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The cracking of recycled aggregate concrete (RAC) is well known to promotes
the chloride diffusion, accelerates the corrosion of reinforcement embedded
in RAC. To reveal the mechanism of chloride diffusion in RAC under cracking,
a multiphase mesoscopic model for chloride diffusion in RAC was proposed.
It should be noted that RAC is regarded as eight-phase composite materials
consisting of coarse aggregate, reinforcement, new and old mortar, new and
old interface transition zones (ITZ), cracks, and damage zones. The effects of
the width and depth of cracks and damage zones on chloride diffusion behavior
in RAC after cracking were further investigated. The numerical simulation results
show that the damage zones accelerate the chloride diffusion and exacerbates
the accumulation effect of chloride at the crack tip. Compared to the crack
depth, the crack width of RAC has a small effect on chloride diffusion behavior,
especially, the crack width is less than 50 µm. More importantly, the chloride
diffusion streamline generated by numerical simulation reveals the mechanism
of cracks promoting chloride diffusion. The research in this paper provides new
insights into the durability design of RAC by revealing the diffusion behavior of
chloride ions in RAC.
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1 Introduction

Concrete is the most widely used building material, and Portland Cement is
one of the important cementitious materials for preparing concrete. It is estimated
that CO2 emissions from the manufacture of Portland Cement for 8%–10% of CO2
emissions worldwide (Krausmann et al., 2018; Xiao et al., 2021).Therefore, low-carbon and
sustainable development are urgent issues to be addressed in the production process of
concrete. Currently, the preparation of recycled aggregate concrete (RAC) by replacing
natural aggregate (NA)with recycled coarse aggregate (RA) is one of the importantmethods
to achieve carbon neutrality and sustainable development strategies (Reddy and Lahoti,
2023). However, compared to natural aggregate concrete (NAC), the weak old mortar and
multiple interface transition zones (ITZ) caused by the replacement of RA are the main
reasons for the deterioration of mechanical and durability properties of RAC (Silva et al.,
2014; Algourdin et al., 2022; Liu et al., 2023; Wu et al., 2024). Hence, in recent decades,
a large number of research reports (Algourdin et al., 2022; Kim, 2022; Lu et al., 2022;
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Liu et al., 2023; Ouyang et al., 2023; Rezaei et al., 2023; Wu et al.,
2024) have been accumulated on the physical, chemical,
mechanical, durability and improvement of RAC. Relevant
research shows that adding various admixtures, RCA shaping,
reducing the water cement ratio, and two-stage mixing can
effectively improve the performance of RAC (Algourdin et al.,
2022; Kim, 2022; Lu et al., 2022; Liu et al., 2023; Ouyang et al.,
2023; Rezaei et al., 2023; Wu et al., 2024). In short, RAC
as a sustainable green building material still has a good
application prospect.

However, in marine or saline soils environments, various
aggressive substances, including chloride ions, enter the concrete
in various ways, which can damage the passivation film of the
reinforcement steel in the concrete, reduce its protective effect on
the reinforcement steel, and cause corrosion of the reinforcement
steel in the presence of sufficient water and oxygen (Yi et al., 2020;
Ye et al., 2023). Due to the expansion of corrosion products from
corroded steel bars, the protective layer of the steel bars may
crack, and then reduce the bearing capacity and service life of the
structure (Yi et al., 2020; Ye et al., 2023). Thereby, a large number
of researchers have conducted extensive research on improving
the impermeability of concrete and the corrosion protection
and repair techniques induced by chloride ions (Miranda et al.,
2006; Ann et al., 2008; Ogunsanya et al., 2020; Yi et al., 2020;
Shang et al., 2021; Ahmad et al., 2022; Algourdin et al., 2022;
Lu et al., 2022; Liu et al., 2023; Rezaei et al., 2023; Ye et al., 2023;
Wu et al., 2024). For example, extensive research work has shown
that partial replacement of silicate cement by major auxiliary
cementitious materials (e.g., fly ash, silica fume, slag, and a variety
of other pozzolanic materials) improves the resistance of concrete
to chloride-ion penetration (Ann et al., 2008; Yi et al., 2020;
Ahmad et al., 2022; Algourdin et al., 2022; Lu et al., 2022; Liu et al.,
2023; Rezaei et al., 2023; Ye et al., 2023; Wu et al., 2024). Similarly,
in recent years, many scholars have proposed various methods
for preventing and repairing steel corrosion in concrete, such as
steel reinforcement coating, special replacement steel, corrosion
inhibitors, concrete surface coating, electrochemical repair, etc.
(Miranda et al., 2006; Ogunsanya et al., 2020; Shang et al., 2021;
Ye et al., 2023).

