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A chloride ion is a key factor affecting durability of reinforced concrete (RC) structures. In order to investigate chloride migration
in cracked concrete, considering the mesoscopic heterogeneity of concrete, concrete modeled here is treated as a four-phase
composite consisting aggregate, mortar, crack, and interfacial transition zone (ITZ). In this paper, two-dimensional finite element
models of cracked concrete with different crack widths and crack quantity are established and the control parameters are
determined based on the nonsteady-state chloride migration (NSSCM) test. In addition, based on the concrete finite element
models, influences of crack width, crack quantity, and erosion time on chloride migration behaviors and characteristics are
studied. Furthermore, a prediction model of chloride concentration on the simulated surface of a rebar in concrete influenced by
different crack states is established. This model is used to derive the corrosion current density and corrosion depth prediction
models of a rebar in this paper, which can be used by engineers to estimate the migration behaviors of chloride and rebar corrosion
degree in RC structures in a short time and evaluate the duration of RC structures after knowing the status of cracks and chloride

diffusion sources.

1. Introduction

Carbonation, freeze-thaw cycles, and chloride penetration
of concrete are the important factors for reinforced con-
crete (RC) structures. Chloride ions penetrated into con-
crete cause rebar corrosion. As a corrosion process, rust
appears on the surface of a rebar, which induces greater
volume of the rebar and cracks of concrete cover [1].
Meanwhile, reinforced concrete will form cracks due to
material shrinkage, thermal gradients, and repeated vehicle
loading. Cracks lead to greater chloride migration power
under the action of higher osmotic pressure, which leads
a greater contact area between chloride ions and concrete
and greater chloride concentration in concrete. In addition,
more chloride ions migrate into concrete, more hydrated
basic calcium chloride (CaCl,-Ca(OH),-H,0) will produce
due to the reaction of chloride ions with calcium hydroxide
(Ca(OH),). This reaction breaks the balance between hy-
drated calcium silicate (CSH) and Ca(OH),, which reduces

adhesion stress between mortar and aggregate and leads to
greater collapsibility on the surface of concrete. Therefore,
chloride migration is harmful for concrete material
properties and durability of RC structures. Hence, for
durability prediction of RC structures, the consideration of
influences of crack states on chloride migration in concrete
is necessary.

The experimental researches and theoretical modeling
about the influence of a crack on chloride migration in
cracked concrete are abundant. Some researchers induced
a crack on the surface of concrete by loading [2] and pre-
fabricating metal sheet [3, 4] and then immersed concrete
specimens into chloride solution for analyzing the influences
of crack on chloride penetration coefficient [5] and chloride
migration depth [6] of concrete. Djerbi et al. [7] examined
the effects of traversing cracks of concrete on chloride
diffusion and established an empirical model about the
chloride diffusion coefficient in the crack zone. In addition,
based on Fick’s second law, Vol [8] and Gérard and
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Marchand [9] as well as Yan et al. [10] established discrete,
dispersive, and dual porous medium model of chloride
diffusion in cracked concrete, respectively. The models were
well used to describe the process of chloride penetration.
However, these models ignored the mesoscopic heteroge-
neity of concrete material and merely regarded concrete as a
one-dimensional and single-phase media material. There-
fore, these models cannot fully describe the process of
chloride migration at different zones in concrete. Moreover,
for experimental studies, although they can provide much
valuable data, it is still difficult to reveal the nonlinear
process of chloride diffusion in concrete due to the different
complexities of the experiments, different induced ways of
cracks, and different precision of the experiment condition
as well as the discrete experimental results. Nowadays, re-
searchers tend to adopt the numerical technique to better
analyze the mechanism of chloride penetration in cracked
concrete as the fast progress of computer science. For ex-
ample, Wang and Zhang [11] as well as Bentz et al. [12]
developed two-dimension finite element models of cracked
concrete to investigate the mechanism of chloride pene-
tration in concrete. Wang and Ueda [13] as well as Liu et al.
[14] proposed a two-dimension finite element migration
model for understanding the process of chloride penetration
in cracked concrete, in which the concrete was regarded as
a three-phase composite, containing mortar, aggregates, and
interfacial transition zones (ITZs). They found that the
existence of cracks improved the ability of chloride pene-
tration, and chloride ions can penetrate into the crack with
a higher speed than they do into mortar and ITZs. However,
all these finite element models treated the aggregates as
circular areas, which is not consistent with real concrete
cross section and ignores the special chloride diffusion path.
So these models do not have a good practical value for the
real concrete materials.

