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Abstract

Concrete durability degradation problems have received considerable attention in both research field and concrete industry during recent decades. To
better understand the underlying mechanisms, various numerical models have been put forward aiming at widely concerned scientific issues involved in
the entire life cycle of concrete structures: ionic transport in porous medium, degradations induced by multiple factors, as well as the prediction and
rehabilitation method to prolong the service life. This letter aims to summarise the major contributions to these interrelated scientific issues particularly
from the modelling perspective. The digital characterization of concrete heterogeneity and its influence on ionic transport behaviour will be firstly
reviewed. Subsequently, concrete deterioration mechanisms induced by various factors and their internal coupling relationships are discussed in details.
Meanwhile, promising electrochemical repair techniques with multi-fold advantages including chloride removal, corrosion inhibition, ASR mitigation and
crack repair are systematically summarized. Finally, existing research gaps and future opportunities in these areas have also been visited, which is hoped
to break the ice in this challenging field and promote the sustainable development of the concrete industry.
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1 Introduction

The durability degradation problems of concrete structures
have become one of the biggest challenges for the
sustainable development of the concrete industry. The
synergistic action of aggressive salts and harsh environments
is considered to be mainly responsible for the degradation of
concrete durability, and the complex interaction between
them makes the deterioration behaviour even more difficult
to predict [1]. Consequently, concrete durability deterioration
mechanisms have attracted increasingly more attention from
both academic and engineering societies. Generally, the
entire process during the service life of concrete structures
can be covered by three interrelated stages: deleterious ions
penetration, durability degradation and the subsequent
repair application. To better understand this life cycle process
which involves a large time span and a wide range of
disciplines, there remain some representative key scientific
challenges that need to be further revealed and addressed
from the perspective of mechanisms to practice.

Firstly, what is the intrinsic mechanism of multi-species
transport in multi-phase concrete? lonic transport in concrete
constitutes the initial stage for many durability problems such
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as chloride-induced corrosion, and it, therefore, forms the
basis for accurate prediction of concrete service life. It has
been commonly acknowledged that concrete is a
heterogeneous material, especially at the mesoscale and
microscale, where the multi phases in concrete will affect the
ionic transport and degradation process at varying degrees
[2]. In addition to the widely concerned chloride ion, it should
also be highlighted that other ionic species including sodium,
potassium and hydroxide and calcium ions also coexist in pore
solution, and some of them even fundamentally influence the
chemical and mechanical properties of concrete [3, 4].
Therefore, when investigating the ionic transport in concrete,
it is important to take the inherent heterogeneous nature of
concrete and interactions among various ionic species into
account to ensure more accurate and reliable prediction
results.

Secondly, how to better understand the mechanisms of
various concrete durability problems and their mutual
interactions to predict the service life? Based on the
understanding of ionic transport in concrete from the
perspective of multi-ion and multi-phase, new findings on the
ingress of deleterious ions would shed light on the
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understanding of the durability degradation process as well as
the service life prediction. It should be noted that although
chloride-induced corrosion is the dominant degradation
phenomenon, other durability problems such as carbonation
[5], sulphate attack [6], calcium leaching [7], alkali silica
reaction [8], freeze-thaw cracking [9], and other durability
degradations facilitated by load-induced cracking [10] would
appear in junction with the chloride ingress. Therefore, it
would be still a challenge to couple the interactions between
multiple  degradation = mechanisms and  concrete
performances by using the language of mathematics and
modelling [11], which could provide a unique perspective to
discuss what has been faced in concrete engineering practice.
Based on the coupling of multi deterioration factors, the
service life of concrete structures can also be more accurately
and reliably predicted.