Meanwhile, in the past few decades, many researchers have
conducted extensive experimental and numerical studies on
the mechanical properties and ion transport behavior of RAC
(Xiao et al., 2014; Li et al., 2016; Nisreen et al., 2018; Bai et al.,
2020; Bao et al., 2020; Sun et al., 2020; Rezaei et al., 2023), and
important research results have been achieved. For instance, As the
replacement rate of RAC increases, the mechanical properties and
permeability of RAC are weaker.The effect of aggregate substitution
rate on chloride transport in RAC has been revealed by Xiao et al.
(2014) and Bao et al. (2020). Besides, related studies have revealed
that ITZ (e.g., OITZ, NITZ) has a skeleton structure with higher
porosity (Xue et al., 2019; Sun et al., 2020). Thus, the ITZ provides
a fast channel for chloride ion transport and crack sprouting often
sprouts here, deteriorating the mechanical properties and durability
of concrete (Xue et al., 2019; Zhang et al., 2019). As is well known,
RAC is a multiphase composite material at the meso-structure,
and the comprehensive influence of each component on chloride
diffusion forms the macroscopic physical phenomenon studied in
the above experiments.Thus, it is particularly important to study the

effects of each component on the chloride diffusion performance at
a meso-structure level. However, it is difficult to ensure that each
phase has a single and stable variable in the experiment (such as the
depth and width of the damage zone, the thickness of the attached
old mortar layer, etc.), making it difficult to accurately predict
the chloride ion migration behavior in RAC. Numerical research
can make up for the shortcomings in experimental research. For
instance, Yu and Lin (2020) studied the effects of coarse aggregate
shape, position, old mortar adhesion rate, and ITZ on chloride
permeability behavior in RAC based on a micro finite element
model, and established expressions for chloride diffusion coefficient
and related factors. Xiao et al. (2012) and Hu et al. (2018) proposed
a five-phase mesoscale numerical model and conducted parametric
analysis. Numerical simulations byWu andXiao (2018) indicate that
the randomness ofmicrocracksmay have an undeniable effect on the
chloride ion diffusion rate. It should be noted that in the previous
numerical studies, the randomness of the ITZ and the thickness of
the attached oldmortar layer is often overlooked in order to simplify
the numerical model, and cannot truly reflect the microstructure of
RAC.Hence, this paper constructs the adhesive oldmortar layer and
ITZwith random thickness byMonte Carlometho at each aggregate
boundary. In addition, due to the physical and chemical shrinkage,
corrosive environment, and load effects, concrete inevitably works
with cracks. Cracks can significantly increase the corrosion rate of
chloride ions in RAC, accelerate the corrosion of reinforcement,
and reduce the durability of RAC structures. Therefore, the study
of chloride diffusion behavior in RAC under cracking has very
important engineering value. However, previous research on the
effect of cracking hasmainly focused onNAC, while there have been
few reports on RAC, and the time of cracking is often set at the time
of concrete service, while the time of cracking occurrence is ignored.
Many studies (Tuutti, 1979; Reale and O’Connor, 2012; Xu et al.,
2019; CCES, 2004; Lu et al., 2011) have found that the cracking
of concrete cover caused by chloride ion ingress in reinforced
concrete structure (RC) is divided into two stages, namely the stage
of corrosion initiation and the stage of crack initiation. a) The
stage of corrosion initiation: During this stage, chloride ions enter
the RAC by various means and accumulate on the surface of the
reinforcement until reaching a critical concentration for corrosion
of the reinforcement (Xu et al., 2019; CCES, 2004; Lu et al., 2011),
destroying the passivation film around the reinforcement and
causing corrosion in the presence of sufficient oxygen and water. b)
The stage of crack initiation: during this stage, Corrosion products
grow as the reinforcement rusts. Due to the volumetric expansion
of the corrosion products, tensile stresses are generated in the
concrete around the steel reinforcement. As the tensile stress reaches
the tensile strength of the concrete cover, the concrete cover will
crack (Bazant, 1979; Liu and Weyers, 1998; El Maaddawy and
Soudki, 2007).However, relevant studies (Reale andO’Connor, 2012;
Xu et al., 2019) have shown that the crack initiation accounts for
a very small proportion of the total periods by comparing with
the corrosion initiation period. Therefore, in order to simplify and
ensure safety reserves, this paper ignores the crack initiation period
and assumes that the criterion for cracking of the concrete cover
is when the concentration of chloride ions on the surface of the
reinforcement in the concrete reaches a critical value (CCES, 2004;
Lu et al., 2011).
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So, the purpose of this article is to establish a multiphase
numerical model for the transport of chloride in RAC to reveal
the transport mechanism of chloride in different components.
Furthermore, the effects of factors such as crack width and depth,
as well as the depth and width of the damage zone, on the
transport of chloride in RAC were analyzed. In addition, the
diffusion trajectory of chloride in RAC is depicted by diffusion
streamlines.

