 6.97 7.02 37.46 37.15
E4 261 257 78.4 77.1 7.16 7.09 37.51 37.93
E5 258 260 78.6 77.3 7.25 7.10 37.54 37.01
E6 260 258 72.8 71.1 6.79 6.80 37.10 37.93
E7 262 261 70.3 71.6 6.61 6.54 37.01 36.14
E8 265 266 72.4 73.0 6.56 6.57 37.07 36.76
E9 256 257 74.8 76.2 6.83 6.81 37.25 38.02
E10 261 261 71.9 72.2 6.53 6.68 37.05 36.23
E11 267 270 66.9 66.1 6.04 6.07 36.33 37.16
E12 259 260 69.9 69.6 6.31 6.39 36.97 35.78
E13 262 261 68.4 70.1 6.07 6.14 36.43 36.63
E14 266 268 66.5 66.0 5.87 5.90 36.06 36.02
E15 271 271 66.4 66.9 5.93 5.95 36.01 36.35
E16 263 263 66.2 64.7 5.84 5.72 35.97 36.08
E17 265 267 67.9 65.3 5.89 5.70 36.41 36.71
E18 272 273 65.7 63.8 5.64 5.66 35.95 36.74
E19 278 276 63.9 63.9 5.48 5.29 35.54 35.01
E20 263 265 66.1 65.2 5.74 5.64 35.96 36.86
E21 272 273 63.1 63.5 5.18 5.37 35.25 34.62
E22 277 279 62.2 63.3 5.06 5.33 35.07 35.88
E23 268 268 62.6 63.5 5.27 5.45 35.13 35.72
E24 276 274 63.2 63.6 5.36 5.47 35.27 34.96
E25 280 277 61.8 63.7 5.05 5.08 34.99 35.27

Note: Exp is the experimental value and Pre is the predicted value.

TABLE 4 | Assessment indices for prediction.

Properties MAE MSE RMSE R2

Slump 1.650 3.897 1.974 0.941
Compressive strength 0.987 1.369 1.170 0.952
Tensile strength 0.097 0.014 0.120 0.970
Elastic modulus 0.125 0.021 0.145 0.972
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concrete shrinkage strain and creep strain (the strain produced by
concrete creep), as shown in Eq. 18:

εsh−e(t) � εsh(t) − εcreep(t, t0) (18)

where t and t0 are the age of concrete and the age of concrete
when loaded respectively, εsh(t) is the shrinkage strain at the age t,
εcreep(t, t0) is the shrinkage strain caused by creep during the
concrete age (t-t0).

Bentz (2008) believes that the relationship between creep
strain and effective shrinkage strain can be expressed by the
creep coefficient, as shown in Eq. 19:

φ(t, t0) � εcreep(t, t0)
εsh−e(t, t0) (19)

where φ(t, t0) is the creep coefficient during the early age of
concrete (t-t0).

Therefore, the relationship between the effective shrinkage
strain εsh−e(t, t0) in the age (t-t0) and the shrinkage strain εsh(t)
with creep coefficient φ(t, t0) can be expressed as Eq. 20.

εsh−e(t, t0) � εsh(t)
1 + φ(t, t0) (20)

Substituting Eq. 20 into Eq. 17, the concrete early cracking
risk prediction model shown in Eq. 21 is obtained.

η � E(t) · εsh(t)
ft(t) · [1 + φ(t, t0)] (21)

Therefore, η is affected by elastic modulus, tensile strength
shrinkage and creep coefficient s.

To apply GA to optimize concrete mix, a mathematical model
between concrete performance and mix proportion is required.
The result of GA optimization is highly dependent on the
accuracy of the mathematical model. Therefore, a large
amount of data is required for fitting to ensure the accuracy of
the model. Many studies use literature data for fitting. However,
since the composition of concrete and the performance of
materials varies greatly, using other research’s data may result
in large errors. In Prediction of Concrete Properties by ANN, we
showed that ANN has a very high accuracy in predicting concrete
performance. Therefore, 81 sets of experiments based on the
principle of orthogonal experiment were designed. ANN is
applied to predict the slump and compressive strength, tensile
strength and elastic modulus. The concrete mix proportion and
ANN prediction results are shown in Supplementary Material.

Based on the test and ANN prediction results, the
mathematical model between slump, compressive strength,
tensile strength, elastic modulus and mix ratio parameters is
obtained by multiple linear fitting method. Many factors affect

shrinkage and creep. There are many factors affecting shrinkage
and creep, and the fitting is difficult. Therefore, the functional
relationship between shrinkage and creep and concrete mix
proportion is derived based on the existing formula. Thus, the
functional relationship between cracking risk coefficient and
concrete mix proportion is obtained according to Eq. 21.

Mathematical Models of Slump, Compressive
Strength, Tensile Strength and Elastic Modulus
Studies have shown that the slump, compressive strength, tensile
strength and elastic modulus of concrete have a linear
relationship with the mix proportion, as it is shown in Eq. 22.
a0–an are the coefficients to be fitted, and x represents the
concrete mix proportion (Lim et al., 2004).

y � a0 + a1x1 + a2x2 + a3x3 + ... + anxn (22)

Therefore, based on the results from experiments and ANN
predictions, a multiple linear fit is performed on Eq. 17. The fit
results and R2 are shown in Table 5. The R2 of all fitting results is
greater than 0.950, indicating that the fitted formula has very high
accuracy.

Mathematical Model of Shrinkage
Shrinkage is affected by many factors. It is nearly impossible to
use multiple linear fitting to obtain the relationship between
shrinkage and mix proportion. At present, there are many widely
used shrinkage models, such as EN 1992-2-2:2005 model, CEB-
FIP (MC 2010) model, Bazant-Panula model and Dilger model.
Among them, Dilger model is suitable for high performance
concrete with water to cement ratio ranging from 0.15 to 0.40 and
using superplasticizer and silica fume, which is consistent with
the type of concrete studied in this paper. Therefore, Dilger model
is used in this paper (Gilliland and Andrew, 2000).

The Dilger model divides the total shrinkage into two parts:
basic shrinkage and drying shrinkage, as shown in Eqs 23–25.

εcs(t, ts) � εbs(t) + εds(t, ts) (23)

εbs(t) � εbs0βbs(t) (24)

εds(t) � εds0βRHβds(t, ts) (25)

where

εbs0 � 700 × exp(−3.5w/c) + 120

βbs(t) �
t0.7

16.7 × (− 0.04 + 1
3
w/c) + (1.04 − 1

3
w/c)t0.7

εds0 � (100w/c)2(0.8 × f 1.05cu )− 0.23 + 200

βRH � 1.22 − 1.75 × (RH
100

)3

TABLE 5 | Multiple linear fitting results between concrete properties and mix proportion.

Properties Multiple linear fitting results R2

Slump y � 2.165x1 + 0.277x2 − 0.028x3 + 0.51x4 − 0.153x5 + 0.005x6 + 182.437 0.953
Compressive strength y � −1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5 + 0.014x6 + 119.611 0.961
Tensile strength y � −0.23x1 − 0.003x2 + 0.002x3 − 0.004x4 + 0.006x5 + 0.047x6 + 12.419 0.987
Elastic modulus y � −0.288x1 + 0.013x2 + 0.003x3 − 0.008x4 − 0.002x5 + 0.053x6 + 43.571 0.955
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βds(t, ts) �
(t − ts)0.6

0.0016(v/s)2[6.42 + 1.5 ln(ts)] + (t − ts)0.6

t and ts, respectively, indicate the age of concrete and the age of
the beginning of drying shrinkage; w/c is the water to binder ratio
(x1); fcu is the cube compressive strength;

fcu � − 1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5
+ 0.014x6 + 119.611

RH is the relative humidity, which 60% has been applied,
therefore βRH � 0.739; v/s is the body-to-surface ratio, which is
22.8 in this paper.
Based on the above equations, the relationship between concrete
shrinkage and mix proportion can be derived (Eq. 26)

εcs(t, ts) � [700 × exp(−3.5x1) + 120]
× t0.7

16.7 × (−0.04 − 1
3
x1) + (1.04 − 1

3
x1)t0.7 + 0.842

× {(100x1)2[0.8 × (−1.896x1 + 0.049x2 + 0.021x3

+ 0.069x4 + 0.153x5 + 0.014x6 + 119.611)1.05]−0.23

+ 200} × (t − ts)0.6
0.832 × [6.42 + 1.5 ln(ts)] + (t − ts)0.6

(26)

Mathematical Model of Creep
Creep is also affected by many factors (Geng et al., 2018). There
are many creep models such as CEB-FIP (1990) model, EN 1992-
1-1:2004, ACI-209R model, etc. The CEB-FIP (1990) model
contains many parameters with a wide range of applications.
Therefore, it is applied in this paper (Betonbau, 2013) as shown in
Eq. 27.

φ(t, t0) � φ(∞, t0)βc(t − t0) (27)

where

φ(∞, t0) � β(fc) · β(t0)ϕRH

β(fc) � 16.76
f 0.5c

β(t0) � 1
0.1 + t0.20

ϕRH � [1 + 1 − RH/100

0.1(2A/u)1/3 · α1] · α2

βc(t − t0) � [ t − t0
βH+(t − t0)]

0.3

βH � 1.5 × [1 + (1.2 × RH
100

)18] × 2A
u

+ 250 × α3

α1 � (35
fc
)0.7

α2 � (35
fc
)0.2

α3 � (35
fc
)0.5

t and t0, respectively; indicate the age of concrete and the age since
loading starts; fc is the cube compressive strength of the cube,
described as:

fc � − 1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5
+ 0.014x6 + 119.611

RH is relative humidity, which in this article is 65%;A is the cross-
sectional area of the member; u is the perimeter of the member
exposed to the air; Based on the equations above, the relationship
between concrete creep coefficient and mix proportion can be
derived (Eq. 28):

φ(t, t0) � 16.76

(−1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5 + 0.014x6 + 119.611)0.5

× [1 + 1 − RH/100

0.1(2A/u)1/3 · (
35

−1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5 + 0.014x6 + 119.611
)0.7]

× ( 35
−1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5 + 0.014x6 + 119.611

)0.2

× 1
0.1 + t0.20

× t − t0

{1.5 × [1 + (1.2 × RH
100

)18] × 2A
u

+250 · ( 35
−1.896x1 + 0.049x2 + 0.021x3 + 0.069x4 + 0.153x5 + 0.014x6 + 119.611

)0.5} + (t − t0)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

0.3

(28)

TABLE 6 | Experimental value and predicted value of concrete properties at the age of 3 and 7 days.

No Tensile strength (MPa) Elastic modulus (MPa) Shrinkage Creep coefficient Cracking risk
coefficient

Exp Pre Err Exp Pre Err Exp Pre Err Exp Pre Err Exp Pre Err

E1 4.58 4.47 2.4 28.7 27.6 3.8 346 337 1.6 0.641 0.658 2.7 1.32 1.26 4.9
5.73 5.52 3.7 34.5 33.3 3.5 498 490 2.6 0.715 0.742 3.8 1.75 1.70 2.9

E6 4.41 4.50 2.0 26.7 27.3 2.2 323 319 1.2 0.652 0.673 3.2 1.18 1.16 2.3
5.47 5.56 1.6 33.2 32.9 1.0 487 482 1.0 0.733 0.759 3.5 1.71 1.62 4.9

E11 4.21 4.01 4.7 26.1 26.7 2.3 317 303 4.4 0.728 0.695 4.5 1.14 1.19 4.7
5.13 4.94 3.7 32.7 32.1 1.8 471 478 1.5 0.802 0.784 2.2 1.67 1.74 4.5

E16 3.98 3.87 2.8 26.3 25.9 2.8 284 289 1.8 0.761 0.733 3.7 1.11 1.19 3.6
4.86 4.78 1.6 32.5 31.6 1.5 452 467 3.3 0.845 0.827 2.1 1.64 1.69 3.1

E21 3.31 3.44 3.9 24.7 25.4 2.8 271 278 2.6 0.782 0.759 2.9 1.13 1.17 2.8
4.11 4.24 3.2 29.5 30.8 4.4 449 459 2.2 0.881 0.857 2.7 1.71 1.80 4.8

Note: Exp is the experimental value, Pre is the predicted value and Err (Unit: %) is the error between Exp and Pre. The upper and lower data indicate that the concrete age is 3 and 7 days
respectively.
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Mathematical Model of Cracking Risk Coefficient
The calculation of cracking risk coefficient is shown in Eq. 21.
εsh(t) and φ(t, t0)can be calculated by Eqs 26 and 28. E(t) [ft(t)]
can be expressed as a function of 28 days elastic modulus (tensile
strength) and age t, as shown in Eqs 29 and 30.

E(t) � 3, 500 + 4, 300

×
������������������������������������{exp[0.2 × (1 − ����

28/t
√ )]}2 × (E28/19.4)3×10

√
(29)

f (t) � ft,28 × exp[0.2 × (1 − ����
28/t

√ )] (30)

where

E28 � − 0.288x1 + 0.013x2 + 0.003x3 − 0.008x4 − 0.002x5
+ 0.053x6 + 43.571

ft,28 � − 0.23x1 − 0.003x2 + 0.002x3 − 0.004x4 + 0.006x5
+ 0.047x6 + 12.419

Therefore, the cracking risk coefficient can be expressed as a
function of concrete mix proportion and age:

η � f (x1, x2, x3, x4, x5, x6, t, t0, ts) (31)

Model Validation
The relationship between tensile strength, elastic modulus,
shrinkage, creep coefficient, cracking risk coefficient and

FIGURE 4 | Application of genetic algorithm toolbox.

TABLE 7 | Range of independent variables.

Independent variables Value range

x1 (water to binder ratio) 25–55 (%)
x2 (sand ratio) 40–55 (%)
x3 (the amount of cement) 200–450 (kg/m3)
x4 (the proportion of fly ash) 0–30 (%)
x5 (the proportion of slag) 0–30 (%)
x6 (the proportion of silica fume) 0–15 (%)

FIGURE 5 | Changes of cracking risk coefficient with evolution times.
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concrete mix ratio and age are all derived from existing models. In
order to verify the accuracy of the model, select E1, E6, E11, E16,
E21 five groups of mix proportion from Table 2 to test. The
performance of each group of 3 and 7 days are measured and
compared with the predicted value of the model. Results were
shown in Table 6. When the concrete age is 3 days, the maximum
errors between the experimental and predicted values of the
tensile strength, elastic modulus, shrinkage, creep coefficient,
and cracking risk coefficient of the five groups are 4.7, 3.8,4.4,
4.5, and 4.9%, respectively. When the concrete age is 7 days, the
maximum errors between the experimental and predicted values
of the tensile strength, elastic modulus, shrinkage, creep
coefficient and cracking risk coefficient of the five groups are
respectively 3.7, 4.4, 3.3, 3.8, and 3.8%. The errors between the
experimental values and predicted values of various properties at
different ages are all less than 5%, which indicates that the model
established in this paper is accurate.

The cracking risk factor was calculated by Eq. 28 from the
tensile strength, elastic modulus, shrinkage rate, and creep
coefficient, and the Results was shown in Figure 4. It is
obvious that the cracking risk coefficient of the five groups of
concrete with 3-day age is already greater than 1, Which means
that the concrete cracks. Therefore, in order to verify the accuracy
of the calculation results, the five groups were tested with a slab-
plate cracking frame to observe the cracking situation when the
concrete reached an age of 3 days, and the results were shown in
Table 6. There were cracks circled with red ellipse in the five
groups of concrete, indicating that the calculation results of the
cracking risk coefficient were accurate.

Model Establishment of Genetic Algorithm
After building the mathematical model between concrete
performance and mix proportion, the objective function and
constraint function are further determined, after which GA
can be used to optimize concrete mix proportion. The process
of GA is shown as following. First create a population, then
calculate the fitness of each individual. Continue to evolve
through selection, crossover and mutation, which finally leads
to the optimal solution.

The purpose of this paper is to improve the anti-cracking
performance of high-strength concrete. In this case, the
cracking risk coefficient is taken as the objective function.
It can be seen from Mathematical Model Between Concrete

Performance and Mix Proportion that the concrete has
cracked at the age of 3 days, thus the crack resistance
performance of the concrete with the age of 3 days is
optimized. It is necessary to meet the requirements of
slump and strength while improving the crack resistance.
Therefore, the slump and strength are taken as the
constraint function. The design slump is greater than
260 mm and the strength is greater than 60 MPa. The
independent variable is x1-x6, and their range of values is
shown in Table 7.

GA toolbox is used to optimize concrete mix proportion, as
shown in Figure 4. The objective function, constraint function,
number of variables, and variable value range are set in the A
area. The selection method, crossover probability, and
mutation probability are set in the B area, and in the
calculation process, keep the default settings for the
parameters in Options. The selection function is uniform,
and the method of crossover and mutation is constraint
dependent. The number of iterations and optimization
results are displayed in the C area.