Thirdly, when and how to repair existing reinforced concrete
structures which are about to suffer or have already suffered
from durability diseases? Aiming at different durability
problems, numerous electrochemical rehabilitation methods
[12-14] and electrochemical protection methods [15, 16]
have been put forward in recent decades, and nearly all of
them involve the transport behaviour of multiple ionic
species. Due to the involvement of the external electric field
the interaction and coupling among various ions will also get
enhanced, and electrochemical and chemical reactions
happening on the electrode surface and pore solution during
the treatment will make the ionic transport much more
complex and even difficult to predict. In addition, different
durability deterioration will lead to various damage
characteristics of concrete, so the repair objectives can also
be diversified. However, traditional electrochemical
rehabilitation methods are typically designed to be effective
for one kind of durability deterioration factor:
electrochemical realkalisation for concrete realkalisation and
steel repassivation, electrochemical chloride removal for
chloride removal and electrochemical deposition for crack
healing. For reinforced concrete structures serving in
engineering practice, they are commonly threatened by
various degradation factors. Therefore, it is of great
significance to find an effective method with multiple
advantages to cover these repair objectives as much as
possible, which is beneficial to prolong the service life of
concrete structures in a more efficient way. Otherwise,
inappropriate repair strategies will cause secondary damage
to reinforced concrete structures.

In view of the abovementioned key scientific concerns,
extensive mechanism studies and practical applications have
been conducted in the past decades, and remarkable
progress has been made and documented. In this paper,
major contributions in the corresponding fields: multi-species
transport, concrete service life prediction, and
electrochemical rehabilitation will be reviewed and
highlighted in the following sections. Concluding remarks,
research challenges and opportunities will also be discussed,
hoping to better guide future research and facilitate academic
communications in this field.

2 Multi-species transport in multi-phase concrete
2.1 Multi-phase components in concrete matrix

Concrete can be regarded as a multi-phase material
containing coarse aggregates, fine aggregates, hydrated
cement phases, interface transition zone (ITZ), microcracks,
water, air bubbles and other structures. Each phase has
distinct transport properties, and their distribution in cement
bulk will also contribute to the transport path tortuosity
which inevitably influences the ionic transport behaviour [17].
The most accurate method to characterize the
heterogeneous nature is the X-ray CT image [18], which can
distinguish different phases in a grayscale image through the
unique dielectric constants of each component [19].
However, X-ray CT is often limited by image resolution, which
makes it difficult to characterize the smallest phases in
cement paste. Besides, the scanning procedure is time-
consuming and the image processing also requires a high
computational cost [20]. In addition to being directly
generated from X-ray CT images, the multiphase composition
of concrete can also be generated by a random algorithm.
Low polyhedron (polygon in 2D) generated by a random
algorithm has also been widely adopted to depict coarse
aggregates with certain angularity [21]. But the irregular
aggregate shape will also induce overlapping problems during
the packing stage [22], so Xu and Chen have proposed an
efficient contact detection algorithm for particle generationin
three-dimension [23]. The most simplified and convenient
method to represent aggregates is using the Euclidean
geometries of sphere or ellipsoid (circle or ellipse in 2D) [24].

As for the influence of concrete heterogeneity on ionic
transport behaviour, Abyaneh et al. [25] found that the
aggregate shape and volume fraction both had an obvious
effect on the combined transport of ionic diffusion and
capillary absorption. Then, Liu et al. [26] reported the
aggregate shape would influence not only the tortuosity of
ionic transport path but also the distribution of electrostatic
potential under the action of the external electrical field.
Moreover, to quantify the pros and cons of these methods for
approximating real aggregates morphology, Chen et al. [27]
investigated the aggregate shape effect by digitally
constructing aggregate in various shapes including ellipsoids
and polyhedrons, as shown in Fig. 1, and they found that even
under pure diffusion condition, the concrete diffusivity is still
influenced by the shape of coarse aggregates. In addition, the
characterization of ITZ in concrete has also received extensive
attention. Based on the two-dimensional image information,
Li et al. [28] successfully quantified ITZ thickness and
predicted the concrete diffusivity in three-dimensional space.
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Figure 1. Schematic diagram of the multi-phase representation of
concrete heterogeneity and random generation and packaging of
coarse aggregates. Adapted from [27].

