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AT pliEth 2 Al A2 Concrete is a very common material consisting of a mixture of aggregates (sand,
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2 September 2020 ponent, made up mainly of cement and water, degrades with time. Despite this

shortcoming, research toward the next-generation cement and concrete mate-
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Nature 2020 number of novel formulations have demonstrated an increase in mechanical and
chemical stability with respect to conventional Portland cement, through the
addition of inorganic, organic, and even biological additives. This review
reports on the latest developments in cement research related to the synthesis of
cement and concrete materials with autogenous healing and/or self-healing
capability. These include geopolymers, engineered cementitious materials,
bacterial cement composites, microencapsulated self-healing materials, self-
healing assisted by shape-memory alloys, and polymer—cement composites.
This work describes the performance of each cementitious material and the
mechanism responsible for healing, including a section on atomistic simulations
and modeling of cementitious materials. A detailed understanding of various
cement technologies with autogenous healing and self-healing properties,
including their strengths and weaknesses, is critical to determine the areas
where new development is needed to enable novel, energy-efficient, and envi-
ronmentally responsible cement and concrete solutions. To this end, molecular
simulations can play a significant role and have already demonstrated promise
in achieving an atomic level view of interactions between cementitious materials
and other add-on compounds, such as carbon nanotubes or polymers for
enhanced reinforcement or autonomous healing properties.
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GRAPHIC ABSTRACT

Next-generation construction materials are led by self-healing cement and
concrete. With a wide range of autonomous healing strategies based on smart
polymers and alloys, biotechnology, and molecular modeling, advanced
cementitious materials are becoming part of our daily lives. This work repre-
sents a comprehensive review on progress, challenges, and opportunities in the
development of these materials for infrastructure and beyond.

Introduction

Coveted for its relatively low cost and strong
mechanical properties, concrete is the most used
man-made building material to date. Concrete is a
product of cement, water and sand with the addition
of coarse aggregates [1]. An adverse effect of cement
and concrete’s popularity is its negative impact on
our environment, specifically CO, emissions. It is
estimated that Portland cement alone contributes up

@ Springer

to 7% of the global anthropogenic CO, emissions [2].
This, in concert with the fact that concrete is very
susceptible to cracking, results in high costs associ-
ated with structure’s maintenance and repair. Pre-
sent-day cement has not advanced much since its
discovery in the nineteenth century, which is why it
is considered a low-tech building material.
Cementitious materials are used in bridges, roads,
buildings, dams, and even in the subsurface for oil
and gas recovery, geothermal energy production, and
disposal of nuclear waste. The global cement and
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concrete market is estimated to grow by $332 billion
between 2020 and 2024 alone [3]. The consistent use
of cementitious materials on such different con-
structions calls for alternative materials to reduce the
frequency of maintenance, repairs, and in some cases,
complete failure of the structure. In Europe for
example, it is estimated that 50% of the annual con-
struction budget is exhausted on rehabilitation and
repair of existing concrete structures [4]. In the USA,
fixing concrete infrastructure represents a trillion
dollar market [5]. For example, bridges alone have an
estimated cost between $20 billion to $200 billion in
reconstruction costs along with an average annual
maintenance cost of $5.2 billion [6]. The self-repairing
capability of cracks in built infrastructure will sig-
nificantly reduce the carbon footprint and costs by
reducing the frequency of required maintenance and
extend the lifetime of the structures. However, at the
time of modifying a cement and concrete formula-
tion, researchers and engineers need to take into
account that the cost of cement is very low ($0.05/1b)
and introducing additives can dramatically increase
its cost. Nevertheless, lifecycle savings are what need
to be contemplated when proposing novel formula-
tions toward increasing the durability of cementitious
materials and concrete.

Concrete structures have a limited tensile strength
making the material susceptible to cracking during its
entire lifetime. These inevitable cracks pose a threat
to the integrity of the structure as they provide a
pathway for undesirable substances throughout the
matrix [7]. The transport properties of concrete
materials change dramatically when cracks are pre-
sent, and so water and chloride permeation becomes
a concern [8]. Two important transport mechanisms
that can occur within concrete are advection and
diffusion [9]. Aside from cracks, these mechanisms
can also be greatly affected by the porosity, and more
importantly, the permeability of the material. This is
one of many properties that are of interest when
developing next-generation cementitious materials
[10]. Recently, there has been a great deal of research
to convert cementitious materials from low-tech to
high-tech/smart materials by incorporating self-
healing properties [11-14]. When any of these novel
technologies can be economically adopted, the cost
associated with maintenance and, in some cases,
replacement of cement and concrete structures can be
significantly reduced.
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Reinforced concrete uses supporting steel rods
(rebar) to modify/improve the structural perfor-
mance of the concrete. It is worth noting that while
not designed for self-healing, reinforced concrete
does have a superior mechanical performance and
workability as a construction material with respect to
concrete [15]. Reinforced concrete is a popular
building material commonly seen in many structures
such as bridges, buildings, viaducts, retaining walls,
tunnels, tanks, and conduits [16]. Despite increasing
the mechanical performance of the concrete, rein-
forced concrete does have significant drawbacks, the
major one being steel corrosion. The corrosion of the
rebar can lead to cracking, resulting in strength
reduction, serviceability, and aesthetics of the entire
structure [17-19]. Repair and maintenance of these
structures involve enormous costs; therefore, intro-
ducing self-healing capability to reinforced concrete
via chemical modification of the cement material
would be of great interest.

Normal cementitious materials can undergo auto-
genous healing when small cracks are present, typi-
cally smaller than 50 pm for complete healing (partial
healing has been observed on fractures up to 150 pm)
[20], due to delayed hydration of residual cement
reagents or the carbonation of dissolved calcium
hydroxide [20, 21]. In order for this type of healing to
occur, fluid has to be in contact with the fracture. One
alternative method of autogenous healing observed
in regular cement is swelling of the calcium-silicate—
hydrate (C-S-H) products generated upon cement’s
curing or the blocking of cracks by concrete particles
or other fine particles present in water [22]. A variety
of additives have been developed and implemented
in pursuit of better performing cementitious materi-
als, such as fly ash or other aluminosilicate source
materials to promote silicon-oxo-aluminate chains
and networks [23-26]. Fibers including carbon, cel-
lulose, glass, polyethylene terephthalate (PET),
among other plastic materials, have also been intro-
duced in cement and concrete to reduce the crack
size, leading to the development of engineered
cementitious composites [8, 27-42]. These various
healing paths are depicted in Fig. 1.

Autogenous healing behavior in conventional
cement triggered research efforts toward introducing
additives to produce cementitious materials with
effective  autonomic  (manufactured) healing
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capability (also referred as self-healing) and
improved mechanical properties [43—45]. A number
of articles dedicated to self-healing cements exist in
the open literature [11-14, 21, 43, 44, 46-55]. For
example, healing agents have been encapsulated in
glass or polymer beads designed to survive the
mixing process, but also break and release the healing
reagent in the presence of a crack [7, 56-67]. Fur-
thermore, encapsulation and other protective carriers
have been used to introduce bacteria that promote
self-healing in cementitious materials [13, 44, 68-81].
Self-healing studies also included the incorporation
of polymers into the cement matrix. Our group
recently demonstrated that by introducing thermally
stable and self-healing polymers to conventional
cement, it is possible to generate a new cementitious
material with multiple self-repairing cycles capability
and enhanced mechanical properties such as a sig-
nificant increase in ductility. This is the result of
dynamic and reversible bonding interactions
between the polymer and the cement matrix [82-88].
Multiple autogenous and autonomous healing
behavior has also been observed on cementitious
materials including cements modified with slag and
fly ash additives [26, 89-91], cements modified with
superabsorbent polymers (SAP) [92-99], and bacte-
ria-based  cement and  concrete  materials
[13, 69-78, 100].

The present review provides the reader with an
introduction to advanced cementitious materials,
their applications and areas for development, fol-
lowed by a brief description of the different methods
and approaches to improve their mechanical stability
with special focus on cement and concrete materials
with self-healing capability. The review mainly
focuses on experimental work but dedicates a section
on molecular modeling as an important and com-
plementary tool for the design of next-generation,
longer-lasting, cementitious materials.

