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Abstract: The application of recycled coarse aggregate (RA) in structural concrete can save non-
renewable resources and reduce land occupation. Developing comprehensive knowledge of chloride
penetration and service life modeling of recycled coarse aggregate concrete (RAC) is a prerequisite
for practice. However, compared with the natural aggregate concrete (NAC), the inferior durability
performance, especially chloride penetration resistance, of RAC hinders its application in structural
concrete. Therefore, many RAC performance enhancement methods have been proposed. This paper
presents a holistic review focused on the chloride penetration of RAC with/without enhancement
methods and service life prediction. The current RAC performance enhancement methods are
introduced. The improvement effect of the corresponding enhancement methods on the chloride
penetration resistance of RAC are discussed and analyzed in turn. Based on the reviewed data on
the chloride diffusion coefficient, the modification efficiencies of assorted enhancement methods
are summarized. With the hope of promoting RAC application in structural concrete, the current
literature on chloride-ingress-based service life prediction for RAC is also overviewed. In addition, the
typical influencing factors on chloride transport properties are also discussed, i.e., RA quality. It can
be concluded that enhancement techniques can effectively improve the chloride penetration resistance
of RAC. The old mortar enhancement or removal methods can improve the chloride penetration
resistance by 15–30%, depending on the specific treatment measures. The modification efficiency of
the modifier material depends on the specific type and content of the incorporated substance, which
ranges from approximately 5% to 95%. The estimated service life of RAC structures decreases with
the increasing RA replacement ratio. Finally, concluding remarks are provided concerning future
research on the chloride transport behavior of RAC.

Keywords: recycled coarse aggregate concrete; chloride penetration; enhancement method; modification
efficiency; service life prediction

1. Introduction

With the advancement of urbanization, concrete has become widely utilized in the con-
struction industry, resulting in dramatically increased manufacturing of concrete products.
More specifically, it is estimated that approximately 30 billion tons of concrete are produced
annually worldwide [1]. Concrete manufacturing activities consume 50% of total natural
raw material, 40% of total energy, and generate 50% of total waste [2]. For example, the
huge demand for aggregates has led to over-extraction of natural aggregates. Additionally,
building demolition activities and natural disasters result in a large amount of construction
and demolition waste (CDW), which may cause serious environmental problems, i.e., air,
water, and soil pollution, as well as land occupation. It is reported that concrete and
brick waste account for about 70% of CDW [3]. Concerns about the sustainability of the
construction industry have prompted the reutilization of waste concrete. According to the
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literature [4], aggregates account for 50–90% of waste concrete, and recycling waste concrete
into aggregates will greatly contribute to CDW reduction. In this context, the recycling of
recycled coarse aggregate (RA) will not only control natural resource consumption and
environmental pollution, but also promote a circular economy, in line with the concept of
sustainable development in the construction industry.

As early as the 1970s, Japan started to build factories to collect RAs [5]. After World
War II, Europe and some developed countries began to study the performance of RAC [6].
Until the 1990s, with the development of urbanization, China also explored the feasibility of
using RA to manufacture concrete [7]. Nonetheless, it was not until the 2000s that RA really
began to see practical application as a sustainable material [8]. During the past decades,
research into recycled aggregate concrete has emerged. The relevant research mainly in-
cludes the microscopic, mechanical properties and durability of RAC. Ridzuan et al. [8]
preliminarily analyzed the feasibility of applying RAC in medium-strength concrete struc-
tures by demonstrating that RAC achieved comparable compressive strength to NAC.
Poon et al. [7] found that RAC prepared with RA derived from high-performance concrete
achieved strength similar to that of NAC. They also found that the parent concrete not only
affected the old mortar, but also affected hydrate product development in new ITZs in RAC.
Similarly, Ajdukiewicz et al. [9] found the RAC prepared with RA derived from strong
concrete achieved similar compressive strength and stress–strain curves to those of NAC,
while the tensile strength and failure bond stress were 10% and 20% lower, respectively.
They claimed that manufacturing high-performance concrete with RA can achieve both
environmental and economic benefits. Also, in a study by Akita et al. [10], it was found
that RAC with a 5% lower w/c ratio achieved similar compressive strength to that of
NAC, while the tensile strength was considerably decreased. Poon et al. [6] investigated
the effects of different RA contents and moisture conditions on RAC’s compressive and
splitting tensile strength and found that RAC with a 50% air-dried state RA replacement
ratio showed similar strength to that of NAC. By a series of comparison tests, Tabsh and
Abedlfatah [11] found that the addition of RA caused a 10–25% loss in RAC’s strength
compared with NAC.

Based on the above research results, it can be concluded that replacing NA with RA is
a promising method for manufacturing concrete, even high-performance concrete, from
the perspective of mechanical properties. Apart from mechanical properties, durability is
another significant aspect that must be explored before applying RAC in practical engi-
neering. The durability and the time-dependent chloride transport properties of RAC have
been extensively studied in recent years. Olorunsogo et al. [12] concluded that RAC was
more susceptible to oxygen permeability, ion diffusion, and water absorption by detecting
durability indexes. Thomas et al. [13] reported that the difference between the durability in-
dexes of NAC and RAC with the same w/c ratio increased with increasing w/c ratios. They
also provided recommended mixtures for RAC in aggressive environments. Levy et al. [14]
reported that a replacement ratio of 20% for RA to NA made RAC show similar or some-
times better durability than NAC in terms of carbonation, porosity, and water absorption.
By conducting durability tests and environmental impact assessment, Henry et al. [15] suc-
cessfully prepared RAC with low-grade RA with similar or better durability and lower CO2
emissions compared with NAC. Abbas et al. [16] investigated the freeze–thaw resistance,
chloride penetration, and carbonation properties of RAC prepared with the equivalent
mortar volume method (EMV). The results indicated that, compared with RAC designed
using normal methods, the RAC designed by EMV was more durable and met the current
requirements for concrete used in aggressive environments. Richardson et al. [17] explored
the freeze–thaw properties of RAC by detecting the weight and compressive strength loss.
The results indicated RAC with treated, good-quality RA showed 68% higher freeze–thaw
resistance than NAC. Bravo et al. [18] determined the detrimental influence of RA on the
water absorption, carbonation depth, and chloride diffusion coefficient of RAC. They found
RA compositions varied with the collecting areas, which in turn affected the durability
of RAC. Debieb et al. [19] investigated the mechanical performance and durability of
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RAC containing contaminated RA. They found that although the strength, porosity, and
freeze–thaw resistance were free of influence by contaminated RA, the corrosion risk of
reinforcement in such RAC should be taken into consideration. Since chloride-induced
corrosion dominates the long-term durability of reinforced concrete (RC) structures, some
scholars have reported relevant research results on chloride penetration and service life
prediction for RAC. For example, Villagrán-Zaccardi et al. [20] investigated chloride pene-
tration and binding capacity in RAC. Lian et al. [21] conducted experimental and theoretical
analyses of chloride ion transport in RAC under wet and dry cycling. Srubar [22] presented
and implemented a stochastic service-life model for chloride-induced corrosion of RC
structures with RAC and analyzed the effects of RA types, RA replacement ratios, and
initial aggregate chloride concentrations.

Based on the large number of existing studies, in order to further understand RAC
characteristics and assist designers and scholars in quickly and clearly grasping relevant
research results, development levels, and technological trends, some review papers have
been published. For example, Letelier et al. [23] presented a review of the effect of coarse
types on the mechanical properties of RAC. Kim [24] reviewed the literature on the mechan-
ical properties of RAC from the perspective of the influence of RA quality. They elaborated
the relationship between RA quality and the compressive, tensile, and flexural strength,
elastic modulus, and drying shrinkage of RAC. Wang et al. [1] reviewed the literature on
the compressive strength and elastic modulus of RAC prepared with waste concrete and
brick coarse aggregate in the past 40 years. Zheng et al. [25] reviewed the literature on the
mechanical performance of RAC after exposure to high temperatures. Deresa et al. [26]
presented a review of the flexural and shear response of RC beams with RAC from a
structural perspective. Bahraq et al. [27] presented a comprehensive review of the mechan-
ical properties and durability aspects of RAC. They comprehensively elaborated RAC’s
strength, stress–strain curves, elastic modulus, Poisson’s ratio, bond strength, and fracture
energy, as well as its dry shrinkage, freeze–thaw, carbonation, sulfate, chloride penetration,
air permeability, and fire resistance. Shahjalal et al. [28] presented a holistic review of the
durability of RAC, examining impermeability, chloride penetration resistance, carbonation
resistance, frost resistance, and alkali–silica reactions. Malazdrewicz et al. [29] provided an
overview of existing studies on the durability of self-compacting RAC, examining chloride
permeability, carbonation behavior, and freeze–thaw resistance.