2.2 Multi-species transport in concrete pore
solution

Although it has been acknowledged that various ionic species
coexist in concrete pore solution, as one of the most
deleterious ions, the ingress of chloride into concrete has
firstly received considerable attention. With the rapid
development of computer science and numerical modelling,
and also its strength in saving test time and cost, the
establishment of numerical prediction models has attracted
more scientific attention. Fick’s law has been widely adopted
to depict the penetration of single chloride species [25, 29,
30]. Subsequently, the thermodynamic modelling approach
has been adopted to depict the chemical reaction between
ionic species and the hydrated cement system [31, 32]. In the
light of Snyder and his colleagues [33, 34], the influence of the
electrochemical coupling effect among various ionic species
in pore solution was addressed. Actually, in concrete pore
solution with the coexistence of multi-ions, each ionic species
has distinctive features in ion radius and chemical activity,
which leads to different diffusion coefficients and
electrification of each ion. As a result, a local charge
imbalance will be generated in the pore solution, and the
induced electrostatic potential will in turn exert a
nonnegligible effect on ionic transport. On top of that,
Samson and Marchand [35, 36] adopted the ion exchange
theory and chemical equilibriums to depict the physical and
chemical reactions between various ions and cement
hydration products. Johannesson et al. [37] considered the
reaction kinetics and further developed a reactive multi-ionic
model for concrete.
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Figure 2. Categories of ionic transport models in concrete: (1) single
phase, single species model, (2) single phase, multi-species model, (3)
multi-phase, single species model, and (4) multi-phase, multispecies
transport model (“double multi” model). Adapted from [38].

It cannot be denied that the abovementioned studies have
greatly promoted the development of this field. However, as
shown in Fig. 2, most studies considered multiphase but only
took chloride ions into account or simply assumed electric
neutrality condition. Although other studies considered multi-
ion coupling, the influence of multiphase was not explicitly
expressed. As a result, the “Double Multi” model has been
proposed by Liu's group to potentially bridge the
aforementioned research gap, and extensive studies have
been carried out to further investigate the underlying
mechanisms of ionic transport in concrete [39]. It has been
found that ions with the same charge number possessed
similar transport behaviours even though their diffusion
coefficients and initial concentrations are distinctively
different [38, 40]. The “Double Multi” model was also applied
to predict the ionic transport in cracked concrete [41], and
results showed that considering the multi-ions coupling effect
can increase the prediction accuracy, and the existence of
cracks will contribute to a more significant multi-ions coupling
effect. As for the RC structures serving in the high incidence
area of corrosion, i.e., the tidal and splash zones, it can be
seen from Fig. 3 that after only 10 dry-wet cycles, the chloride
concentration predicted by the model considering the multi-
ions coupling effect was 1.26 times of the model only
considering chloride ion [42], and the “Double Multi” model
also yielded more accurate results compared to the model
only considering chloride ions. In addition to the
abovementioned application in concrete scale, Feng et al. [43]
have also employed the “Double Multi” model to characterize
the Electrical Double Layer (EDL) effect caused by the electric
charges around cement particles under the cement scale.
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Figure 3. Chloride concentration comparison among multi-ionic
model, single chloride species model and experimental data after 10
drying-wetting cycles. Adapted from [42].

3 Coupled deterioration mechanisms and

durability prediction

Basically, the concrete durability deterioration factors can be
classified into two categories: chemical attack such as the
most common chloride-induced corrosion, sulfate-induced
expansion, calcium leaching, and alkali silica reaction; physical
damage such as freeze-thaw damage induced by
temperature variance and cracking induced by loading.
However, as mentioned previously, concrete durability
problems often appear in a combined manner, the
deterioration mechanisms for concrete under the combined
attack of multiple damage factors are consequently more
complicated. In this regard, finding a mathematical and
physical expression of the concrete durability degradation
problems is challenging but able to provide an efficient way
to characterize the degradation process and serves as the
basis for the subsequent parametric analysis, and the
predicted service life would also become a strong and reliable
reference for engineering practice. It should be noted that
although service life is not only influenced by durability issues
but also other conditions, numerical prediction models on
concrete durability are hoped to serve as the basis for the
service life prediction. In the following texts, some typical
examples of the coupled deterioration processes will be given
to illustrate this scientific issue in more details.