Genetic Algorithm Optimization Results
When applying genetic algorithm to optimize the mix
proportion, the variation of the cracking risk coefficient
with the number of evolutions is shown in Figure 5. The
cracking risk coefficient dropped sharply in the first few
generations, while basically stabilized after 50 generations of
evolution, and stopped when the final number of evolutions
was 121. The minimum value of the cracking risk coefficient
was 0.974.

In order to compare the change of concrete performance
after optimization, a group of concrete proportion commonly
used in engineering is used as the control. Table 8 shows the
mix proportion of engineering concrete (named Control) and
optimized concrete (named Optimal). Through experiments,
the mechanical properties such as the compressive strength
and elastic modulus of the two groups of concrete were
determined, the cracking risk coefficient was calculated and
their results are shown in Table 9. The test result showed that
the slump and strength of the optimized concrete are 262 mm
and 71 MPa respectively, which meet the constraint
conditions. The cracking risk coefficient of Control is 1.276,
while that of Optimal is 0.951. The cracking risk coefficient of
Optimal was reduced by 25% to less than 1 compared with that
of Control, indicating that the concrete with an age of 3 days
switched from the inevitable cracking state to the state that
may not crack. The optimization effect is obvious. Figure 6
shows the slab-plate cracking frame test of Control and
Optimal. There were many cracks in the Control, while
Optimal had not cracked, indicating that the crack

TABLE 8 | Mix proportion of Control and Optimal.

No x1 (%) x2 (%) x3 (kg/m3) x4 (%) x5 (%) x6 (%)

Control 30 47 320 25 16.7 5.8
Optimal 34 43 374 18.5 21.5 9.8

TABLE 9 | Performance comparison between control and optimal.

No Slump (mm) Compressive strength (MPa) Tensile strength (MPa) Elastic modulus (GPa) Shrinkage (×10–6) Creep cofficiens η

Control 257 75 4.09 27.2 321 0.673 1.276
Optimal 262 71 3.95 25.7 258 0.764 0.951

Frontiers in Materials | www.frontiersin.org October 2020 | Volume 7 | Article 59066110

Yue et al. Optimum Design of Anti-Cracking Concrete

102

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


resistance of the optimized concrete was significantly
improved and the optimization goal were achieved.

CONCLUSION

(1) ANN is applied to predict concrete slump, compressive
strength, tensile strength and elastic modulus. Errors
between the predicted value and the test value were very

small and R2 was above 0.94, indicating that ANN is very
accurate in concrete performance prediction.

(2) Based on the test results andANNprediction results, the functional
relationship between slump, compressive strength, tensile strength
and elastic modulus and concrete mix proportion was established.
Based on the existing shrinkage and creep models, the functional
relationship between the shrinkage, creep coefficient and cracking
risk coefficient and the concrete mix proportion was derived. The
error between the test value and the model prediction value is
within 5%, indicating the accuracy of the model.

(3) GA is used to optimize the concrete mix proportion to
improve its crack resistance. The research results show
that the cracking risk coefficient of the optimized concrete
is significantly reduced compared with the that of commonly
used engineering concrete. The established GA optimized
concrete mix design method has a good applicability.
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Mechanism Analysis of the Influence
of Delay Period on Mechanical
Properties of Reactive Powder
Concrete
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In order to analyze the influence mechanism of delay period on the mechanical properties
of reactive powder concrete (RPC), the compressive strength of RPC with delay periods of
18, 24, and 30 h was tested at the age of 7, 28, and 90 days, respectively. The results
show that compared with the RPC with delay period of 18 h, the compressive strength of
the RPC with delay periods of 24 and 30 h increases by 3.2 and 4.2%, respectively, and
the long-term strength reduction ratio decreases by 22.8 and 71.9%, respectively. The
constitutive model curves of RPC under different delay period show that the initial elastic
modulus E increases with the delay period and the strength and rigidity of RPC increase
with the extension of delay period. According to the non-evaporation water quantity test, it
could be speculated that the quantities of hydration products of the RPC with delay
periods of 24 and 30 h slightly increase compared with the RPC with delay period of 18 h.
X-ray diffraction (XRD) analysis show that the delay periods of 24 and 30 h consume more
3CaO·SiO2 (C3S) and 2CaO·SiO2 (C2S) compared with delay period of 18 h. Seen from the
scanning electron microscope (SEM) image, the structures of the three groups of samples
are relatively dense and have no significant difference. Through energy dispersive X-ray
spectroscopy (EDS) analysis, the calcium-silicon ratios of hydration products of the RPC
with delay periods of 18, 24, and 30 h are 1.81, 1.56, and 1.54, respectively. The existence
of C-S-H gel and Ca(OH)2 in hydration products is confirmed by thermogravimetric-
differential scanning calorimetry (DSC-TG) analysis. An appropriate delay period (30 h in
this paper) generates more hydration products, then improves the compactness of the
internal structure and reduces the calcium-silicon ratio of hydration products, and it is
conducive to the growth of RPC compressive strength and the stability of long-term
compressive strength.

Keywords: reactive powder concrete, delay period, compressive strength, long-term strength reduction ratio,
mechanism analysis
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INTRODUCTION

Reactive powder concrete (RPC) is a new type of concrete
prepared by steam curing, which has removed the coarse
aggregate to improve uniformity of the matrix (Abid et al.,
2017). The fineness and reactivity of the components of RPC
are increased by steam curing (Cheyrezy et al., 1995). According
to themost compact principle, the initial defects such as voids and
micro-cracks in the structure are greatly reduced (Chan and Chu,
2004).

Compared to common cement-based materials, RPC has
excellent mechanical properties and durability (Huynh et al.,
2015; Mostofinejad et al., 2016; Song and Liu, 2016). By now, it
has not been widely used for two reasons. First, the cost is high
(Yazici et al., 2008), and the maintenance conditions are complex.
Steam curing is only suitable for preparing smaller prefabricated
components, and it is difficult to prepare RPC in construction
site. Secondly, the strength of RPC will decrease in the long term,
which is not negligible for structures that need to bear long-term
load. The long-term strength reduction of concrete refers to the
condition that the strength in the later age (90 days) is lower than
that in the earlier age (7, 28 days) under the normal mix
proportion and curing conditions (Soroka, et al., 1978). Some
scholars have found that the long-term strength of RPC decreases
gradually (Zhang et al., 2007; Yazici et al., 2010; Wang et al.,
2014). Zhang et al. (2007) showed that the strength of RPC would
be decreased in the middle and later age due to steam curing. It
was speculated that the early hydration was too fast and too many
hydration products hindered the later strength improvement.
Wang et al. (2014) tested the uniaxial compressive strength of
RPC at the age of 7 days, 3 months, and 3 years after hot water
curing. It was found that the strength of RPC did not decrease
after 3 months, but it did after 3 years.

High and stable compressive strength could better ensure the
quality of concrete structure design, thereby improving the safety
and stability of the structure (Nadiger et al., 2018). Zhao (2010)
showed that changing the delay period may reduce the strength
reduction ratio of steam cured cement paste. Delay period refers
to the stage of standard maintenance from specimens molding to
steam curing (Erdem et al., 2003). There are many studies on the
effect of delay period on ordinary concrete (Soroka et al., 1978;
Talakokula et al., 2015). Many researchers have indicated that a
suitable delay period is beneficial to concrete properties, such as
strength and durability (Shideler and Chamberlin, 1949; Hanson,
1963). Shideler and Chamberlin (1949) showed that the concrete
with delay periods of 2–6 h had 15–40% higher strengths than the
concrete with steam curing immediately after casting. Hanson
(1963) proved that compressive strengths of concrete increased at
all ages, as the delay period increased from 1 to 5 h. Erdem et al.
(2003) tested the compressive strength of ordinary concrete at
different ages under the steam curing of 80 °C with the delay
periods of 1, 2, and 3 h. It was found that when the paste was
hardened before steam curing, concrete tended to obtain higher
strength. Taylor et al. (2001) showed that if delay periods are not
chosen properly, thermal stresses can cause micro-cracks, and
affect the strength of concrete. However, there are few studies
related to the effect of delay period on RPC. Liu et al. (2020)

investigated the effects of steam curing parameters on the
capillary water absorption of concrete, and it was found
that long delay period is benefificial to the development of
concrete structure. Zdeb (2017) explored the strength of RPC
under the delay periods of 0, 3, 6, 12, and 24 h at the steam
curing of 90 °C. The results showed that the strength of RPC
was the highest when the delay period was 6 h, and the length
of the delay period obviously affected the mechanical
properties of RPC.

The function of the delay period is to make the harden paste
form a certain plastic structure strength to prevent the heat
damage during the steam curing (Yang et al., 2003). Previous
studies had proved that the delay period has an effect on the
mechanical properties and internal microstructure of concrete,
but the mechanism of the effect of delay period on the long-term
mechanical properties of RPC had not been discussed. Wu et al.
(2019) studied the effect of delay period under steam curing on
high strength mortar. It was found that the different delay period
will result in the difference of the composition of the paste, and
insufficient delay period (6 h) will cause the strength of the
specimen under steam curing to be lower than the standard
curing.

Previous studies had proved that the delay period has an effect
on the mechanical properties and internal microstructure of
concrete, but the mechanism of the effect of delay period on
the long-term mechanical properties of RPC had not been
discussed. Based on this, in order to analyze the influence of
delay period on the mechanical properties of RPC, the
compressive strength of RPC at the age of 7, 28, and 90 days
were tested under the delay periods of 18, 24, and 30 h, and the
long-term compressive strength reduction ratio was calculated.
Meanwhile, in order to study the mechanism of the effect of delay
period on the long-term mechanical properties of RPC from
microstructure, the composition and microstructure was
explored by non-evaporative water volume, X-ray diffraction
(XRD), the scanning electron microscope (SEM), energy
dispersive X-ray spectroscopy (EDS) and thermogravimetric-
differential scanning calorimetry (DSC-TG).

EXPERIMENTAL

Raw Materials
P. II 52.5 Portland cement, encrypted silica fume (SF) and S115
ground slag (GS) were used as cementitious materials, with the
main chemical composition and specific surface area were shown
in Table 1. The method used to obtain the specific surface area

TABLE 1 |Chemical composition and specific surface area of cement, SF andGS.

Material Mass fraction w/% Specific
surface
area/

(m2·kg−1)

CaO SiO2 Al2O3 Fe2O3 MgO K2O TiO2 SO3

P·II52.5 64.2 21.3 4.89 3.25 1.25 1.04 0.21 3.59 369
SF 0.77 95.3 0.38 — 2.29 0.35 — 0.79 22,000
GS 37.70 30.60 17.40 0.41 8.94 0.51 1.01 2.44 588
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was Blaine method. The aggregate was natural river sand with
particle size ranging from 0.16 to 2.36 mm, and steel fibers were
copper-plated round straight steel fibers with a length of
12–13 mm and a diameter of 0.15–0.20 mm. Polycarboxylic
acid (standard high performance water reducer) was used as
superplasticizer. The performance index of polycarboxylate
superplasticizer was shown in Table 2.

METHODS

Preparation of RPC specimens
The cement mortar was stirred evenly and the RPC specimens of
40 × 40 × 160 mmwere prepared according to the mix proportion
in Table 3. The prepared process of RPC was shown as Figure 1.

Non-evaporated Water Volume Test of Cement-Silica
Fume-Slag System
The test results of non-evaporated water under different delay
periods were compared, and the amount of hydration products
under different delay period were measured by measuring the
amount of non-evaporated water in the paste from hydration to
the specified age. Testing methods for non-evaporated water were
shown as Figure 2.

X-Ray Diffraction, SEM Image, EDS and DSC-TG
Analysis of the Paste
At the age of 90 days, the internal non-carbonated zone of the
hardened paste was taken under different delay periods, and the
appropriate amount of fine powder filtered and dried by Non-
evaporated Water Volume Test of Cement-Silica Fume-Slag
System method was used for X-ray diffraction (XRD) analysis.
The 2θ values ranged from 10° to 80° and the scanning rate
applied was 1°min for all specimens.

The microstructure of the hardened paste prepared by Non-
evaporated Water Volume Test of Cement-Silica Fume-Slag
System method was observed by scanning electron microscope
(SEM) image after the vacuum and gold spray treatment. And the
energy dispersive X-ray spectroscopy (EDS) analysis of the
hydration products was carried out.

DSC-TG analysis of the paste prepared by Non-evaporated
Water Volume Test of Cement-Silica Fume-Slag System method
was carried out by the STA 449F5 integrated thermal
analyzer (Zhao et al., 2016). The temperature rising rate
was 10 °C/min, and the Ar was used as the protective gas to
prevent the carbonization of the specimens during the
heating process.

RESULTS AND DISCUSSION

Effect of Delay Period on Compressive
Strength and Long-Term Strength
Reduction Ratio of RPC
The compressive strength of RPC specimens under different age
were shown inTable 4. Results inTable 4were expressed as mean
value ± 1x standard deviation. The difference of compressive
strength under different delay period was analyzed by one-way
analysis of variance. The test value of F was 5.272, p � 0.007 <
0.05. It was shown that the compressive strength of RPC had
statistically significant difference with the prolongation of delay

TABLE 2 | Performance index of polycarboxylate superplasticizer.

Color Density/g/ml Solid
content/%

Chloride
content/%

PH

light yellow 1.05 20 ≤0.01 6.7–6.8

TABLE 3 | Mix proportions of RPC/Kg·m-3.

Cement SF GS Water River sand Superplasticizer Steel fiber

584 90 224 162 1,347 27 157

Figure 1 | Schematic diagram of RPC preparation.
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period. Compared with the maximum values of 7 and 28 days
compressive strength, the reduction ratio of RPC long-term
compressive strength at the age of 90 days was calculated. The
results were shown in Figure 3.

According to the compressive strength from Table 4, it could
be seen that the compressive strength of RPC at the age of 90 days
was 179.28, 184.95, and 186.71 MPa under the delay periods of
18, 24, and 30 h respectively. Compared with delay period of 18 h,
the compressive strength of RPC with delay periods of 24 and
30 h increased by 3.2 and 4.2%, respectively. It could be seen that
the compressive strength of RPC increased with delay periods.

Table 4 showed that the maximum compressive strength of
RPC under the delay periods of 18, 24, and 30 h was 184.46,
189.05, and 188.20 MPa, respectively. The maximum
compressive strength of 7 and 28 days was taken as the
reference value, and the compressive strength of 90 days was
compared with it to calculate the long-term reduction rate.
Figure 3 showed that the long-term strength reduction ratio
of 24 and 30 h was 22.8 and 71.9% lower than that of 18 h. It could
be seen that the long-term strength reduction ratio of RPC
decreases gradually with the increase of delay periods.

Effect of Delay Period on Initial Elastic
Modulus of RPC
At the age of 90 days, the stress-strain curves of RPC specimens
were obtained by uniaxial compression test. The stress-strain

Figure 2 | Schematic diagram of non-evaporated water volume test.

TABLE 4 | Compressive strength of RPC.

Delay period/h 7 days/MPa 28 days/MPa 90 days/MPa

18 184.46 ± 7.38 182.18 ± 6.21 179.28 ± 7.57
24 189.05 ± 7.06 186.95 ± 6.39 184.95 ± 5.80
30 186.06 ± 6.75 188.20 ± 9.66 186.71 ± 7.26

Figure 3 | Strength reduction ratio of RPC under different delay period.
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curves and error bars were shown in Figure 4. The difference of
compressive strength under different delay period at the age of
90 days was analyzed by one-way analysis of variance. The test
value of F was 3.852, p � 0.03 < 0.05. It was shown that the
compressive strength of RPC at the age of 90 days had
statistically significant difference with the prolongation of
delay period.

Based on Weibull distribution phenomenological method and
equivalent strain hypothesis theory (Lemaitre, 1983), Wang et al.
(2006) established the constitutive model of damage of steel fiber
concrete as Eq. 1.

σ � Eε{exp[ − 1
m
( ε

εpk
)m]}. (1)

In the formula, σ is stress; ε is strain; E is initial elastic
modulus; εpk is the strain corresponding to peak load; m is
shape parameter. According to Eq. 1, parameters E and m
could be deduced by least square method based on the
experimental data. The calculation was implemented by
software of Origin. The calculation procedure was shown as
Figure 5, fitting residual sum of squares and constitutive
model expressions were shown in Table 5.

It could be seen from Table 5 that the values of m under the
delay periods of 18, 24, and 30 h was 2.5748, 2.5585, and
2.4798, respectively. The difference between them were small.
In order to analyze the influence of delay period on initial
elastic modulus E, the average value 2.5377 of m was taken and
parameter E was deduced by least square method again based
on the experimental data. The results and constitutive model
expressions were shown in Table 6. The constitutive model
curves of RPC under different delay period were shown in
Figure 6.

It could be seen from Table 6 that the values of E under the
delay periods of 18, 24, and 30 h was 9,933, 10,306, and
10,548 MPa, respectively. The initial elastic modulus E in
the constitutive model increased with the delay period. As
could be seen from Figure 6, the strength and rigidity of RPC
increased with the extension of delay period. It was conformed
that the delay period was helpful to improve the mechanical
properties of RPC, generated more hydration products, then
improved the compactness of the internal structure. And it was
conducive to the growth of RPC compressive strength and
rigidity.