In addition, due to the drawbacks of RAC in terms of mechanical properties and
durability compared with NAC [30–35], RA is mainly used as a base filler for pavement
engineering. In recent years, many scholars have focused on RAC performance-improving
technology intended to further improve the utilization rate of RA [36]. Al-Bayati et al. [37]
investigated the influence of HCl and acetic acid presoaking on the rubbing removal rates
of old mortars. The results indicated the old mortar was prone to removal after acid
presoaking. RA surface treatment with nanoparticles [38–41], polymer emulsions [41–44],
and pozzolanic materials [34,40,45–48] can effectively improve RA performance by refining
its porosity and densifying its microstructures. During the last decade, an accelerated
carbonation technique has been proposed and intensively studied by many researchers to
improve the mechanical performance and durability of RA [38,42]. As noted by refs. [49–53],
the incorporation of supplementary cementitious materials (SCMs) is also a promising
technology for obtaining more durable RAC structures. In addition, different mixing
methods also have a certain degree of influence on the porosity of RA [16]. There is a body
of literature reporting the properties of RAC after enhancement treatment [54].

In summary, (i) although the chloride penetration properties of RAC have been sum-
marized in some review papers, they mainly focus on durability index measurement
values at the material level and do not consider long-term durability deterioration model-
ing. (ii) Although there is a body of literature concerning service life estimation for RAC
structures, a holistic review is still lacking. Undoubtedly, one should obtain a thorough
knowledge of service life prediction for RAC, which addresses how long a RAC structure
will fulfill its intended function. (iii) The above RAC-improving techniques make it possible
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for RAC to be utilized in structural concrete with satisfactory mechanical performance and
durability. Enhancement techniques inevitably change RAC’s microscopic pore structure,
chloride-binding ability, etc., which has a certain effect on the chloride transport behavior
of RAC structures [55]. It is necessary to understand these key properties to control the
deterioration behavior of RAC structures.

A large volume of research results has been obtained concerning the mechanical
properties, chloride ion transport characteristics, and durability of RAC. In recent years,
improving the chloride penetration resistance and the corresponding durability design of
RAC has become an important topic, and abundant research results have been obtained.
This paper provides a holistic review of the relevant research on the chloride transport
properties of enhanced RAC structures and corresponding durability design aspects, which
can provide a reference for further research and engineering applications of the research
results. First, a brief review of the current research on performance enhancement techniques
is presented. Then, the modification efficiencies of various enhancement methods with
specific treatment conditions on the chloride penetration of RAC are analyzed and discussed
in detail. In addition, the influences of the RA replacement ratio, RA quality, and coupled
damage of freeze–thaw cycling or loading on chloride penetration are introduced, and
studies on the chloride ion-binding capacity of RAC are reviewed. With the purpose of
promoting RAC application in structural concrete, the authors also overview the current
research on service life prediction at the elemental level. Furthermore, the conclusion of
this review and feasible future research points are presented in the last section.

2. Enhancement Methods for RAC

In order to understand the effect of enhancement methods on chloride permeability
in RAC, it is necessary to understand the difference between ion transport channels in
RAC and NAC. As is well known, the meso-three phases of NAC consist of mortar, coarse
aggregate, and an interfacial transition zone (ITZ). However, the mesoscopic composition in
RAC is different from NAC. RA is composed of NA and adhered mortar, which is part of the
mortar in parent concrete, as shown in Figure 1. Due to the existence of RA, the ITZs in RAC
can be categorized into three types: (i) ITZ1: lying between the virgin aggregate and new
mortar; (ii) ITZ2: lying between the old mortar and new mortar; (iii) ITZ3: lying between
the old mortar and NA. Thus, mesoscopic RAC is composed of NA, new and old mortar,
and three categorizes of ITZs, as shown in Figure 1. The high chloride ion permeability
of RAC compared with NAC can be attributed to the fact that: (i) RA consists of 65–70%
NA and 30–35% old mortar [56,57] (NA is a dense material that is nearly impermeable,
while mortar is permeable due to the existence of pores, cracks, etc.). (ii) Due to the higher
water absorption of RA, the w/c ratio in ITZ2 in RAC is higher than ITZs in NAC, which
results in the ITZ2 in RAC having a larger width and lower micro-hardness [58]. (iii) The
higher mud content in RA may result in ITZ1 in RAC having a larger width and lower
micro-hardness [58]. (iv) The total length of all ITZs in RAC is 60–70% larger than that in
NAC [58]. It is worth noting that the high content of acicular calcium hydroxide crystals is
the main reason for the low micro-hardness and high chloride ion penetration [59].

Based on the reasons for the inferior performance of RAC, the following RAC en-
hancement methods have been developed: (i) surface mortar modification, including two
mechanisms for sealing with coating and filling with micro-filler; (ii) old mortar removal,
including mechanical friction removal, high temperature removal, chemical immersion, etc.;
(iii) mineral admixture, nanomaterial, or fiber addition to improve the whole performance
of RAC to compensate for the defects brought by RA.

In the following section, the above-mentioned RAC’s performance enhancement
methods are briefly introduced in turn.
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Figure 1. (a) Composition and structure schematic diagram of NAC; (b) Composition and structure
schematic diagram of RAC.

2.1. Pre-Treatment of RA
2.1.1. Surface Mortar Modification

Slurry wrapping treatment and polymer impregnation treatment, which treat the RA
surface with cement slurry, pozzolana slurry, phosphate solution, calcium metasilicate
and polymer solution, etc., are effective methods for mortar modification [5]. Soaking
and spraying are two common treatment methods. These methods do not require large
equipment and are easily applied in practical engineering on a large scale at low cost. The
improvement mechanism varies according to the specific solution used. Some solutions
physically fill the pores and cracks of mortar and aggregate, and some solutions chemically
react with mortar or aggregate. The specific mechanisms, implementation measures, and
improvement effects reported in the literature are summarized in Table 1. It is worth noting
that although the water absorption of RA is reduced by some treatments, other properties
of RAC such as strength are negligibly unchanged [35,38,42,60–62].

Table 1. Slurry wrapping treatment/polymer impregnation treatment for the enhancement of RA.

Implementation Measures Mechanism
Improvement Effect

WA Reduction CS Increase

Silica fume (SF) slurry immersion (at 8% cement weight) [35] Introducing active particles and filling pores. 14–23% 1%
Portland cement slurry [38] Filling effect. 39% 1%
Fly ash (FA) slurry [56] Reacting with CH to form CSH. 24.5% 21%
Pozzolana slurry (SF + FA) [63] Forming CSH, filling the cavities. 45% 17.8%
SF slurry [56] Reacting with CH to form CSH. 20.7% 60.5%
Nano-SiO2 slurry [56] Reacting with CH to form CSH. 20.7% 42%
Nano-silica spraying [34] Reacting with CH to form CSH. 3.7% 5.7%
Calcium metasilicate solution [64] Forming a protective coating. 2.7–3.6% 8%
Diammonium hydrogen phosphate solution [60] Precipitating hydroxyapatite. 18.1% 18.9%
Sodium silicate solution [43] Water-repellent post-treatment. 55% /
PVA modification (oven-drying) [42] Improving surface activity and workability. 61.6% 1%
PVA modification (air-drying) [42] 74% 0%
Silane solution [65] Surface water-repellent treatment. 46% /
Paraffin wax [65] Surface water-repellent treatment. 83% /
Octyl/methyl methoxy co-oligomeric siloxane/silane [43] Water-repellent post-treatment. 56% /
Octyl triethoxy silane [43] Water-repellent post-treatment. 86% /
Siloxane/propyl trimethoxy silane [43] Water-repellent post-treatment. 73% /
Siloxane/propyl triethoxy silane [43] Water-repellent post-treatment. 55% /
Siloxane/alkyalkoxysilane [43] Water-repellent post-treatment. 53% /
Water glass [66] Creating a smooth, dense, and hard coating. 67–77% 9%

WA—water absorption; CS—compressive strength; CH—calcium hydroxide. CSH—calcium silicate hydrate;
PVA—polyvinyl alcohol.

Carbonization treatment, as another promising method for mortar enhancement, has
been extensively investigated during the past decades [67]. Calcium hydroxide (CH) with
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high CO2-reactivity is prone to precipitating calcium silicate in mortar [68], which increases
the total volume of the mortar by 3%, thus densifying the mortar and improving the
properties of RA [69]. Actually, CH is prone to natural reaction during the service of the
parent concrete. It is therefore necessary to provide an additional source of calcium to
generate enough precipitates to fill the pores [70]. This provides a two-pronged approach
for high-calcium wastewater treatment. Also, solidification of carbon dioxide is beneficial
for mitigating the environmental problems caused by greenhouse gas emissions. Although
studies have shown that carbonization reduces the total porosity of RA by approximately
30% [70,71], water absorption by 5–45% [67], and electrical conductivity and chloride
ion permeability by approximately 70% [72], excessive carbonation may cause adverse
effects, i.e., lower pH values and chloride thresholds for corrosion initiation [73]. For this
reason, alkaline SCMs such as red mud (RM) may counteract this negative effect when
applied in carbonated RAC [49], which requires further investigation. At present, the
principal mainstream carbonization methods are the tentative method and quick method
pressurized standard carbonation [56,57], gas–solid carbonation (PC) [74,75], flow-through
gas–solid carbonation (FC) [76–78], wet carbonation (WC) [79], etc. Although a large
number of studies have been reported on the influence of carbonization conditions (such as
temperature, humidity, etc.) on the carbonization rate [69,80,81], the relationship between
the phase of the carbonization product, carbonization conditions, and carbonization rate
has not been fully studied.