3.1 Coupled deterioration of carbonation and
chloride ingress

The carbonation has a dual effect on chloride ingress. On the
one hand, carbonation could accelerate chloride penetration
by releasing previously bound chloride in Friedel’s salt [44],
and on the other hand, carbonation can decelerate chloride
ingress by forming CaCOs and decreasing concrete porosity
for ordinary Portland cement systems [45]. Therefore, how to
quantitively characterize this double-fold effect is still one of
the most challenging problems for concrete durability
prediction, and numerous indexes to describe the

carbonation process have been proposed including intensity
of CaCOs [46], carbonation degree [47], carbonation front [48]
and carbonation rate [49].
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Figure 4. The comparison among experimental results, Geng et al.'s
[50] fitting results and the numerical results. Adapted from [51].

In a recent study by Shen et al. [51], the carbonation rate is
integrated into the chloride binding equation, and the release
of bound chloride ions due to carbonation has been directly
and quantitively characterized by the equation below

C
%:*kb be(lfkrc)aif (1)
ot 1+ BC,

where C, denotes the bound chloride concentration; G
denotes the free chloride concentration; k, denotes the
chloride binding rate; k; is the influencing coefficient of de-
bounding degree; c is the carbonation rate, and a and 8 are
chloride binding constants. Then, the chloride transport
equation integrating the carbonation rate can be derived as
oc, , a¢, _ oC, )
ot ot o’
where € stands for the chloride diffusion effect on concrete
porosity, and D stands for the initial chloride diffusion
coefficient before carbonation. The prediction results against
measurement results are shown in Fig. 4. It can be seen that
the prediction results are even more consistent with the
fitting model based on the experimental data itself.
Moreover, it was also interesting to find that the negative
effect of carbonation on releasing the bounded chloride is
dominated, and the boundaries between the none-
carbonated zone, carbonating zone and fully-carbonated
zone can be clearly distinguished by the numerical
calculation. The model is also able to better explain some
interesting phenomena during the binary attack (e.g., the
increasing content of bound chlorides in the fully-carbonated
zone) from a more fundamental perspective. Based on these
mathematical and physical based coupling equations, Liu’s
group further develop a model for combining the ingress of
chloride and carbonation in unsaturated concrete as
illustrated in Fig. 5, which is more suitable for the RC
structures exposed to the marine environment and can make
a better understanding on the effects caused by temperature,
humidity, and carbon dioxide concentration [47].
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Figure 5. Schematic diagram of dual attack of chloride ingress and carbonation in unsaturated concrete. Adapted from [47].
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Figure 6. Schematic diagram of the competitive antagonism during the combined chloride-sulfate attack. Adapted from [58].

3.2 Coupled deterioration of sulfate attack and
chloride ingress

Similarly, as shown in Fig. 6, the two-fold effect also exists in
the combined chloride-sulfate attack, and it has also been
realized that the chloride and sulfate ions would have a
competitive antagonism in their reactions with the hydrated
cement system [52]. The penetrated sulfate ions would on
the one hand react with calcium aluminate phases to produce
expansive products and retard the subsequent ingress of
chloride [53, 54], and on the other hand, would release
previously bound chloride and induce expansive cracks to
facilitate the chloride ingress [55]. In recent years, a few
numerical models have been developed and can be divided
into two categories. The first one this based on the
thermodynamic modelling approach where chemical
equilibriums in  cement hydrated components and
precipitation products can be taken into account [56]. The
second utilizes the reaction kinetics to characterize product
formation during the combined chloride-sulfate attack [57,
58]. However, most of these studies take the assumption that
concrete is a homogeneous material and the influence of
multi-ions coupling on this two-fold effect has not yet been
quantitively studied. Future research on this prospect may
help to better understand this complex but interesting
degradation process, which can contribute to a more accurate
service life prediction for concrete in saline environments.