Effect of Delay Period on Non-evaporated
Water Volume of the Paste
The amount of non-evaporative water in the paste at the age of 7,
28, and 90 days were measured. The results were shown in
Figure 7. It could be seen from Figure 7 that at the age of
7 days, the non-evaporative water of 18, 24, and 30 h was 7.8, 7.8,
and 7.9%, respectively. The non-evaporated water volume at the

Figure 4 | Stress-strain curves of RPC under different delay period.

Figure 5 | Schematic diagram of the calculation procedure of the constitutive model.
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age of 28 days increased by 0.3, 0.4, and 0.4%, respectively
compared with that of 7 days. The non-evaporated water of
90 days increased by 0.2, 0.3, and 0.3%, respectively
compared with 28 days. The difference of non-evaporative
water under different delay period was analyzed by one-way
analysis of variance. The test value of F was 5.190, p � 0.013 <
0.05. It was shown that the content of non-evaporative water
had statistically significant difference with the prolongation of
delay period. It could be seen that the amount of non-
evaporated water increases slightly with the prolongation of
delay period. The difference of non-evaporative water at
different age was analyzed by one-way analysis of variance.
The test value of F was 9.497, p � 0.001 < 0.05. It was shown
that the content of non-evaporative water had statistically
significant difference with the age of RPC.

As the age progresses, hydration products were continuously
separated out, which made the space for new hydration
products to be contained in the paste become smaller and
smaller. When there was no room to accommodate, the new
hydration products produce compressive stress on the
surrounding raw hydration products, resulting in micro-
cracks in the structure, and consequently strength retrogression.
At the same time, compared with the early hydration stage, the
increase of hydration products decreased gradually during the
90-day period. The reason was that the hydration rate of
cement was very fast during the steam curing period, and
the hydration products gradually formed a layer of film on the
surface of un-hydrated particles. As the age progressed, the
hydration product films accumulated and they gradually
wrapped up the surface, which hindered the internal water

TABLE 5 | Parameters of constitutive model of RPC under uniaxial compression.

Delay period εpk E (MPa) m Constitutive model expression Residual sum
of squares

18 h 0.025 9,898.2 2.5748 σ � 9898.2ε{exp[−0.3884(40ε)2.5748]} 8,907.8
24 h 0.025 10,286 2.5585 σ � 10286ε{exp[−0.3909(40ε)2.5585]} 8,096.5
30 h 0.025 10,616 2.4798 σ � 10616ε{exp[−0.4033(40ε)2.4798]} 10,710

TABLE 6 | Parameters of constitutive model of RPC with m equal to 2.5377.

Delay period
(h)

εpk E (MPa) m Constitutive model expression Residual sum
of squares

18 0.025 9,933 2.5377 σ � 9933ε{exp[−0.3941(40ε)2.5377]} 8912.4
24 0.025 10,306 2.5377 σ � 10306ε{exp[−0.3941(40ε)2.5377]} 8097.8
30 0.025 10,548 2.5377 σ � 10548ε{exp[−0.3941(40ε)2.5377]} 10,727

Figure 6 |Constitutive model curves of RPC under different delay period. Figure 7 | The amount of non-evaporated water in the paste at different
delay period.
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entry and the outward precipitation of hydration products,
thus affecting the further hydration in the later age (Zhao
et al., 2010).

XRD Analysis of Hydration Products
A suitable delay period could not only make cement hydration
more fully and produce more hydration products, but also
improve the compactness of RPC structure. The amount of
hydration products also changed with the delay period. In
order to analyze the mechanism of the effect of delay period
on the compressive strength and long-term strength reduction of
RPC from the micro-structure level, XRD analysis was used to
verify the relationship between hydration degree of the paste and
the delay period at the age of 90 days. The results were shown in
Figure 8, and the pdf number of C2S, C3S, and Ca(OH)2 was 83-
0460, 73-0599, and 72-0156, respectively. Determination of
content of C2S, C3S, and Ca(OH)2 by internal standard
method, the result was shown in Figure 9.

Figure 8 indicated that the main phase composition of RPC
hydration products were basically the same under different delay
periods. They were mainly composed of hydrated calcium silicate,
Ca(OH)2 crystals, un-hydrated cement particles 3CaO·SiO2 (C3S)
and 2CaO·SiO2 (C2S). Calcium silicate hydrate was amorphous
and cannot be recognized by XRD. The diffraction peaks of C3S
and C2S were more obvious in Figure 8, mainly because the
water-cement ratio of RPC was very low, the hydration speed was
very fast at 90 °C, the internal structure was compact, and the
cement cannot be completely hydrated due to a lack of water and
space. Compared with the intensity of the diffraction peaks of C3S
and C2S under different delay periods at 90 days, the relationship
was: 18 h > 24 h > 30 h. The results showed that at the age of

Figure 8 | XRD pattern of the paste sample under different delay period. (A) delay period 18 h. (B) delay period 24 h. (C) delay period 30 h.

Figure 9 | Determination of content of C2S, C3S and Ca(OH)2.
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90 days, the consumption of un-hydrated particles was greater,
the degree of hydration was higher and the hydration products
were more when the paste was delayed by 30 h. The conclusion
was consistent with that of Effect of Delay Period on Non-
evaporated Water Volume of the Paste about the quantity of
non-evaporative water. At the same time, the diffraction peaks of
Ca(OH)2 crystals at 2θ � 18° and 2θ � 34° were observed for three
groups of paste specimens.

It could be seen from Figures 8, 9 that the corresponding peak
of Ca(OH)2 crystals at 90 days was relatively weak under the three
delay periods. Because the reaction rate between the admixture
and Ca(OH)2 was greatly accelerated by steam at 90 °C, and the
consumption of Ca(OH)2 was very large.

SEM Image Analysis of Hydration Products
A certain delay period was conducive to the formation of finer
hydration product particles in the cement, so that RPC can obtain
higher strength in the steam curing stage. In order to elucidate the
mechanism of the effect of delay period on hydration products,
the micro-morphology characteristics of hydration products of
the paste at the age of 90 days were observed by SEM.

Figure 10 showed that the hydration products were closely
connected to each other and formed a dense continuous phase.
The internal structure of RPC remained complete and compact.
The hydrated calcium silicate cured by steam at 90°C were
amorphous and continuous. Flake crystals were Ca(OH)2
crystals and spherical particles were un-hydrated particles
(Cheyrezy et al., 1995; Liu and Song, 2010). It could be seen
from Figure 10 that there was no significant difference in the
morphology of hydration products among the three groups of
samples, and no complete crystalline Ca(OH)2 crystal was found.
Because the reaction activity of silica fume was fully stimulated
and a large amount of Ca(OH)2 crystals were consumed under
steam curing at 90°C. The cementation between hydration
products was relatively dense.

Energy Dispersive Spectrum Analysis of
Hydration Products
Figure 10 indicated that there was no obvious difference in the
morphological characteristics of hydration products under
different delay periods, but the development of long-term
compressive strength of RPC specimens were obviously

different. Based on this difference, the chemical composition
and elemental composition of hydration products were
determined through the analysis of the back-scattered-electron
(BSE) images and energy dispersive spectrum analysis (EDS). The
results were shown in Figure 11 and Table 7. The ratio of calcium
to silicon of hydration products was calculated, and the hydrated
calcium silicate was analyzed qualitatively to prove the influence
mechanism of delay period on the long-term mechanical
properties of RPC.

It could be seen from Figure 11 and Table 7 that the Ca/Si
ratio of hydration products under the delay period of 18 h was
1.81, which belonged to needle hydrated calcium silicate (C2SH
crystal) with relatively high Ca/Si ratio. The Ca/Si ratio of
hydration products under the delay period of 24 h was 1.56,
which belonged to columnar hydrated calcium silicate (C3S2H
crystal). The Ca/Si ratio of hydration products under the delay
period of 30 h was 1.54, which belonged to C3S2H crystal as well.
Documents have shown that the compressive strength of hydration
products was higher when the calcium-silicon ratio of hydration
products was lower under certain conditions (Wang et al., 2007), and
the lower the calcium-silicon ratiowas, the denser themorphology of
hydration products was, which was consistent with the strength law
of Effect of Delay Period on Compressive Strength and Long-Term
Strength Reduction Ratio of RPC.

DSC-TG Analysis of Hydration Products
The DSC-TG patterns of the paste at the age of 90 days under
different delay period were shown in Figures 12, 13. It could be
seen from Figure 12 that the TG curves of the paste under the
delay period of 18, 24, and 30 h were relatively close, the
hydration products increased slightly with the prolongation of
delay period, which was consistent with the results of non-
evaporated water. The endothermic peak at 110 °C was the
result of dehydration reactions because of the loss of water
from C-S-H (Sha et al., 1999; Yang and Yue, 2000). By the
analyzation of DSC-TG, the existence of C-S-H gel in
hydration products was evidenced, which was consistent with
the results of SEM and EDS analysis. The second major peak
which occurred between 400 and 500 °C corresponds to the
dehydroxylation of Ca(OH)2 (Mohammed et al., 2020). The
existence of Ca(OH)2 in the paste specimens was showed in
the XRD patterns. The enthalpy (ΔH) of second major peak
under the delay period of 18, 24, and 30 h was 4.156 J/g, 6.627 J/g

Figure 10 | SEM image of hydration products at 90 days age under different delay period. (A) delay period 18 h. (B) delay period 24 h. (C) delay period 30 h.
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Figure 11 | Elemental energy spectrum of hydration products under different delay period. (A) BSE image of delay period 18 h. (B) spot eight of delay period 18 h.
(C) BSE image of delay period 24 h. (D) spot five of delay period 24 h. (E) BSE image of delay period 30 h. (F) spot five of delay period 30 h.

TABLE 7 | Elemental composition and mass fraction of hydration products/%.

Item Spot 8 of delay period 18 h Spot 5 of delay period 24 h Spot 5 of delay period 30 h

Weight Error Weight Error Weight Error

O 37.50 11.07 45.91 10.51 51.17 10.03
C 2.30 21.46 5.80 14.05 3.66 15.57
Al 4.06 6.9 3.24 6.81 4.99 6.24
Si 14.60 4.85 13.61 4.45 12.21 4.63
S 1.45 9.37 1.10 12.02 1.07 9.44
Ca 37.71 2.11 30.33 2.02 26.90 2.02
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and 9.089 J/g respectively. It can be seen that the degree of hydration
was higher with the prolongation of delay period, and the hydration
products were more when the paste was delayed by 30 h. That was
consistent with the results of XRD analysis.

Mechanism Analyses
Relevant literature (Erdem et al., 2003) had shown that during the
delay period, the hydration of cement was uniform and the
crystalline particles of hydration products were finer, which
was conducive to more adequate hydration reaction during
steam curing and the rehydration of the paste in later age.
Within the suitable range, the hydration reaction was more
sufficient and the long-term strength of the paste was more
stable with the prolongation of delay period.

The delay period had two effects on the mechanical properties of
RPC. Compared with the delay period of 18 h, the delay period of 24
and 30 h could not only improve the compressive strength of RPC,
but also reduce the damage of high temperature steam to the internal
structure of RPC in the initial stage of hydration. It could be seen that
the appropriate delay period made the early hydration degree of RPC
higher, the initial strength higher, and the calcium-silicon ratio of
hydration products relatively lower. The dual effects of structure
compactness and protection of hydration products on RPC enhanced
the compressive strength and long-term strength stability of RPC.

CONCLUSION

From the test and the analytical results, the following conclusions
could be drawn.

1) Compared with the delay period of 18 h, the compressive
strength of RPC specimens delayed by 24 and 30 h increased

3.2 and 4.2% respectively. The difference of compressive
strength under different delay period was analyzed by one-
way analysis of variance. It was shown that the compressive
strength of RPC had statistically significant difference with the
prolongation of delay period. The long-term strength
reduction ratio of RPC specimens under the delay periods
of 24 and 30 h decreased 22.8% and 71.9% respectively
compared with the delay period of 18 h. Therefore, the
appropriate delay period was conducive to increasing the
compressive strength of RPC and reducing the reduction
ratio of long-term compressive strength.

2) Based on the delay period, there was more adequate hydration
reaction during steam curing and the rehydration of the paste
in later age. The strength and rigidity of RPC increased with
the extension of delay period. The initial elastic modulus E in
the constitutive model increased with the delay period.

3) The hydration products of the paste under the delay periods of
24 and 30 h increased compared with the delay period of 18 h.
The calcium-silicon ratio of hydration products under the
delay periods of 24 and 30 h decreased significantly compared
with the delay period of 18 h. And the structure compactness
increased gradually with the prolongation of delay periods.
Therefore, the suitable delay period could make RPC produce
more hydration products with low Ca/Si ratio, improve the
compactness of internal structure, and enhance the
compressive strength and long-term strength stability of RPC.
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Simulation of the Flowability of Fresh
Concrete by Discrete Element Method
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The discrete element method (DEM) was used to establish the slump model and J-Ring
model of concrete to describe the flow behavior in the slump test and J-Ring test. Then, the
contact parameters of particle-particle and particle-geometry for the concrete DEMmodel,
including restitution coefficient, rolling friction coefficient, static friction coefficient, and
surface energy, were measured. In order to avoid the influence of the shape and size of the
aggregate, this paper used high-precision glass spheres as the aggregate of the concrete
for meso-calibration test, slump test, and J-Ring test. Comparing the simulation results of
DEM model with slump test result, a very high agreement between the initial stage, the
rapid flow stage, and the slow flow stage of the slump flow–time curve can be found as well
as the final slump and slump flow. Moreover, similar to the slump DEM model, the DEM
models of J-Ring test, V-funnel test, and U-channel test were established to study the
passing ability and filling ability of concrete with outstanding accuracy. Therefore, the
concrete DEM model with contact parameters and JKR model can be adopted to study
the flow behavior of the fresh concrete.

Keywords: discrete element method, meso-calibration test, contact parameter, Hertz–Mindlin with JKR, concrete
flowability, passing ability

INTRODUCTION

Fresh concrete is a kind of complex composite material with highly uneven composition and
structure. The trajectory of aggregate particles in fresh concrete greatly affects the flow behavior of
concrete. Under the influence of aggregate particles, fresh concrete shows a flow behavior similar to
particle flow (Hou et al., 2017). Considering the non-uniformity of fresh concrete on the meso level,
the discrete element method (DEM) can truly simulate the flow behavior of the fresh concrete
(Mechtcherine et al., 2013).

In recent years, the DEM has been widely used in the numerical simulation of fresh concrete. A
variety of DEM contact models of fresh concrete have been proposed. Shyshko and Mechtcherine
(2008) and Shyshko and Mechtcherine (2013) obtained the force-displacement relationship between
the particles according to the experiments, establishing the interaction model of adjacent particles in
the vertical direction, then directly introducing the model to establish a DEMmodel of fresh concrete
with different workability. Finally, extensive simulations were conducted to study the effects of
various model parameters on the numerical simulation results of the slump test. Guo et al. (2010)
used the DEM and rheological model to simulate the workability test of fresh concrete by proposing
the determination of the DEM parameters of the concrete (spring coefficient, friction coefficient,
contact thickness, and damping coefficient). Remond and Pizette (2014) implemented a hard-core
soft-shell DEM model to simulate concrete flowability. The fresh concrete was described as an
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assembly of composite particles made of spherical hard grains
representing coarse aggregates surrounded by concentric
spherical layers representing mortar. This mechanical model
can make the rheological properties of mortar directly relate
to the rheological properties of simulated concrete. Hoornahad
and Koenders (2014) used the two-phase paste-bridge system as
the particle-paste-particle interaction in the DEM model of fresh
concrete to establish the rheological model of self-compacting
concrete (SCC). According to the interaction between cement
slurry and aggregate in fresh pervious concrete, Pieralisi et al.
(2016) proposed a DEM constitutive relation suitable for pervious
concrete. Zhao et al. (2018) established a new dynamic coupling
discrete element contact model to study fresh concrete with
different grades and workability and proved the correctness of
the DEM model according to the rheological test results of the
fresh concrete. Krenzera et al. (2019) came up with a DEMmodel
to simulate the mixing process of fresh concrete. The model
provided the liquid transport process from wet solid particles to
dry solid particles, including volume adaptation and mass
conservation. Mechtcherine and Shyshko (2015) derived the
DEM model parameters related to yield stress based on the
Bingham model and established a reliable numerical model of
fresh concrete due to the flow shape of concrete in the numerical
simulation. Because of the mechanism of thixotropy and static
and shear time dependence of fresh concrete, Li et al. (2018)
proposed a DEM for predicting flow characteristics of static and
mixing time dependence.