2.1.2. Old Mortar Removal

It has been reported that the adverse effect of old mortar on RAC performance is
proportional to RA content [82]. This inspired a series of studies on methods for de-
taching old mortar from RA, which embrace mechanical friction [83–85], conventional
heating [82,83,86,87], microwave-assisted beneficiation [83,88,89], and acid soaking benefi-
ciation [37,48,49,62].

Mechanical friction technology is based on the mechanism of increasing the frictional
action between aggregates while minimizing the degree of aggregate breakage [83]. Con-
ventional heating techniques are based on the mechanism of thermal stress difference
between virgin aggregate particles and adhered mortar induced by thermal expansion [86].
Immersing the heated RA in cold water immediately after heating is proposed as a prac-
tical method for improving the removal rate [82]. However, the heating method is not
advised due to its high energy consumption and CO2 emissions [62]. The principle of
microwave-assisted beneficiation is based on the internal mechanical stresses generated
between virgin aggregate and mortar under the same microwave conditions [83,88]. The
embrittlement of mortar, especially the embrittlement of ITZ, forms a weak zone prone
to brittle fracturing [88]. Tam et al. [90] studied the effects of HCl, H2SO4, and H3PO4 in
removing attached mortar in RA. They concluded that the water absorption and mechanical
properties of RA were improved by acid treatment. The RAC with low-HCl concentration
solution-treated RA showed higher compressive, splitting tensile, and flexural strength
by 6%, 8%, and 3% compared to normal RAC [91]. However, the existence of chlorides
and sulfates in RA may cause durability issues, and the disposal of washing water may
pose environmental issues. Thus, Al-Bayati et al. [61] provided another alternative by
demonstrating the excellent removal effect of acetic acid. Recently, a new environmentally
friendly acid treatment processing was proposed, which holds promise for recovering
acetic acid, sequestering carbon, and producing waste cement for soil stabilization [37].

2.2. Mineral Admixture, Nanomaterial, or Fiber Addition

The incorporation of SCMs as an efficient way to improve performance, extend service
life, and reduce the environmental impact of NAC structures [49,50] is also applicable to
RAC [5]. Coupled with increasing interest in SCMs as partial replacements for binders
in RAC, research on RAC with SCMs has overwhelmingly concerned conventional SCMs
such as FA and granulated blast furnace slag (GGBFS) incorporated into novel cements
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developed from byproducts and waste glass, such as bagasse ash (BA), glass powder
(GP), etc. [51]. Current varieties of SCMs are mainly divided into soluble siliceous, alumi-
nosiliceous, and calcium aluminosiliceous powders [51]. Furthermore, since nanomaterials
can improve the reaction kinetics and the physical properties of cement due to their higher
specific surface area, they have been used in RAC for performance improvement [92].
Additionally, fiber materials with high toughness and tensile strength also serve to improve
RAC properties [5]. The main mechanisms of material addition for RAC improvement
can be categorized into filling effects, pozzolanic effects, nucleation effects, and bridging
effects [92], as shown in Figure 2. The pozzolanic effect indicates that the active components
of a pozzolanic substance react with CH to produce reaction products such as CSH, calcium
aluminate hydrate, or calcium sulfoaluminate hydrate [92]. The filling effect indicates that
micro-fillers fill the pores in concrete [92]. The nucleation effect means that some substances,
such as nanomaterials, can provide additional nucleation sites to create conditions for the
crystal growth of hydration products [93]. The fibers form a three-dimensional network
structure in the concrete, which bridges cracks when the concrete is subjected to external
forces, preventing it from continuing to expand [36].
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3. Chloride Penetration
3.1. Mechanism, Test Methods, and Corresponding Theories

It is generally believed that chloride ions enter concrete mainly through diffusion,
capillary adsorption, electromigration, etc. [94]. Diffusion is the dominant transport method
in both saturated and non-saturated concrete [95]. When there is a concentration gradient
between the external solution and the pore liquid, chloride ions will naturally diffuse
from the outside into the continuous liquid phase inside the concrete [96]. For concrete
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undergoing wetting and drying cycles, the capillary adsorption is the dominant transport
method at the surface region of porous materials [94]. When water comes into contact with a
dry surface, the capillary action causes the water carrying chloride ions to be quickly sucked
into the concrete. The region affected by liquid evaporation and capillary suction is called
the convection area [96]. The electromigration of ions is driven by the electric potential
gradient. In the absence of an external voltage, electromigration can be ignored [97].

Since chloride erosion is one of the most serious causes of reinforcement corrosion,
testing methods for chloride transport have become the focus of many studies and spec-
ifications. In general, these test methods fall into four main categories: (i) microscopic
characterization (i.e., porosity, micromorphology analysis); (ii) indirect physical tests (i.e.,
water absorption, resistivity); (iii) electromigration tests (i.e., the rapid chloride migration
test (RCMT), the rapid chloride permeability test (RCPT)); (iv) direct tests (i.e., the artificial
natural diffusion simulation test, field tests). Methods (i) and (ii) are taken as the qualitative
analysis means for chloride resistance for concrete, while Methods (iii) and (iv) are widely
used to describe/predict chloride transport behavior mathematically. Based on the latter
two test methods, two types of chloride ingress models were developed: (i) the analytical
solution of Fick’s second law based on the assumptions in Equations (1) and (2) [98]; (ii) the
governing equation established based on Fick’s first law and the mass conservation equa-
tion in Equations (3) and (4) [94]. The two methods have their own advantages. The former
is widely used for its engineering practicability, and is included in durability specifications
in many countries. Using natural diffusion testing, chloride profiles can be obtained by
grinding concrete power and chloride concentration titration at different ages [97]. The
free chloride ion concentration and total chloride ion concentration can be obtained by
titration with distilled water and nitric acid solution, respectively [97]. Then, the apparent
chloride diffusion coefficient, D, and surface chloride concentration, Cs, can be obtained
by fitting the chloride profile to Equation (2). The regression analysis of D and Cs over
a series of ages based on Equations (5) and (6) can establish the empirical relationships
of D and Cs with exposure time. In this way, the long-term performance of chloride ion
transport can be predicted based on short-term data. The chloride diffusion coefficient at
a fixed age can also be determined by acceleration test methods, e.g., chloride migration
testing, rapid chloride migration testing (RCMT), etc. For example, according to [98], the
D0 in Equations (2) and (5) can be replaced by DRCM. The latter is commonly used with
moisture sorption isotherms or binding isotherms, etc., to take convection or binding into
consideration. The modified equations can be solved by a numerical method [96]. However,
the latter is more complicated to solve and apply.

∂C
∂x

= D
∂2C
∂x2 (1)

C(x, t) = C0 + (Cs − C0)

[
1 − erf

(
x

2
√

Dt

)]
(2)

J = −Dclgrad(Cf) (3)

dCt

dt
= −div(J) (4)

D(t) = D0

(
t0

t

)m
(5)

Cs = Csmax(1 − e−rt) (6)

Here, C denotes the chloride content (% by mass of concrete); D denotes the apparent
chloride diffusion coefficient; t denotes age; C0 denotes the initial chloride content; Cs
denotes the surface chloride content; D0 denotes the initial apparent chloride diffusion
coefficient; J denotes the chloride flux; Dcl denotes the effective chloride diffuison coefficient;
Cf denotes the free chloride content; Ct denotes the total chloride content; m denotes the
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aging factor; t0 denotes the curing time; Csmax denotes the maximum surface chloride
content; and r is constant.

Most scholars have quantitatively assessed chloride ion permeability in RAC by
conducting RCMT and RCPT. Some scholars have carried out indoor natural diffusion
testing. A few scholars have considered chloride ion transport in unsaturated concrete.
This will be discussed in detail.

3.2. Effect of Enhancement Methods

The implementation of enhancement methods inevitably alters the microcrack and
micropore distributions in adhered mortar, ITZs, and even new mortars in RAC, which
changes the channels for chloride penetration. Therefore, extensive research on chloride
penetration in RAC has been conducted. In the following section, the effect of enhancement
methods on the chloride resistance of RAC is reviewed.