2 Multiphase mesoscopic numerical
model for cracked RAC

2.1 Meso-structure of cracked RAC

To accurately reflect the meso-structure of RAC, a multiphase
meso-structuremodel containing randomoldmortar and transition
zones between new and old interfaces is developed, which based
on the two-dimensional (2D) random aggregate model of concrete
proposed by Gao and Liu (2003). The size of the RAC is 100 mm
× 100 mm, the coarse aggregate adopts a continuous grading
of 5–20 mm. The detailed process is as follows: 1) Firstly, use
Fuller’s grading theory andWalraven’s plane transformation formula
to obtain the content of recycled coarse aggregates at all levels
(Walraven and Reinhardt, 1981). 2) According to the coarse
aggregate placement method proposed by Gao and Liu (2003),
polygonal recycled coarse aggregates without ITZ are randomly
generated. 3) Then each vertex of the boundary of recycled coarse
aggregate shrinks a certain distance along the radial direction, and
connects each new vertex in turn to form the boundary of natural
coarse aggregate. The closed area between the boundary of recycled
coarse aggregate and the boundary of natural coarse aggregate forms
the attached old mortar layer, which obeys the normal distribution.
Please refer to reference (Liu et al., 2022) for the detailed process.
4) Similar to the previous method, the boundary of recycled coarse
aggregate and natural aggregate are randomly extended outward by
a certain distance, forming a transition zone between the new and
old interfaces.

Furthermore, an eight-phase meso-structure model was further
established, including coarse aggregate, reinforcement, new and
old mortar, old ITZ, new ITZ, cracks, and damage zones. Figure 1
shows schematic diagram of numerical model for cracked recycled
aggregate concrete, in which the crack phase is modeled as an
equilateral triangle within the damage zone (DZ) as shown by
the red color, and the DZ is modeled as a rectangle shape as
shown by the yellow color. It should be noted that the true shape
of cracks and damage zones is influenced by the distribution of
aggregates and cannot be an ideal triangle or rectangle. However,
relevant studies have found that when the crack is short, the
curvature of the crack has little effect on the diffusion behavior
of chloride ions (Peng et al., 2019). Hence, the crack phase in
the present study has been simplified, and it is assumed to be
located in the middle of the DZ. In Figure 1, WCr and WDZ
are the width of the crack and the DZ, respectively, and, HCr
and HDZ are the depth of the crack and the DZ, respectively.
The cracked RAC finite element division is demonstrated
in Figure 2.

2.2 Numerical model for chloride diffusion
in the multiphase RAC

In the marine environment, under the driving forces of
concentration difference and convection, chloride continue to
migrate into the interior of concrete through the pore structure
of concrete. In this study, it is assumed that recycled concrete is
in a saturated state, and the chloride transport behavior is only
driven by concentration differences. In addition, the chlorides that
diffuse into the concrete have both free and bound components
(Tuutti, 1979; Reale and O’Connor, 2012; Xu et al., 2019; CCES,
2004; Lu et al., 2011; Bazant, 1979; Liu and Wayers, 1998; El
Maaddawy and Soudki, 2007; Gao and Liu, 2003; Walraven and
Reinhardt, 1981; Liu et al., 2022; Peng et al., 2019; Martin-Pe et
al., 2001). The bound component is present in the pore walls as
chloroaluminate and adsorbed phases, which prevent it from being
freely transported. Hence, the diffusion behavior of chloride in
concrete can be expressed as in Eqs 1, 2 (Martın-Pe et al., 2001;
Ishida et al., 2008; Ishida et al., 2009),

∂C f

∂t
+ ∂Cb
∂t
−Di
∂2C f

∂x2
−Di
∂2C f

∂y2
= 0 (1)