In this paper, a numerical study combined with the
experimental results was presented to investigate the
mechanism of chloride ions penetrating into cracked con-
crete more intuitively and theoretically. Two-dimensional
finite element models of cracked concrete with different
crack widths and crack quantity were established, and
the control parameters were determined based on the
nonsteady-state chloride migration (NSSCM) test. The
chloride migration theory was determined by saturability
equation amendatory Fick’s second law and mass conser-
vation equation. Based on the concrete finite element
models, influences of saturability, crack width, crack
quantity, and erosion time on chloride migration behavior
and characteristics were studied. Moreover, a prediction
model of chloride concentration at the location of the rebar
in the concrete finite element model influenced by different
crack states was established. Combined with Faraday’s law,
the chloride concentration prediction model was also used to
derive the corrosion current density and corrosion depth
prediction models of the rebar in this paper, which can be
used by engineers to estimate the migration behavior of
chloride and rebar corrosion degree in RC structures in
a short time and evaluate duration of RC structures after
knowing the states of cracks and chloride migration sources.
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TaBLE 1: Mixture proportions of the specimens.

Materials Nominal proportions
Cement 433 kg/m’
Water 195kg/m’

Fine aggregate 567 kg/m’
Coarse aggregate 1205 kg/m’

w/c 0.45

2. Chloride Migration Experiment

2.1. Mixture and Specimen Preparation. Based on the re-
quirements of GB 175-2007 [15], PO 42.5 ordinary Portland
cement is used in this study. Crushed stone (basalt in Jilin
province) with diameters ranging from 2.36mm to
20.00 mm and natural sand with a fineness modulus of 2.7
are required as coarse and fine aggregates, respectively.
Specimens used in this study are composed of four concrete
specimens and four mortar specimens with zero to three
cracks, and there are three samples in each crack condition
group for concrete specimens and mortar specimens.
Mixture proportions of the concrete specimens used in this
study are listed in Table 1. It should be noted that the mixture
proportions of mortar specimens are the same with the
concrete ones except the coarse aggregate. The slump result
of this mixture is tested to be 40 mm, which means it is with
tavorable cohesiveness and meets well with the requirement
of GB50164-2011 [16].

The artificial crack in the specimen by means of position
required copper sheets with different quantity, and the
distance between two cracks is set to 25 mm. The details of
the single cracked specimen as an example are shown in
Figure 1. Cylinders of ¢$100 mm x 50 mm are cast in plastic
modules and compacted by a vibrating table. Copper sheets
with 0.1 mm thickness are posited at the required position.
The specimens are allowed to cure at the condition of 20°C
and 95% relative humility (RH). The copper sheets are re-
moved from the specimens after 4 h curing. The specimens
are removed from moulds after 24 h curing. After that, all the
specimens are cured under the normal curing condition
(20°C and 95% RH) for 28 days before further experiments
according to the China National Standard GB 175-2007.

2.2. Nonsteady-State Chloride Migration Test. According to
GB/T 50082-2009 [17], vacuum saturated treatment must be
performed before the chloride migration test. Firstly, put the
specimens into stainless steel-based vacuum desiccators and
decrease the vacuum pressure to 5 KPa in 5 min by a vacuum
pump. Hold the 5KPa vacuum pressure condition for 3 h.
Subsequently, fill the desiccator with deionized water to
immerse specimens, and maintain the vacuum pressure for
one additional hour. Then, turnoft the vacuum pump to
normalize vacuum pressure in desiccators. Finally, contin-
uously immerse the specimens in desiccators by deionized
water for 18 hours. After the vacuum saturated treatment,
according to China National Standard GB/T 50082-2009
[17] and European Standard NT-BUILD492 [18], the cy-
lindrical specimens are put in the test setup of NSSCM as
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F1GURE 1: Specimen dimension (unit: mm). (a) Front view. (b) Stereoscopic view.
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(b) Anode
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FIGURE 2: Experimental setup for the NSSCM test.