Self-healing cementitious materials

Application of self-healing cementitious
materials

There has been a rising demand for superior
cementitious materials for industrial applications
such as construction, energy, and transportation
[101]. However, the high cost of novel technologies is
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currently inhibiting their incorporation to wide
spread industrial use [102] and as such the majority
of information that can be gathered on alternative
cementitious  materials including self-healing
cements and concrete is from research and develop-
ment published literature only. Cement cracking
shortens the life span of the product, especially in
extreme environments including aquatic and marine
environments as found with dams; deep wellbore
environments including geothermal, carbon capture,
and oil and gas production; and cementitious waste
forms used for storage and disposal of radioactive
waste.

Materials used for aquatic and marine environ-
ments include dams, levees, and canal linings. The
specific method of repair depends on the size and
nature of the damage. There are two main objectives
when repairing cracks and holes: structural bonding
and stopping water flow. To this end, one of the most
recent developments in concrete repair is the use of
synthetic materials for bonding and patching
[102, 103]. Epoxy-resin compounds are used exten-
sively because of their high bonding properties and
great strength [104, 105]; however, they undergo
degradation with aging and need to be replaced over
the lifetime of the structure, like in the case of dams.
Another barrier associated with repairs is the weak
bonding between the original structural materials
(aged concrete, rebar) and the repairing material
[103-105]. For these types of structures, there have
been promising reports of bacterial-based healing
[74, 77], though this form of fracture healing is in
some cases prohibitively slow (weeks to months) and
healing methods such as epoxy resins are more
appropriate due to the faster self-repairing rates
(hours to days).

Wellbores are engineered for a variety of uses
including water, geothermal, oil, and gas production.
Cementing is used to fill the annulus between the
geologic formation and the wellbore casing, to
hydraulically isolate the production zones the well-
bore penetrates [84, 88, 106-108]. Wellbore cement is
injected often at great depths and can be exposed to
extreme conditions such as high temperature (up to
400 °C) and chemically corrosive environments (hy-
persaline, CO, rich, H,S rich), which further con-
tribute to fracturing. Both inorganic and organic
formulations have been developed for wellbore
cement though some show poor strength and are
vulnerable to fracturing [106, 108, 109]. There have
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Figure 1 Different
mechanisms of autogenous Physical cause
healing in normal cement.

Reproduced with permission

[22]. Copyright 2018, Wiley. Swelling

been reports of self-healing cement for wellbore
applications, but the self-healing capability can be
limited to single fracturing events and is vulnerable
to separation of cement from casing and rock for-
mation [21, 51]. Due to the depths and extreme
environments that wellbore cement is exposed to, the
development of self-healing cementitious materials
(SHCM) is, at the same time, critical and difficult to
achieve.

Cementitious waste forms are used to encapsulate
radioactive waste with over 90% of this waste being
low-activity waste (such as **Tc and '*I). These
waste forms are arguably most vulnerable to crack
formation during the early curing period [110]. When
a crack develops within a waste form during its ser-
vice life, an increase in the rate of release of con-
taminants may take place due to the resulting
increase in surface area and the formation of large
transport pathways. Development of a cracking-pre-
ventative technology for the early life of cementitious
materials ensures the integrity of the waste forms
through its entire life cycle (expected to be over
10,000 years). Factors that significantly affect long-
term contaminant release from cementitious waste
forms are the chemical reaction pathways that occur
as the cementitious waste form cures, ages, and
interacts with air and water in its disposal environ-
ment. These interactions are accelerated by the for-
mation of cracks. For example, high sulfate content of
a waste stream has shown to be deleterious to the
structural integrity of baseline cementitious formu-
lations, partially due to formation of ettringite
beyond the initial curing phase that leads to
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expansion-associated cracking [111]. Therefore, if
cracks and other fluid pathways can be self-repaired
before water infiltration takes place, the lifetime of
the waste forms and contaminant immobilization
could be significantly enhanced.

Geopolymer cement

Geopolymer cement has received significant interest
because of its excellent mechanical and physical
properties, low cost, low energy consumption, and
reduced “greenhouse emissions” during the elabora-
tion process [112-114]. Several definitions of
geopolymer cement exist in the open literature but all
of them seem to converge in the following designa-
tion: cementitious materials consisting of tetrahedral
frameworks linked by shared oxygens as poly(-
sialates) or poly(sialate—siloxo) or poly(sialate—dis-
iloxo) via long-range covalent bonds produced by the
reaction of SiO; and AlO,4 [115, 116]. Geopolymer
cement consists then of a polymeric Si-O-Al frame-
work, similar to zeolites though, unlike zeolites,
geopolymer cement is mostly amorphous in nature.
The term geopolymer cement has also been referred
to cement made by mixing aluminosilicate source
materials such as fly ash and ground granulated
blast-furnace slag with an alkaline solution to form
silicon-oxo-aluminate chains and networks [23].
According to the reaction process, the final
geopolymer cement product is dependent on two
main factors: the aluminosilicate and activator [117].
Properties of the solid aluminosilicate will directly
affect the dissolution and the subsequent reaction
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processes, while the liquid activator will partially or
completely dissolve the solid raw material. The acti-
vator will also determine break and recombination of
the aluminosilicate structure, polycondensation and
charge balance in the reaction system. Furthermore,
the type of activator will dictate the properties of the
hydration products of geopolymers, while the acti-
vator’s anion plays an important role in microstruc-
tural development [117]. Activators commonly used
include sodium hydroxide, silicate, carbonate, and
sulfate although potassium hydroxide and sodium
carbonate have also been used as activating agents
[118-120]. Geopolymer cement has also been shown
to exhibit superior mechanical properties to those of
ordinary Portland cement (OPC) as a result of the
hardening of the alkali-activated aluminosilicate
constituent of the binding system and of the action of
the technologic conditions of the hardening
[121-123]. Geopolymer cement exhibits a wide range
of properties and characteristics that make it suit-
able for diverse applications, depending on the raw
materials used in polymer synthesis [124]. For
example, the starting raw materials play a vital role in
the geopolymerization reactions and control the
chemical composition and microstructure of the final
product.

Ali et al. reported on the autogenous healing
(although they called the process self-healing) of
geopolymer cement materials prepared by combining
a pore-forming agent with alkaline solutions sodium
silicate solution and sodium hydroxide solution as
the activating agents. Geopolymer concrete materials
were also prepared by using nondisclosed fine
aggregates in saturated surface dry conditions [125].
Twelve beams of geopolymer concrete were tested at
the ages of 14, 28, and 56 days subsequently after the
healing process. The results are illustrated in Fig. 2.
Every age group of the tested beams shows a similar
percentage of load capacity increment. However, this
percentage of load increment reduced significantly
with the increased aged of the tested specimens. The
beams tested at the age of 14 days showed around
166% increment in load capacity than similar beams
without the exposure of the healing process. How-
ever, the specimens tested at the age of 28 days have
less increment in load-bearing capacity and recorded
a maximum value of increment around 72%. As the
materials were aged for longer times, a lower load
increment was reported and the phenomenon
explained by the availability of the nonreactive
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cement particles which continued to react when the
beams were exposed to the healing process (autoge-
nous healing). The more reactive particles the more
geopolymeric gel is produced, with the latter being
responsible for the increase in load capacity. The
newly formed geopolymer paste causes the load
capacity to improve with the age of specimens. This
observation shows similarity to the well-known
behavior of OPC and OPC-based concrete, which
undergoes a continuous hydration process over time
and hence gains strength over time until it reaches a
stable state with no additional capability for (auto-
genous) healing.

On another report by Tae-ho Ahn et al. [126],
autogenous healing in concrete prepared by incor-
porating geopolymer cement as a partial OPC
replacement was investigated in terms of recrystal-
lization on cracked concrete and the effects of various
carbonates for the recrystallization and autogenous
healing. To do so, they use a geopolymer containing
71.3% of S5i0, and 15.4% of Al;O5;. XRD analysis post-
reaction showed SiO,, sodium aluminum silicate
hydroxide [NaggAly705i732020(0OH)4] as the main
hydration products together with montmorillonite,
feldspar, and quartz. This type of geopolymer is
known to swell about 15-18 times its dry size when
wetted by water due mainly to the presence of
montmorillonite. Indeed, it was found that the alka-
line activation of this geopolymer in the presence of
calcium hydroxide led to the formation of an amor-
phous calcium aluminosilicate between cracks, which
had the same characteristics as a geopolymeric gel in
a highly alkaline environment. Figure 3 shows the
healing process in the presence of water on a 0.2 mm
crack as a function of time. The crack was nearly
completely healed after 200 days though rehydration
products between the crack were clearly observed
after 14 days [126].