3.2.1. RA Pretreatment
Slurry Wrapping Treatment

In the pozzolan slurry wrapping method, fine active particles act as micro-fillers and
fill the microcracks and pores of RA, followed by pozzolanic reaction at the same loca-
tion [99]. The pozzolanic reaction consumes the CH generated by hydration reactions in
cement and generates CSH, which helps to form denser and less permeable microstruc-
tures. Wang et al. [100] used a Vickers hardness tester to analyze the ITZs change after
RA treatment. The results demonstrated that both old ITZs (ITZ3) and new ITZs (ITZ2,
between old mortar and new mortar) in RAC with treated RA showed higher Vickers
hardness values than those in RAC with untreated RA. Sasanipour et al. [35] compared the
chloride permeability of RAC with untreated RA and SF slurry-treated RA using RCPT and
RCMT. The test results showed that both the manual coating method and desiccator coating
method effectively improved the chloride penetration resistance by 30–40%. The improve-
ment effect was more remarkable for RAC with higher w/c. Kong et al. [39] developed a
novel triple mixing method for coating RA with FA and fine-ground slag slurry during
the concrete mixing process. Compared with normal or double mixing methods, the RAC
using the developed method showed an approximately 35% lower passing charge, which
was similar to that of NAC. Also, the results demonstrated that the modification effect of
slag slurry was better than that of FA. In research by Wang et al. [100,101], replacing cement
with a certain amount of sprayed concrete accelerator in slurry showed a better effect in
decreasing the chloride migration coefficient.

Apart from volcanic ash slurry, some scholars tried to modify RA with sulphoalumi-
nate cement (SAC) slurry [38,102]. In SAC, Ca2+ and Al3+ in minerals react with water to
form calcium sulphoaluminate gels. These amorphous aluminum gels make the structure
dense and durable. When coating with SAC, the sheet-like CH crystal contents in new ITZs
are greatly reduced, and thus the chloride penetration resistance is improved. Using RCPT,
Zhang et al. [102] demonstrated that the modification effect of RA surface coating with SAC
slurry with a water-to-SAC ratio of 0.8 was 9.2%. They revealed the modification mecha-
nism by detecting the ITZ2 thickness reduction and microhardness increase. In addition,
with the hope of alleviating the environmental problems caused by basalt powder (BP),
they also studied the modification effect of SAC–BP composite slurry. The results indicated
that synergistic effect of SAC–BP was slightly better than that of SAC slurry. This was
mainly due to the fact that BP filled the micropores and alleviated the excessive hydration
of SAC, which may generate microcracks. To further improve the modification efficiency of
SAC slurry, in another study of Zhang et al. [103] explored the effect of varying water–SAC
ratios on modification efficiencies. The results showed that with a higher water–SAC ratio
(1.2), the modification effect of RAC with treated RA is the best.

In addition, as sodium silicate solution can consume CH to generate CSH, water glass
has been used by some researchers to precoat RA [43,103,104]. Zhang et al. [103] precoated
RAs with 3 wt%, 5 wt%, and 7 wt% water glass and tested their chloride penetrations,
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respectively. The results indicated that 3 wt% water glass showed optimum modification
efficiency (about 22%) on the chloride penetration resistance of RAC. However, water glass
is not suggested for usage in concrete by some researchers as it may induce alkali–silica
reactions, which form alkali–silicic acid gels, resulting in the swelling and cracking of
concrete after absorbing water [105].

Currently, as nanomaterials show great potential in improving NAC performance at
the nanoscale, researchers are beginning to explore the application possibilities of nanotech-
nology in the field of RAC [34,40,45–48]. The study results of Shaikh et al. [45] demonstrated
that compared with untreated 100% RAC, the RAC with 100% RA presoaked in 2 wt%
nano-silica solution for 24 h showed a 61% lower passing charge, which was even 33%
lower than that of NAC. This can be attributed to the enhancement of new ITZs (ITZ1 and
ITZ2) in RAC and the micro-filler effect of SiO2. Though the results are inspiring, it is worth
mentioning that due to technical complexity, the preparation of nanomaterials is of high
cost, at least for now [106,107]. Zhang et al. [46] tested and compared the chloride penetra-
tion resistance of RAC with RA presoaking in two types of slurries containing higher and
lower contents of nanomaterials. The results showed that the cement–nano-silica slurry not
only has a relatively controllable cost, but also exhibits an excellent modification effect on
chloride penetration resistance. In addition, Li et al. [48] proposed a method of spraying
SiO2 suspension on RA surfaces to improve the performance of RAC. However, in the
study of Li et al. [34], the modification efficiency on chloride penetration was only 3.8%
with the spraying method.

In summary, the modification efficiency of slurry wrapping is dependent on the slurry
types, treatment methods, and concentration mix proportions. Although there has been
a wealth of research results in this area, there are still many shortcomings in the current
research. (i) The current research is mainly conducted through rapid testing to determine
the chloride ion transport rate (RCMT, RCPT), the natural diffusion test data is still missing,
and the long-term performance is still not explored. (ii) Further research is required to
determine the optimal concentration of slurry. (iii) Comparative studies are still lacking
in terms of both efficiency and commercial/economic considerations. Also, the effect of
processing on efficiency and cost should be further considered. (iv) The current research is
focused on small-scale trials, and whether large-scale application affects chloride resistance
still requires further research.

Polymer Impregnation Treatment

In the polymer impregnation method, RA is soaked in water-soluble polymers or
silane-based water-repellent polymers [41–44]. Kou and Poon [42] tested and compared
the chloride penetrability of RAC with RA that was untreated or soaked in 6%, 8%, 10%, or
12% polyvinyl alcohol (PVA) solutions, respectively. They found that 10% PVA solution
showed the best modification efficiency on chloride penetration resistance (35% and 32%
for oven-dried and air-dried RA, respectively). This may be due to the fact that: (i) the
internal pores of RA were filled with hardened polymer, which reduces porosity and pore
connectivity; (ii) PVA attached to RA reduced the w/c in new ITZs (ITZ1 and ITZ2).

In summary, polymer impregnation is promising for improving the properties of RA
and the chloride penetration resistance of RAC. However, there are only a few studies on
the improvement of RA chloride ion transport characteristics by polymer impregnation,
and these studies are mainly carried out from a macroscopic perspective. The microscopic
mechanism has not yet been revealed. In addition, although Zhu et al. [108] studied the
influence of silane-based water repellent either coated on the surface of the concrete or
integrated into the concrete mixture on RAC’s chloride penetration, the effect of RA’s surface
treatment with silane-based water-repellent polymers on chloride transport behavior still
remains to be studied.



Materials 2024, 17, 1349 11 of 32

Carbonation Treatment

Using the carbonation method, the densification of adhered mortar and the nucle-
ation effect of generated calcite in new ITZs (ITZ1 and ITZ2) greatly reduced the chloride
transport channels in RAC. Recently, many authors have reported the chloride penetration
resistance-improving effect of RA carbonation on RAC. For example, Zhang et al. [72]
tested and compared the chloride penetration resistance of untreated and RA-carbonated
RAC by RCPT and natural diffusion testing, respectively. The tests indicated that compared
with untreated RAC, RAC with RA which was treated under a 100% CO2 atmosphere at
a pressure of 1 bar for 1 day showed 18.2% and 50% lower passing charges and apparent
chloride diffusion coefficients, respectively. In the same case, the carbonization time was
extended to 7 days and the modification effect reached 26.1% and 65.8%, indicating that
a better efficiency may be achieved by accelerated carbonation. Similarly, Shi et al. [56]
detected a 70.6% decrease in the chloride migration coefficient of RAC after RA accelerated
carbonation curing at a 20% CO2 concentration for 3 days. The excellent effect may be
attributed to their drying treatment at 60 ◦C for 48 h before RA carbonation. Additionally,
they demonstrated that the enhancement efficiency of the carbonation method was slightly
lower than that of SF and nano-SiO2 slurry wrapping treatment, but higher than that of FA
slurry wrapping treatment. By a comparison test, Wang et al. [100] found that although
carbonation treatment showed more efficiency in improving the microhardness of both
old mortars and new ITZs compared with FA slurry wrapping treatment, the slurry wrap-
ping method was more effective in enhancing the chloride penetration resistance. This
phenomenon can be explained by a change in the transport path of chloride ions [100], as
shown in Figure 3. The carbonation products clog the micropores and cracks in old mortar,
resulting in a decrease in effective seepage paths and an increase in the seepage radius,
while the wrapping treatment directly seals the old mortar, which makes the seepage path
more tortuous, with larger seepage radius (R3 > R2 > R1).
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In addition, the carbonation treatment method may affect the modification efficiency.
Li et al. [34] evaluated and compared the chloride penetration resistance improvement
efficiency of RAC with FC, PC, and WC treatments. The chloride penetrability decreased by
11.3%, 7.4%, and 1.2%, respectively. The corresponding mechanism is described in terms of
the carbonization degree of mortar and ITZ microhardness. As shown in Figure 4a–d, the
order of mortar carbonization degree from largest to smallest was PC > FC > WC, while the
order of new ITZ microhardness enhancement degree was WC > FC > PC [34]. Combining
these two effects, the improvement effect of chloride ion resistance was FC > PC > WC.
In addition, they found the modification efficiency of the PC-SiO2 spraying combination
method was 24.4%, which was even higher than the sum of the improvement degree of
the PC method and nano-SiO2 spraying method, respectively. This can be attributed to
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the synergistic effect of ITZ enhancement through the nucleation and pozzolanic effects of
nano-SiO2 and old mortar enhancement by carbonation, as shown in Figure 4e,f.
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Additionally, the study results of Xuan et al. [109] indicated that chloride penetrability
decreased with the increasing carbonated RA content. Liang et al. [110] demonstrated
that the chloride diffusion coefficient-decreasing percentages increased linearly with the
increasing w/c of parent concrete, which indicated that the RA quality affected the modifi-
cation efficiency.