shown in Figure 2 for performing the chloride migration test
at 20°C. In this test, the chloride ions can migrate in the
direction of the vertical axis under the action of an external
electric medium from surface to interior of concrete material
quickly. After required time of the NSSCM test, the speci-
mens are removed from the test setup and cut into half along
the axis parallel to the direction of placement by loading.
Spray the cutting plane with silver nitrate (AgNO3) solution
and then measure the acreage of visible white (silver chloride
precipitation) area. Depth of chloride penetration X is
calculated by the following equation:

L
. A_lods ()
L L

where X is the depth of the chloride penetration, A is the
measured acreage of the visible white area, and L is the
length of the specimen bottom, 50 mm.

In this experiment, the chloride diffusion coefficient is
given by the following equation:

0.0239(273+7)
B (U-2)t

HX (273 +T
X —0.0238 ¥j|,

8 U-2)

(2)

where D is chloride diffusion coefficient (m?/s), U is the
absolute value of the external application voltage (V), T is
the average of initial and final temperatures of the anode
(°C), H is the thickness of the specimen (mm), X is the
average depth of the chloride penetration (mm); and ¢ is the
time during the chloride penetration test (k).

2.3. Experimental Results and Discussion. Figures 3 and 4
show the chloride penetration area details in concrete
specimens and mortar specimens.

It can be seen that depths of the chloride penetration in
the concrete specimens are larger than the mortar specimens.
The reason is that initial current of the mortar specimens is
larger than that of the concrete specimens, so the applied
external voltage for the mortar specimens should be less than
that of the concrete specimens according to requirements of
GB/T 50082-2009 and NT-BUILD492. Hence, concentration
of the chloride ions migrated in the mortar specimens is larger
than that in the concrete specimens. In addition, it can be
observed that the chloride ions migrate into concrete not only
along the parallel axis of cracks but also along the vertical axis
of cracks, which can be concluded that the way of chloride
migration in the crack zone of concrete is two-dimensional.
Moreover, the chloride penetration depth for the crack is
higher than the uncracked zone in concrete, and it is indicated
that the chloride penetration coefficient of the cracked zone is
higher than that of the uncracked zone in concrete.

In the NSSCM test, the chloride penetration depth values
(X) of mortar specimens and concrete specimens are listed
in Tables 2 and 3, respectively. The calculated chloride
penetration coefficients of mortar specimens and concrete
specimens are shown in Figure 5.
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FIGURE 4: Chloride penetration area in the mortar specimens. (a) Uncracked mortar specimen. (b) Mortar specimen with 3 cracks.

TaBLE 2: Chloride penetration depth (X) in the mortar specimens
(mm).

Mortar #1 #2 #3 Average Standard
specimens specimen specimen specimen value deviation
Uncracked  10.31 10.65 10.56 10.50 0.17
1 crack 10.98 11.38 11.92 11.42 0.47
2 cracks 11.85 12.56 12.11 12.17 0.36
3 cracks 12.71 12.96 13.26 12.97 0.28

Voltage: 25V; time: 24 h.

TaBLE 3: Chloride penetrate depth (X) in the concrete specimens
(mm).

Concrete #1 #2 #3 Average Standard
specimens specimen specimen specimen value  deviation
Uncracked  16.86 16.12 17.45 16.81 0.67
1 crack 19.16 18.22 18.64 18.67 0.47
2 cracks 19.89 20.37 20.52 20.26 0.33
3 cracks 20.92 22.65 22.19 21.92 0.90

Voltage: 30 V; time: 24 h.

From Tables 2 and 3 and Figure 5, it can be concluded
that the average of the chloride penetration depth and co-
efficient is improved along with the increase of crack
quantity. The chloride penetration depth of the concrete
specimens is a little higher than that of the mortar speci-
mens, and the reason is that chloride ions penetration ability
of ITZs (the zone between aggregate and mortar) is higher
than that of mortar [7, 19].