The DEM has been deeply applied to the simulation of the
flowability of fresh concrete. Cui et al. (2016) and Cui et al. (2018)
offered a fast and effective method to establish irregular
polyhedral particles to simulate real shape coarse aggregate.
Then, the slump test and L-box of fresh SCC were carried out
to verify the feasibility of the method. Zhan et al. (2019) used the
DEM to numerically investigate the flowability of pumped
concrete in the pipe by modeling the coarse aggregates as rigid
agglomerates and defining the contact model appropriately. Cao
et al. (2015) exploited the DEM model to study the effect of the
volume fraction of coarse aggregate on the yield stress of concrete,
and the contact parameters were verified by concrete rheology
test. Then, the pumping process of fresh concrete was simulated,
and the effect of the volume fraction of coarse aggregate on the
pumping pressure and wall wear was studied. Zhang et al. (2020)
used the DEM to simulate the filling performance of rock-filled
concrete. Based upon the excess paste theory and slump test
results, the thickness of the mortar layer and the meso parameters
of the particle unit were calibrated. The pouring process of the
calibrated SCC in the rockfill was simplified as L-box flow.
Through the comparison between the DEM simulation results
and the test results, the influence of the rockfill voidage on the
passability of SCC was analyzed. Tan et al. (2015) considered the
thixotropy of fresh concrete by introducing the time-varying
contact parameters into the DEM model. Then, based on the
thixotropy DEM model, the lateral pressure of fresh concrete on
the rheometer barrel wall was numerically studied, the change
characteristics of pressure with time were verified, and the
influence of thixotropy on yield stress was solved.

At present, the main challenge of DEM simulation of fresh
concrete was to find a quantitative correlation between model
parameters and the properties and proportions of concrete
components (Coetzee, 2017). There were two approaches in
the literature to calibrate DEM input parameters. The first
approach was to use the test to measure the bulk property of
the material, and then to establish a numerical model of the test.
The DEM parameter values were changed iteratively until the
predicted bulk response matched the measured results (Coetzee,
2016; Rackl and Hanley, 2017). The bulk response of the
numerical test can be influenced by more than one parameter,
and more than one combination of the parameter values resulted
in the same bulk behavior. Therefore, the potential problem with
this approach was that there is no unique solution. As a result, the
combination of parameter values used in DEM model was not
completely the correct combination. The second approach was to
directly measure the contact parameters of the DEMmodel using
the meso-calibration test method, and then comparing the DEM
simulation results with the macro test results to verify the
reliability of the calibration parameters. The advantage of this
approach was that the meso-calibration test results were close to
the actual results of the DEM model input parameters. However,
due to the short development time of DEM and the large
difference in the shape and size of the particles used for
simulation, it was still in the stage of perfecting the input
parameter test method.

In this paper, the quantitative correlation between contact
parameters of DEMmodel and the properties and proportions of
concrete components was established through meso-calibration
tests. Fresh concrete was considered to be composed of particles
wrapped by mortar. Hertz–Mindlin with JKR
(Johnson–Kendall–Roberts) cohesion contact model (Kendall,
1971) was utilized to represent the contact force between
particles. Through a series of meso-calibration tests, the
contact parameters of particle-particle and particle-geometry
in the concrete DEM model were measured, including the
restitution coefficient, static friction coefficient, rolling friction
coefficient, and surface energy. In order to avoid the influence of
the shape and size of aggregate on the meso input parameters of
particles, high-precision spherical glass was used to replace the
aggregates in concrete. According to the particle size distribution
of glass aggregate, the DEM models of slump test, J-Ring test,
V-funnel test, and U-channel test of the fresh concrete were
established, and then the meso contact parameters were input
into DEM model for numerical simulation. The simulation
results of DEM were compared with the test results to verify
the feasibility of the method used in this paper.

MATERIALS AND TESTS

Materials
Cementitious Materials
P·Ⅱ 42.5 Portland cement, F-type fly ash, S95 ultra-fine slag
powder, and ultra-fine micro silica fume were used as the
cementitious materials.
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Aggregate
In order to avoid the influence of the shape and size of aggregate
on the meso contact parameters of particles, this paper used high-
precision glass spheres as the coarse aggregate for slump test,
J-Ring test, and meso-calibration test. The glass sphere has
smooth surface, good wear resistance, and high compressive
strength. The density is 2,530 kg/m3, the shear modulus is 1.97
GPa, Poisson’s ratio is 0.25, and the particle size error is less than
0.02 mm. The particle sizes of coarse aggregate used in this paper
are 3, 4, 5, 6, 7, 8, 9, and 10 mm, respectively, and the
corresponding volume fractions are 1.24, 3.76, 5.32, 7.61,
20.01, 22.34, 24.71, and 15.01%.

In this paper, spherical glass beads were used as fine aggregate.
The density of the glass beads is 2,487 kg/m3, the shear modulus is
1.96 GPa, and Poisson’s ratio is 0.25. The sieve residues of 1.25,
0.63, 0.315, 0.160, and 0.074 mm were 3.75, 27.98, 43.54, 17.44,
and 7.29%, respectively.

Mixture Proportion
In this paper, glass aggregates of different particle sizes were
used to replace sand and gravel with equal volume. According
to the amount of cementitious material and aggregate, the
mix proportion of this paper can be divided into three groups:
A, B, and C; each group has three different water-binder
ratios. The nine types of concrete mixture proportion used
for fluidity test and DEM parameter calibration test are
shown in Table 1. The admixture is polycarboxylate
superplasticizer with water reduction rate of 27% and solid
content of 15.6%.

Fluidity Tests
Slump Test
The slump test of spherical aggregate concrete was carried out
according to the standard GB/T 50,080-2016, and the lifting
speed of the slump cone was 0.06 m/s. A camera was arranged
right above the slump cone to record the change of concrete
slump flow with time, and the recording time interval was 0.05s.
The slump test was repeated three times for each mix
proportion, and the average value was taken as the test value
of the slump and slump flow of spherical aggregate concrete.
The slump and slump flow of A1 were 210 and 464 mm; the
slump and slump flow of A2 were 227 and 506 mm; the slump
and slump flow of A3 were 231 and 552 mm; the slump and

slump flow of B1 were 201 and 449 mm; the slump and slump
flow of B2 were 211 and 486 mm; the slump and slump flow of
B3 were 226 and 517 mm; the slump and slump flow of C1 were
197 and 437 mm; the slump and slump flow of C2 were 209 and
469 mm; the slump and slump flow of C3 were 201 and
501 mm.

J-Ring Test
In this paper, the spherical aggregate concrete J-Ring test was
conducted to investigate the passing ability of the concrete
according to the standard GB/T 50,080-2016, and the lifting
speed of the slump cone was 0.06 m/s. The J-Ring test was
repeated three times for each mix proportion, and the average
value was taken as the J-Ring slump-flow test value of spherical
aggregate concrete. The J-Ring slump flow of A1, A2, A3, B1, B2,
B3, C1, C2, and C3 was 448, 489, 534, 432, 471, 501, 422, 451, and
485 mm, respectively.

V-Funnel Test
The V-funnel tests were conducted according to the standard GB/
T 50,080-2016. The outflow time (TV) of concrete in V-funnel
was recorded. The value of TV can reflect the viscosity and
segregation resistance of concrete. The smaller the TV value,
the smaller the plastic viscosity of concrete and the better the
segregation resistance of concrete. The TV of A1, A2, A3, B1, B2,
B3, C1, C2, and C3 was 5.5, 5.3, 5.1, 6.5, 6.3, 6.0, 7.3, 7.1, and 6.9 s,
respectively.

TABLE 1 | Mixture proportions of concrete (kg/m3).

w/c Water Cement Fly
ash

Slag Silica
fume

Fine
aggregate

Coarse
aggregate

Admixture

A1 0.40 180.0 250 120 60 20 950 910 2.1
A2 0.42 189.0 250 120 60 20 950 910 2.1
A3 0.44 198.0 250 120 60 20 950 910 2.1
B1 0.30 181.5 320 150 100 35 780 890 3.5
B2 0.32 193.6 320 150 100 35 780 890 3.5
B3 0.34 205.7 320 150 100 35 780 890 3.5
C1 0.24 151.2 350 130 100 50 647.5 971.3 5.2
C2 0.26 163.8 350 130 100 50 647.5 971.3 5.2
C3 0.28 176.4 350 130 100 50 647.5 971.3 5.2

FIGURE 1 | Test device for restitution coefficient.

Frontiers in Materials | www.frontiersin.org February 2021 | Volume 7 | Article 6031543

Li et al. Simulation Concrete Flowability by DEM

118

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


U-Channel Test
The U-channel test was used to measure the filling height (Bh) of
concrete. Bh can reflect the filling ability of concrete; that is, the
smaller the Bh, the better the filling ability of concrete. The test
was carried out according to the standard GB/T 50,080-2016. In
the U-channel test, the lifting speed of the gate was 0.08 m/s. The
test value of Bh of A1, A2, A3, B1, B2, B3, C1, C2, and C3 was 263,
264, 266, 250, 253, 255, 237, 239, and 241 mm, respectively.

Calibration Test
Coefficient of Restitution
The coefficient of restitution (e) reflected the degree of
conservation of kinetic energy after collision between particle
and geometry or between particle and particle in DEM. The value
depended on the material, shape, collision direction, or collision
speed that made up the collision element. The value of the
coefficient of restitution was calculated from the relationship
between the kinetic energy of the particle after the collision and
the kinetic energy of the particle before the collision. According to
González-Montellano et al. (2012), when the particles in the
collision were not affected by rotation, the coefficient of
restitution (for any type of collision) can be calculated using
Eq. 1. The collision test to measure the coefficient of restitution is
shown in Figure 1.

e � v1 − v2
u1 − u2

, (1)

where u1 is the characteristic velocity before collision of free-
falling particle; v1 is the characteristic velocity after collision of
particle; u2 is the characteristic velocity before collision of the
geometry; v2 is the characteristic velocity after collision of the
geometry.

In this paper, the meso-calibration test of particle-geometry
restitution coefficient (eg) was similar to that of Gabriel KP
Barrios (Barrios et al., 2013). The device allowed controllable
collision between free-falling particles and the geometry plate, as
shown in Figure 1. The particle was released from a fixed height
H, falling freely and colliding with the geometry plate, and then
bouncing to the height of h (lower thanH). The free-fall height H
and the bounce height h were determined using images taken by
an i-SPEED 716 high-speed camera (Ix-camera,
United Kingdom) at a rate of 100 frames per second.

The velocity v2 and u2 (Eq. 1) corresponding to the stationary
geometry plate were taken as zero, and it was assumed that the

energy was conserved before and after the collision. Therefore,
the value of particle-geometry restitution coefficient can be
expressed as a function of particle initial height H and bounce
height h in Eq. 2:

eg � −v1
u1

�
���
h
H
,

√
(2)

In this paper, the concrete was regarded as composed of
particles of aggregate wrapped by paste. In the particle-
geometry restitution coefficient test, the free-falling particle
was a glass sphere wrapped by paste (the composition of the
paste was the same as that in the concrete), and the geometry
plate was a stainless steel plate with the same material as the
slump plate.

If the particle collision particle was directly used to measure
the particle-particle restitution coefficient (ep), there were strict
requirements on the collision angle between particles. Grima
(2011) accurately measured particle-particle restitution
coefficient by using a plate of the same material as the particle
instead of the collided particle. In this paper, the glass plate with
the same material and process as the glass particle was used
instead of the collided particle. The geometry plate in Figure 1
was replaced with the glass plate for the particle-particle
restitution coefficient test. The particle-particle restitution
coefficient test procedure and device were the same as the
particle-geometry restitution coefficient test.

The spherical glass aggregate (wrapped with mortar) taken
directly from the fresh concrete was used as free-falling particle
for the restitution coefficient test. The particles fell freely from
four different fixed heights of 100, 90, 80, and 70 mm and collided
with the geometry plate or glass plate. The test was repeated
10 times for each fixed height to obtain the average bounce
height h.

Coefficient of Rolling Friction
The coefficient of rolling friction (μr) was an index to measure the
resistance of a rolling object. This value represented the
relationship between the tangential force of the rolling bodies
and the normal force that kept the rolling body in contact. Ai et al.
(2011) conducted the inclined test to measure the rolling friction
coefficient of particle.

The inclined test device used in this paper was made up of an
inclined plate, a high-precision angle measuring instrument
(accuracy of 0.01°), and a high-precision lifting platform
(lifting speed of 0.008 m/s), as shown in Figure 2. When the
particle-geometry rolling friction coefficient (μrg) was measured,
the stainless steel geometry plate was used as the inclined plate for
testing.

When testing the particle-geometry rolling friction coefficient,
the particles were placed on the horizontal stainless steel inclined
plate, and the handwheel of the lifting table was rotated to slowly
raise the lifting table in order to increase the tilt angle of the
stainless steel plate. When the particles rolled, a high-speed
camera was recording the tilt angle of the inclined plate. The
force condition of the particle on the stainless steel plate is shown
in Figure 3.

FIGURE 2 | Inclined test device.
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Equation 3 is the balance equation of the force of the particle
on the inclined plate.

Frg � μrg · FGy � μrg · FG · cos θrg , (3)

where Frg is the rolling friction force between the particle and the
geometry inclined plate, in N; μrg is the rolling friction coefficient
between the particle and the geometry inclined plate; FG is the
gravity of the particle, in N; FGy is the normal component of
gravity on the geometry inclined plate, and the unit is N; θrg is the
angle between the geometry inclined plate and the horizontal
plane, and the unit is °.

In the critical state where the particle was about to roll,

Frg � FGx � FG · sin θrgc, (4)

where FGx is the tangential component of gravity on the geometry
inclined plate, and the unit is N; θrgc is the critical rolling angle of
particle on the geometry inclined plate, and the unit is °.

Equation 4 was substituted into Eq. 3 to obtain

μrg � tan θrgc (5)

From Eq. 5, the value of particle-geometry rolling friction
coefficient (μrg) was equal to the tangent value of the
inclination angle when the particle was in the critical rolling state.

In the particle-particle rolling friction coefficient (μrp) test, the
glass plate with the same material and production technology as
the particle was used as the inclined plate to measure the particle-
particle rolling friction coefficient (Grima, 2011). The test
procedure and method were the same as the particle-geometry
rolling friction coefficient.

The spherical glass aggregate (wrapped with mortar) taken
directly from the fresh concrete was used as rolling particle for the
rolling friction coefficient test. The test was conducted using glass
spheres with particle sizes of 10, 9, 8, and 7 mm. The particle-
geometry rolling friction coefficient test and particle-particle
rolling friction coefficient test of each particle size were
repeated 10 times to obtain the average critical rolling angle.

Coefficient of Static Friction
The coefficient of static friction (μs) was the ratio of the maximum
static friction force to the normal force between the contact
surfaces, calculated by measuring the critical slide angle when
the concrete particles began to slide through the inclined test. The
operation and procedure of the static friction coefficient inclined
test were the same as the rolling friction coefficient inclined test.

Before testing the particle-geometry static friction coefficient
(μsg), in order to avoid the particles rolling on the inclined plate,
three particles with the same particle size were bonded together
(Grima, 2011). This can effectively prevent the particles from
rolling, before sliding occurred, and did not affect the calculation
of the static friction coefficient of the particles, as shown in
Figure 4.

The balance equation of the force of the particles on the
inclined plate was

Fsg � μsg · FGy � μsg · FG · cos θsg , (6)

where Fsg is the static friction force between the particle and the
geometry inclined plate, in N; μsg is the static friction coefficient
between the particle and the geometry inclined plate; θsg is the
angle between the geometry inclined plate and the horizontal
plane, in °. When the particles were in a sliding critical state,

Fsg � FGx � FG · sin θsgc, (7)

where θsgc is the critical sliding angle of particles on the geometry
inclined plate, in °. Equation 7 was substituted into Eq. 6 to
calculate the particle-geometry static friction coefficient (μsg):

μsg � tan θsgc, (8)

It can be seen from Eq. 8 that the value of particle-geometry static
friction coefficient (μsg) was equal to the tangent value of critical
sliding angle (θsgc).

The spherical glass aggregate (wrapped with mortar) taken
directly from the fresh concrete was used as slipping particle
for the static friction coefficient test. In the particle-particle

FIGURE 4 | Balance of force in static friction test.

FIGURE 5 | Balance of force in Fpullout test.

FIGURE 3 | Balance of force in rolling friction test.
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static friction coefficient (μsp) test, the glass plate with the same
material and production technology as the particle was used as
the inclined plate to measure the particle-particle static
friction coefficient (Grima, 2011). The test procedure and
method were the same as the particle-geometry static
friction coefficient.

The Surface Energy
The surface energy (c) affected the adhesion of fresh concrete
particles (Zafar et al., 2014). The surface energy value of fresh
concrete particles was determined by the surface tension and
wetting angle of the paste. In this paper, the pullout force between
fresh concrete particles was measured by inclined test, and then
the value of surface energy was calculated according to Eq. 9. In
the incline test to measure the surface energy of JKR, the surface
of the glass sphere was smooth, and the paste was only daubed on
the contact position between the two particles, as shown in
Figure 5. Particle A was fixed on the inclined plate. The
tilting angle of the inclined plate increased evenly by adjusting
the lifting table. When the inclined plate reached a certain angle,
particle B began to get rid of the adhesion of the paste under the
influence of gravity and rolled down. A high-speed camera was
used to record the tilt angle of the inclined plate when the two
particles separated.