Summarizing, although geopolymer cement exhi-
bits superior mechanical properties to those of
Ordinary Portland Cement (OPC), the main mecha-
nism for autogenous healing in geopolymer cements
and their concrete mortars resembles that of OPC and
OPC-based concrete. That is, the healing is a result of
the continuous hydration reactions of unreacted
precursors filling the cracks. This introduces a limi-
tation of the healing capability over time, which is
mainly controlled by the amount of unhydrated
precursors left in the cured material.
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Engineered cementitious composites

Engineered cementitious composites (ECCs) are a
subset of high-performance reinforced cementitious
composites (HPFRCC) consisting of fiber-containing
cements known by their high tensile ductility with
moderate fiber volume fraction (typically 2% by
volume) [127]. ECCs were developed for the large
material volume usage and cost-sensitive construc-
tion industry and are of interest due to their high
ductility and damage tolerance under mechanical
loading [128]. Their ability to deform in response to
high tensile strains makes ECCs autogenous healing
materials. When an ECC cracks due to strain, the
fibers provide bridging properties alleviating the
stress on the material and preventing crack propa-
gation. As a result, this property can be tailored to
limit crack width to values below 100 pm increasing,
in this fashion, the prospect for autogenous healing
event [8]. In other words, narrowing the crack width
aids the filling/plugging of the fracture via hydration
of unreacted cement precursors (autogenous healing)
[129].

It has been reported that due to the autogenous
healing capability of ECC, the permeability of single
and complex cracks decreased drastically with time,
and materials with the smallest cracks achieved the
greatest and fastest decrease in permeability post-
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Figure 2 Left: maximum load for 145 mm x 25 mm x 25 mm

geopolymer cement samples before autogenous

healing
(prehealing) and after autogenous healing stages for different
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healing [8, 130, 131]. Since ECCs are more ductile
than conventional cement and concrete, structural
failure by fracture generation is less of a concern.
Figure 4 illustrates an ECC material that, despite the
large number of small cracks, exhibits strain-hard-
ening characteristics making it very effective in han-
dling tensile stress. Although the large number of
cracks that can be formed in ECC-based concrete
structures may render the material aesthetically
unappealing, its autogenous healing capability and
resistance to tensile stress minimize the probability of
structure’s failure [8].

Liu et al. performed permeability studies on ECC
materials under different curing and healing condi-
tions focusing on the effect of crack width on mate-
rial’s healing performance. The permeability of the
ECC samples was tested under tensile load while
continuously exposing them to water to promote
autogenous healing. The number of cracks formed
and the individual crack’s widths were monitored,
and the information helped describe the change in
permeability of ECC due to autogenous healing [131].
These data coupled with the crack pattern and single
crack permeability led to an analytical model for
predicting the changes in permeability of ECC during
autogenous healing. Once again, these studies sug-
gest that crack width has a great impact on ECC
material  properties and  their  self-healing
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performance. Aside from the permeability decreasing
drastically over time associated with the autogenous
healing process, it was found that tighter cracks
healed faster and more completely [128, 129].

Research on hybrid healing methodologies, where
geopolymer concrete and ECC technologies are
combined, has also been conducted. Fly ash and slag
have been incorporated in ECCs to determine the
effects of this new composite. The study by Sahmaran
et al. [132] compared ECCs performance by incor-
porating Class-F fly ash, Class-C fly ash, and ground-
granulated blast-furnace slag in different mixtures.
The group cured these materials under different
conditions including continuous air exposure, con-
tinuous water exposure, and freeze/thaw cycles. It
was found that the slag-ECC combination had the
lowest chloride permeability which was attributed to
the fine particle size and lowest available alkali con-
tent of the slag materials. The authors also found that
smaller pore sizes were a result of smaller particles
size, reducing chloride permeability by densification
of the cement matrix. Nevertheless, although the
ECC-slag hybrid materials showed lower perme-
ability than ECC—fly ash hybrids, the latter showed a
higher ability for autogenous healing. The authors
also reported that, although lower particle sizes in the
dry mix resulted in a more compact cement matrix
and therefore a material with lower permeability,
larger particle sizes provided more interparticle
space among unhydrated cementitious materials
enabling autogenous healing from forthcoming
hydration processes.

ECCs tend to develop small cracks under stress,
which highly supports autogenous healing. The only
foreseeable limitation of this type of cement is the fact
that the autogenous healing capability is limited by
the amount of unhydrated cement present in the
cured matrix. These latent (autogenous) precursors in
cured cement will be reduced every time a water-
triggered healing event takes place, to the point
where the material no longer possesses unhydrated
particles available and, as a result, no healing capa-
bility [133].

Self-healing bacterial cements

The use of bacteria for ecological engineering pur-
poses is on the rise, and the development of bacteria-
induced self-healing is part of these advances [78].
The self-healing process evolves around microbial-
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induced calcium carbonate precipitation (MICP), in
which calcium carbonate minerals are formed from
calcium and carbonate ions, obstructing cracks [76].
Different types (families) of bacteria have been
studied, as well as different approaches to introduce
bacteria in cement materials. Initially, MICP piqued
research interests on stone surfaces, and eventually
methods to bring about MICP inside cements were
explored, leading to the development of self-healing
cementitious material [134]. Different bacteria’s
metabolic routes have been explored to trigger crack
sealing in concrete. These pathways include aerobic
respiration of dissolved inorganic carbon, urea
hydrolysis, and nitrate reduction [68].

Bacteria need to be alkaliphilic to survive pH
environments between 11 and 13 found in cement.
The genus Bacillus is a subdivision of rod-shape bac-
teria from the Bacillaceae family, and it is an aerobic
alkaliphilic spore-forming bacteria used in cement.
Pei et al. [76] showed that even the walls of bacterial
cells can also accelerate carbonation of concrete.
Other bacteria types have also shown similar car-
bonation processes under alkaline environments,
such as Escherichia coli [76]. Pei’s group studied the
carbonation activity of cell walls from B. subtilis,
Gram-positive Micrococcus luteus, and Gram-negative
bacteria E. coli in calcium hydroxide solution
(0.94 mM) observing in vitro precipitation of calcium
carbonate. Live and dead cells of the different bac-
teria were tested to learn about their ability to form
calcium carbonate. It was observed that all bacteria
cells facilitate the production of calcium carbonate
and can be incorporated in cement to bring about
bacterial-based self-healing capability (Fig. 5).

A study done by Jonkers et al. [78] showed that
although bacterial spores can be directly incorporated
in cement, some of them have a limited lifetime, such
as 4 months in the case of alkali-resistant spore-
forming bacteria related to the genus Bacillus. Ide-
ally, a carrier is used to protect the bacteria and
ensure its survival during concrete’s mixing. Clay
particles, granular activated carbon particles, and
even microcapsules have been evaluated as carriers
to protect and transport bacteria and other cement
additives [68]. Ersan et al. [68] looked at expanded
clay particles and granular activated carbon particles
with size ranges of 0.5-2 mm to carry Diaphorobacter
nitroreducens and Pseudomonas aeruginosa. In these
studies, nitrate reduction processes were incorpo-
rated to accelerate the precipitation of calcium
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Figure 3 Process of
autogenous healing of a
geopolymer-modified OPC
sample with a water/cement
ratio of 0.45. Reproduced with
permission [126].

(c) 14 days

*\“—a—'

(e) 40 days

carbonate. Nitrate reduction occurs under limited O,
conditions and is performed by bacteria with the
ability to feed on nitrate. The study found that both
protective carriers along with the two bacteria sys-
tems succeeded in healing cracks ranging from 70 to
750 pm in aperture. Figure 6 shows a time lapse of
cracks evolution up to 56 days for two bacteria types
incorporated with granular activated carbon particles
and bacteria nutrients in cement. The figure also
shows a reference mortar and an abiotic control
consisting of the protective carrier along with the
nutrients in the cement matrix in the absence of
bacteria. The successful demonstration of self-healing
promoted by nitrate reduction represents an impor-
tant advance of this technology since the process is
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(b) 7 days

(d) 28 days

(f) 200 days

more environmentally friendly due to the lack of
toxic by-products produced by other bacterial meta-
bolic pathways such as ureolysis.