The AgNOj3-based colorimetric method is the traditional
way for measurement of chloride penetration in concrete.
Although operation of this method is easy, it is limited by the
minimum chloride concentration for coloring AgNO;.

12 4

T T T
1 cracks 2 cracks 3 cracks

0 crack

=] Mortar
=g Concrete

F1GURE 5: Chloride penetration coeflicient for mortar and concrete
materials (m?/s).

Hence, this traditional method did not give a very clear
boundary of chloride penetration, and it is difficult to reveal
the influence of the crack on chloride migration in concrete
exactly. Because of the fast advantage of computer science
and computational mathematics, performing a numerical
study can better illustrate this issue and deeply analyze the
impacts of the crack on chloride migration.

3. Simulation Study on Chloride Migration in
Cracked Concrete

3.1. Theoretical Background about Chloride Migration Model.
In this study, concrete is considered as a semi-infinite
medium, and there are no chemical bond and physical
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F1GURE 6: Concrete numerical model. (a) Concrete cross section. (b) Four-phase numerical model.

bond between chloride ions and anhydrous binders. For
saturated concrete, chloride ions migrate into concrete by
ionic diffusion because of the existence of concentration
gradient between external solution and the pore solution of
concrete material. The migration action of chloride ions in
saturated concrete can be described by Fick’s first law:

@_)_’_Dacz_)])

lax 1 i@ ] (3)
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where J; is the flux of the chloride ions in phase i, D, is the
chloride diffusion coefficient in phase i, and C; is the chloride
concentration in phase i.

During the chloride migration process, the attenuation
of chloride penetration ability can be determined as follows:

D; = Di0<t?0>m’ (4)

where D, is the diffusion coefficient at the moment of ¢, (28
days), t is the time of chloride penetration, and m is the
constant of attenuation of chloride penetration ability, 0.52
[20].

Moreover, migration of chloride can be expressed in
terms of the mass conservation and current conservation,
which is defined as Fick’s second law:

ot

Furthermore, concrete material is often unsaturated in
majority of exposure environments for RC structures. For
unsaturated concrete, the diffusion coefficient affected by

relative humidity is determined as follows [21, 22]:
1

1-0\'7
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0

where D,y is the diffusion coefficient affected by relative
humidity in phase i; D; is the chloride diffusion coefficient
of saturated concrete in phase i; 6 is the relative humidity;
0. is the critical relative humidity level at which the diffu-
sion coefficient drops in half, and the value is 0.83; ® is the

humidity of concrete; ®; is the humidity of saturated
concrete; and ©; is the humidity of concrete in the initial
state. This function is important for describing the coupling
between the water (moisture) migration and the chloride
ions migration. Numerical examples will be shown later for
detailed analysis.

3.2. Multiphase Migration Model for Concrete with
Mesocrack. Concrete is a heterogeneous material, in which
the internal mesostructure affects the chloride penetration
ability [14]. In this paper, cracked concrete is treated as
a heterogeneous composite material of four constituent parts,
namely mortar, aggregates, I'TZs, and cracks, and each one is
treat as one phase. In order to establish a numerical model
better fitted with the actual concrete material, the polished
uncracked concrete specimen used in the NSSCM test is used
to take the image for obtaining the cross section, which is
shown in Figure 6(a). Taking advantage of the actual con-
crete cross section and image processing technology, a two-
dimensional four-phase concrete numerical model with 3
mesocracks is established as shown in Figure 6(b), in which
the red zones represent mortar, yellow zones represent ITZ,
blue zones represent aggregate, and green zones represent
crack. Since the aggregates have much higher resistance to ionic
diffusion than the other phases, they are assumed to be im-
permeable. In other words, ionic migration happens only in
mortars, ITZs, and cracks. Outside aggregates, aureole of ITZ
shells wrapping the aggregate is seen. The real thickness of ITZs
in ordinary concrete is said to be 30 ym-80 ym [23]. Therefore,
the thickness of ITZ layers is set to 50 ym in the present model.
By the way, the mesocracks located at the edge of concrete
bottom are created based on the principle of mechanics of
fracture. The mesocrack quantity set in this model is from 0 to
3. In addition, according to the National Standard JTG D62-
2004 [24], the maximum allowed crack width of reinforced
concrete is 200 ym, so the mesocrack widths set in this model
are 50 ym, 100 ym, 150 ym, and 200 ym.