Cb =
αbC f

1+ βC f
(2)

where C f is the free chloride concentration (% by mass of concrete);
t is the erosion time s); x, y is coordinate information, as shown
in Figure 1; Di is the chloride diffusion coefficient in phase i
(m2/s); subscript i represents different phase in the RAC; Cb is
the bound chloride concentration (% by mass of concrete). Cb can
be calculated by using Langmuir isotherm (Martın-Pe et al., 2001;
Ishida et al., 2008; Ishida et al., 2009), as shown in Eq. 2, where the
values of the parameters αb and β in Eq. 2 can be obtained from the
relevant literatures (Ishida et al., 2008; Ishida et al., 2009).The initial
condition and the boundary condition are usually specified as:

C f(0,x,y) = 0,Cb(0,x,y) = 0,C f(t,x,0) = CS (3)

where CS is the chloride concentration at the surface (% by mass of
concrete), as shown in Figure 1.

2.3 Chloride diffusion coefficient

2.3.1 Diffusion in the reinforcement, natural
coarse aggregate, new mortar

RAC is regarded as eight-phase composite materials consisting
of natural coarse aggregate, reinforcement, new and old mortar,
new and old ITZ, cracks, and DZ. Each phase has an independent
diffusivity property related to its microstructure. Due to the
dense microstructure and poor pore connectivity of natural
coarse aggregate, hence, natural aggregates are considered
impermeable and chloride are not transported within the natural
aggregates. Similarly, the reinforcement phase is also considered
as impermeable. Several researchers (Jain and Gencturk, 2021;
Zhang et al., 2021; Słomka-Słupik and Labus, 2022) have conducted
extensive experimental studies on the diffusion coefficient of
chloride in the transition zone between mortar and interface.
And new cement mortar can be regarded as a composite material
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FIGURE 1
Schematic diagram of numerical model for cracked recycled aggregate concrete.

FIGURE 2
Finite element mesh.

composed of pore structure and various cement hydration products,
and its effective chloride diffusion coefficient can be expressed as a
function of pore structure (Oh and Jang, 2004).

DM

D0
= (ϕcap +ϕgel)

δ
τ2

(4)

where DM , D0 (2.03 × 10−9 m2/s) are the diffusion coefficients of
chloride in new cement mortar and water, respectively (Xie et al.,
2022); ϕcap is the porosity of capillary pores, ϕgel is the porosity

of gel pores, τ is pore tortuosity, which is shown in Eqs 5–7.
δ is the blocking rate, assumed 0.01. According to Powers
(1962) and Nakarai et al. (2006), ϕcap , ϕgel and τ can be expressed
respectively as

ϕcap =
0.19α

w/c+ 0.32
(5)

ϕgel =
w/c− 0.36α
w/c+ 0.32

(6)

Frontiers in Materials 04 frontiersin.org

https://doi.org/10.3389/fmats.2024.1441220
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Liu 10.3389/fmats.2024.1441220

TABLE 1 Main parameters used in the proposed model.

Parameters Meaning Value Unit References

D0 Diffusion coefficient of chloride in water 2.03 × 10−9 m2/s Xie et al. (2022)

ϕcap Porosity of capillary pores in Eq. 3 0.132 — Oh and Jang. (2004), Powers (1962)

ϕgel porosity of gel pores in Eq. 4 0.306 — Oh and Jang. (2004), Powers (1962)

τ pore tortuosity in Eq. 5 1.142 — Oh and Jang. (2004), Nakarai et al. (2006)

δ Constrictive factor of the pores in Eq. 2 0.01 — Sun et al. (2011)

α Degree of cement hydration in Eqs 3, 4 0.5 — Xiao et al. (2014)

tref Reference age in Eq. 6 28 d Body et al. (1999), Mangat and Molloy (1994)

m Time decay index in Eq. 6 0.2 — Body et al. (1999), Mangat and Molloy (1994)

W/C Water-cement ratio 0.4 — Xiao et al. (2014)

RRCA RAC ratio 0.36 — Xiao et al. (2014)

Cs Chloride concentration at the surface 2% — CCES (2004), Lu et al. (2011)

Raom Volume adhesion rate of the old mortar 36% — Xiao et al. (2014)

DOM Chloride diffusion of the old mortar 2DM m2/s Sun et al. (2011)

DOITZ Chloride diffusion of the old ITZ 10DOM m2/s Hu et al. (2018), Liu et al. (2022), Peng et al. (2019)

DNITZ Chloride diffusion of the new ITZ 10DM m2/s Hu et al. (2018), Liu et al. (2022), Peng et al. (2019)

DDZ Chloride diffusion of the damaged zoon 20DM m2/s Peng et al. (2019)

FIGURE 3
Distribution curve of chloride ion concentration.
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FIGURE 4
Curve of chloride concentration variation with ingress depth.