3.3 Coupled deterioration of calcium leaching
and chloride ingress

In addition to chemical attacks caused by deleterious
substances penetrated into concrete, calcium ions would also

leach out from the hydrated cement system in harsh
environments [59]. The dissolution of calcium hydroxide and
decalcification of C-S-H gel will lead to gradual coarsening of
pore structure and increased porosity, which will then
facilitate the ingress of other harmful species such as chloride
ions [60]. Tang et al. [61] investigated the impact of calcium
leaching on chloride diffusivities and they reported that the
calcium leaching not only result in higher chloride diffusion
rate but also reduce the chloride binding capacity. Recently,
Zou et al. [62] both experimentally and numerically studied
concrete leaching phenomenon when exposed to sulfate rich
environments. It showed that sulfate ions could accelerate
the leaching process of calcium. However, it should be noted
that when considering calcium leaching and external solution,
more than one ionic species would get involved, as shown in
Fig. 7. As a result, the multi-ions coupling effect and the
corresponding influence on calcium leaching should be
considered. Based on the “double multi” model, the coupled
calcium leaching and chloride ingress was numerically
modelled [63], and it illustrated that the electrostatic
potential induced by multi-ions coupling effect would firstly
facilitate the leaching process and then slightly limit the
calcium dissolution process.

3.4 Coupled deterioration of freeze-thaw and
chloride ingress

For concrete structures constructed in middle and high
latitude marine/deicing-salt environments, they are also
susceptible to the combined attack of freeze-thaw and
chloride ingress [64]. The damage caused by freeze-thaw
action can be mainly reflected by cracks propagation
facilitating the ingress of chloride ions and damage on
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concrete pore structures leading to a more connected pore
network [65]. Moreover, under frost damage caused by ultra-
low temperature, the C-S-H phase shows instability which
also can lead to concrete mechanical degradation [66]. From
the perspective of pore structure evolution, Li et al. [67]
related the chloride diffusion coefficient to the freeze-thaw
cycle numbers and proposed a coupling acceleration
coefficient to quantitively characterize the acceleration effect
on chloride penetration caused by freeze-thaw damage. By
adopting a time-dependent variable of porosity, Jiang et al.
[68] established a coupling model for the combined attack of
freeze-thaw cycles and chloride penetration. Some
interesting findings about the parametric analysis and
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M
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chloride ingress prediction were also obtained by using Grey
relational analysis and Bayesian updating [69], which brings
insights into the durability prediction of existing structures
under the action of multiple deterioration factors. Recently,
as illustrated in Fig. 8, Li et al. further considered not only the
FTC-induced cracking [70] but also the FTC-induced freezing
[71], which couples the temperature variation, salt solution
and time-dependent freezing rate, etc. It is found that
although the larger salt concentration can reduce the freezing
rate and temperature in pores, it still generally promotes
chloride penetration.
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Figure 7. Schematic diagram of concrete suffering from both calcium leaching and chloride ingress. Adapted from [63].
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Figure 8. Schematic diagram of concrete damaged the dual attack of freeze-thaw cycles and chloride ingress. Adapted from [70, 71].

3.5 Coupled deterioration of external load and
chloride ingress

Similarly, load-induced cracking will also provide convenient
channels for the transport of chloride ions. Both experimental
observation and numerical results indicate that the existence
of cracks can introduce obvious deviations from the diffusion
in sound concrete, and the promotion of cracks is dependent
on the width and morphology [72]. Savija et al. [73] proposed
a lattice model to investigate the influence of cracks on
chloride migration, and the results showed that under the
application of an external electric field, the existence of cracks
would cause a sharp increase in chloride penetration front.
Most existing numerical models typically firstly simulated the
cracking process and then adopted the cracks as the input of
the subsequent chloride penetration simulation. However, it
should be noted that concrete cracking and chloride ingress
are both time-dependent processes that would appear on the
same time scale, and the bidirectional coupling of the cracking
process and chloride penetration is still quite challenging
considering the modern computer science. This is because to
actually couple the cracking with chloride ingress, the crack
propagation process should be reflected on the geometric
level which indicates a time-dependent model geometry,
while the continuously changed geometry certainly will have
a series of effects on the meshing quality and numerical
convergency [74]. As a result, Liu et al. tried to divide this
coupled process into several stages over time, and each stage
is linked through a statistical learning method to achieve their
internal coupling [75]. However, it has to be admitted that the
coupling between crack propagation and chloride transport
by statistical learning is still a compromise, and the prediction