3.3. Migration Parameters and Boundary Conditions. For the
four-phase cracked concrete numerical model herein, the
chloride diffusion coefficient in aggregates is defined as D ,.



Since the aggregates are assumed to be impermeable, the
value of D, is 0m?/s. The ionic diffusivity in the mortar
phase is defined as Dy, which is determined by the NSSCM
test, which equals to 6.69 x 10™** m?/s. In addition, the ionic
diftusivity in ITZ phases (defined as Dy) is suggested to be
1.3-16 times that of in the mortar phases (defined as D))
[14, 25, 26]. In this paper, D is set to 8 times of D), which
equals to 5.35x 107" m*/s. For the chloride diffusion co-
efficient (defined as D) in the crack, Djerbi et al. [7]
considered the value of the chloride diffusion coefficient in
the crack is much larger than the coefficient in mortar. D is
only related to crack width, and it has no relationship with
the type of binder. The relationship between crack width and
ionic diffusivity described by Djerbi is as follows:

2x 107N w—-4x10719,
) 14 x 1070,

30<w<80um
(7)

w > 80 ym,

where w is the crack width (ym).

Meanwhile, Sahmaran [19] performed an experimental
study and found that the relationship between ionic diftusivity
and crack width can be determined by the function as follows:

D¢, =(34.58 +0.002w”) x 107", (8)

In this study, the chloride diffusion coefficient (D) in
the crack phase can be calculated by the average value be-
tween (7) and (8); that is, D = (D¢ + D¢,)/2. Hence, the
values of D for 50 um, 100pm, 150 ym, and 200um
mescocrack widths set in this numerical model are
4.98x107""m?/s, 9.74x107" m?/s, 10.97 10" m?/s, and
12.73x10~"" m?/s, respectively.

Furthermore, deicing salt is often used in winter on the
surface of RC bridges in order to melt the snow and avoid
traffic accidents. Components of deicing salt are mainly so-
dium chloride (NaCl) and calcium chloride (CaCl,). Hence,
chloride ions in melted snow solution will penetrate into
concrete gradually. Vu and Stewart [27] illustrated that the
statistical mean value of chloride-accumulated concentration
on the surface of RC bridges under the action of deicing salt in
the cold region is 3.5 kg/m?, the coefficient of variation is 0.5,
and the distribution is lognormal. Zhang et al. [28] measured
the chloride concentration on the surface of the girder and
pier stud of overpass in Beijing under the action of deicing
salt. The statistical mean concentration value is equal to
3.0kg/m’. Hence, the concentration of the chloride ions on
the surface of concrete is equals to 3.5 kg/m’ (59.83 mol/m>).
Besides, the initial and boundary conditions can be de-
termined and listed in Table 4. Element mesh of the concrete
two-dimension multiphase numerical model used in the
present study is shown in Figure 7, which is divided into the
triangle mesh with the maximum unit size of 2mm and
the smallest unit size of 0.0075mm according to the finite
element analysis software FEA.

4. Simulation Results and the Prediction
Model for Reinforcement Corrosion

4.1. Effect of Relative Humidity on Chloride Migration. In this
section, based on the numerical model of the uncracked
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TaBLE 4: Initial and boundary conditions.

Concentration boundary y=0mm C = 59.83 mol/m’
conditions y=50mm  C=0mol/m’
x=0mm  J=0mol/m’

Flux boundary conditions J = 0 mol/m®

C = 0 mol/m’

x =100 mm

Initial boundary conditions t=0

FiGURE 7: Element mesh of the concrete numerical model.

concrete and amendatory chloride migration equation (6),
the effect of relative humidity in concrete on chloride mi-
gration is discussed. In general, moisture exists in pores of
concrete in gaseous state and liquid state when the relative
humidity in concrete is less than 45% and more than 45%,
respectively [29]. Therefore, chloride migration concentra-
tion distribution profiles under 50%, 70%, and 100% relative
humidity in concrete are simulated in this study, and the
results are shown in Figure 8.