Although the addition of bacteria brings about self-
healing properties to concrete, it can also negatively
affect its mechanical properties. Of primary concern
is the fact that the addition of bacteria including
Bacillus pseudofirmus has a negative effect on com-
pressive strength and tensile strength [78]. While
there are other bacteria types, including S. Pasteurii
and P. aeruginosa that will maintain or increase
compressive strength and tensile strength of concrete,
they do not bring about self-healing capability to the
material [134]. Permeability may also increase with
bacteria’s concentration [75]. Another limitation

@ Springer



210 J Mater Sci (2021) 56:201-230

; TR SR
M ok
o -
L -”
j..‘ 2 : .-..
$ O 2
5 4 220 e L
. ‘-‘
. . '\_.'-' -
F | Smm oS .
(a)

+ | Smm

Figure 4 Progression of crack formation in an ECC sample as strain increases. Reproduced with permission [8]. Copyright 2009,

Elsevier.

associated with bacterial concrete is bacteria’s life-
time as described earlier [78]. Bacteria have specific
temperature ranges and chemical conditions in which
they thrive and can die when exposed to harsh
chemical environments. Furthermore, certain meta-
bolic pathways, such as aerobic respiration and urea
hydrolysis that promote carbonation and self-healing
in some bacterial cements, are highly dependent on
O, availability. On the other hand, anaerobic bacteria
need to be tolerant to O, since the cement matrix is
oxic due to ingress oxygen (diffusion through matrix
capillaries) [78]. Bacterial-based self-healing cements
are appropriate for applications aboveground, in
structures such as buildings and bridges, though
crack opening displacement rates have to be slow to
enable proper autonomous healing which can take
several weeks to a few months depending on fracture
size/aperture.

Self-healing cements based
on microencapsulation and hollow fiber
networks

Microencapsulation of healing reagent

Encapsulation can provide healing agents protection
from the severe chemical environments in cement
and concrete and has the capability to release the

@ Springer

healing agent upon crack formation, for several years
[64]. Figure 7 shows a microcapsule incorporated
within a cement matrix [135]. Microcapsules in
cement must be mechanically strong to withstand the
high shear stress of the mixing process as they are
distributed into the cement and concrete matrix but
also must be capable to open when a crack develops
in the cement matrix to release the healing agent that
will cure and block the crack.

Initially, glass was proposed for the encapsulation
of healing agents; however, glass capsules typically
cannot endure the mortar mixing process. Micro-
capsules with different wall thicknesses were studied
to improve the capsule’s mechanical stability during
mixing of cement, as well as to provide protection of
the microcapsules against water dissolution [136].
Araujo et al. [64] developed poly(methyl methacry-
late) (PMMA) capsules specifically designed to
endure the mixing process. In this research, poly-
meric cylindrical capsules made of PMMA with
varying wall thickness (0.2 mm, 0.4 mm, and
0.7 mm) were generated. The importance of wall
thickness was immediately evident, as the capsules
with wall thickness of 0.2 mm and 0.4 mm did not
survive the concrete mixing process. Therefore, only
the 0.7-mm-thick PMMA microcapsules were tested
alongside glass microcapsules to compare the
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Figure 5 Precipitation of (a)
calcium carbonate by different
bacteria’s cell walls and dead
cells in alkaline environments.
Reproduced with permission
[76]. Copyright 2013, Elsevier.
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mechanical resistance to mixing and healing ability of
these two types of encapsulating materials. To do so,
water absorption was performed on mortar samples
containing the different microcapsules before and
after a healing event. No significant difference was
observed between the self-healing efficiency of glass
and PMMA capsules as demonstrated by measuring
water absorption of the cracked and subsequently
healed samples. The water absorption coefficients of
the post-healed samples containing the PMMA
microcapsules and glass microcapsules were also
significantly lower than those of the reference mortar
samples in the absence of microcapsules. The self-
healing capability was independent of the material
(PMMA or glass) from which the microcapsules were
made of. The study also shows that there is a less
homogeneous distribution of PMMA microcapsules
in the cement matrix as compared to glass capsules. It
was hypothesized that the lower density of PMMA
capsules was the main reason for heterogeneity in
their distribution. Furthermore, it was also found that
a surface treatment of the microcapsules was needed
to promote their rupture and healing agent release
when small cracks (< 100 pm) developed in the
concrete.

Other encapsulation materials employed to protect
and transport healing agents in cement have been

explored, including natural fibers, gelatin capsules,
paraffin to encapsulate water, wax and polyurethane
[7]. Yang et al. [67] developed silica gel microcapsules
with an oil core, which were tested in combination
with carbon microfibers of 3 mm in length in the
cement matrix. In this study, both a healing agent
(methyl methacrylate) and catalyst (triethylborane)
were encapsulated in order to initiate self-healing in
the presence of a crack, as illustrated in Fig. 8. As
discussed in section “Engineered cementitious com-
posites”, fibers have been successfully applied to
control the width of a crack in cement and concrete.
As expected, the material only developed small
cracks due to the presence of fibers, and the perme-
ability of the originally fractured material decreased
with time due to the self-healing capability of the
microcapsules-containing cement triggered by the
reaction between MMA and triethylborane [67]. It
was also found that crack resistance and toughness of
the specimens under fatigue loading improved with
the addition of the microcapsules in combination
with the fibers.

A number of healing agents incorporated inside
capsules in microcapsule-modified cements have
been explored. Epoxy compounds and amine-func-
tionalized materials were studied, and while the
cement does show self-healing properties, it also
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displays poor mechanical properties [136]. A study
by Van Tittelboom et al. [137] used polyurethanes
stored in ceramic capsules which reacted in the
presence of a fracture producing a foam within the
cement matrix. The permeability of the composite
decreased due to the expansion of the foam; however,
the mechanical strength was only partially recovered.
As described in “Self-healing bacterial cements” sec-
tion, bacteria have also been microencapsulated. For
example, Wang et al. studied the self-healing capa-
bility of bacteria inside microcapsules in cement. The
study shows that the cement healed itself in the
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granular activated carbon particles. Reproduced with permission
[68]. Copyright 2016, Elsevier.

presence of cracks as wide as 970 pm with a resulting
reduction in permeability. Despite the advances in
microencapsulation-based self-healing of cement and
concrete, a huge impediment still remains: multiple
self-healing events at the same location are limited to
the availability of unreacted precursors after each
healing event. This is due to the irreversible nature of
the self-healing process (breaking of the capsule fol-
lowed by mixing and reaction of the healing pre-
cursors). Nevertheless, recent research efforts focused
on smart release of healing agents where capsules
may be designed so that multiple healing cycles can



Figure 7 Environmental scanning electron microscopy (ESEM)
image of a single microcapsule. Reproduced with permission
[135]. Copyright 2017, Elsevier.

be achieved [138]. However, there are a limited
number of publications where clear evidence of
multiple self-healing cycles in cement and concrete
materials with microencapsulation technology is
demonstrated. Thao et al. [139] demonstrated two
healing cycles on a cement material containing
exceptionally large tubular capsules (400 mm in
length) with high storage capacity for a polymeric
healing agent. In this study, the group used four-
point bending tests to show 88% and 85% recovery of
stiffness after the first and second healing events
attributing the small decrease to reduction in healing
agent [139]. Van Tittelboom et al. [137] also evaluated
the effectiveness of healing under multiple loading
cycles by incorporating healing agent (including
epoxy resins, polyurethane, and methyl methacry-
late) in tubes at predicted damage locations. They
found that recovery of stiffness decreases under
multiple cycles of loading with glass capsules per-
forming best for recovery of strength while ceramic
capsules being the material of choice for permeability
reduction post-healing [137, 140].

Hollow fiber network

Similar to the microencapsulation approach, hollow
fiber networks work as carriers for healing agents
which are released when a crack is formed. Origi-
nally developed for polymer composites, the concept
consists of inserting long hollow fibers filled with a
healing agent into the cement matrix. The cement
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material is therefore protected against cracking pro-
vided the fibers are distributed in the entire matrix.
As in the case of microencapsulation, a crack would
simply open a fiber and release the healing agent in
the composite [141, 142]. The fibers with healing
agent resemble the cardiovascular system of an
organism transporting and releasing the healing
agent to where the damage occurs [143]. The self-
healing efficiency of this method was demonstrated
in an experiment using a UV fluorescent dye and UV
mapping techniques [143]. In addition to demonstrate
the release and infiltration of healing agent into the
crack and subsequent healing of the fracture, it was
shown that the healed material recovered its flexural
strength up to 93% [144]. However, in this particular
study, the healing capability dramatically decreased
with time (weeks) due to degradation of the repairing
resin [144].