τ = −1.5 tanh{8.0[(ϕcap +ϕgel) − 0.25]} + 2.5 (7)

As the age of concrete increases, cement hydration becomes more
complete, and the porosity of concrete decreases. Then, the age
of concrete is negatively correlated with the diffusion coefficient
(Mangat and Molloy, 1994; Boddy et al., 1999), which can be
expressed as

DM = D0(ϕcap +ϕgel)
δ
τ2
(
tre f
t
)
m

(8)

where tref is the reference exposure time, usually taken
as 28 days; m is the time decay index (Mangat and
Molloy, 1994; Boddy et al., 1999).

2.3.2 Diffusion in the old mortar, old and new ITZ
Several researchers (Jain and Gencturk, 2021; Zhang et al.,

2021; Słomka-Słupik and Labus, 2022) have conducted extensive
experimental studies on the diffusion coefficient of chloride
in mortar and ITZ. However, there is little research on the
diffusion performance of hardened old mortar (DOM). According
to existing literature (Sun et al., 2011), it can be seen that the
ratio of chloride ion diffusion coefficients between new and
old mortar is between 0.2 and 5. Hence, the DOM in this
paper takes twice the value of DM . In addition, research by
relevant scholars (Hu et al., 2018; Peng et al., 2019; Liu et al., 2022)
has shown that the diffusion coefficients of the transition zone
between the new and old interfaces are (DNITZ and DOITZ) are
10 times that of the new and old cement mortar (DM and DOM),
respectively.

2.3.3 Diffusion in the cracks, damage zone (DZ)
Furthermore, relevant experimental research (Djerbi et al.,

2008; Du et al., 2015) shows that the diffusion performance of
cracks is highly correlated with the crack width. On the basis
of experimental data, the relationship equation between crack
chloride ion diffusion coefficient and crack width was established,
as shown in Eq. 9

Dcr =
{
{
{

2× 10−11wcr − 4× 10−10 30μm ≤ wcr ≤ 80μm

1.4× 10−9 wcr > 80μm
(9)

where,Dcr is the chloride ion diffusion coefficient of the crack phase
(m2/s), wcr is the width of the crack (μm).

Peng et al. (2019) showed that the influence of damage zone
on the diffusion behavior of chloride ions in concrete cannot be
ignored. And existing literature (Peng et al., 2019) has shown that
when the chloride ion diffusion coefficient in the damaged zoon is
taken as 20 times of the newmortar, the numerical simulation results
are in good agreement with the experimental results. Hence, in this
paper, the chloride diffusion coefficient in the damaged zoon (DDZ)
is simplified to 20 times that of the new mortar (DM).

3 Result and discussion

3.1 Validation

To verify the reliability of chloride diffusion model in RAC
proposed in this paper, experimental data from Algourdin et al.

Frontiers in Materials 06 frontiersin.org

https://doi.org/10.3389/fmats.2024.1441220
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Liu 10.3389/fmats.2024.1441220

FIGURE 5
The diffusion trajectory line and partial enlarged view, (A) RAC without crack and, (B) RAC with crack, (C) Local amplification of Figure 5A, (D) Local
amplification of Figure 5B.

(2022) were selected for comparative analysis with the numerical
simulation results in this paper. On the diffusion boundary of the
numerical model, it was supposed that the top surface chloride
concentration (Cs) was 0.46% (Algourdin et al., 2022), and the
chloride concentration was taken to be zero at the left and right
surfaces and at the bottom surface, as shown in Figure 1. Other
parameters of the numerical model are shown in Table 1. Due
to the consideration of the randomness of the microstructure of
recycled concrete, three data lines were selected as references. It
can be seen from Figure 3 that the distribution curve of chloride
concentration with depth in the numerical simulation is in good
agreement with the experimental curve. Therefore, the mesoscopic
chloride diffusion model proposed in this paper for RAC has high
reliability.