accuracy is highly dependent on the number of divided
stages. Thus, more powerful and comprehensive modelling
techniques on this aspect are expected in future research.

3.6 Advanced techniques for concrete durability
prediction

Besides, thanks to the development of artificial intelligence
technology, statistical analysis and machine learning
techniques can also be applied to predict concrete durability
[76]. For instance, statistical analysis has been adopted to
predict chloride concentration in concrete exposed to
offshore environments in literature [77]. By employing
artificial neural network (ANN) techniques, Liu et al. [78]
developed a model to predict the chloride diffusivity in
concrete. It showed that the ANN is particularly powerful for
predicting chloride resistance of concrete structures exposed
to complex and harsh environments, and ANN has been
proved to be an effective secondary tool to identify error
information occurred in experimental measurement.
Recently, Ashraf et al. [79] used gene expression
programming (GEP) to predict both the mechanical and
durability properties of sustainable concrete incorporating its
economic and environmental factors. The more advanced
multi-expression programming (MEP) method, as shown in
Fig. 9, has also been utilized to model the properties of green
concrete containing waste foundry sand, which can provide
reliable engineering references and promote its application
[80]. However, it can be seen that the application of artificial
intelligence technology is still limited to single deterioration
factor such as chloride penetration, and its application under
the coupling of multiple factors still needs to be carried out in
future studies.
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Figure 10. Schematic diagram of electrochemical deposition device for reinforced concrete structures. Adapted from [81, 82]

4 Electrochemical rehabilitations for RC

structures

With a certain understanding of ion transport and various
deterioration mechanisms in concrete, people may still have
qguestions on when and how to properly apply
electrochemical rehabilitation methods for RC structures
which are about to suffer or have already suffered from
durability degradation. The schematic arrangement for the
electrochemical rehabilitation method is shown in Fig. 10. By
applying current or voltage between the embedded
reinforcement (acting as the cathode) and external metal
mesh (acting as the anode), an electric field will be formed to
remove deleterious ions, and migrate beneficial ions such as
calcium and lithium ions into the concrete.

However, inaccurate settings of electrochemical parameters
such as treatment duration and current density amplitude will
result in negative effects on the RC structures. For instance,
excessive long electrochemical treatment will cause local
acidification of concrete cover and lead to calcium leaching in
the vicinity of the anode area [83, 84]. Meanwhile, a large
current density will also produce a large amount of hydroxyl
ions and even lead to the hydrogen evolution reaction on the

electrode surface. The excessive hydroxyl ions will cause alkali
silica reaction [85] and the hydrogen evolution reaction will
even result in the hydrogen embrittlement of steel
reinforcement [86], which will both cause irreversible damage
to the reinforced concrete. Consequently, it is necessary to
determine the suitable electrochemical parameters for RC
structures serving in complex environmental conditions.

4.1 Electrochemical chloride removal

Among the various electrochemical rehabilitation
methods, the electrochemical chlorine removal/extraction
(ECR/ECR) was first proposed and applied in practical
engineering. Relevant studies show that the current density
of 2 A/m? is more suitable for electrochemical chloride
removal [87]. Some scholars have also proposed to provide
an alternating power supply for electrochemical treatment.
The results showed that this can not only reduce the cost but
also improve the efficiency of chloride extraction [88]. By
employing the “Double Multi” model, a prediction method
has been proposed to measure the efficiency of
electrochemical chloride removal, where the multi-species
coupling in pore solution, chloride binding between liquid
solution and solid hydrated cement phases, and
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electrochemical reaction on electrodes have been
comprehensively taken into account [89]. Shi et al. [90] firstly
developed a 3D model to simulate the electrochemical
chloride removal process, and the effect of steel position and
cracks was discussed. However, it still should be admitted that
most of the existing numerical models for electrochemical
chloride removal were built in two-dimension and even one-
dimension due to the high nonlinearity introduced by the
electric field and electrochemical reactions. As a result,
upgrading from 2D models to 3D models would be another
challenge.