An adhesive methyl methacrylate was also used as
a healing agent in cement showing restoration of
mechanical strength, increased ductility, and effec-
tive healing of cracks [142]. In this work, methyl
methacrylate was mixed with cobalt neodecanoate as
the healing agent and cumine hydroperoxide as the
catalyst. This three-component adhesive system was
later reduced to two components due to the potential
explosion of cobalt neodecanoate and cumine
hydroperoxide in the absence of methyl methacry-
late. Although successful in bringing about self-
healing capability to cement, like in the case of
microcapsules, three conditions are required: a hol-
low fiber containing the healing agent, a separate
hollow fiber containing the catalyst, and simultane-
ous breakage of the two. It was also found that the
liquid components were too fluidic, so a single crack
could exhaust a large quantity of healing agent. The
overall concept and mechanism of hollow fibers are
nearly identical to microcapsules, with the difference
in larger or longer protective carriers. Regardless of
the length of the hollow fibers and their concentration
and distribution in the cement matrix, a crack needs
to break at least one fiber (or two if a catalyst is
required) in order for the polymer precursors to react
and heal the fracture. Due to the close parallels
between the two methods, both hollow fibers and
microencapsulation-based self-healing approaches
can be applied to the same type of concrete struc-
tures, including dams, underground structures, and
bridges [137].
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Figure 8 Schematic illustration of self-healing mechanism based
on microcapsules. In this example, a healing agent (methyl
methacrylate) and catalyst (triethylborane) were encapsulated to
initiate self-healing in concrete in the presence of a crack. Carbon

Self-healing assisted by shape-memory
alloys

A different approach in SHCMSs consists of physical
contact followed by chemical bonding if at all possi-
ble. This method of healing is achieved by incorpo-
rating shape-memory alloy (SMA) bars as tendons in
cementitious materials [145]. SMAs have high power
density, solid-state actuation, high damping capacity,
durability, and fatigue resistance [146, 147]. By heat-
ing the SMA, the SMA shrinks and as a result the
crack closes. The compressive stress generated by the
shrinkage of the SMA across the crack guarantees a
long-lasting repair as illustrated in Fig. 9. Many types
of shape-memory alloys have been explored, with the
most commonly used being Nitinol (a nickel-tita-
nium alloy) due to its superior thermomechanical
and thermoelectric properties [148].

This method of self-healing by physical contact is
possible due to the combination of two properties in a
single material: shape-memory effect and superelas-
ticity. The shape-memory effect refers to the ability of
SMAs to revert back to their original shape upon
heating (typically to a temperature between 60 and
110 °C, although can be extended between — 20 and
200 °C) [148], while superelasticity refers to the abil-
ity to endure large amounts of inelastic deformations

self-heal

—>
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microfibers were also added to the cement matrix to control the
width of a crack in cement and concrete and aid the self-healing
process. Reproduced with permission [67]. Copyright 2011,
Elsevier.

followed by recovery of the original shape [148].
SMAs possess these unique properties due to the
reversible phase transitions between the two crystal
phases in an alloy. In the case of Nitinol and similar
alloys, these phases are austenite and martensite
[147]. The stronger austenite phase is stable at high
temperature and has a body-centered cubic crystal
structure and can transition to martensite, a weaker
phase when cooled down. Martensite, which is
stable at low temperature, has an asymmetric paral-
lelogram structure. The martensite phase has 24
geometry variations which the alloy takes advantage
of when deformation occurs in order to withstand the
stress. Nevertheless, and as expected in any material,
applied stress beyond the yield point will result in a
plastic (permanent) deformation [147].

SMAs have been used in combination with hollow
fibers in order to provide a physical followed by a
chemical healing mechanism to fix large cracks [149].
Kuang et al. produced SMA-reinforced concrete
beams, with wires made of SMA. Samples were
synthesized with different numbers of SMA wires
per volume of concrete, and in some cases, epoxy
adhesive-filled hollow brittle fibers were added as a
healing agent. It was found that in all the SMA-re-
inforced beams the deformation and the width of the
cracks increased during loading; however, after

Figure 9 Schematic
illustration of SMA healing
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unloading, the deflection of the beams reversed and
the crack sealed to near completion. As expected,
samples containing epoxy adhesive-filled hollow
fibers in addition to SMA wires performed better in
repairing the concrete samples as compared to those
that only contained SMA wires. The combination of
these two healing mechanisms is significantly bene-
ficial in cementitious structures. However, it can also
significantly add to concrete cost. The shape-memory
effect and superelasticity properties of SMAs allow
for SMA-modified concrete to recover from extremely
large deformation making it ideal to withstand
earthquakes. Thus, this healing methodology could
be applied in structures subjected to temperatures in
the range of SMA’s transition temperatures and

include nuclear reactor structures, pavement,
bridges, and commercial and residential
infrastructure.

Self-healing using superabsorbent polymers

The use of SAP to promote autogenous and autono-
mous healing is widely reported in the literature
[20, 92-99, 150-154]. Hydrogels, or SAP, possess the
capability to absorb a significant amount of water
from the environment (up to 500 times their own
weight). These materials can absorb these large
quantities of fluid and retain the liquid within their
structure without dissolving. SAP particles and fibers
swell due to the osmotic pressure difference between
the hydrogel and the external solution. This property
has promoted the use of SAP in the hygiene and food
industry, and also in building applications. Indeed,
SAP particles have been used in concrete to decrease
the autogenous shrinkage by aiding to internal curing
[155, 156]. Lee et al. [94] and Snoeck et al. [152]
investigated the incorporation of SAP in concrete in
order to obtain autogenous and autonomous healing
properties.

When water enters a crack, SAP particles swell
until they contact the crack walls and block the crack
as it was demonstrated by a decrease in water per-
meability through a crack. This is another example of
autonomous healing or self-healing. Furthermore, the
absorbed water can also contribute to autogenous
healing of the cement and concrete materials where
hydration reactions of unreacted cement precursors
take place to further seal the crack (Fig. 10)
[20, 95-97, 151, 152]. This was demonstrated by
Snoeck et al. [152] where it was observed that the

water absorbed by SAP can be transferred to the
cementitious matrix for further hydration and the
precipitation of calcium carbonate. Snoeck et al. [20]
went even one step further and combined SAP with
reinforcing microfibers made of poly(vinyl alcohol)
(PVA) to maintain cracks narrow enough (30-50 pum)
to be completely healed. They showed that at 7 days,
the main healing mechanism is the sewing of a crack
by further hydration. Between 28 days of aging and
up to 8 years of aging, calcium carbonate crystal-
lization continued to be the main healing mechanism.
It was, however, found that after that time, the
healing and regaining of mechanical properties
decreased, and the healing of aged samples
decreased to a third relative to specimens 7 days old.
Recovery of mechanical strength was dependent on
relative humidity with high relative humidity values
generating less strength recovery (about 60%). How-
ever, wet/dry cycles generated new cracks instead or
reopening of healed cracks showing the potential of
these materials for autogenous healing without gen-
erally affecting the mechanical strength. SAP that
swell in the presence of hydrocarbons have also been
investigated as additives in wellbore cement for fossil
fuels recovery [157-159]. Zichen et al. [157] synthe-
sized an oil swellable polymer (OSP) with oil
absorptivity as high as 700%. The OSP dispersion was
introduced into the Portland cement paste. It was
shown that the addition of OSP decreases the total
porosity of cured cement due to the formation of
homogeneously distributed polymeric materials in
the cement matrix. The self-healing ability of OSP-
modified cement was demonstrated by a decrease in
oil permeability through a crack due to the expansion
of the OSP. Yang et al. [159] combined a number of
approaches including microfibers, microencapsu-
lated oil/silica gel core/shell particles. The oil phase
was methyl methacrylate monomer and triethylbo-
rane as the healing agent; the catalyst was either
separately encapsulated as an oil core or surrounded
by the passive silica gel capsule. The microcapsules
were dispersed in fresh cement mortar along with
carbon microfibers. Once cured, self-healing in the
cement matrix was triggered by crack propagation
through the microcapsules, which then released the
healing agent and the catalyst (both described as the
oil phase) into the microcracks. Polymerization of the
healing agent was initiated by contact with the cata-
lyst, filling the cracks. The self-healing ability was
partial with the highest percentage of decrease in the
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Figure 10 Autogenous (a)
healing mechanisms showing
partial (a) and further
hydration (b) partial (c) and
full calcium carbonate
crystallization (d) and the
combination of both in a
number of cracks (e) and
close-up (f). The scale bars
amount to 200 um (a—d,

f) and 2 mm (e). Reproduced
with permission [20].
Copyright 2019, Frontiers of (c)
Materials.

permeability coefficient being 50.2% and 66.8% at
ages of 3 days and 30 days, respectively [159].