It is therefore concluded that the pretreatment methods, RA quality, CO2 concentration,
pressure, and curing time affect the chloride penetrability of RAC. Unfortunately, the effects
of curing temperature and the relative humidity of CO2 curing on chloride penetration
have not been reported until now. In addition, the data concerning chloride transport
behavior under natural diffusion conditions should be further accumulated.
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Mortar Removal Treatment

A few scholars have reported the effect of acid treatment. For example, Kim et al. [111]
reported that the passing charge of RAC was decreased by 15.5% after HCl presoaking,
higher than 9.8% after Na2SO4 presoaking. Also, it was found that old mortar removed by
HCl presoaking was removed twice as well by Na2SO4 presoaking. Thus, the HCl treatment
improved the quality of RA and chloride penetration resistance of RAC better. The study of
Kazmi et al. [112] showed that the steady-state chloride migration coefficient of RAC after
acetic acid treatment decreased by 10%. They also found that with rubbing treatment after
acetic acid immersion, the chloride migration coefficient was further decreased by 24%. In
addition, RA carbonation before acetic acid presoaking seemed to have little influence on
the modification efficiency.

In summary, the type of acid affects the chloride penetration of RAC. Although some
studies have proven that acid concentration can affect RA quality [113], there are no studies
on the effect of acid concentration on the chloride penetration of RAC. In addition, the
soaking time may affect the treatment effect, but no relevant studies have been seen.

Comparisons of Asserted Pre-Treated Methods

Figure 5 compares the amelioration efficiency of pozzolanic slurry wrapping, polymer
impregnation, carbonation, and mortar removal treatments in the chloride penetration
of RAC as a whole. As shown in Figure 5, various data from the referenced literature
were collected together. It is worth noting that differences in the concrete mix proportion,
w/c, treatment process of RA, and experimental error contribute to the dispersion of data
collected from the referenced literature. The solid rectangular box represents the 95% confi-
dence level, the horizontal red short line represents the median, and the red dot represents
the average. The red dotted line represents untreated RAC. As shown in Figure 5a, all
the pre-treatment methods are effective, with a decrease in chloride penetration compared
with that of RAC without treatment. The average decreases in pozzolan slurry wrapping,
polymer impregnation, carbonation, and mortar removal treatments are 29%, 28%, 25%,
and 15%, respectively. Also, Figure 5b presents the modification efficiency of pozzolan
slurry wrapping, polymer impregnation, carbonation, and mortar removal in chloride
penetration of RAC compared with NAC. It can be found that pozzolan slurry wrapping,
polymer impregnation, and carbonation are promising for preparing RAC with similar or
better chloride penetration resistance compared to that of NAC.

3.2.2. Mineral Admixtures, Nanomaterials, or Fiber Addition

SCMs are a great invention for controlling the chloride ion transport properties of con-
crete. FA, as one of the most readily available and commonly used cement substitutes, has
been widely studied for its chloride resistance. For example, the study of Sim and Park [114]
demonstrated that a replacement ratio of 30% for FA to cement was able to control the
chloride penetration of RAC. In addition, refs. [59,115–122] also reported the excellent per-
formance of FA in terms of resistance to chloride ion penetration. Kou and Poon [94] found
the percentage reduction in chloride ingress at 10 years of age firstly increased and then
decreased with the FA content. The reason for the decrease may be that natural carbonation
decreased the chloride resistance in pozzolanic mortar [123]. Kim et al. [95] concluded that
the positive role of FA was not obvious at early ages, which may be due to the hydration
retardation of FA. Apart from FA, slag also exhibits an efficiency effect on RAC’s chlo-
ride penetration resistance enhancement [116,118,121,124]. Kou et al. [116] compared the
chloride penetration of RAC with the incorporation of different mineral admixtures. They
found that FA and GGBFS only played an active role after a long curing time, while SF
and metakaolin (MK) showed beneficial effects at both early and late ages. In addition,
Kapoor et al. [125] demonstrated that the addition of MK was more effective in reducing
chloride penetrability than equivalent SF addition. Emerging pozzolanic materials such as
rice hull ash (RHA) [126–128], BA [129,130], palm oil fuel ash (POFA) [127], and palm oil
clinker powder (POCP) [127] have also been proven to have superior effects in reducing



Materials 2024, 17, 1349 14 of 32

RAC chloride ion permeability. In addition, Amiri et al. [131] tried to use waste rubber
powder as replacement for cement to improve the performance, but with little success (only
4–6%). In addition to monadic binders, scholars have also studied the effects of binary or
ternary SCMs. For example, as the most promising ternary alternative for traditional SCMs,
limestone calcined clay cement (LC3) was demonstrated to reduce the chloride penetrability
of RAC by 70–90% [132]. Red mud (RM) is an industrial byproduct that alone does not
have the ability to improve chloride resistance, but in combination with GGBFS shows
excellent performance [49]. Table 2 gives the specific data concerning the chloride diffusion
coefficient/electric flux of RAC with various mineral admixtures. Figure 6a illustrates the
modification efficiencies of FA, slag, SF, RHA, BA, POFA, POCP, waste rubber particles
(WRP), and LC3 incorporation in the chloride penetration of RAC compared with RAC
without treatment. From the average value comparison of statistical data, LC3 showed
the greatest improvement efficiency in chloride ion permeability resistance of RAC (85%),
followed by RAH (58%), BA, SF, FA, slag (approximately 45%), and POFA (18%). The
improvement in WRP was so small that it was almost negligible (5%). Also, Figure 6b
presents the modification efficiency of FA, slag, SF, RHA, BA, POFA, POCP, and waste
rubber particle (WRP) incorporation in chloride penetration of RAC compared with NAC.
It can be found that FA, slag, SF, RHA, and BA addition are promising for preparing
RAC with similar or better chloride penetration resistance compared to that of NAC. It
is worth mentioning that the amount of each admixture, water–cement ratio of concrete,
and RA mass are not uniform in the collected studies. The current results can only be used
as a preliminary judgment, and further tests are needed to obtain more precise results.
Moreover, an apparent data dispersion can be found in Figure 6. This can be attributed to
differences in the concrete design (i.e., mix proportion), concrete making environment (i.e.,
temperature), etc. The dispersion of some tests in Figure 6 is more obvious, which may be
due to the fact that the content of mineral admixtures in different research differs. As is well
known, the dosage of some admixtures shows great influence on the chloride penetration
ability of concrete. Moreover, tests on POFA, POCP, WRP, and LC3 present obviously lower
dispersion in Figure 6. This is due to the fact that current research on POFA, POCP, WRP,
and LC3 is relatively limited. The data on such admixtures are collected from only one
study, and thus show lower dispersion.
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Table 2. Chloride diffusion coefficient/electric flux of RAC with various mineral admixtures.

Added
Materials w/c RA

Content
Curing

Age
Addition
Content

Chloride Diffusion Coefficient
(D = 10−12 m2/s)/Electric Flux (C) Efficiency Reference

FA 0.45 100% 180 d 30% 3522 C 47% [117]
FA 0.35 100% 56 d 15% 294 C 44% [114]
FA 0.35 100% 56 d 30% 164 C 69% [114]
FA 0.43 100% 91 d 30% 4.04 D 78% [115]
FA 0.5 100% 270 d 30% 7.53 D 16% [118]
FA 0.5 100% 90 d 35% 2916 C 28% [116]
FA 0.53 100% 28 d 30% 8.5 D 39% [119]
FA 0.53 100% 90 d 30% 4.7 D 57% [119]
FA 0.53 100% 180 d 30% 3.63 D 59% [119]
FA 0.53 100% 365 d 30% 3 D 65% [119]
FA 0.53 100% 28 d 60% 11.9 D 15% [119]
FA 0.53 100% 90 d 60% 5.95 D 45% [119]
FA 0.53 100% 180 d 60% 4.1 D 53% [119]
FA 0.53 100% 365 d 60% 3.2 D 63% [119]
FA 0.4 40% 28 d 45% 1.23 D 36% [120]
FA 0.4 70% 28 d 45% 1.28 D 31% [120]
FA 0.35 100% 28 d 25% 3.87 D 23% [121]
FA 0.4 100% 28 d 25% 4.5 D 20% [121]
FA 0.45 100% 28 d 25% 5.42 D 44% [121]
FA 0.5 100% 28 d 25% 6.03 D 43% [121]
FA 0.55 100% 28 d 25% 6.88 D 55% [121]
FA 0.6 100% 28 d 25% 8.61 D 56% [121]
FA 0.45 100% 28 d 30% 4226 C / [122]
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Table 2. Cont.