Fpullout � −3
2
πcRp, (9)

where Fpullout is the pullout force exerted on particle B by the paste
between the particles, in N; c is the surface energy of the slurry, in
J/m2; R* is the equivalent radius of particle A and particle B,
in J/m2.

The force of particle B on the inclined plate is shown in
Figure 5. The equilibrium equation of force for particle B was as
follows:

Fpullout + Frs � FGx � FG · sin θc, (10)

where Frs is the rolling friction force between particle B and the
inclined plate, in N; θc is the angle between the inclined plate and
the horizontal plane, in °.

The critical rolling angle (θcc) of particle B was larger than that
of smooth particle when there was adhesion force between
particles. When the inclination angle of particle B was larger
than θrsc of smooth particle, the rolling friction force of particle
B was

Frs � μrs · FGy � μrs · FG · cos θc, (11)

where μrs is the rolling friction coefficient of smooth glass
particles and inclined plate. When particle B was in rolling
critical state, Eq. 11 was substituted into Eq. 10, and Fpullout
was calculated as follows:

Fpullout � FG · sin θcc − μrs · FG · cos θcc, (12)

Therefore, before calculating Fpullout, the rolling friction
coefficient between the smooth glass particles and the inclined
plate needed to be tested. This paper used the method of
measuring the rolling friction coefficient of fresh concrete

particles in “Coefficient of Rolling Friction” section to measure
the critical rolling angle (θrsc) of the smooth glass particles and the
inclined plate, and then μrs was calculated using Eq. 5.

This paper used 10, 9, 8, and 7 mm glass spheres for surface
energy test. The surface energy test for each particle size was
repeated 10 times to obtain the average separation angle between
particles.

Before measuring Fpullout of the paste, the rolling friction
coefficient of the smooth particles and the inclined plate was
tested. After determining the rolling friction coefficient of the
smooth glass particles and the inclined plate, the inclined test in
Figure 5 was conducted to measure the critical rolling angle (θcc)
of particles B when there was paste between the particles. Then,
Eq. 12 was utilized to calculate Fpullout of the paste between the
particles, and Eq. 9 was adopted to calculate the surface energy c
between the particles.

SIMULATION OF CONCRETE
FLOWABILITY

DEM Contact Model
The Hertz–Mindlin with JKR (Johnson–Kendall–Roberts)
cohesion (Kendall, 1971) was a cohesive force contact model,
which considered the influence of cohesion in the particle contact
area and mainly was used for discrete element simulation of
particles with Van der Waals forces or wet particles. At present,
the theoretical research of JKR model has been mature, and the
physical meaning of contact parameters has been clear. In
addition, the contact parameters of JKR model can be directly
measured by test. In this paper, Hertz–Mindlin with JKR
cohesion was used as the contact model of the concrete
particles. Hertz–Mindlin with JKR model was an improvement
of normal force based on Hertz–Mindlin (no slip) contact mode.
In JKR model, the normal elastic contact force was realized based
on JKR theory (Kendall, 1971). The tangential force of
Hertz–Mindlin with JKR model was the same as that of
Hertz–Mindlin (no slip) contact model.

The normal force component of the Hertz–Mindlin (no slip)
model was calculated based on the Hertz contact theory (Hertz,
1880). The tangential force model was calculated based on the
research results of Mindlin and Deresiewicz (Mindlin, 1949;
Deresiewicz, 1953). The tangential friction followed the
Coulomb friction law and was limited by μsFn. Both the
normal force and the tangential force had damping
components, and the damping coefficient was related to the
restitution coefficient (Tsuji et al., 1992).

The normal force Fn was a function of the normal overlap δn
between particles, calculated by Eq. 13:

Fn � 4
3
Ep

��
Rp

√
δ
3
2
n, (13)

where the equivalent Young’s modulus E* and equivalent radius
R* were defined as

1
Ep

� (1 − ]2i )
Ei

+ (1 − ]2j )
Ej

, (14)
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1
Rp

� 1
Ri

+ 1
Rj
, (15)

where Ei, ]i, Ri and Ej, ]j, Rj are Young’s moduli, Poisson’s ratios,
and radiuses of particle i and particle j.

Normal damping force Fn
d is calculated as follows:

Fd
n � −2

�
5
6

√
β

�����
Snmp

√
vreln , (16)

wheremp � ( 1
mi
+ 1

mj
)− 1

is the equivalent mass, vreln is the normal

component of the relative velocity, and β (damping ratio) and Sn
(normal stiffness) are given by

β � ln e��������
ln2e + π2

√ , (17)

Sn � 2Ep
����
Rpδn

√
, (18)

where e is the coefficient of restitution.
The tangential force Ft depended on the tangential overlap δt

and the tangential stiffness St, as follows:

Ft � −Stδt , (19)

St � 8Gp
����
Rpδn

√
, (20)

where G* is the equivalent shear modulus.
Tangential damping force Ft

d is calculated as follows:

Fd
t � −2

�
5
6

√
β

����
Stmp

√
vreln , (21)

where vrelt is the relative tangential velocity.
The rolling friction torque was proportional to the normal

contact force, and its direction was opposite to the relative
rotation direction (Zhou et al., 1999). The rolling friction of
the particles was performed by applying torque to the contact
surface.

τi � −μrFnRiωi, (22)

where μr is the rolling friction coefficient, Ri is the distance from
the contact point to the center of mass, and ωi is the unit angular
velocity vector of the object at the contact point.

The normal force of Hertz–Mindlin with JKR cohesion model
increased a kind of cohesion on the basis of Hertz–Mindlin (no

slip) normal force. The normal force FJKR of JKRmodel depended
on the amount of overlap δ between particles and surface
energy c.

FJKR � −4 �����
πcEp

√
a
3 /

2 + 4Ep

3Rp
a3, (23)

δ � a2

Rp
−

�������
4πca/Ep

√
, (24)

where a is the radius of the circular contact area formed between
particles.

When c � 0, the normal force of the JKR model was equal to
the normal force of Hertz–Mindlin (no slip).

FHertz � 4
3
Ep

��
Rp

√
δ
3
2,
n (25)

The JKR model can still provide the cohesive force when the
particles were not in direct contact. The maximum gap δc and
critical contact radius αc of non-zero cohesive force between
particles were calculated by the following Eqs. 26, 27:

δc � α2
c

Rp
−

�������
4παc/Ep

√
, (26)

αc � [9πcRp

2Ep
(3
4
− 1�

2
√ )]

1
3

, (27)

The maximum cohesion force occurred when the particles were
not in contact and the separation gap was less than δc. This
maximum cohesion force was called Fpullout, calculated by Eq. 9.

Results of Calibration Test
The Test Results of Restitution Coefficient
The restitution coefficient test results of B1 concrete are shown in
Table 2. After the particles fell freely from different heights and
collided with the geometry, the rebound height h decreased as the
initial heightH decreased. The restitution coefficients of different
fixed heights were basically the same, and the average value of
particle-geometry restitution coefficient (eg) was 0.248. The
particle-particle collision test results were similar to the
particle-geometry test results, and the average particle-particle
restitution coefficient (ep) was 0.249.

According to the test results of restitution coefficient of
concrete particles with different mix proportions, the average

TABLE 2 | The restitution coefficient test results of B1 concrete.

H (mm) h e=
��
h
H

√
Mean (mm) Standard deviation

Particle-geometry (eg) 100 6.01 0.308 0.245
90 5.62 0.334 0.250
80 4.84 0.220 0.246
70 4.36 0.262 0.250

Particle-particle (ep) 100 5.39 0.335 0.243
90 5.73 0.293 0.252
80 4.87 0.283 0.247
70 4.47 0.279 0.253

TABLE 3 | The rolling friction coefficient test results of B1 concrete.

Particle
size

θrc μr = tan θrc

Mean Standard
deviation

Particle-
geometry (μrg)

10 6.19° 0.227 0.108
9 5.98° 0.203 0.104
8 6.50° 0.229 0.114
7 5.73° 0.255 0.100

Particle-particle (μrp) 10 5.38° 0.308 0.094
9 4.81° 0.329 0.084
8 5.20° 0.278 0.091
7 5.07° 0.297 0.088
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restitution coefficients of nine concrete particles were calculated.
The eg of nine concrete particles was 0.249, 0.254, 0.255, 0.248,
0.252, 0.254, 0.244, 0.250, and 0.253, respectively. The ep of nine
concrete particles was 0.251, 0.255, 0.257, 0.249, 0.253, 0.256,
0.246, 0.251, and 0.255, respectively. The restitution coefficient of
the three groups of concrete particles A, B, and C decreased with
the increasing of the water-binder ratio.

The Test Results of Rolling Friction Coefficient
The rolling friction coefficient test results of B1 concrete are
shown in Table 3. The critical rolling angles (θrc) of particle-
geometry of different particle sizes were similar, and the average
value of particle-geometry rolling friction coefficient (μrg) was
0.107. The critical rolling angles (θrc) of particle-particle of
different particle sizes were basically the same, and the average
value of particle-particle rolling friction coefficient (μrp)
was 0.090.

The average rolling friction coefficients (μrg) of the concrete
particles of the nine mix ratios were 0.104, 0.094, 0.090, 0.106,
0.102, 0.095, 0.113, 0.101, and 0.097, respectively. The average
rolling friction coefficients (μrp) of the concrete particles of the
nine mix ratios were 0.083, 0.073, 0.071, 0.086, 0.083, 0.080, 0.104,
0.081, and 0.079, respectively. The particle-geometry rolling
friction coefficient and particle-particle rolling friction
coefficient values of the three groups of concrete of A, B, and
C decreased with the increase of the water-binder ratio.

The Test Results of Static Friction Coefficient
The static friction coefficient test results of B1 concrete are shown
in Table 4. The critical slide angles (θsc) of particle-geometry of
different particle sizes were close, and the average value of

particle-geometry static friction coefficient (μsg) was 0.228. The
critical slide angles (θsc) of particle-particle of different particle
sizes were about the same, and the average value of particle-
particle static friction coefficient (μsp) was 0.192.

The average particle-geometry static friction coefficients (μsg)
of nine concrete particles were 0.221, 0.201, 0.188, 0.228, 0.206,
0.196, 0.233, 0.225, and 0.204, respectively. The average particle-
particle static friction coefficients (μsp) of nine concrete particles
were 0.190, 0.184, 0.182, 0.192, 0.185, 0.174, 0.223, 0.191, and
0.186, respectively. The values of static friction coefficient of
concrete in groups A, B, and C decreased with the increase of
water-binder ratio.

The Test Results of Surface Energy
The test results of rolling friction coefficient of glass sphere are
shown in Table 5. The critical rolling angle (θrs) between the four
smooth particles and the inclined plate was basically close, and
the average rolling friction coefficient was 0.018.

After determining the rolling friction coefficient between the
smooth particles and the inclined plate, the critical rolling angle
(θcc) of particle B was measured using the tilt test of Figure 5, and
then Fpullout and surface energy (c) of the paste between the
particles were calculated. The test results of surface energy of B1
concrete are shown in Table 6. The surface energy of the paste
between particles of different sizes was basically the same, and the
average surface energy c was 0.370 J/m2. As the particle size
decreased, the critical separation angle (θcc) of particle B
increased. The reason was that when the gravity of particle B
decreased, a larger separation angle was needed to increase the
tangential force of particle B on the inclined plate to get rid of
Fpullout of the paste.

According to the surface energy test results of concrete
particles with different mix proportions, the average surface
energy of paste in the nine types of concrete mix proportions
were calculated. The surface energy (c) of the nine concrete
particles was 0.368, 0.364, 0.363, 0.370, 0.366, 0.361, 0.373, 0.368,
and 0.364 J/m2, respectively. The surface energy of the three
groups of concrete particles decreased with the increase of the
water-binder ratio.

The amount of cementitious material and water-binder ratio
are the main factors affecting the contact parameters of concrete
particles. With the change of the composition and amount of
cementitious materials, the viscosity of the paste on the surface of
concrete particles also changed. When the viscosity of paste
increased, the restitution coefficient of concrete particles
decreased, and the static friction coefficient, rolling friction
coefficient, and surface energy increased.

TABLE 4 | The static friction coefficient test results of B1 concrete.

Particle
size

θsc μs = tan θsc

Mean Standard
deviation

Particle-
geometry (μsg)

10 12.42° 0.439 0.220
9 13.12° 0.501 0.233
8 12.70° 0.406 0.225
7 13.21° 0.491 0.235

Particle-particle (μsp) 10 11.26° 0.453 0.199
9 10.44° 0.454 0.184
8 10.49° 0.478 0.185
7 11.29° 0.372 0.200

TABLE 5 | The test results of rolling friction coefficient of smooth glass particles.

Particle
size (mm)

θrs μrs = tan θrs

Mean Standard
deviation

Particle-
plate (μrs)

10 1.04° 0.026 0.018
9 1.05° 0.019 0.018
8 1.02° 0.024 0.018
7 1.03° 0.020 0.018

TABLE 6 | The surface energy test results of B1 concrete.

Particle size (mm) θγs Fpullout (N) γ (J/m2)

Mean Standard deviation

10 20.91° 0.579 0.00424 0.369
9 25.70° 0.631 0.00400 0.378
8 32.54° 0.541 0.00347 0.369
7 44.71° 0.674 0.00301 0.365
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Establishing the DEM Model of Concrete
DEM Model of Slump Test
The slump test model was established according to the actual
size of the slump cone and slump plate, and then the intrinsic
parameters (density, shear modulus, and Poisson’s ratio) of the
geometry (slump cone and slump plate) were defined. The
material of the test equipment used in the slump test and
calibration test was stainless steel, the density was 7,750 kg/
m3, the shear modulus was 72.797 GPa, and Poisson’s ratio
was 0.305.

This paper used EDEM software to establish a single-phase
element concrete DEM model (Hoornahad and Koenders, 2014).
The concrete was considered to be composed of mortar-wrapped
glass aggregate particles. The intrinsic parameters of the particles
were defined according to the aggregate density, shear modulus,
and Poisson’s ratio in “Aggregate” section. Then, the test results
of restitution coefficient, rolling friction coefficient, static friction
coefficient, and surface energy were used as the contact
parameters of particle-geometry and particle-particle in the
concrete DEM model to simulate. Finally, the concrete
particles were generated in the slump cone. Before generating
the concrete particles, a funnel was added above the slump cone
to increase the rate of particle generation. After the particles filled
the slump cone, the funnel and excess particles above the slump
cone were removed. The establishment of the DEM model of
concrete slump test was finished.

DEM Model of J-Ring Test
The J-Ring model was added to the DEMmodel of the slump test
to investigate the passing ability of concrete. The J-Ring test DEM
model was established based on the J-Ring size recommended by
the standard GB/T 50,080-2016. The material of J-Ring was the
same as that of the slump test.

DEM Model of V-Funnel and U-Channel
The V-funnel model and U-channel model were established
based on the size recommended by the standard GB/T 50,080-
2016. The materials of V-funnel and U-channel were the same as
that of the slump test.

DEM SIMULATION RESULTS OF
CONCRETE FLOWABILITY
Comparison of DEM Simulation Results
with Slump Test Results
The slump cone in theDEMmodel was lifted off at a speed of 0.06m/
s to simulate the concrete slump test. The results of the slump test and
the DEM model of B1 concrete at 0.9 and 4 s are shown in Figures
6A,B. At 0.9 s, the test value of the slump flow was 302mm, and the
slump flow and slump of the DEM model were 303 and 178mm,
respectively. At 4 s, the test values of the slump flow and slump were
449 and 201mm, the slump flow and slump of the DEMmodel were

FIGURE 6 | Comparison between slump test process and DEM simulation of B1 concrete: (A) 0.9 s and (B) 4 s.
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407 and 203mm, and the relative deviations were 0.445 and 0.995%,
respectively. The simulation results of B1 concrete DEMmodel at 0.9
and 4 s were in good agreement with the test results.

The changes in the slump flow of the DEMmodel and the test
over time were recorded, and the slump flow–time curve is
shown in Figure 7. The slump flow–time curves of test and
DEM model can be divided into three stages. Stage I was the
initial stage. When the slump cone began to lift off, the lift-off
distance between the bottom of slump cone and the slump plate
was small, and the large-size aggregates in concrete were
hindered by the bottom of slump cone, which limited the
flow of concrete. Stage II was the rapid flow stage. The
gravity potential energy of concrete in slump cone was
rapidly converted into kinetic energy, and the concrete
flowed rapidly under the action of gravity. Stage III was the
slow flow stage. After the gravity potential energy of concrete
decreased, the kinetic energy of concrete was gradually
consumed by the friction force of slump plate, and the flow
velocity of concrete decreased and finally tended to be static. In
these three stages, the slump flow–time curve simulated by DEM
was in good agreement with the test results.