Self-healing cement and concrete using OSP or SAP
can be applied in subsurface wellbores in uncon-
ventional (tight) oil recovery as well as geothermal
energy recovery. A main disadvantage of this tech-
nology, however, is the fact that fractures need to be
(1) connected to an oil or water source (such as a
puncture in the casing) and (2) conductive enough for
the fluids to access the swellable polymers. Further-
more, this self-healing method should better be
described as self-filling since there is no chemical
bonding between the swollen polymer and the frac-
ture walls and, as a result, the structural integrity of
the cement is still compromised.

@ Springer
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Self-healing polymeric cementitious
composites

Studies have shown that polymer-modified cements
have desirable properties such as increased fracture
toughness, low permeability, improved ductility, and
chemical resistance [107, 160]. There are an impres-
sive number of publications on self-healing polymers
based on a variety of healing mechanisms. These
include reversible formation and breakage of hydro-
gen bonds [161], rearrangement of covalent bonds
[162], Diels—Alder reaction [163], reversible formation
and breakage of coordination bonds and reversible
supramolecular ionic interactions [164]. Although
microcapsules and hollow fiber networks are
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effective vehicles for hosting polymer precursors and
other healing additives (including bacteria) in cement
and concrete, introducing self-healing polymers
without the need of a carrier would simplify the
preparation of self-healing cement materials with an
associated reduction in manufacturing costs. To this
end, several groups have proposed mixing polymers
or self-healing polymers with cement in the absence
of a carrier [92, 94, 165-171]. A good number of these
polymer-based self-healing cements have been
developed for the oil and gas industry but can be
extended to other applications. The self-repairing
ability was reported to be based on various mecha-
nisms: (1) swelling of polymer (superabsorbent
polymers) in the presence of fluids such as water
[92, 94, 170] or water reach in H,S and HCI [171]; (2)
heat-activation by transitioning from solid to liquid
or through different crystalline and amorphous
phases [166, 172]; and (3) expansion and contraction
of shape-memory polymers [169]. Polymeric healing
represents a new pathway for self-healing cement
and concrete, and the use of superabsorbent poly-
mers is leading this trend. However, one of the main
drawbacks in the modification of cement and con-
crete materials with superabsorbent polymers is the
fact that flow of water or other fluids is required for
the polymer to swell and close the fracture and, as
importantly, that there is no chemical bond between
the filling polymer and the crack walls. For subsur-
face geothermal and oil/gas wellbore applications or
applications in infrastructure, this is not favorable,
since corrosion of casing (wellbores) and corrosion of
reinforcement materials (such as steel rebar used in
infrastructure) bring about additional and, some-
times, more serious problems. Nevertheless, the
majority of these polymer-based cements cannot be
applied in high-temperature environments due to the
thermal degradation of the polymers. In this regard,
our group developed the first polymer-modified self-
healing cement suitable for high-temperature
geothermal wellbore applications [82]. The material
consists of thermally stable self-healing thermoset
epoxides homogeneously distributed in class-H
cement. The resulting polymer—cement composites
showed multiple self-healing capability, improved
cohesive, rheological and mechanical properties
(higher  ductility)  suitable for geothermal
applications.

In the above example, thermoset epoxies with
disulfide bonds in the monomer backbone and

multifunctional thiol cross-linkers that self-heal
through reversible interactions were utilized. The
likely intrinsic healing mechanism is proceeding via a
substitution reaction of free thiolate group with a
disulfide to form a new disulfide group and free thiol
(Fig. 11) [82, 173-175]. Later, atomistic simulations
and spectroscopic studies by our group showed that
three kinds of bonding interactions are responsible
for the self-healing mechanism of cement modified
with the above-described thermoset epoxides. The
healing mechanism is explained in detail in “First-
principles-based approaches” section. The amount of
polymer added as well as the water-to-cement ratio
also plays a role in the performance of the material.
Other epoxy polymer candidates with intrinsic heal-
ing temperatures between 60 and 100 °C have been
reported that could also be, in principle, incorporated
in cement [173-175]. Nevertheless, the polymer-based
cement showed high thermal stability (up to 350 °C)
and significant permeability reduction (up to 87%)
after healing mechanically generated fractures as
large as 0.5 mm. The self-healing capability was later
reported to be the result of reversible and dynamic
chemical interactions between the polymer and
cement matrix, which include covalent bonds,
hydrogen bonding, and van de Waals interactions
[83]. It was also demonstrated that these polymer-
modified cements have the ability to self-heal over
multiple cycles in the same location resembling
“molecular Velcro” in contrast to microencapsulation
and hollow fiber-modified cements. Because of their
great thermal stability and multi-self-healing capa-
bility, these materials represent a superior alternative
for subsurface applications as well as in concrete-
based structures.

Modeling of SHCM at (sub)nanoscale

Parallel to experimental approaches to develop
SHCM, modeling methods provide invaluable
insights regarding the self-healing processes and
resulting mechanical properties. Modeling methods
can be invaluable tools to guide the design of novel
cementitious materials and predict their properties,
and in this section, we will present a brief review of
modeling work related to cementitious materials. A
recent review by Jefferson et al. [176] discusses
models addressing various self-healing aspects of
cementitious materials at microscale and beyond,
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Figure 11 a Chemical structures of reactant monomers and
mechanisms of polymer curing and self-healing. Reproduced
with permission [82]. Copyright 2017, American Chemical
Society. b X-ray microtomograph
described in a homogeneously distributed in the cement matrix.

showing the polymer

such as mechanics or transport. Needless to say,
mechanical behavior of a material strongly depends
on its local molecular structure and local bonding
properties. While at microscale modeling, self-heal-
ing cements are considered isotropic materials, at
nanoscales, their isotropy no longer exists. In the
following sections, we will summarize some of the
recent progress using molecular simulation based on
numerical studies of (sub-)nanoscales in this emerg-
ing and rapidly expanding field.

Force field-based approaches

The majority of reported findings on cementitious
materials at nanoscales are obtained from classical
force field-based simulations (FF). Force field meth-
ods provide fast, computationally tractable ap-
proaches. There are force fields especially designed
or widely used for this class or similar classes of
materials such as CementFF [177], ClayFF [178], IFF
[179], CSH-FF [180], or ReaxFF [181]. Although
cement has been studied for decades and there have
been numerous models of the nanostructure scale
[182], it was not until recently that a computation-
driven molecular model of calcium-silicate-hydrate
(C-S-H), the main component of the hydrated
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Please note a fracture (~ 0.4 mm) has been healed by the
polymer. ¢ Cylinder monoliths with a longitudinal fracture
mechanically created. Left and center—two different self-healing
polymer—cement formulations showing the fracture sealed; right—
conventional cement.

Portland cement, was proposed, based on a “bottom-
up” atomistic simulation approach [183]. In this
approach, Pellenq et al. began with a monoclinic
periodic cell of dry tobermorite, CagSigO16, Which
contains two CaO layers and eight silicate chains.
Guided by rock mass rating (RMR) [184, 185], they
remove SiO, groups in silica tetrahedra, creating a
defective structure which subsequently is relaxed at
0 K using the core-shell model interatomic potentials
developed by Pellenq et al. [183]. They then carried
out Grand Canonical Monte Carlo (GCMC) simula-
tions of water adsorption in the defected cell at 300 K,
followed by relaxation at 0 K of the hydrated struc-
ture. Here, despite the fact that the authors did not
consider the presence of any OH group in their
molecular model of (CaO);¢5(Si0y)(Hyo)175 the
chemical composition was consistent with experi-
ments regarding chemical composition, structural
and mechanical properties. Nevertheless, this model
also has other issues such as unrealistic CaO bond
lengths and mass density, or the unlikely presence of
monomeric silicate units. In a recent study, Kovacevi¢
et al. [186] have proposed three different models for
C-5-H to help resolve some of these structural issues.
These models were very similar to the approach by
Pellenq et al. [183], that is, changing the known



J Mater Sci (2021) 56:201-230 219

structure of tobermorite to make it consistent with the
correct chemical composition of C-5-H. Specifically,
Kovacevi¢ et al. [181] considered different ways of
removing the silicate units: (1) removal of only
bridging silicate tetrahedrons by a random process;
(2) removal of silica chain dimers; and (3) randomly
removing silicate units. This was followed by further
removal of Ca and addition of H atoms to balance the
charges. ReaxFF force field-based molecular dynam-
ics simulations were used to identify the most
stable structure for C-S-H. From these simulations,
the most likely structure has a composition of Capsg-
511920576:224 H,O which provided a Ca/Si ratio of
1.67, close to the experimental composition. These
initial molecular models form the basis of a basic
CSH model that can be used to build more complex
models for self-healing cementitious materials, see
“First-principles-based approaches” section.