Added
Materials w/c RA

Content
Curing

Age
Addition
Content

Chloride Diffusion Coefficient
(D = 10−12 m2/s)/Electric Flux (C) Efficiency Reference

FA 0.45 100% 56 d 30% 2403 C / [122]
FA 0.45 100% 120 d 30% 931 C / [122]
FA 0.55 100% 28 d 25% 4977 C 28% [59]
FA 0.55 100% 1 year 35% 4634 C 33% [59]
FA 0.55 100% 10 years 55% 3959 C 43% [59]
FA 0.55 100% 28 d 25% 3005 C 41% [59]
FA 0.55 100% 1 year 35% 2598 C 49% [59]
FA 0.55 100% 10 years 55% 2208 C 57% [59]
FA 0.55 100% 28 d 25% 2185 C 44% [59]
FA 0.55 100% 1 year 35% 2078 C 46% [59]
FA 0.55 100% 10 years 55% 1987 C 49% [59]
Slag 0.45 100% 180 d 65% 3299 C 50% [59]
Slag 0.4 100% 1 year 50% 1.11 D 50% [124]
Slag 0.4 100% 1 year 70% 1.3 D 41% [124]
Slag 0.5 100% 270 d 30% 7.12 D 26% [118]
Slag 0.5 100% 90 d 55% 2750 C 32% [116]
Slag 0.35 100% 28 d 25% 3.69 D 27% [121]
Slag 0.4 100% 28 d 25% 4.61 D 18% [121]
Slag 0.45 100% 28 d 25% 5.55 D 43% [121]
Slag 0.5 100% 28 d 25% 6.78 D 35% [121]
Slag 0.55 100% 28 d 25% 7.08 D 54% [121]
Slag 0.6 100% 28 d 25% 7.99 D 59% [121]
SF 0.5 100% 90 d 10% 3267 C 20% [116]
SF 0.35 100% 28 d 25% 3.17 D 37% [121]
SF 0.4 100% 28 d 25% 3.92 D 30% [121]
SF 0.45 100% 28 d 25% 4.97 D 49% [121]
SF 0.5 100% 28 d 25% 5.52 D 47% [121]
SF 0.55 100% 28 d 25% 6.7 D 56% [121]
SF 0.6 100% 28 d 25% 7.54 D 62% [121]
SF 0.4 25% 28 d 8% 1455 C 65% [110]
SF 0.4 50% 28 d 8% 2152 C 50% [110]
SF 0.4 75% 28 d 8% 2330 C 48% [110]
SF 0.4 100% 28 d 8% 2989 C 28% [110]
MK 0.5 100% 90 d 15% 3175 C 22% [116]
RHA 0.55 100% 90 d 10% 2078 C 51% [127]
RHA 0.55 100% 90 d 20% 991 C 76% [127]
RHA 0.55 100% 90 d 30% 1086 C 74% [127]
RHA 0.45 100% 90 d 20% 17.8 D 48% [128]
RHA 0.45 100% 90 d 35% 12.8 D 63% [128]
RHA 0.45 100% 90 d 50% 9.6 D 72% [128]
RHA 0.45 100% 180 d 20% 13.9 D 42% [128]
RHA 0.45 100% 180 d 35% 10.4 D 56% [128]
RHA 0.45 100% 180 d 50% 6.4 D 73% [128]
RHA 0.35 100% 90 d 14% 5.2 D 29% [126]
BA 0.3 100% 90 d 20% 5 D 28% [129]
BA 0.3 100% 90 d 35% 3.13 D 55% [129]
BA 0.3 100% 90 d 50% 2.61 D 62% [129]
POFA 0.55 100% 90 d 10% 3301 C 21% [127]
POFA 0.55 100% 90 d 20% 3491 C 17% [127]
POFA 0.55 100% 90 d 30% 3695 C 12% [127]
POCP 0.55 100% 90 d 10% 3899 C 7% [127]
POCP 0.55 100% 90 d 20% 3682 C 12% [127]
POCP 0.55 100% 90 d 30% 3980 C 5% [127]
WRP 0.35 50% 90 d 2.50% 10.2 D 4% [131]
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Table 2. Cont.

Added
Materials w/c RA

Content
Curing

Age
Addition
Content

Chloride Diffusion Coefficient
(D = 10−12 m2/s)/Electric Flux (C) Efficiency Reference

WRP 0.35 50% 90 d 5% 10 D 6% [131]
WRP 0.4 50% 90 d 2.50% 10.1 D 6% [131]
WRP 0.4 50% 90 d 5% 10.2 D 5% [131]
WRP 0.45 50% 90 d 2.50% 10.1 D 4% [131]
WRP 0.45 50% 90 d 5% 10 D 5% [131]
LC3 0.4 100% 28 d 30% 3.23 D 77% [132]
LC3 0.4 100% 28 d 50% 2.42 D 83% [132]
LC3 0.4 100% 300 d 30% 1.31 D 87% [133]
LC3 0.4 100% 300 d 50% 0.57 D 94% [132]
FA-SF 0.45 100% 28 d 30%/10% 1844 C / [122]
FA-SF 0.45 100% 56 d 30%/10% 776 C / [122]
FA-SF 0.45 100% 120 d 30%/10% 691 C / [122]
RM-slag 0.5 100% 90 d 10–15% 2.85 D 18% [49]
RM-slag 0.5 100% 90 d 10–35% 1.94 D 44% [49]
RM-slag-GP 0.5 100% 90 d 7.5–10–7.5% 3.12 D 10% [49]
RM-slag-GP 0.5 100% 90 d 5–35–5% 2.29 D 34% [49]
Steel Fiber 0.35 100% 90 d 76 kg/m3 6.8 D 7% [126]
RHA-Steel
fiber 0.35 100% 90 d 14%/76

kg/m3 4.6 D 37% [126]

At present, nanomaterials have been studied as alternative mineral admixtures to
improve the chloride ion resistance of RAC. For example, the study of Skaikh et al. [45]
demonstrated that the addition of 2% nano-SiO2 significantly improved the chloride pene-
tration resistance of RAC by decreasing the electric flux by 58%. A similar enhancement
effect was reported in the study of Ying et al. [133]. They found the resistance of chloride
penetration increased firstly and then decreased with the addition of nanomaterials (nano-
SiO2/TiO2). There existed an optimum content with a 2% binder weight. The chloride
migration coefficient of RAC with added nano-SiO2 was reduced by 33% in comparison
with untreated RAC. The optimum improvement efficiency of nano-TiO2 was slightly
higher than that of nano-SiO2. In addition, graphene oxide nanomaterials showed great po-
tential in transforming RAC into durable composites [92]. However, the chloride transport
behavior of RAC containing graphene oxide has still not been explored.

Apart from mineral admixtures, some studies have reported that the reinforcement
of fibers in RAC augments the chloride penetration resistance. Koushkbaghi et al. [126]
reported a decrease of 7% in chloride diffusivity in RAC after the addition of steel fiber.
The study of Ali et al. [134] demonstrated that the chloride penetration of RAC increased
with glass fiber content. However, Chen et al. [120] demonstrated that RAC’s chloride
penetration increased firstly and then decreased with polypropylene fiber content. This may
be because the flexible polypropylene fibers seal the voids in the mortar. Dash et al. [135]
studied the effect of cellulose acetate fiber. The addition of cellulose acetate fiber had a
negligible influence on the chloride penetration depth of RAC. However, at a dosage of
2.5%, the chloride penetration depth obviously increased. Zheng et al. [36] inferred that
basalt fiber could effectively improve RA and ITZ. However, further studies on chloride
penetrability have not been conducted.

Although scholars have conducted abundant studies on the effect of material incorpo-
ration on the chloride penetration properties of RAC, for practical application, the needed
long-term natural diffusion test data, and even field test data, are still lacking.
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moval, polymer impregnation, pozzolanic slurry wrapping, and carbonation pretreatment methods:
(a) comparison with RAC without treatment; (b) comparison with NAC. Adapted from Ref. [55].

3.3. Effect of the RA Replacement Ratio

The higher the RA content, the more adhered mortar and ITZs, providing more chan-
nels for chloride ingress. Many studies have shown that chloride penetration is greatly
affected by the RA replacement ratio. In the study of Ma et al. [136], it was found that
the chloride diffusion coefficient of RAC increased linearly with RA content. The chloride
diffusion coefficient of RAC with 100% RA was found to be 51.4% higher than that of NAC.
The linear increase rate of the diffusion coefficient with RA content is more obvious at
earlier ages. Through RCM conducted according to GB/T 50082-2009 [137] and NT Build
492 [138], as reported in [58,139], the chloride migration coefficient of RAC at 28 d of curing
was obtained. It was found that the increasing degrees of the chloride migration coefficient
in RAC at w/c values of 0.45, 0.39, and 0.33 were 57%, 48%, and 27%, respectively. This indi-
cated that the sensitivity of RA content to chloride penetration is more remarkable in RAC
with higher w/c values. Sasanipour et al. [110], Tuyan et al. [140], and Kou et al. [59,116]
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conducted RCPT according to ASTM C1202 [141] to obtain the passing charges of RAC
with different RA contents. The results also demonstrated a linear relationship between
the diffusion coefficient and RA content (the chloride diffusion coefficient was obtained
by conversion of passing charges [142]). Through wetting–drying cyclic tests, similar
findings were obtained in the study of Lian et al. [21] and Dash et al. [135]. According
to refs. [21,58,59,110,116,126,135,136,139,140,143,144], the relationship between the ratio of
DRAC to DNAC (Dr) and the substitution ratio of RA was obtained statistically (Figure 7). It
can be found that the relationship between Dr and RA content is basically linear. For RAC
with 100%, Dr ranged between 10 and 60% [126,139]. This may be due to the fact that w/c
and RA qualities and types also affect the relationship between RAC diffusivity and RA
content [54].
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Figure 7. Relationship between the chloride diffusion coefficient and RA replacement ratio. Data
from refs. [21,58,59,110,116,126,135,136,139,140,143,144].