The relative deviation of slump simulation of nine types of
concrete was 0.952, 0.881, 1.299, 0.995, 0.474, 0.442, 1.015, 0.478,
and 0.459%, respectively. The relative deviation of slump-flow
simulation of the nine concrete types was 0.647, 0.791, 0.362,
0.445, 0.412, 0.193, 0.686, 0.213, and 0.399%, respectively. The
relative deviations between the slump and slump-flow simulation
results of the concrete DEM model and the test results were very
small. The average relative deviation between the slump
simulation value and the test value of nine types of concrete
was 0.777%, and the average relative deviation between the
slump-flow simulation value and the test value was 0.461%.
The DEM contact model and calibrated contact parameters
used in this paper can accurately simulate the process and
results of concrete slump test.

Comparison of DEM Simulation Results
with J-Ring Test Results
The slump cone was lifted up at a speed of 0.06 m/s. The J-Ring
DEM simulation of B1 concrete is shown in Figure 8. The J-Ring
slump flow of the concrete DEM model was 297 mm at 0.9 s and
431 mm at 4 s. The simulation results of DEM model were close
to the test results of concrete J-Ring slump flow. The difference
between the slump flow of concrete and the J-Ring slump flow
was used as the performance index of the passing ability. The
DEM simulation results of J-Ring slump flow were 446, 487, 532,
431, 472, 499, 418, 453, and 486 mm, and the relative deviation
was 0.446, 0.409, 0.375, 0.231, 0.212, 0.399, 0.948, 0.444, and
0.206%, respectively. The passing ability of nine types of concrete
was 15, 15, 18, 16, 16, 17, 16, 17, and 17 mm, and the relative
deviation was 6.25, 11.76, 0.00, 5.88, 6.67, 6.25, 6.67, 5.56, and
6.25%, respectively. The simulation results of J-Ring slump flow
and passing ability of concrete DEM model were similar to the
test results. The average relative deviation between the J-Ring
slump-flow simulation value and the test value of nine types of
concrete was 0.408%, and the average relative deviation between
the passing ability simulation value and the test value was 6.14%.
The concrete DEM model established in this paper can simulate
the passing ability of concrete well.

FIGURE 7 | Comparison of test and simulation by slump flow–time
curves: (A) Group A, (B) Group B, and (C) Group C.
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FIGURE 8 | Comparison between J-Ring test process and DEM simulation of B1 concrete: (A) 0.9 s and (B) 4 s.

FIGURE 9 | Simulation of V-funnel and U-channel: (A) DEM simulation of V-funnel and (B) DEM simulation of U-channel.
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Simulation Results of V-Funnel and
U-Channel
The velocity distribution of B1 concrete in V-funnel is shown in
Figure 9A. At the beginning of flow, the flow velocity at the outlet
was maximum, the flow velocity of concrete particles above the
outlet decreased gradually, and the flow velocity of concrete
particles above the funnel was close to zero. Above the outlet of
V-funnel, the velocity distribution of concrete particles at different
outflow time was basically similar, and the velocity distribution
near the outlet was almost not affected by the flow time. The
simulation values of TV of A1, A2, A3, B1, B2, B3, C1, C2, and C3
were 5.4, 5.3, 5.2, 6.4, 6.2, 6.1, 7.1, 6.8, and 6.6 s, respectively. The
relative deviation of V-funnel simulation of the nine types of
concrete was 1.82, 0.00, 1.96, 1.54, 1.59, 1.67, 2.74, 4.2, and
4.35%, respectively, and the average relative deviation was
2.21%. With the increase of water-cement ratio, the viscosity of
concrete decreased, which led to the decrease of TV.

The velocity distribution of B1 concrete in U-channel is
shown in Figure 9B. The gate was lifted at a speed of 0.08 m/s,
and the concrete flowed quickly to the right side. The concrete
particles in the left side of U-channel flowed down uniformly
and slowly. With the increase of flow time, the maximum flow
velocity of concrete gradually decreased, and the velocity
distribution of concrete changed greatly. The maximum flow
velocity occurred below the gate, and the position of the
maximum flow velocity moved up with the lifting of the gate.
After 4.5 s, the concrete gradually tended to static state. The
simulation values of Bh of A1, A2, A3, B1, B2, B3, C1, C2, and
C3 were 261, 262, 264, 248, 251, 252, 235, 236, and 238 mm,
respectively. The average relative deviation of the simulation
result was 0.931%. The simulation results were in good
agreement with the test results.

In the simulation of concrete fluidity, the static friction
coefficient had the greatest influence on the simulation results,
followed by the rolling friction coefficient, and the restitution
coefficient had the least influence on the simulation results.
Therefore, it is necessary to accurately measure the contact
parameters of concrete particles, and the contact parameters of
concrete particles measured by tests are closer to the real results
than the trial-error method.

CONCLUSIONS

In this paper, high-precision glass spheres were used as
aggregates for the slump test and meso-calibration test of
fresh concrete. Through a series of meso-calibration tests, the
contact parameters of the discrete element model of fresh
concrete were accurately measured, and the reliability of the

DEM model was verified by the slump test. Through meso-
calibration tests and DEM model verification, the following
conclusions are obtained:

(1) The contact parameters of JKR contact model, such as
coefficient of restitution, coefficient of rolling friction,
coefficient of static friction, and surface energy, can be
measured accurately by collision test and inclined test.

(2) It is feasible to use glass sphere instead of concrete aggregate
for parameter measure of DEM model.

(3) The DEM model established by the JKR model and contact
parameter calibration method can accurately simulate the
flowability of concrete.

Limitations and Future Scope
In this paper, spherical aggregate was used instead of gravel in
concrete fluidity test and calibration test, which verified the reliability
of meso-calibration test. In the following work, the author will use
the actual aggregate to carry out systematic calibration tests to
measure the contact parameters of the real aggregate.
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Understanding and controlling the mechanical properties of calcium aluminosilicate
hydrate (C-A-S-H) gel is essential to the performance improvement of cementing
materials. This study characterizes the mechanical properties and failure mechanism of
cross-linked C-A-S-H that have Al/Si ratios ranging from 0 to 0.20 by employing the
reactive molecular dynamics simulation. In these constructed C-A-S-H models, the Al-
induced cross-linking effect on the aluminosilicate chains is well reproduced. With the
incorporation of aluminate species, layered C-S-H structure gradually transforms into
three-dimensional C-A-S-H. The uniaxial tensile tests show that Al-induced cross-links
significantly increase the cohesive force and stiffness of C-A-S-H along both y- and z-
directions. In the C-A-S-H model with the Al/Si ratio equal to 0.2, in which all the bridging
sites are cross-linked, the toughness along y-direction significantly improves the interlayer
mechanical properties compared to those within the layers. The deformation mechanism
of the C-A-S-H structure is also studied. Results show that the depolymerization of the
calcium aluminosilicate skeleton is the main route to uptake the loading energy. Both the
increase of y- and z-directional strength of the structure can be related to the increasing
polymerization of aluminosilicate chains along that direction. This demonstrates the
important role of aluminosilicate chains in resisting the external tensile loading.
Besides, during the failure process in C-A-S-H elongation, the hydrolysis reactions of
calcium silicate skeleton are caused by the coupling effect of loading and interlayer water
“attack.”While the Al-O-Si bond breakage results from the protonation of bridging oxygen
atom, the hydrolytic reaction of Si-O-Si is initiated by five-coordinate silicon formation. Both
pathways weaken the bridging bond and thus result in the breakage of T-O-Si, where T is
Al or Si.
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INTRODUCTION

Cement manufacture is estimated to produce approximately 6–8%
of the yearly man-made global CO2 emissions (Mir and Nehme,
2017). Moreover, due to the increasing demand for concrete
materials, this part of carbon emission is still increasing
(Scrivener, 2008). In order to lower the environmental impact of
the construction industry, people have used industrial wastes or
byproducts to develop alternative binders (Mikulčić et al., 2016).
The wide usage of some supplementary cementitious materials
(SCMs), including fly ash (FA) and blast furnace slag (BFS)
(Lothenbach et al., 2011), has not only reduced CO2 emission
(Sethy et al., 2016) (Huntzinger and Eatmon, 2009) but also
prepared blended cement pastes that exhibit better performance
than pure cement paste in some aspects, such as resistance in sulfate
attack (Juenger et al., 2011) and alkali-aggregate reaction (ASR)
(Shehata and Thomas, 2002; Duchesne and Bérubé, 1994). The
Portland cement (PC) production results in about 0.85 tonnes/tonne
of CO2 emission (Feiz et al., 2015), while the CO2 emissions by FA
and BFS production are only 1/94 and 1/43 of the amount CO2

emitted during cementmanufacture, respectively (Chen et al., 2010).
High-volume SCM blended cement is often richer in Si and Al

element than the PC (Lothenbach et al., 2011). This changes the
stoichiometry of calcium silicate hydrate (C-S-H) gel, the main
hydration product of cement-based materials. The Ca/Si ratio of the
C-S-H gel is lowered and aluminum is incorporated into its
structure (Lothenbach et al., 2011), leading to the formation of
calcium aluminosilicate hydrate (C-A-S-H). Since C-A-S-H gel is
the phase that gives strength to the hardened cement blend, it is
necessary to study its mechanical properties. One of the cases is the
mechanical properties of cross-linked C-A-S-H. C-S-H is
structurally similar to tobermorite (Hamid, 1981; Merlino et al.,
2001), which has principal layers composed of pseudooctahedrally
coordinated calcium sheets sandwiched on both sides by silicate
chains in the form of “drierkette.” In the interlayer regions, there are
water molecules and calcium ions that connect the adjacent main
layers. Hence, the C-S-H structure is weak in the interlayer direction
(Hou et al., 2014b). When aluminum is included in the C-S-H
structure, it resides on the silicate chains and heals the broken
silicate chains. In these chains, Al occupancy in the bridging
position is preferred over the pairing position (Manzano et al.,
2009a; Pegado et al., 2014). The branched (alumino)silicate chains
are more easily formed in the C-A-S-H gel than in the C-S-H gel
(Myers et al., 2015; Bernal et al., 2013; Myers et al., 2013). It is found
that calcium-poor and aluminum-rich cementitious environment
and high temperature (up to 80°C) can promote the cross-linked
C-A-S-H formation. Structurally, the branch chains bridge the
neighboring principal layers with covalent bonds, which improve
the interlayer interaction in the C-A-S-H structure. This was
experimentally proved by recent studies from (Geng et al.,
2017a; Geng et al., 2017b). They have investigated the
compressibility of the crystal lattice of both non-cross- and
cross-linked C-(A-)S-H under hydrostatic pressure, utilizing the
synchrotron radiation-based high-pressure X-ray diffraction (XRD)
technique. The results showed that the stiffness of non-cross-linked
C-A-S-H is lower in the z-axis than in the xy-plane (the readers can
see the stackedmain layers along z-direction for C-A-S-Hmolecular

structure in Figure 1A), and the cross-links can stiffen the C-A-S-H
gel along the interlayer direction. However, the strengthening
mechanism of cross-links remains not fully understood, owing to
the experimental limit in accessing smaller length scales.

This article aims to study the mechanical properties of cross-
linked C-A-S-H gel throughmolecular dynamics (MD) simulation.
MD can give insight into the properties of materials at the
molecular scale level and provide a complementary
understanding of the experimental findings. Its wide application
in the C-S-H studies renders the research length scale down to
nanometers. The mechanical properties of mineral analogues of
C-S-H, tobermorite and jennite, were calculated and the results
match well with experimental data (Shahsavari et al., 2009)
(Manzano et al., 2009b; Murray et al., 2010). Pellenq (Pellenq
et al., 2009) proposed a “realistic C-S-Hmodel” of the Ca/Si ratio of
1.7, which can accurately predict the experimentally obtained
structure and strength properties (Allen et al., 2007;
Constantinides and Ulm, 2007; Ulm et al., 2007). After that, the
C-S-H model with various Ca/Si ratios was also constructed
(Abdolhosseini Qomi et al., 2014) (Hou et al., 2015b) and its
mechanical properties were in good agreement with the
experimental results. The C-A-S-H (Ca/Si ratio � 1.7) with
various Al/Ca ratios was also simulated by (Qomi et al., 2012)
and (Hou et al., 2015a). The results show that the aluminum
substitution for interlayer calcium improves the polymerization of
aluminosilicate chains as well as the mechanical properties of C-A-
S-H. Based on theMD simulation, cement/aggregate/fiber interface
characterization (Zhou et al., 2019) and aggregate radiation failure
(Zhou and Ju, 2020) were also investigated. The above studies
provided an excellent basis for the implementation of our work.

In this article, the mechanical response and constitutive
relationships of C-A-S-H with different cross-linking degrees
are investigated by simulating uniaxial tension. Note that the
branch structure in our constructed model is different from those
in Qomi’s (Qomi et al., 2012) and Hou’s model (Hou et al.,
2015a). In our models, cross-links occurred through the bond
formation between the bridging silicate and aluminate sites in
aluminosilicate chains of two adjacent primary layers, where the
bridging sites can only bind to each other by pairs. This cross-
linking mode is more related to the existing C-A-S-H structure
models (Manzano et al., 2009a) (Pegado et al., 2014) and can
characterize the mechanical responses more accurately. Relying
on the ability to couple chemical reaction with the mechanical
response provided by ReaxFF (Duin et al., 2001), the morphology
transformation and hydrolytic reactions of calcium
aluminosilicate skeleton in the C-A-S-H model during its
structural deformation are also studied. This study can help
elucidate the influence mechanisms of Al substitution on the
performance of C-S-H gel and guide the design of sustainable
concrete in engineering practice.

COMPUTATIONAL METHOD

Reactive Force Field
The atomic interaction within the models was defined by the
reactive force field (ReaxFF). ReaxFF was initially developed to
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simulate hydrocarbons (Duin et al., 2001). Since then, it has been
successfully applied in many fields, including combustion,
catalysis, material failure, and surface chemistry. The ReaxFF
force field is equipped with the ability to describe the bond
formation, bond breakage, and charge polarization (Fogarty
et al., 2010), without recourse to a predefined and invariable
covalent bond state. Furthermore, the bond order concept in the
ReaxFF allows the energy to change smoothly during an energy-
conserving simulation. Previous studies have been performed to
study the Si/SiO2 interfaces (Leroch and Wendland, 2012),
dynamics of gel water in the C-S-H (Manzano et al., 2012a)
(Hou et al., 2015b), and the restriction of C-S-H structure on
guest ions (Hou et al., 2017). These applications demonstrate that
ReaxFF can capture the structure, reactivity, and mechanical
features of C-A-S-H/water interfaces with great accuracy. The
ReaxFF parameters for the elements in this work were taken from
previously published literature (Duin et al., 2003; Manzano, et al.,
2012b; Liu et al., 2012).

Model Construction
The molecular structure of C-A-S-H is constructed using the
method performed in previous simulations (Pellenq et al., 2009;
Yang et al., 2018). Merlino’s cross-linked 11 Å tobermorite
[Ca4.5Si6O16(OH)·5H2O] (Merlino et al., 2001) was utilized as
the starting configuration. Firstly, a supercell containing 2 × 2 × 1
crystallographic tobermorite unit cells was constructed and the
interlayer water within the cells was totally removed. Then, half of
the bridging silicate tetrahedra in the supercell were substituted
with aluminate tetrahedra. It is worth noting that only one of the
two given adjacent bridging silicate tetrahedra is substituted to
avoid the negative charge repulsion of aluminate species.
Secondly, bridging aluminate tetrahedra were randomly
deleted to create five calcium aluminosilicate skeletons of Al/Si
ratios of 0, 0.05, 0.10, 0.15, and 0.20. An equivalent amount of
hydrogen atoms was added to balance the negative charges
induced by Al-Si substitution. Note that the upper limit Al/Si

ratio is close to the maximum experimental findings of Al/Si ratio
in C-A-S-H from Faucon et al. (Faucon et al., 1999) and Sun et al.
(Sun et al., 2006). And this value is also the upper limit for the
C-A-S-H model following the Lowenstein rule (Lowenstein,
1954). Thirdly, the structures of anhydrous calcium
aluminosilicate were relaxed at 0 K. After the relaxation, water
adsorption in the dry C-A-S-H model is performed by the Grand
Canonical Monte Carlo (GCMC) method in the GULP package
(Gale and Rohl, 2003). Adsorbent molecules were repeatedly
inserted into and deleted from the simulation system until the
system reaches equilibrium with the surrounding imaginary
water reservoir. The adsorption was taken place with chemical
potential of water of 0 eV under 300 K. The chemical potential in
GCMC method was calculated following the regulation of the
CSH-FF force field (Shahsavari et al., 2011). Finally, the
LAMMPS software (Plimpton, 1995) (Aktulga et al., 2012) was
utilized to carry out the MD. The Verlet algorithm was used to
integrate the atomic trajectories in the system, with a time step of
0.25 fs. First, 250 ps of MD run was employed under constant
pressure and temperature (NPT ensemble) (T � 298 K and P � 1
atom) to equilibrate the system. After 250 ps of MD run, 1000 ps
of MD run was performed to average the system properties.

Uniaxial Tensile Loading
Given the anisotropic mechanical behavior of C-S-H gel (Hou
et al., 2014b), uniaxial tensions along three dimensions were
separately performed on the C-A-S-H models.