3.2 Chloride diffusion mechanism in
cracked RAC

To study the diffusion mechanism of chloride ions in
RAC after cracking, two numerical samples are selected for
a comparative analysis, namely cracked and uncracked RAC.
In the analysis the crack and damage zone width and length
are respectively fixed as 0.01, 15, 1, and 25 mm. To consider

the time of concrete crack cracking, this paper simplifies the
cracking time and assumes that the judgment standard for
cracking RAC is when the chloride ion concentration on the
surface of the steel bar reaches the critical value of corrosion
(i.e., 0.8% by mass of cementitious material) (CCES, 2004;
Lu et al., 2011).

From Figure 4, it can be seen that at the same depth, the
chloride concentration in the cracking mode is higher than that
of the uncracked mode. Moreover, as the erosion depth increases,
the concentration difference between the two mode increases first
and then decreases. Among them, the turning point is the depth
of the damage zone (i.e., 25 mm). This is mainly due to the
significant difference in chloride ion diffusion rate between the
damage zone and the surrounding area, a chloride ion aggregation
effect is formed, resulting in the maximum increase in chloride ion
concentration here.

From the diffusion trajectory of chloride in RAC as shown
in Figure 5, it can be seen that the coarse aggregate increases
the diffusion path of chloride, which has a certain hindrance
effect. For example, A diffuses to B. In the cracking mode, higher
concentrations of chloride ions accumulate in the damaged area,
which diffuse around the coarse aggregate to the surrounding
low concentration areas through ITZ, such as C diffusing to
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FIGURE 6
Chloride concentration distribution profile for different damage zone widths.

D and E. It is worth noting that the diffusion from C to D
and E is not a straight line, but a curve, further confirming
that ITZ is a fast channel for chloride ion diffusion (Yu
and Lin, 2020). In summary, the cracking of RAC has a
significant effect on the diffusion behavior of chloride ions,
so it is necessary to further explore the effects of cracks and
damage zones.

3.3 The influence of damage zone

3.3.1 The influence of damage zone width
To investigate the effect of damage zone width on

chloride diffusion behavior, five numerical samples with
different damage zone widths were designed, with a
damage zone width range of 0–2 mm and a value taken at
0.5 mm intervals.

After 1 year of cracking of the RAC protective layer, the
concentration curves and cloud charts of chloride ions along the
depth direction under different damage zone widths were obtained
as shown in Figures 6, 7. It is evident that as the width of the damage
zone increases, the chloride concentration also gradually increases,
as shown in Figures 6, 7. Moreover, at the tip of the damage, there
is a turning point in the chloride concentration curve, mainly due
to the significant difference in the chloride diffusion coefficient
between the damaged zone and themortar zone. Furthermore, as the
width of the damaged zone increases, the range of influence of the
damage on the distribution of chloride concentration also increases,
as shown in Figure 7.

3.3.2 The influence of damage zone depth
From the previous section, it can be seen that the presence of

damage zones has an undeniable effect on chloride ion diffusion.
Therefore, this section further studies the influence of damage
zone depth on chloride ion diffusion performance, and designs
eight numerical samples with different damage zone depths, namely
damage zone depths of 0, 15, 20, 25, 30, 35, 40, and 45 mm.

ItcanbeseenfromFigure 8 thatat thedepthof thedamagezone,all
chloride ion distribution curves correspond to protruding positions,
which is related to the accumulation effect at the end of the damage
mentioned in the previous section. In addition, at different depths
of the damage zone, there is a significant intersection of the chloride
ion concentration curve along the depth direction. When the erosion
depth is less thanthe intersectiondepth, thechloride ionconcentration
is negatively correlated with the depth of the damage zone. On the
contrary, when the erosion depth exceeds the intersection depth, the
chloride ionconcentration ispositively correlatedwith thedepthof the
damage zone. The main reason is that the length of the damage zone
has a significant effect on the chloride ion diffusion rate. Moreover, It
can be seen from Figure 9 that, as the depth of damage increases, the
chloride concentration on the surface of the reinforcement increases
nonlinearly, and the amplitude is increasing.