One of the most fundamental aspects of atomistic
modeling of self-healing cements is the understand-
ing of the interfacial properties of C-S-H and addi-
tives such as reinforcing materials including carbon
nanotubes (CNTs), carbon nanofibers, etc. Such an
additive is expected to influence the mechanics and
chemistry of C-S-H. As an example, due to excep-
tional mechanical and thermal properties of CNTs
[187], proposed composites of cement and CNTs are
in principle viable. It has been shown that cement-
based materials can be engineered at nanoscales by
addition of CNTs. By incorporating treated multi-
walled CNTs into cement, Li et al. [188] found that
both compressive and flexural strengths of the
cement were greatly increased by 19% and 25%,
respectively. Some nanoscale-level understandings of
such a composite system (see scheme in Fig. 12) have

Figure 12 Schematic
insertion of a CNT into C-S—
H. Reproduced with
permission [189]. Copyright
2016, Elsevier.

been recently achieved. Eftekhari and Mohammadi
[189] adopted a computer model in which a CNT was
inserted to a C-5-H bulk along the normal of the
silicate layers, in Fig. 12. The insertion procedure
involved an initial creation of a void cylindrical hole
running through the C-S5-H box by gradually
indenting the center of the box with a diameter of
125 A, which was done by means of a built-in
function in the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) code [190]. This
was followed by the introduction of CNTs. The
authors considered two CNT structures, the armchair
(6,6) and the zigzag (10,0) [191], which have equal
diameters (8.13 A) and length (40 A) but possess
different mechanical properties. Of the two CNTs, the
zigzag structures offered a higher compressive
strength (by 10%), while the armchair structure had a
higher tensile (by 21%) and shear (by 24%) strengths.
Their classical molecular dynamics simulations,
based on a standard force field (but excluding dihe-
dral terms) for C-S-H and the Tersoff potentials [192]
for CNTs, predict that the z-direction tensile strength
of C-5-H + armchair CNT and of C-5-H + zigzag
CTN is 4.2 and 3.5 times higher than that of C-S-H,
respectively. They did not see any improvement
regarding the compressive and shear strengths of C—
S-H by CTNs. The authors also pointed out that
when a crack in the C-S-H interlayer appears, the
CNT bridges two sides of the crack (given the
inherently higher strength of CTNs vs C-S-H) and
bears the loading until the whole system ruptures.
Using a similar computer model to that of Eftekhari
and Mohammadi, Lushnikova and Zaoui [193, 194]
used classical molecular dynamics simulations. These
simulations were based on mixed Morse-

Making hole CNT-reinforced C-S-H
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Buckingham three-body and spring potentials for C—-
S5-H and the Tersoff potentials for CNTs. The authors
considered various CNTs and 11 A-tobermorite [195]
structures of different C-S-H compositions and
found that for each C-S-H composition, there is an
optimal CNT structure to maximize the CNT/C-S-H
adhesion and the improvement in a mechanical
property. Building upon the approach by Eftekhari
and Mohammadji, in order to have the lowest-energy
CNT/C-S-H distance, Lushnikova and Zaoui varied
the CNT hole radius, and they found the optimal
distance to be 2 A in most cases. At the Ca/Si ratio of
0.83, it is predicted that the energetically favorable
CNT structure for CNTs and tobermorite adhesion is
the zigzag CNT(3,0) [193]. With the zigzag CNT(3,0)
structure incorporated, all the mechanical parameters
were increased; for example, the Young's modulus
increased from 78.4 to 107.7 GPa. They also found
that in the CNT diameter range of 3.3+4.1 A, the
composite can change from being brittle to being
ductile. At the Ca/Si ratio of 1.0, however, they found
that the armchair CNT(2,2) structure incorporated in
C-5-H had the best adhesion energy [194]. Mean-
while, CNT(2,2) increased the shear modulus (17.3%),
Young’s modulus (13.8%), and plane stress modulus
(10.8%). A different trend was apparent in the study
by Eftekhari and Mohammadi. Lushnikova and
Zaoui also showed that the best concentration of
CNT(2,2) that allows for the increase in bulk, shear,
and Young’s moduli in tobermorite is 5.2% weight.
Besides using CNTs to improve mechanical prop-
erties of C-5-H, polymers, such as in the form of
fibers, were also used as reinforcing agents in
cement-based materials as it was discussed earlier
[196]. Understanding the interfacial bonding between
the polymer and C-S-H then becomes a key issue. By
atomistic modeling based on the COMPASS force
field [197], Shalchy and Rahbar have shown that the
adhesion energies between polymers (nylon-6,
poly(vinyDalcohol (PVA), and polypropylene) and
C-S-H gel increased with the Ca/Si ratio and that the
electrostatic contribution was the dominant compo-
nent of the adhesion energies [198]. This indicates a
correlation between the adhesion energy and the
content of Ca®' cations. The adhesion energy of
nylon-6 is higher than that of PVA, which is higher
than that of polypropylene, due to different polarities
of each polymer as a result of the presence of dif-
ferent functional groups. Interestingly, despite many
polymer hydrogen and C-S-H oxygen atoms forming
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hydrogen bonds at the interfaces, their contribution
to the adhesion energy is very small (nylon-6) or
negligible (polypropylene). This is somehow contra-
dictory to the study by Sakhavand et al. [199] based
on the CSH-FF potential [200] showing that hydrogen
bonding is a major component for the interaction and
load transfer between PVA and silica chains of C-5-
H. Clearly, the role of functional groups in polymers
is crucial. In another study, Zhou et al. investigated
structural, dynamical and thermodynamic of the
interfaces of C-5-H and poly(acrylic acid) (PAA),
PVA, or poly(ethylene glycol) (PEG) [201]. Using the
ClayFF [178] force field molecular dynamics simula-
tions, they found that PAA bound most strongly to
the C-S-H surface, while PEG showed the weakest
interactions with C-S—-H. In a water environment, the
average residence time of functional groups in the
interfacial area of PAA is about four and ten times
more than that of PVA and PEG, respectively,
showing that the binding affinity of the COOH group
to C-S-H was much higher than that of the OH and
C-O-C groups. That said, the vertical movement of
PAA in the interfacial area was still restricted.
Because of the coexistence of OH-based intramolec-
ular and intermolecular hydrogen bonds of PVA, this
polymer can move away from the interfacial area to
the bulk solution where it is solvated, or back to the
interfacial area to interact with C-S5-H. Additionally,
due to the weak interaction with C-S-H or with
another polymer, PEG was found to move relatively
freely in the pore in nanopores between C-S-H
sheets.

First-principles-based approaches

Thus far, the use of first-principles methods to design
self-healing cements and predict their properties has
been rather limited. Understandably, given the com-
plexity of these systems, a large number of atoms and
electrons in a simulation box are unavoidable and
molecular dynamics simulations based on first-prin-
ciples methods can be challenging. Consequently, to
our knowledge, very little has been done in the field
at this level of theory. To gain a fundamental
understanding on how the chemistry and mechanical
properties of self-healing cements change under cer-
tain conditions, it is necessary to apply quantum
mechanics-based molecular dynamics methods.
Among first-principles methods, density functional
theory (DFT) [202, 203] has been most widely used in
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cementitious materials research. To date, almost all
the first-principles studies of cementitious materials,
employing DFT calculations, are based on static
optimizations that offer very limited, if any, under-
standing of dynamics-related processes such as
aggregation or free energy-activated processes. These
studies mostly focus on the understanding of fun-
damental properties (bond lengths, electronic states,
elastic constants, etc.) of largely known bulk com-
pounds such as 9,11,14 A tobermorite mineral
[204, 205] and jennite [204]. In a more relevant study,
Sakhavand et al. [199] used DFT calculations to esti-
mate the O-H stretching frequency of hydroxyl
groups in PVA in contact with a silicon tetrahedron,
further verifying results from classical molecular
dynamics simulations.