Before the tension test, the supercell of the obtained C-A-S-H
models was periodically replicated along three dimensions to
create cells of the size of about 4 × 4 × 4 nm3. Note that including
a massive number of atoms can ensure the simulation stability of
the system and its failure mode in particular. The uniaxial tension
test of the structures was set to a strain rate of 0.08 per picosecond.
For the purpose of anisotropic relaxation of the system, during
the tension along one direction, the target pressure in directions
normal to this direction was set to zero. The stress-strain

FIGURE 1 | Atomistic representation of the C-(A-)S-H models with Al/Si ratios of 0, 0.10, and 0.20.
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evolution curves obtained in the uniaxial tension processes are
plotted to analyze the mechanical properties of C-A-S-H. In
addition, configurations were recorded for every 100 steps for
the analysis of failure mode.

RESULTS AND DISCUSSION

Structure of C-A-S-H Models
The obtained molecular structures of C-A-S-H models after the
MD simulation are presented in Figure 1. For the C-S-H model
(see Figure 1A), it can be observed that the Cas (calcium) and the
Os (oxygen) atoms are bonded together to form the Cas-Os
sheets, with defective “dreierketten” silicate chains flanking on
each side. The negative charges of the calcium silicate layers were
neutralized via the presence of interlaminar Ca2+ ions. In
addition, there are also some water molecules in the
interlaminar region. In the cross-linked C-A-S-H models
(Figures 1B,C), aluminum in the defective bridging position
of the chains not only links the broken silicate chains but also
cross-links the silicate chain of the neighboring main layers. With
the increase of Al/Si ratio, more aluminum atoms enter the
bridging sites and cross-link the neighboring aluminosilicate
chains. At the Al/Si ratio of 0.2, all bridging sites in the
aluminosilicate chains are cross-linked (Figure 1C). In the
cavities among the cross-linked aluminosilicate chains, there is
zeolitic content (interlayer water molecules and Ca2+ ions).
Figure 2 provides a schematic diagram that describes the
bridging effect of aluminum on the adjacent primary layers in
C-A-S-H gel. The three 2D pictures correspond to the C-A-S-H
molecular structures in Figure 1, respectively.

The polymerization degree of silicate tetrahedra is an
important parameter that influences the mechanical response
of the C-A-S-H structure. Hence, the distribution of Qn(mAl)
species in the C-A-S-H model is calculated. Qn(mAl) represents
the connectivity factor of silicate tetrahedra. The increase of n
from 0 to four denotes the transformation of silicate from
monomer to network structures, while m ranging from 0 to n
denotes the number of neighboring aluminate species for the
given silicate tetrahedron. As shown in Figure 3A, there are 40%

of Q1 species and 60% of Q2 species in the Al-free C-S-H model,
indicating that the silicate tetrahedra are presented in linear
silicate chain structures. As aluminum gradually enters the
structure, the percentages of Q1 and Q2 species decrease, while
those of Q2(1Al) and Q3(1Al) increase. This suggests that silicate
tetrahedra are transformed from linear to branched chain
structure. As shown in Figure 3B, the aluminate tetrahedron
heals the broken silicate chains, thereby producing two Q2(1Al).
Meanwhile, the cross-linking of the aluminate tetrahedron with
the neighboring silicate chain results in a Q3(1Al) formation.

Stress-Strain Relationship
The stress-strain relation is a common way to characterize the
constitutive relationship of materials. Figure 4 portrays the
stress-strain evolution of C-A-S-H models as they are
elongated along x-, y-, and z-directions, respectively. Take the
C-A-S-H model of Al/Si ratio of 0.10, for example (Figure 4A).
With the increase of the strain along x-direction, the stress firstly
increases. This indicates the deformation of the C-A-S-H
structure to take the tensile loading. At the strain of 0.19 Å/Å,
the stress gets its maximum value of 10.66 GPa, which is the
tensile strength of the structure. Then, the stress drops fast and it
reduces to 4.83 GPa at the strain of 0.27 Å/Å. During this stage,
cracks are formed in the C-A-S-H model and grow rapidly. After
the strain of 0.27 Å/Å, the stress declines slowly until the end of
the elongation process. This is because the C-A-S-H structure is
destroyed after that strain level and hence cannot uptake tensile
loading. The stress-strain relationship along y-direction shows a
ladder-like pattern (Figure 4B). After the initial increase, there is
an increase of stress, which reaches its first maximum of
10.43 GPa at the strain of 0.13 Å/Å, followed by a rapid
reduction, which is down to 6.75 GPa at the strain of 0.17 Å/
Å. After the first minimum, the stress again increases and reaches
a second maximum of 9.67 GPa at a strain of 0.36 Å/Å. After this
strain level, the stress-strain curve turns to a monotonic decrease.
The secondary increase of stress resembles the work hardening
effect of the tensioned steel material (Kocks and Mecking, 2003).
It is worth mentioning that the ladder-like curve in y-direction
presents in all the models, which suggests that the C-A-S-H
structure has good plasticity along this direction. It worth noting

FIGURE 2 | Schematic diagram of aluminum-induced bridging effect in C-(A-)S-H, where orange and pink triangles denote silicate and aluminate tetrahedra, green
circles denote calcium atoms, and red-white circles denote water molecules.
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that the cohesion force of C-A-S-H along x-direction originated
from the connection between silicate chains and CaO sheets,
whereas the cohesion force along y-direction originated not only
from the Ca-O-Si bonds but also from the Si-O-Si bonds within
silicate chains. Finally, the structural difference in x- and y-
directions for C-A-S-H gel results in distinct different

mechanical results. On the other hand, compared with the
stress-strain relationships in x- and y-directions, their
counterpart in z-direction shows a brittle nature. As shown in
Figure 4C, the stress increases to 6.53 GPa when the strain is
0.16 Å/Å. Then, the stress continuously decreases and gets zero at
the strain of 0.28 Å/Å.

BA

FIGURE 3 | (A) Q species distribution of the C-A-S-H models (adapted from Manzano et al., (2012b)); (B) atomistic representation of the Q species in the models.
Yellow and red sticks denote silicate chain (Si-O); magenta and red sticks denote aluminate chain (Al-O); the green and gray spheres indicate intra- and interlayer calcium
atoms; red and white ball-sticks are water molecules and hydroxyl groups.

A

C

B

FIGURE 4 | The stress-strain relationships of the C-(A-)S-H models along (A) x-, (B) y-, and (C) z-directions.
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Mechanical Properties
The tensile strength and Young’s modulus can more intuitionally
display the evolution of mechanical properties of the structure. As
shown in Figure 5, the x- and y-directional tensile strengths of the
non-cross-linked C-S-H are 9.58 GPa and 7.88 GPa, respectively.
But their z-directional counterpart is 1.54 GPa. A similar trend
can be observed in its Young’s modulus. This demonstrates the
mechanical feature of C-S-H gel, that is, with strong interaction in
xy-plane but very weak cohesion between the layers. As the Al/Si
ratio increases from 0 to 0.20, the z-directional tensile strength of
the C-(A-)S-H displays a substantial increase from 1.54 GPa to
10.03 GPa. The Young’s modulus along z-direction also increases
from 24.32 GPa to 96.32 GPa. This reflects that the cross-linking
of aluminosilicate chains greatly improves the interlayer
interaction in the C-A-S-H. Furthermore, the Al incorporation
also strengthens the C-A-S-H structure along y-direction. As the
Al/Si ratio rises from 0 to 0.20, the tensile strength in y-direction
increases from 7.88 GPa to 12.27 GPa and Young’s modulus
increases from 71.48 GPa to 91.64 GPa. The tensile strength
and Young’s modulus along x-direction appear to vary in
relatively small ranges. With the aluminum incorporation into
the structure, their values first increase and then decrease. The x-
directional tensile strength and Young’s modulus approach their
maxima at the Al/Si ratio of 0.10 and 0.15, respectively. With the
cross-linking of the C-A-S-H model, the difference between
interlayer strength and xy planar strength is significantly
narrowed. At Al/Si ratio of 0.20, the z-directional strength even
compares well with the xy-plane cohesion. The mechanical
behavior of the C-A-S-H model transforms gradually from one
featured by layered structure to one by glass-like materials. This
finding is consistent with previous research (Geng et al., 2017a).
They have tested the compressibility of lattice parameters of the
unit cell under hydrostatic pressure. The results show that, for the
non-cross-linked C-S-H, the compliance is about 3.3% per 10 GPa
along the x- and y-directions (a and b unit cell decrease by 3.3%
relative to the values at atmospheric pressure at an external
hydrostatic pressure of 10 GPa) and 7–11% per 10 GPa along
z-direction. For the cross-linked C-A-S-H sample with Al/Si ratio
of 0.10, the compressibility of c parameter is largely improved
(compliance ≈4% per 10 GPa) and close to that of a and b
parameters, while the compressibility of a and b parameters is
almost the same as that of non-cross-linked one.

Molecular Structure Evolution
In order to gain an in-depth knowledge of the underlying
mechanisms of the mechanical behavior, the molecular
structure evolution of C-A-S-H models under tensile loading
is investigated. Since the aluminosilicate chains are essential to
the loading resistance of the structure, their morphology
evolution under tension process is analyzed. Furthermore, as
suggested in a previous study, water molecules’ intrusion will
“attack” bridging bonds in the structure and weaken their bond
strength (Hou et al., 2014a). This process consumes the interlayer
water molecule and forms various hydroxyl groups; thus, the
numbers of water molecules and hydroxyls are recorded to
investigate the hydrolytic reaction during tensile loading.

Tensile Loading Along x-Direction
The deformed molecular structures for the C-S-H and C-A-S-H
model (Al/Si � 0 and 0.20, respectively) from the strain of 0.0 Å/Å
to 0.8 Å/Å during tension along x-direction are shown in
Figure 6. For the C-S-H gel (Figure 6A), when strain is
within 0.4 Å/Å, the ionic bonds between silicate chains and
principal layer Ca are prolonged to take the loading. At the
strain of 0.4 Å/Å, cracks can be clearly observed in the structure.
Meanwhile, the silicate chains are displaced and rotated due to the
tensile loading. As a result, the arrangement of calcium silicate
layers becomes disordered. As the strain increases from 0.4 Å/Å
to 0.8 Å/Å, the defective regions extend rapidly and connect with
one another. The C-S-H structure is fractured at the strain of
0.8 Å/Å. With respect to the C-A-S-H model (Al/Si � 0.2), the
structure appears to be more rigid. As shown in Figure 6B, the
elongation initially leads to the extending distances between
silicate chains and intralayer calcium. At the strain of 0.4 Å/Å,
there is a hole amid the C-A-S-H structure. However, the
aluminosilicate chains around the hole appear not to be
twisted and still have their linear chain structures. The
calcium aluminosilicate substrate also maintains its ordered
structure to some extent. With the increase of strain from
0.4 Å/Å to 0.8 Å/Å, the hole rapidly grows and causes the
fracture of the C-A-S-H structure, but the layered structure
remains ambiguously visible in the fractured model. This can
be attributed to the highly polymerized double aluminosilicate
chains that show high stiffness and less deformation under tensile
loading. Overall, it can be concluded that the x-directional

A B

FIGURE 5 | (A) Tensile strength and (B) Young’s modulus along three directions for C-A-S-H structures of various Al/Si ratios.
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cohesive property originates from the ionic bonds between main
layer calcium atoms and silicate clusters (Hou et al., 2014b). Al
incorporation does not change the nature of interacting bonds,
which can explain why the x-directional strength exhibits little
variation for the different models. The slight changes in tensile
strength and Young’s modulus may be related to the change in the
rigidity of the structure.

It can be noted from Figure 7 that there is almost no Q species
variation in any of the five models, demonstrating the stability of
the aluminosilicate chains during x-directional elongation. The
number evolution of water molecules and hydroxyl groups are
shown in Figure 8. It can be noted that the main variation in the
models is the water dissociation and Si-OH and Ca-OH
formation. This corresponds to the hydrolytic reaction of Si-
O-Ca bonds (Hou et al., 2015b), as depicted in Figure 9A. Firstly,

the ionic bond between silicate tetrahedron and the main layer Ca
atom is extended due to the tensile loading. The water molecule
moves to silicate tetrahedron and forms a hydrogen bond with the
nonbridging oxygen atom (Onb). The strong Coulomb attraction
from Onb atom promotes the dissociation of water molecule to
form H+ and OH− ions. While hydrogen ion is bonded to Onb to
form Si-OH group, the remaining OH− is coordinated to
interlayer Ca2+ ion to form a Ca-OH group. Therefore, the
water molecule dissociation screens the interaction of the
silicate cluster and the Ca2+ ion. Moreover, in the Al-
containing models, there are also some Al-OH and Al-O(H)-Si
groups production, in addition to the Ca-OH and Si-OH
formation. This is due to the protonation of Ob atom in Al-
O-Si bonds. As portrayed in Figure 9B, when the aluminate
tetrahedron is distorted owing to the tensile loading, two water

FIGURE 6 |Molecular structure evolution (view along y-direction) of C-A-S-H with Al/Si ratio of (A) 0 and (B) 0.2. From top to bottom, the tensile strains along x-
direction are 0.0 Å/Å, 0.2 Å/Å, 0.4 Å/Å, and 0.8 Å/Å, respectively.
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FIGURE 7 | Q species variation in C-A-S-H model under x-directional
elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D)
0.15, and (E) 0.20.
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FIGURE 8 | Number evolution of Ca-OH, Si-OH, Al-OH, Al-O(H)-Si, and
H2O in C-A-S-H model during x-directional elongation. The Al/Si ratios of the
model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20.
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molecules diffuse close to the Al atom and adsorb on it. Then, one
adsorbed water molecule transfers one of its hydrogen atoms to
the Ob atom of the Al-O-Si bond. The water dissociation results
in an Al-OH and an Al-O(H)-Si formation. It is worth noting that
the Al-O(H)-Si tri-clusters are also observed in previous
simulations of silicate-aluminate glasses (Benoit et al., 2001)
(Cormier et al., 2000). This shows the reactivity of the Al-O-Si
bond, which is different from the chemically inert Si-O-Si bond
(Manzano et al., 2012a). In our work, the reactivity of Ob in Al-O-
Si bonds is activated by the external loading. As proposed by Zhu
et al., (2005), the energy barrier for the dissociation of water
molecules can be reduced by the external loading. The loading
also activates the distorted aluminate tetrahedron and leads to its
transformation to octahedron. It can be noticed that hydrolytic
reactions start at the strain level of about 0.2 Å/Å for all five
models, which corresponds to the failure strain of C-A-S-H. The
number of hydroxyls increases even at the end of the tension test,
indicating the continuous hydrolytic reactions during the
breakage of the C-A-S-H molecular structure.

When comparing the five models, it can be observed that the
number of produced Al-OH groups first increases and then
decreases with the increasing number of Al-Si substitutions.

The number of Al-OH formation reaches its maximum at the
Al/Si ratio of 0.15. It can be noted from Figure 10A that the
relatively short silicate chains are easy to translate and rotate by
the loading in the C-S-H model. With the increase of Al/Si ratio,
aluminosilicate chains became longer and branched. These longer
chains are hard to translate or rotate and are more likely to be
twisted under tensile loading. Thus, the increasing Al content in
the twisted chains results in more Al-OH formation. However,
the polymerization of silicate/aluminate species and the
formation of branch structures also stiffen the chains. At the
Al/Si ratio of 0.2, the long double chains are rigid and show less
extent of twist during the elongation, as illustrated in Figure 10C.
In that situation, the number of Al-hydrolytic reactions decreases.
It is widely believed that bond distortion and breakage are ways
for materials to uptake external loading. Tensile test results show
that Young’s modulus and tensile strength of C-A-S-H also show
decreases at Al/Si ratio of 0.20. Therefore, the variation in x-
directional mechanical properties is also correlated with the twist
of aluminosilicate chains. As shown in Figure 10, the flexible
branch chains in C-A-S-H with Al/Si ratio of 0.1 show a larger
extent of twist than those of Al/Si ratio of 0 and 0.2. These chains
(Figure 10B) play a more important role in binding together the
surrounding principal layer calcium atoms.

Tensile Loading Along y-Direction
The structure deformation of the C-A-S-H models from strain of
0.0 Å/Å to 0.6 Å/Å during tension along y-direction is presented
in Figure 11. In the C-S-H gel (Figure 11A), the silicate chains
are defective, limiting their ability to resist the loading. At the
strain of 0.2 Å/Å, some cracks are formed in the defective silicate
sites. As the strain increase, the cracks grow rapidly and connect
together, until the final fracture of the model. It can be concluded
that the y-directional cohesion force of the model comes from the
ionic bonds between silicate clusters and calcium ions. This is
akin to the interaction of C-S-H along the x-axis. Consequently,
the Al-free C-S-H model has similar mechanical properties in x-
and y-directions (see Figure 5). The mechanical properties in y-
direction are higher than those in x-direction for the C-A-S-H
model of Al/Si ratio of 0.2. This is because the prolonged
aluminosilicate chains can help resist the tension. It can be
noted from Figure 11B that the failure process of the C-A-S-
H model is greatly delayed owing to the toughness of the highly
polymerized aluminosilicate tetrahedra. No large cracks are
observed in the C-A-S-H structure, even at the strain of 0.6 Å/
Å. It is worth noting that the breakage of one bridging bond in the
branch structure would not lead to the rupture of the double
aluminosilicate chain. As is shown in the inset of Figure 11B, the
neighboring chains can still resist the loading through the cross-
linking connection, which can interpret the secondary increase in
the stress-strain curves.