4.2 Improved methods of electrochemical

chlorine removal

On the basis of electrochemical chloride removal, other
beneficial substances such as corrosion inhibitors and lithium
ions can be migrated into concrete to further retard the
negative effect such as steel corrosion, hydrogen
embrittlement and alkali silica reaction. A novel durability
repair strategy called bidirectional electromigration
rehabilitation (BIEM) has been firstly proposed by Jin et al.
and has received extensive interest due to its multiple
advantages including chloride removal and mitigating
corrosion [91, 92]. A recent study has also shown that
adopting amine rust inhibitors (such as triethylenetetramine)
can effectively inhibit hydrogen embrittlement of steel
reinforcement through chemical inhibition, which further
ensures the safety and efficiency of electrochemical
treatment [93]. Meanwhile, the BIEM has also been applied
on the emerging sea sand concrete structures in recent years,
and was proved to be an effective method to improve the
durability of sea sand concrete structures [94].

As for the potential risk of alkali silica reaction, due to the
smaller ion radius of lithium, it can alter ASR reaction by
producing a non-expansive gel and has been proved to be
effective in mitigating ASR. Therefore, the electrochemical
lithium migration (ELM) method has also been put in junction
with electrochemical chloride removal for concrete affected

Steel bar

| Metal mesh Js

Lithium
solution

by both ASR and chloride ingress, which is named as ELM-ECR
by Liu’s group, as shown in Fig. 11. Ueda et al. [95]
investigated the influence of temperature on lithium
migration and chloride removal, and proved that higher
temperature was beneficial to the healing effect. Recently, as
reported by Figueira et al’s review article[96], Mao et al. [82]
developed a numerical model to study the lithium
impregnation and chloride removal efficiency, where the
interaction between aggregates and lithium ions, chloride
binding and the electrochemical reactions at electrodes have
been comprehensively characterized, and influence factors
including lithium concentration, current density and ambient
temperature have been investigated through a detailed
parametric study.

4.3 Electrochemical deposition method for crack
healing

For reinforced concrete structures which have already been
damaged, cracks may serve as a convenient channel for the
penetration of harmful ions. Therefore, the electrochemical
deposition method (EDM) has been proposed as a non-
destructive and efficient approach to close cracks [97].
Besides, it is worth mentioning that in addition to crack
closure, the electrochemical deposition method has multiple
advantages in chloride removal and realkalization of
previously corroded steel reinforcement, which brings the
potential to repair multiple durability degradation problems
of RC structures at the same time. As illustrated in Fig. 12, The
basic principle of EDM is to migrate metal cations such as
magnesium and zinc ions in the anolyte into concrete, which
will react with the hydroxyl ions in pore solution as well as
those generated at the electrode surface to precipitate
hydroxide depositions. Subsequently, the deposition
products will fill cracks and further densify concrete pore
structure to prevent concrete from being eroded by harmful
substances in remaining service life [98].
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Figure 11. Schematic diagram of the mechanism of ELM-ECR method for ASR mitigation and chloride removal.
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Figure 12. The schematic diagram for the mechanisms of the electrochemical deposition method. Adapted from [99].