In addition, RA content also affects the time-varying characteristic of D in RAC.
Figure 8a illustrates the changes in relative diffusion capacity (ratio of the real-time diffusion
coefficient to the initial diffusion coefficient) over time [21,58,136]. It can be found that
diffusion coefficient of concrete decreases as the hydration time increases. This is due to the
pore refinement in concrete owing to hydration reactions. In addition, the decrease degree
of D was found to be inversely proportional to RA content at the same age. Figure 8b
provides the relationship between RA content and the aging factor, which characterizes the
evolution rate of D as per Equation (3) [21]. It can be clearly found that m decreases nearly
linearly with the increase in RA content. This indicates that RA to some extent hinders
variation in porosity.
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As a comprehensive result of concrete properties and environmental impact, the
surface chloride content is another crucial parameter to describe the chloride transport
behavior in RAC [21,136]. As shown in Figure 9a, Cs increases over time, obeying the
exponential form or power function form [97]. The higher the RA content, the higher the Cs
at the same age. Ma et al. [136] reported a similar finding. They found that the Cs of RAC
increases linearly with RA content. This may be due to the increase in surface porosity
caused by RA leading to more chloride ion precipitation. In addition, Lian et al. [21] found
that the increase rate of Cs increases with RA content.
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3.4. Effect of RA Quality

In practice, RAs are obtained from different demolished structures and thus pose
distinctive quality. Numerous studies have shown that RA quality has certain effects on
the content and porosity of old mortar, thus affecting the chloride transport behavior in
RAC. Knowledge of the impact of RA quality on chloride transport behavior in RAC plays
an important role for infrastructure stakeholders to control the quality of RAC structures in
practical applications.

Pedro et al. [145] compared the chloride penetration of RAC with RA sourced from
the laboratory and pre-casting industry, respectively. They found that RAC from different
sources showed a difference of 20% in its chloride diffusion coefficient. This may be
due to the fact that chloride resistance is mainly sensitive to the parent concrete strength,
which mainly affects the quality of adhered mortar in RA. Moreover, they found that
the performance of RAC with RA obtained by two distinct crushing processes showed
negligible differences. However, different crushers do affect the quality of RA [146]. Further
study on the effect of crushing methods on chloride penetration resistance is needed. The
study of Bao et al. [139] showed that the RA types had a remarkable influence on the
chloride penetration of RAC since the water absorption of different RAs was distinctive.
Kou et al. [147] detected the chloride penetrability of RAC with RA derived from 30 MPa
to 100 MPa parent concrete. The passing charge was found to decrease with the increasing
parent concrete strength, and RAC produced by RA derived from 100 MPa parent concrete
showed comparable chloride resistance to NAC. They concluded that RA derived from
80–100 MPa concrete can totally replace NA for high-performance concrete production.
A similar relationship between the chloride penetration resistance of RAC and parent
concrete strength was reported in ref. [148]. This is due to the fact that, although the
stronger bond between mortar and aggregate in stronger concrete caused higher old
mortar content in RA, the RA quality was better in stronger parent concrete with less
porous mortar [149]. Specifically, the water absorption of RA derived from stronger parent
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concrete decreased [147]. Thus, the generated RAC showed a lower absorption and volume
of voids [148]. However, paradoxical discoveries were reported by Gholampour et al. [150],
Duan et al. [151], and Chakradhara Rao et al. [152], who found that the water absorption of
RA increased with the increase in parent concrete strength. Although they did not report
the influence on chloride resistance, further study is needed to analyze the possible reason
and mechanism or to provide a comprehensive analysis taking all possible influence factors
into consideration since the chloride resistance of RAC has been demonstrated to be linear
with RA water absorption [54].

Multi-recycling of concrete can further save resources, protect the environment, and
reduce project construction costs [153]. The number of cycles is also an influential factor in
RA quality. It has been demonstrated that the chloride penetration resistance decreases with
increasing generations of RA [143,153]. This due to the accompanying higher old mortar
content with the increase in the cycle number. Furthermore, the micro-pores in RA were
found to be increased by SEM morphology analysis, which is due to the spherical vaterite
being transformed into rhombohedral calcite. When the number of recycling cycles was
larger, the chloride resistance showed more sensitivity to the RA replacement ratio [143].
The current study mainly focused on RA with no more than three generations. Although
an asymptotic behavior was detected, three generations is not enough to determine the
stable properties of RAC [143].

RA of different quality is mainly reflected in different water absorption values, crush-
ing values, binder mortar contents, and porosities. Kazmi et al. [112] claimed that these
physical properties of RA directly affect the durability of RAC. Based on data from the
literature, they established regression equations for predicting the chloride migration coef-
ficient from asserted RA properties, respectively, as shown in Table 3. Similarly, based on
data from the literature, Liang et al. [54] established the regression equations between the
relative chloride diffusion coefficient and the average rate of water absorption.

Table 3. Relationships between the chloride migration coefficient and RA properties.

Outcome Variable Predictor Model Coefficient of Determination

Chloride migration coefficient
(DRCM)
(×10−12 m2/s)

Water absorption (WA) (%) DRCM = 0.75 WA + 18.97 0.32
Crushing value (CV) (%) DRCM = 6.00 e0.05CV 0.32
Old mortal content (OMC) (%) DRCM = 20.33 e0.004OMC 0.26
Porosity (P) (%) DRCM = 0.35 P + 18.26 0.52

Although the research on the relationship between chlorine resistance and RA quality
has achieved abundant results, only some preliminary attempts have been made to examine
chloride transport behavior so far [143,153,154]. Current studies mainly focus on the
measurement of the RAC durability index, and a database involving long-term chloride
ion transport behavior should be established by further research.

3.5. Effect of External Environment Damage
3.5.1. Effect of Freeze–Thaw Cycles

Under the action of freeze–thaw cycles, the water in concrete voids repeatedly causes
ice expansion pressure and osmotic pressure, thus causing damage inside the concrete
by forming fatigue stress. When the damage gradually accumulates and expands, it
develops into interconnected cracks, which gradually reduce the strength of concrete.
As proposed by Júnior et al. [155], freeze–thaw cycles are more damaging to RAC than
NAC. In comparison with NAC, the old mortar and ITZs in RA contain more voids and
microcracks, which are more likely to develop into interconnecting cracks (as shown in
Figure 10a); moreover, the presence of more heterogeneous interfaces further threatens
the freeze–thaw resistance of RAC [156]. Ma et al. [136] studied the chloride permeability
of RAC after pre-damage by freeze–thaw cycles using chloride diffusivity testing. They
found that the freeze–thaw damage of RAC increased with the RA percentage during the
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same freeze–thaw cycles. In addition, the chloride diffusivity was found to increase linearly
with pre-damage characterized by a relatively dynamic elastic modulus, and the damage
accumulation rate increased with the increase in RA percentage, which means that the
existence of RA increased the sensitivity of chloride diffusivity to freeze–thaw damages.
In the actual working environment, chloride ion erosion is accompanied by freeze–thaw
cycles. Hao et al. [157] studied the chloride diffusivity of RAC subjected to salty freeze–
thaw cycles. They found the chloride concentration increased with RA content during the
same freeze–thaw cycles. Although the current research has yielded some results, the effect
on the chloride diffusion coefficient and surface chloride content has not been reported,
which is necessary for describing chloride ingress behavior.
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3.5.2. Effect of External Loads

In comparison with NAC, there are many defects in RAC. Thus, it is expected that
RAC is more sensitive to external loads. Ma et al. [136] determined the damage level of
RAC under a compressive load using an ultrasonic concrete tester, and then established
the relationship between the key parameters describing chloride transport behavior and
damage levels. They found both surface chloride content and chloride diffusion coefficient
linearly increased with the damage level, and the higher the replacement ratio of RA, the
more sensitive these parameters were to load damage. Similar findings were reported in the
study of Peng et al. [158]. Wang et al. [159] established a quantitative relationship between
the compressive load stress ratio and the diffusion coefficient. The results indicated that a
critical stress ratio around 0.40–0.60 existed. Below this threshold, the diffusion coefficient
decreases linearly with the stress ratio, and vice versa. Wang et al. [160] reported similar
findings. The difference is that in their results, the threshold was approximately 0.2. This
may be due to differences in test methods. The former test applied load damage to the
specimen first and then measured the diffusion coefficient, while the latter measured the
coefficient under a continuous load. In addition, Wang et al. [160] studied the chloride
penetration under flexural stress. A linear, increasing relationship was found between the
flexural stress ratio and the chloride diffusion coefficient. They also offered an explanation.
As shown in Figure 10b, the different forms of voids-to-cracks development under compres-
sive loading and tensile loading result in different chloride ion transport characteristics.
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3.6. Binding Capacity of RAC