A very recent study by Nguyen et al. [83] is an
exception. In this study, by means of ab initio
molecular dynamics simulations, the authors validate
a hypothesis of the self-healing process/mechanism
of polymer—cement composites previously observed
experimentally. As shown in Fig. 13, the authors
hypothesize that initially a polymer is adsorbed on a
natural surface of C-S-H, and when a crack in C-S-H
occurs, the polymer will diffuse to the crack, filling
the hole. For this study, the authors adopted the
mostly like C-S-H composition proposed by Kova-
¢evic et al. to build highly disordered C-S-H surface
unit cells of about 450 atoms. Two different surfaces,
one representing a natural surface of C-5-H crystal-
lites and one representing a cracked surface of C-S-H

Figure 13 Schematic self-healing process of a polymer—cement
composite: polymer diffuses from a natural surface to a crack
surface of cement. Reproduced with permission [83]. Copyright
2018, American Chemical Society.

crystallites, were considered. A single polymer strand
(116 atoms) containing different functional groups
including hydroxyl and carbonyl was used to repre-
sent the polymer used in the synthesis of these
materials [82]. By tracking down the dynamics of the
functional groups of the polymer at the interfaces,
three kinds of bonding were identified: hydrogen
bonding (between polymer OH and CH, and C-S-H
O atoms), ionic bonds (between polymer O and S,
and C-S-H Ca), and van der Waals interactions. The
strong hydrogen bonding between the OH groups
and the crack surface led to a proton transfer process
from the polymer to C-S-H. This proton transfer
process was associated with a vibrational frequency
of ~ 1270 cm™!, which was further validated with
subsequent sum frequency generation spectroscopy
experiments. In addition, the soft H-bonds can easily
break and reform around areas of cracks, keeping the
overall number of H-bonds constant. Overall, this
study emphasizes the power of ab initio molecular
dynamics to be able to treat both dynamical behavior
and chemical changes on equal footing. By comput-
ing the potential of mean force, which provides
information about the free energy change of a system
against a set of reaction coordinates, it was also found
that the ionic bonds between the polymer and C-S-H
at a crack’s surface were stronger than at the natural
surface. By analyzing the elasticity of the polymer on
the surface, they found that it became more rigid on
the cracked surface than on the natural surface. This
further validates that when a crack occurs, the poly-
mer will diffuse to the crack and heal it.

Given the roughness/disorder at surface cracks,
the charge states and coordination number of atoms
involved in the interfacial bonding change during the
course of time. Building a working force field for such
a dynamic interface is a formidable task. The rapid
development of numerical approaches and computer
hardware allows for large-scale ab initio molecular
dynamics simulations that can address at least in part
such problems. On the other hand, it has been shown
that covalent linkages between polymers and C-S-H
promote the dispersion of polymers and enhance the
interfacial energy [206, 207], which are major com-
ponents in composite fracture toughness. Applica-
tions of ab initio techniques in self-healing cements
research are viable and will become a more available
tool in a not very far future.
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Conclusions and outlook

Stimulated by the incredibly wide range of applica-
tions, cements and concrete materials with superior
performance represent an especially important
research and development area with the main focus
being materials with autonomous healing capability.
Additive materials such as fly ash are used to
improve mechanical properties, as well as to promote
autogenous healing by the presence of unreacted
(anhydrate) cement reagents in the so-called
geopolymers [23, 130, 208].

ECCs exploit the ability of fibers to control (reduce)
crack width, which assists self-healing processes due
to the proximity of the two fractured faces [8, 67].
Similarly, shape-memory alloys can physically pull
fractures together to aid self-healing. Among self-
healing methods bacteria added to the cement matrix
provide an attractive approach to bring about self-
healing via carbonation reactions [74, 77]. Polymers
have also been extensively used to generate self-
healing to cement and concrete (via, for example,
cross-linking reactions). To this end, microcapsules
are typically employed to carry/transport polymer
precursors or bacteria to protect them or simply
prevent contact with the matrix until a crack is
developed. When a crack is formed, the capsules are
broken and healing takes place. Likewise, hollow
fibers are used to carry and release healing agents
along the entire strand and promote healing upon
rupture from a crack. Polymer—cement composites
incorporate polymers directly into the matrix, with-
out the need for encapsulation, to enable self-healing
via the ability of the polymer to migrate to cracks and
form reversible bonds with the cement matrix
resembling dynamic molecular Velcro.

All of these methodologies have proven to bring
about self-healing capability to cementitious materi-
als though each of them has its advantages and dis-
advantages. For example, geopolymers ultimately
rely on unhydrated cementitious material and the
contact with water or CO, (carbonation of dissolved
calcium hydroxide) to heal. ECCs rely on similar
mechanisms; however, they are extremely ductile
resulting in the formation of small and controlled
cracks upon failure. SMA physically closes cracks;
however, for any actual chemical-based self-healing
to occur, hydration of unreacted cementitious
reagents, polymer reactions, or bacteria-triggered
carbonation is also required. Microencapsulation and
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hollow fiber networks are the main vehicles for the
transport of bacteria or polymer precursors. They
need to be homogenously distributed in the cement
matrix and with a number density large enough to
release the healing agent in the presence of a crack in
the material. Nevertheless, once the healing agent at a
specific location is used up, it cannot be replenished.
Bacterial cement composites along with polymeric
cement composites both provide a mechanism for
self-healing throughout the entire material indepen-
dently of the crack location [68, 76, 78, 134]. The main
drawback in bacteria-based cements is that bacteria
cannot be used in extreme temperature environments
and healing rates are significantly slow (weeks to
months) for some applications. As described earlier,
often bacteria require microcapsules to protect them
during cement and concrete mixing and deployment.
In addition, bacteria not only have specific conditions
in which they can thrive, but they have a limited
lifetime and can run out of the necessary reagents
(e.g., feed) to survive.

Thermally stable and chemically robust polymer-
cement composites present a number of advantages
over other self-healing approaches since, in principle,
they can self-repair through the lifetime of the
structure independently of the number repair cycles
or crack location [82, 83] (as compared to other self-
healing cement technologies where the number of
healing events is limited by the continuous con-
sumption of healing additive) [14, 93]. Polymer—ce-
ment composites also offer the possibility of fast (less
than 24 h) healing capability due to the presence of
reversible and dynamic polymer-cement bonding.
These composites increase cement and concrete
ductility, a key property to reduce/minimize fracture
propagation. Nevertheless, further studies are
required to determine the ability of polymer—cement
composites to bring about self-healing capability
throughout the lifetime of the cement and concrete
structures.

To this end, molecular simulations can play a sig-
nificant role and are already showing promise for a
closer look at the atomic-level interactions between
cementitious materials and other add-on compounds
such as CNTs or polymers [83, 187, 188]. The biggest
challenge is to achieve a sufficient approximation of
such complex and dynamic systems that cementi-
tious materials represent so new self-healing formu-
lations can be designed toward the preparation of
cement-based materials with long-term self-healing



J Mater Sci (2021) 56:201-230 223

capability. We anticipate that modeling and simula-
tions can be utilized to provide useful insights that
can be directly validated by experiments and design
principles facilitating the advancement of these
sophisticated materials for superior performance in a
wide range of applications.

One last consideration is cost. Cement is “dirt
cheap,” only 10-15 cents a pound, and the incorpo-
ration of additives to trigger autonomous healing
increases its cost. For example, our group estimated
the cost of cement to be about twice the cost of OPC,
and although ongoing efforts to reduce polymer
concentrations while maintaining self-healing ability
are promising, a self-healing cement will always be
more expensive than conventional cement.
Nonetheless, at the time of constructing new con-
crete-based infrastructure, the construction industry
should evaluate lifetime cost associated with inspec-
tion, maintenance, and repair. For example, annual
maintenance cost for bridges, tunnels, and other
essential infrastructure in the USA alone represents a
trillion dollar market [209]. In a 2019 report by Arno
Schroten et al. [210], it was stated that maintenance of
transport infrastructure alone in Europe reached €38
billion with an additional €69 billion investment in
new roads as of 2016. Considering the safety concerns
and above-described enormous cost associated with
structural repairing, rebuilding and downtime, self-
healing cementitious materials need to become a
viable alternative to conventional cements, despite
their higher cost. Furthermore, the above-described
cost considerations do not even account for concrete
waste disposal and the significantly high carbon
footprint that the cement industry generates, with
one pound of CO, emitted per every pound of
cement produced.

The capability of multiple healing cycles at any
location offered by advanced cement materials
suggests that it is just a matter of time for these
cements to be part of next-generation building
infrastructure significantly reducing the need for
maintenance and replacement of entire concrete
structures [82, 83]. An understanding of the prop-
erties of these materials and their limitations,
independently of the self-healing strategy, will
dictate their application and lifetime. Perhaps the
continued convergence of different self-healing
methods could result in next-generation cement and
concrete materials.
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