3.4 The influence of crack

3.4.1 The influence of crack depth
To investigate the effect of crack depth on the chloride

concentration on the surface of reinforcement and compensate
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FIGURE 7
Spatial distribution of chloride concentration in RAC for different damage zone widths (WDZ). (A) Schematic diagram of the damages zone. (B) WDZ =
0.0 mm. (C) WDZ = 0.5 mm. (D) WDZ = 1.0 mm. (E) WDZ = 1.5 mm. (F) WDZ = 2.0 mm.

for the defects of large and dispersed experimental values, eight
samples with different crack depths were designed, with a crack
depth range of 0–35 mm and a value taken every 5 mm interval.
It can be seen from Figure 10, that under the same exposure time,
the chloride concentration on the surface of the reinforcement
has significantly increased compared to the uncracked samples,

indicating that cracks significantly accelerate the diffusion rate of
chloride ions in RAC. After the thickness of the RACprotective layer
cracks, as the crack depth increases, the chloride ion concentration
on the surface of the steel bar first slowly increases, and then
increases. The boundary point is HCr = 20 mm, which can also be
confirmed from the concentration cloud map.
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FIGURE 8
Chloride concentration distribution profile for different damage depths.

FIGURE 9
Chloride concentration on the surface of reinforcement for different damage zone depths.
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FIGURE 10
The chloride concentration (% by mass of cementitious material)in RAC for different crack depths (HCr = 0–30 mm). (A) Schematic diagram of the
damages zone. (B) HCr = 0.0 mm. (C) HCr = 5 mm. (D) HCr = 10 mm. (E) HCr = 15 mm. (F) HCr = 20 mm. (G) HCr = 25 mm. (H) HCr = 30 mm.
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FIGURE 11
Chloride concentration on the upper surface of reinforcement for different crack depths.

FIGURE 12
Profile of chloride concentration distribution in RAC for different crack widths.
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As shown in Figure 11, the chlorine contour near the top of
the crack and damage zone is significantly protruding downwards,
indicating deeper diffusion in this area. The crack and damage zone
provide a fast transport channel for chloride. As the depth of the
crack increases, the closer it is to the upper surface of the steel bar,
the greater the concentration of chloride ions on the upper surface
of the steel bar. Therefore, the depth of cracks has a significant effect
on chloride ion ingress of reinforcement. How to improve the crack
resistance of concrete is of great significance in preventing steel
corrosion and improving the durability of recycled concrete.

3.4.2 The influence of crack width
To investigate the effect of crack width on the chloride ion

concentration on the surface of reinforcement, 10 samples with
different crack widths were designed (e.g., 0–400 µm). The depth
of the crack and the width and depth of the damage zone remain
unchanged, at 30, 1, and 40 mm respectively. The distribution curve
of chloride concentration in RAC under different crack widths
after 1 year of cracking is obtained as shown in Figure 12. It can
be seen that when the crack width is not greater than 50 μm,
the difference of chloride concentration curve from uncracked is
very small, mainly due to the relatively narrow cracks. When the
crack width increases from 50 to 100 μm, there is a significant
increase in chloride ion concentration. Afterwards, as the crack
width increases, the concentration of chloride increases slightly and
uniformly.Therefore, controlling the crackwidth below 50 µm could
improve the chloride corrosion resistance of reinforcement in RAC.

4 Conclusion

By constructing a multiphase meso-structure model of RAC,
including natural aggregates, recycled aggregates, new and old
mortars, new and old ITZ, cracking and damage zones, a meso-
structure numerical model for chloride transport in RAC was
established. The influence of meso-structure characteristics and
cracks induced by reinforcement corrosion on chloride transport
behavior was analyzed. Moreover, the transport mechanism of
chloride in RAC multi-components is revealed. The following
conclusions can be drawn.

(a) Through the analysis of chloride diffusion flow lines, cracks and
ITZ provide fast channels for chloride ion diffusion, revealing
the mechanism of RAC promoting chloride transport.

(b) The presence of damaged zone accelerates the diffusion of
chloride, especially the phenomenon of chloride aggregation at
the end of the damaged zone. Consequently, the damage zone is
a crucial factor that cannot be ignored. How to define the scope
of damage zone in cracked RAC is a very meaningful work.

(c) As the depth of the crack increases, the concentration of
chloride ions on the surface of the reinforcement increases
sharply, and there is a non-linear relationship with the depth

of the crack. Then, in practical engineering, attention should
be paid to the repair of surface cracks and ITZ microcracks in
RAC to suppress the diffusion of chloride in RAC and improve
its durability.

(d) Compared to the depth of cracking, the crack width of
recycled concrete has a relatively small effect on the chloride
ion concentration on the surface of reinforcement, especially
when the crack width is less than 50 µ m. Therefore, it is
recommended to allow a crack width of less than 50 µ m in
the design of recycled concrete structural components.
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