When free chloride ions enter the concrete from the external environment, some of
them still exist in the pore solution in a free-state form, while some of them are physically
or chemically adsorbed and exist a bound-state form [161]. It is the free chloride ions that
cause the depassivation of the reinforcement rather than the binding chloride ions [162]. On
one hand, the binding of chloride decreased the free chloride content in concrete. On the
other hand, the binding phenomenon increased the chloride threshold (which is expressed
as the total chloride content). Therefore, some studies researched the chloride binding
capacity of RAC. Xiao et al. [163] found a linear relationship between binding and free
chloride content in both RAC and NAC. Zaccardi et al. [20] found the chloride binding
capacity was higher in RAC compared with NAC. In the study of Lian et al. [21], the
chloride binding capacity increased linearly with the RA content in RAC. This may be due
to the old mortar in RAC containing calcium sulfoaluminate (AFm) and CSH. The former
reacted with chloride to form Friedel’s salt, while the latter physically bound chloride
ions. In addition, chloride ion-binding capacity increases with w/c, and effective w/c is
generally higher due to the higher water absorption of RA. Similar findings were reported
in the study of Qi et al. [118]. However, Bai et al. [164] reported conflicting research results.
They found that the addition of RA decreased the chloride binding capacity in concrete.
Due to the existence of contradictory results, further research is needed.

4. Chloride Ingress-Based Service Life Prediction

Chloride ingress-based service life prediction denotes quantitative estimates of the
time-dependent state of reinforced concrete structures based on the deterioration induced
by chloride transport. As proposed by Alexander et al. [165], service life prediction helps
to select combination designs of concrete covers and concrete material properties, which is
especially necessary before the application of modern materials, such as RAC. Service life
prediction includes chloride ingress modeling and limit state modeling. These models can
be deterministic or probabilistic. Some studies have reported on mathematical, analytical,
numerical, and empirical service life models of RAC, and some of them have even been
based on artificial neural networks [144,165–167].

For example, Chen et al. [166] used a deterministic model to predict the service lives
of RAC with different RA replacement ratios, polypropylene fiber contents, and water
reducing and air entraining agent mix proportions based on the analytical solution of
Fick’s Second Law. The input parameter chloride diffusion coefficient was determined by
chloride conductivity testing according to the China Civil Engineering Society standard
(CCES2004) [168]. They also considered the influence of microcracks by introuducing
the influence factor k. Similarly, the surface chloride content and chloride threshold were
determined by empirical formulas. In this way, they found the service life of RAC decreased
with the increasing RA replacement ratio, and the addition of polypropylene fiber had a
negligible impact, while the service lives of RAC increased firstly with the mix proportion
of water reducing and air entraining agent and peaked at 0.4%. In a similar way, Júnior
et al. [144] estimated the service life of RAC with different RA contents. The difference
is that they determined the non-steady-state diffusion coefficient by combining chloride
migration testing and electrical resistivity testing. Details of the relevant test methods can
be found in ref. [169]. They found an order reduction of 40% to 55% in service life with the
total substitution of NCA for RCA.

Although deterministic modeling provides a simple method to compare the service
lives of concrete structures, some researchers [168,170] have claimed that probabilistic
modeling takes statistical variability into account. Ying et al. [171] developed and verified a
probability density evolution method to predict the probability distribution of the chloride
diffusion coefficient of RAC, DRAC. They claimed that the probability distribution of DRAC
can be obtained by the probability distribution of the content and chloride diffusion coeffi-
cient of old mortar. Albuquerque et al. [170] calibrated the concrete cover of RAC according
to Eurocode Design using the probabilistic depassivation model as per Fib Bulletin 34 [172].
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For stochastic modeling of the chloride migration coefficient, they conducted RCMT with
13–15 samples for each mix proportion to determine the standard deviation and mean value.
It was found that the variability in RAC’s chloride migration coefficient was smaller than
that of NAC. By comparing the reliability index of RAC and NAC, they recommended an
increase in concrete cover of 5 mm for RAC to achieve a similar reliability index to that of
NAC. However, apart from DRCM, the mean values of other key parameters like the ageing
exponent, surface chloride content, and critical chloride content were determined using an
empirical formula established based on NAC. In the probabilistic model of Wang et al. [27],
the mean values of these parameters were determined by laboratory tests. Moreover, they
studied the reinforcement corrosion rate in RAC, based on which the service life with
concrete cracking as the limit state was determined. It was found that the use of SCMs
significantly improved the service life of RAC, which paved the path for the application of
RAC in marine engineering.

Apart from the aforementioned models, Stambaugh et al. [173] implemented and
verified a 1D numerical service-life prediction model for reinforced RAC. They solved
Fick’s Second Law using the finite difference method. Based on the empirical formulas
and probabilistic models of input parameters, they found that the w/c ratio and aggregate
replacement ratio exhibited the greatest impact on service life with the limit state of
concrete cracking.

In summary, abundant results have been achieved concerning the service life modeling
of RAC structures, which provides confidence for the design and application of RAC
structures in chloride-ingressive environments. However, there are still many limitations in
current research. (i) At present, most of the key parameters for the service life modeling of
RAC structures are determined based on the empirical values of NAC structure practices.
Some used the data collected from laboratory test results. However, the current laboratory
tests usually provide short-term data. Therefore, the reliability of short-term laboratory
tests to predict the long-term performance of RAC needs to be verified through long-term
real marine exposure test data, and there is always a substantial difference between the
conditions of the laboratory and the conditions of real marine environments. Therefore, it
is of great scientific importance to carry out real marine exposure tests and compare and
analyze the results of laboratory testing and long-term exposure testing to select material
schemes with excellent durability and accurately evaluate the design service life of offshore
structures. (ii) At present, prescriptive provisions for controlling the durability of RAC
structures are still lacking. It is an inevitable trend to formulate appropriate provisions, thus
making it convenient for designers and engineers to control the durability deterioration of
RAC structures. (iii) Current studies on service life modeling mainly take reinforcement
initiation corrosion or concrete cracking as limit states. Suitable and reliable models for
corrosion propagation, e.g., spalling, collapse of the structure, etc., are still missing.

5. Conclusions and Outlook
5.1. Conclusions

This paper presents a review of the current research on the chloride penetration prop-
erties of RAC with enhancement treatment and systematically summarizes (i) the RAC
property enhancement methods; (ii) the effect of enhancement methods, the RA replace-
ment ratio, RA quality, and external environmental damages on the chloride transport
properties of RAC; (iii) chloride-binding capacity in RAC with enhancement treatment; and
(iv) chloride-ingress-based service life prediction for enhanced RAC structures. The chlo-
ride penetration resistance modification efficiency of enhancement methods is discussed
and compared. From the above analysis, it can be seen that both old mortar modification
and removal methods effectively improve the chloride penetration resistance of RAC. The
chloride penetration of RAC is strongly correlated with the RA replacement ratio and RA
quality. The chloride penetration of concrete containing RA shows higher sensitivity to
freeze–thaw damage and external loads compared with NAC. Enhanced RA treatment
is beneficial to reduce this sensitivity. In addition, the chloride-ingress-based service life
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prediction of RAC demonstrates that enhancement treatment obviously improves the
estimated service life of RAC structures.

5.2. Recommendations for Further Research

(1) Even though some studies have reported on modification efficiency in chloride pene-
tration resistance and the time-dependent chloride transport behavior of RAC with
enhancement treatment, the relationship between specific treatment conditions and
RAC’s chloride penetration resistance is still not clear. The influence of treatment
conditions on modification efficiency needs to be studied, and optimal treatment
conditions should be determined.

(2) At present, some studies have examined the influence of RA quality, types, and parent
concrete types on the chloride penetration resistance of modified RAC, which is
mainly characterized by the chloride diffusion coefficient DRCM, etc. However, the
influence of the above factors on the time-dependent chloride transport behavior of
RAC is still not clear.

(3) Although current studies have shown the influence of external environment dam-
age (i.e., freeze–thaw, external loads) on the chloride diffusivity of modified RAC,
proper modeling to describe the time-dependent chloride transport behavior of RAC
structures exposed to real marine freeze–thaw environments or external loads in
different forms should be further established.

(4) Current research has studied the chloride binding behavior of RAC. However, there
is little research on the influence of enhancement treatment on the chloride binding
capacity of RAC.

(5) Furthermore, a durability design method for RAC structures with enhancement
treatments in marine environments should be developed.
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