A series of experimental studies on this promising
electrochemical rehabilitation method have shown that
higher current density, external electrolyte concentration and
cation types will influence the crack closure rate, concrete
chemical compositions, and even deposition morphology
[100-102]. As for the aspect of numerical modelling, Zhou et
al. developed a multiphysics model which can digitally
visualize the deposition process in both electrode surface and
concrete cracks. Meng et al. [81] developed a numerical
model which covers the entire process from load-induced
cracking to crack repair by electrochemical deposition
treatment. Results showed that a larger current density
would lead to a lower crack repair rate, which is because the
rapidly formed deposition under a higher current density will
block the subsequent supply of metal ions. Recently, a
comprehensive mechanical-transport—chemical model has
been proposed aiming at corrosion-induced cracks, and
various influence factors have also been investigated [99].
Besides, considering that the ASR-induced crack distribution
pattern is more discrete, the repair arrangement should be
different from that applied for the aforementioned two
cracking reasons. Numerical modelling results also confirmed
that for ASR-damaged concrete, making all exposed surfaces
as working anodes can ensure the optimal repair effect [103].
Through the above research, it can be seen that the
electrochemical deposition method is also a powerful
rehabilitation technique that can repair damage caused by a
variety of concrete durability problems at the same time, but
the detailed arrangement of the repair device and settings of
electrochemical parameters during the treatment would still
depend on the specific durability problem.

5 Concluding remarks

In recent decades, remarkable progress has been made in the
field of ionic transport in concrete, concrete service life
prediction, as well as effective rehabilitation strategies, which
greatly facilitate the development of the concrete industry.
This letter provides a review on major breakthroughs in these
three closely related areas, and opportunities and challenges
in numerical modelling of multi-species transport, concrete
durability prediction and electrochemical rehabilitation can
be summarized in the following aspects.

Firstly, there is still a large room for numerical models aiming
at coupled durability deterioration to get further
improvement. The bidirectional coupling between crack
propagation and ionic transport also remains to be realized at
the same time scale. Besides, the evolution of concrete pore
structure and the porosity characterization under different
durability diseases still need to more comprehensive
exploration. The influence of crack propagation and pore
structure damage on ionic transport, water transport, as well
as percolation in cracks and ITZ also need to be digitally
quantified through the numerical modelling approach. In
addition, the involvement of environmental factors such as
ambient temperature, humidity and weathering still need
more accurate physical and mathematical expression.

Secondly, due to the high non-linearity introduced by multi-
ionic coupling and chemical and electrochemical reactions
between ionic species and hydrated cement phases, three-
dimensional models which consider the interaction among
various ionic species, intrinsic chemical and electrochemical
reactions, as well as the heterogeneity nature of concrete are
still limited. Optimization from the aspect of computer
algorithms and innovative modelling techniques can
potentially help to solve this technical problem. Also, with the
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development of computer-aided technology, advanced
upgrading techniques would also be beneficial to upgrade the
two-dimensional model to a more accurate and realistic
three-dimensional one.

Thirdly, expansive research scope from larger structural
components to micro particles, from early age to long-term
performance would also help to better understand intrinsic
mechanisms. Interpreting the macro phenomena observed in
nature to the micro behaviours in theory has always been
difficult, but a fundamental understanding of how these
degradation processes occurred and their interactions would
shed light on the development of accurate prediction and
evaluation. In addition, one of the most important targets of
durability studies is to support the life-cycle design of
reinforced concrete structures to ensure service safety, so
bridging the gap between microscopic durability degradation
mechanisms the macroscopic structural mechanical
performance also needs more attention. Meanwhile, relating
the early-stage rheology properties to the ultimate
deterioration phenomenon would also be another potential
breakthrough to comprehensively evaluate the service life.

Lastly, current studies in this topic area mainly focus on the
traditional concrete type, but with the rapid development
and application of alkali activated cementitious material,
high-performance concrete, and various types of
sustainable/green concrete, the durability problems of these
new-type concrete will gradually become prominent.
However, due to the different chemical composition and
preparation process compared to traditional concrete, the
ionic transport, durability degradation and corresponding
electrochemical repair technologies would possess
distinctively new features which would be hard to predict
through existing models. Therefore, carrying out research
focusing on the durability mechanism of these new types of
concrete should also receive considerable attention.
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