The Q species variation in the C-A-S-H during their
elongation along y-direction is given in Figure 12. As depicted
in Figure 12A, the proportions of Q species in the C-S-H
structure are constant during the tensile process. This is
consistent with the above observation that the C-S-H model is
fractured across the defective sites in silicate chains. On the other
hand, all the Al-containing models show a reduction of Q2 and Q3

FIGURE 9 | (A) Hydrolytic reaction pathway of Si-O-Ca bond; (B) two
water molecules association on the aluminum atom and one water molecule
dissociation to form an Al-OH and Al-O(H)-Si bonds.
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and an increase of Q1, implying the breakage of longer chains and
production of chain ends. The C-A-S-H model with Al/Si ratio of
0.1 is taken as an example to demonstrate the Q species evolution.
When the strain is lower than 0.18 Å/Å, the Q species percentages
remain constant. This corresponds to the extension of the
aluminosilicate chains. At the strain of 0.18 Å/Å, the
connections between aluminate and silicate species start to
break, resulting in the reduction of Q2(1Al) and the increase
of Q1(0Al). When the strain approaches 0.34 Å/Å, the siloxane

bonds also begin to break, leading to the reduction of Q2(0Al) and
formation of Q1(0Al). There is also a small reduction in Q3(1Al)
species, suggesting a small proportion of branch structure
breakage during y axial tension. After the strain of 0.7 Å/Å,
the model is totally fractured and the transformation of
aluminosilicate chains morphology stops. It is worth noting
that the Al-O-Si bonds are broken at lower strain values than
the Si-O-Si bonds, denoting that the Al-O-Si bonds are weaker
than the Si-O-Si bonds. This corroborated the simulation results

FIGURE 10 | The morphology of (alumino)silicate chains (view along z-axis) in C-A-S-H model of Al/Si ratio of (A) 0, (B) 0.10, and (C) 0.20 at x-directional tensile
strain of 0.8 Å/Å.

FIGURE 11 |Molecular structure evolution (view along x-direction) of C-A-S-H with Al/Si ratio of (A) 0 and (B) 0.20. From top to bottom, the tensile strains along z-
direction are 0.0 Å/Å, 0.2 Å/Å, 0.4 Å/Å, and 0.6 Å/Å, respectively.
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FIGURE 12 | Q species variation in C-A-S-H model under y-directional
elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D)
0.15, and (E) 0.20.
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FIGURE 13 | Number evolution of Ca-OH, Si-OH, Al-OH, Al-O(H)-Si,
and H2O in C-A-S-H gel during y-directional elongation. The Al/Si ratios of the
model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20.
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from Qomi et al., (2012), who found that aluminosilicate chains
show lower mechanical strength than silicate chains. Overall,
as Al/Si ratio increases, the change of Q species content
becomes more pronounced. This reflects that the longer
aluminosilicate chains play more important roles in
resisting the external tension.

Figure 13 shows the number of water dissociation and
hydroxyls formation during the elongation process. The
fracture of the C-S-H model only observes the hydrolytic
reaction of Si-O-Ca ionic bonds. This is because that the
presence of a large number of defective sites weakens the
ability of the aluminosilicate chains to resist the loading.
When the Al-incorporated models are prolonged, there are
Al-OH and Al-O(H)-Si groups apart from the Ca-OH and
Si-OH formation. Take the case of the C-A-S-H model of
Al/Si ratio of 0.1 (see Figure 13C). As the strain increases
from 0 Å/Å to 0.18 Å/Å (aluminosilicate chain extension
stage), there are water reduction and a small amount of Al-
OH and Al-O(H)-Si formation. This corresponds to the
coordinate structure change of aluminum and protonation
of Ob in Al-O-Si bonds (see Figure 9B). When the strain
ranges from 0.18 Å/Å to 0.34 Å/Å, there are Si-OH, Ca-OH,
Al-OH, and Al-O(H)-Si formations. This involves the
breakage of both Si-O-Ca and Al-O-Si bonds. While the
hydrolytic reaction of the Si-O-Ca is direct (Figure 9A), the
breakage of Al-O-Si bond is complex, which can be
described with Eqs. 1, 2.

Al-O -Si + H2O → HO -Al-O(H)-Si →Al-OH + Si-OH (1)

Al-O-Si + H2O→Al-O(H)-Si + OH− →Al-OH + Si-OH

(2)

It should be noted that the hydrolytic reaction of the Al-O-Si
bond is a two-stage reaction. The reaction intermediates are Ca-
OH, Al-OH, and Al-O(H)-Si, and the final hydrolytic reaction
products are Al-OH and Si-OH. The reaction pathways are
discussed in the following section. After the strain of 0.34 Å/Å,
the number of Al-O(H)-Si groups drops and that of Si-OH
groups increases. This is caused by the hydrolytic reaction
of Al-O and Si-O bonds. Since the hydrolytic reaction of Si-
O-Si only produces Si-OH groups [Eq. 3; Hou et al., 2015b],
the number of Si-OH groups increases more rapidly at this
stage.

Si-O-Si + H2O→ Si-OH + Si-OH (3)

The producing rate of Si-OH and Al-OH groups under tensile
loading increases with increasing Al/Si ratio of C-A-S-H,
illustrating that more aluminate/silicate bonds are broken in
the cross-linked C-A-S-H model with higher Al/Si ratios. This
matches well with the Q species percentages evolution, implying
that the C-A-S-H is strengthened along y-direction by the
polymerization of aluminosilicate chains.

Tensile Loading Along z-Direction
The tension process of C-(A-)S-H along z-direction was
illustrated in Yang et al., (2018) in detail. Here, the tension
failure of C-(A-)S-H along the z-direction is briefly

represented, in order to give a comparison between the tensile
loading process along different dimensions. The molecular
structure of the C-A-S-H with Al/Si ratio of 0 and 0.2 as a
function of tensile strain along z-direction is illustrated in
Figure 14. It can be noted from Figure 14A that the calcium
silicate sheets in non-cross-linked C-S-H can be easily taken
apart. With increasing tensile strain, the crack is created and
grown fast. When the structure is stretch-fractured, no evident
deformation in calcium silicate sheets is observed. This is due to
that the interlayer interacting bonds are too weak to resist the
loading. On the contrary, the cross-linked C-A-S-H is stronger

FIGURE 14 | Molecular structure evolution (view along y-direction) of
C-A-S-H with Al/Si ratio of (A) 0 and (B) 0.20. From top to bottom, the tensile
strains along z-direction are 0.0 Å/Å, 0.1 Å/Å, 0.2 Å/Å, and 0.3 Å/Å,
respectively (adapted from Yang et al., (2018)).
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FIGURE 15 | Q species evolution of C-A-S-H model under z-directional
elongation. The Al/Si ratios of the model are (A) 0.00, (B) 0.05, (C) 0.10, (D)
0.15, and (E) 0.20 (adapted from Yang et al., (2018)).
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FIGURE 16 | Number of Ca-OH, Si-OH, Al-OH, Al-O(H)-Si, and H2O
evolution of C-A-S-H model under z-direction elongation. The Al/Si ratios of
the model are (A) 0.00, (B) 0.05, (C) 0.10, (D) 0.15, and (E) 0.20 (adapted
from Yang et al., (2018)).
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along the interlayer direction. As shown in Figure 14B, the
fracture of the C-A-S-H model is slighter than that of the
C-S-H model at the same strain level. At the strain of 0.3 Å/Å,
the model is fractured, with the calcium aluminosilicate substrate
deformed and the structure turns disordered. This indicates that
the principal layers act as an integral to resist the loads and
deformation. Hence, the cross-linked C-A-S-H model shows
higher mechanical strength than the non-cross-linked C-S-
H model.

The Q species percentages evolution during the tensile
loading along z-direction is given in Figure 15. Expectedly,
the Q species percentages are constant during the tensile
process of non-cross-linked C-S-H model (Figure 15A).
The Q species evolution is found in the Al-substituted
models and becomes more pronounced with the increase of
Al/Si ratio. The main change is the decrease of Q3(1Al) and the
increase of Q2(0Al) species, indicating the breakage of branch

structures. This means that an increasing number of cross-
links participated in the elongation process of the structure,
thereby leading to a higher mechanical strength along z-
direction. The number evolution of water molecules and
hydroxyl groups is illustrated in Figure 16. There are no
hydrolytic reactions in the non-cross-linked model because
the elongation process involves no change in the silicate chain
morphology. From another perspective, no hydrolytic
reactions to take up the loading energy also denote the
lower strength. In the cross-linked models, there are Al-OH
and Si-OH increases and water molecules reduction, which
indicates the hydrolytic reaction of Al-O-Si bonds, as
described in Eqs. 1, 2. When comparing the five models, it
can be observed that the number of hydrolytic reactions
increases as the Al/Si ratio of C-A-S-H increases. This
proves that the enhanced interlayer strength is correlated
with the cross-links between neighboring layers.

FIGURE 17 | Hydrolytic reaction pathways of Al-O-Si bonds through (A) Pathway 1 and (B) Pathway 2 (adapted from Yang et al., (2018)); (C) hydrolytic reaction
pathway of Si-O-Si bonds.
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Hydrolytic Reaction Pathways of Al-O-Si
and Si-O-Si Bonds
It can be concluded that the breakage of Al-O-Si and Si-O-Si
bonds in our work is the result of combined tensile loading and
water “attack.” This can be compared to the well-documented
mechanisms found in the dissolution of aluminosilicate glasses,
quartz, and feldspar, which involve the reaction of Al-O-Si and
Si-O-Si under sole water “attack.” The hydrolytic reaction
pathways of the Al-O-Si bond are illustrated in Figures
17A,B. In the first pathway, the water molecule is first
adsorbed on the distorted aluminate tetrahedron. Then, the
water molecule dissociates into H+ and OH−. While the OH−

remains connected to the aluminum atom, the H+ ion binds to the
neighboring bridging oxygen atom to form an oxygen tricluster.
With further increase of the strain, the Al-O bond is broken in the
Al-O(H)-Si. As a result, one Si-OH group is produced. In the
second pathway, the Ob atom is protonated by the hydrogen
atom from the neighboring water molecule. Correspondingly, the
water molecule turns into a free hydroxyl group. After the
breakage of Al-O bond, the hydrogen atom in the adsorbed
water molecule is transferred to the free hydroxyl to form a
water molecule, as depicted in Figure 17B. The proton transfer
resembles the “hydrogen hopping” process described by
Manzano et al., (2015). The difference between the first and
second hydrolytic reaction pathway is the types of reaction
intermediates, which are Al-O(H)-Si and Al-OH for the first
pathway but Al-O(H)-Si and Ca-OH for the second pathway. The
hydrolytic reaction pathway of the Si-O-Si bond is depicted in
Figure 14C, which is also described inMahadevan and Garofalini
(2008) (Hou et al., 2015b). Firstly, the silicate tetrahedra are
distorted due to the external loading. One water molecule diffuses
to the silicon atom and binds to it. Subsequently, the bridging Si-
O bond in the five-coordinated silicon structure is broken, which
makes the silicon atom returns to a four-coordinated structure.
The adsorbed water molecule immediately gives one of its
hydrogen atoms to the nonbridging oxygen atom, leading to
the formation of two Si-OH groups.

According to the hydrolytic reaction pathways, the differences
between Al-O-Si and Si-O-Si bonds breakage can be concluded as
follows:

(1) The hydrolytic reaction of the Al-O-Si bond is a two-stage
reaction, where the reaction intermediate five-/six-coordinated
aluminum atom and Al-O(H)-Si groups can linger for a
relatively long time until the Al-O bond breaks at high
strain levels. During the Si-O-Si breakage, however, the
water adsorption, Si-O bond breakage, and water
dissociation almost happen simultaneously, implying the
five-coordinated silicon atom and adsorbed water are
thermodynamically unstable. Tsomaia (Tsomaia et al.,
2003) studied the dissolution of albite crystal and glass and
detected the six-coordinated Al in the surface of the samples.
In those dissolution samples, the Al and Si atoms are originally
tetracoordinated in aluminosilicate networks. This can
corroborate our simulation results that the reaction
intermediates during the breakage of the Al-O-Si bond are

relatively stable. With respect to the hydrolytic reaction of the
Si-O-Si bond, since most of the Si4+ species are four-
coordinated at atmospheric pressure (Schindler and Stumm,
1987) (Bensted, 1999), it is reasonable that the five-
coordinated Si is unstable. Ab initio calculations (Kubicki
et al., 1996) demonstrated that the proton affinity of Si-OH
is weak, which has ruled out the existence of Si-OH2 at a
neutral or basic solution. The flexible coordination change of
the aluminum atom decreases the hydrolysis activation energy
of the Al-O-Si linkages (Criscenti et al., 2005), which can help
explain the lower strength of the Al-O-Si bond than that of the
Si-O-Si bond.

(2) The dissolution of aluminosilicate glass, feldspar, or quartz is
influenced by the environmental pH. It found that both the Si-
O-Si and Al-O-Si bonds can be broken in either an acidic or
alkali environment. In an acidic solution, the hydronium ion
attacks the bridging site and protonates the bridging oxygen
atom. This significantly weakens the bridging bonds in Si-O-Si
and Si-O-Al and leads to the bonds’ breakage (Xiao and
Lasaga, 1994). On the other hand, in a basic environment,
the hydroxyl first deprotonates the Si-OHgroup and turns into
a watermolecule. Then, the watermolecule bonds to one of the
silicon atoms to produce a pentacoordinated silicate species,
which weakens the bridging Si-O bond and finally leads to the
breakage of the Si-O-Si bond (Xiao and Lasaga, 1996). In our
simulation, the protonation of bridging oxygen atom plays a
role in weakening the Al-O connection, which resembles the
T-O bond (T �Al or Si) attacked by hydronium ions, while the
breakage of Si-O bond is facilitated by the pentacoordinated Si
formation, similar to T-O bond attacked by OH− ions.
Therefore, the hydrolytic reactions of Al-O-Si and Si-O-Si
bonds in our work approximately correspond to acidic
dissolution and alkali dissolution, respectively. Furthermore,
the low reactivity of Ob atom in Si-O-Si reduces the possibility
of Si-O breakage due to proton “attack.” This indicates that a
higher acidic environment is needed to dissolve the Si-O-Si
bond, as compared with the Al-O-Si bond (Kubicki et al.,
1996).

CONCLUSION

In this work, the mechanical properties of cross-linked C-A-S-H
of Al/Si ratios ranging from 0 to 0.2 were studied by MD
simulating uniaxial test. Based on the ReaxFF coupled with
chemical reaction and mechanical response, the failure
mechanism of the C-A-S-H structure was also investigated.
Several conclusions can be drawn as follows:

(1) The presence of aluminate species can heal the broken silicate
clusters and cross-link the silicate chains of neighboring
calcium silicate sheet. The branch structure formation
significantly increases the polymerization of
aluminosilicate chains, leading to the transformation from
a two-to a three-dimensional C-A-S-H structure.
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(2) The uniaxial tensile testing shows that, by bridging the
defective silicate chains and forming branch structures, Al-
induced cross-links significantly increase the tensile strength
and Young’s modulus of C-A-S-H structure both along y- and
z-directions, where the latter undergoes a larger extent of
increase. When all the bridging sites are cross-linked at Al/
Si ratio of 0.2, the mechanical properties of the C-A-S-H
structure along z-direction almost match those in the xy-plane.

(3) During the elongation process, the tensile loading is taken up
mainly by the depolymerization of the calcium aluminosilicate
skeleton, which demonstrates the backbone role of calcium
aluminosilicate sheets in the C-A-S-H structure. The
strengthening of the C-A-S-H structure can be achieved by
the polymerization of aluminosilicate chains, which can replace
weaker ionic or hydrogen bonds with stronger covalent bonds.

(4) During the failure process of the structure, the combined effect
of loading and water “attack” is responsible for the bond
breakage. As compared with Si-O-Si bond, the reaction
intermediates during the hydrolytic reaction of the Al-O-Si
bond are relatively stable, making the hydrolytic reaction
process of Al-O-Si bond slower. In addition, the bridging
bonds breaking in Al-O-Si and Si-O-Si are induced by
different ions’ “attack.” While the bond breakage in Al-O-Si
results from the protonation of the bridging oxygen atom, the
bridging bond breakage in Si-O-Si is a consequence of the
pentacoordinated silicon formation. The ions’ attack weakens
the bridging bond (Al-O or Si-O) and results in its rupture.
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