From Figure 8, it can be concluded that the depth of
chloride migration in concrete reduces with the decrease of
relative humidity. So, it is weak for the ability of chloride
migration under a small value of relative humidity, which
means that the action of chloride diffusion is restrained and
chloride ions are gathered in some locations of concrete in
this situation. When the relative humidity increases due to the
existence of the new chloride solution on the surface of
concrete, the previous gathered chloride ions combined with
new chloride ions will increase the concentration gradient and
ability of chloride diffusion. Hence, in cold regions, chloride
ions solution made by melted snow and deicing salt will
migrate into concrete and saturated concrete. Because of the
evaporation of liquid solution, relative humidity in concrete
reduces, diffusion of chloride ions is stopped, and they will
gather in the superficial layer of the concrete cover. When the
relative humidity is increasing again due to melting of snow
by deicing salt, the new chloride ions combined with the
previous gathered chloride ions will induce a more initial
concentration of chloride diffusion, speed of chloride mi-
gration, total chloride flux, and depth of chloride migration.
Therefore, it is serious for the durability of RC structures
under the action of chloride solution wetting-drying cycles.

4.2. Effect of Crack Quantity on Chloride Migration.
Crack quantity is a key parameter to estimate the damage
degree of RC structures. Hence, the quantitative analysis of
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FiGure 8: Concentration distribution profiles of the chloride ions under the effect of relative humidity in concrete at 1 year.

the effect of crack quantity on chloride diffusion is important
for evaluating the durability of RC structures under chloride
ions aggressive environment. In this section, the crack width
is set to 0.20 mm and the quantity of cracks is set to 0-3 in
the numerical models for analyzing the influence of crack
quantity on chloride migration. Figure 9 shows the con-
centration distribution profiles of chloride ions in concrete
with different crack quantities at different time within 1 year.

From Figure 9(a-i) and (b-i), it can be seen clearly from
the profiles that when the crack exists in concrete, chloride
concentration near the cracked zone increases rapidly and
chloride concentration is higher in the cracked zone than
that in other zones. From Figure 9(b), it can be observed that
the chloride ions can migrate into concrete not only along
with the parallel axis but also the vertical axis of cracks,
which can be concluded that the way of chloride migration
in the crack zone of concrete is two-dimensional. In addi-
tion, with the increase of crack quantity, the profile of the
chloride ions migration increases and spreads to the whole
concrete cross section gradually. All these phenomena are in
a good agreement with the experimental study for chloride
diffusion. Besides, from Figure 9(b-iii), (c-iii), and (d-iii), as
a new crack occurs, the influence of the new crack on the
chloride migration profile is significant at the crack zone but
not significant at the zone away from the crack. From
Figure 9(d), it can be concluded that the chlorine concen-
tration in the middle of two adjacent cracks is greater than
that of the chloride ions away from the crack, and the higher
the crack quantity, the greater the penetration depth of the
chloride ion in the same time. For the zones between two
adjacent cracks, concentration of the chloride ions is lower
than that at the tip of cracks. The greater crack quantity leads
to a greater depth of chloride penetration.

Moreover, the average concentrations of the chloride
ions penetration within 1 year in each whole simulated
concrete model are calculated to better evaluate the effect of
crack quantity on chloride flux (chloride concentration) in
concrete. The results are shown in Figure 10.

As can be seen from Figure 10, with the increase of crack
quantity, the average chloride ions concentration in the
concrete is improved, which means that more chloride ions
have penetrated into concrete. Moreover, the increase rate of
chloride concentration per unit time is decreased with the
increase of erosion time, which means that chloride con-
centrations have an attenuate tendency during the whole
diffusion process.

70% la 100% la
30 20 10 0

4.3. Effect of Crack Width on Chloride Migration. For ex-
perimental studies, it is difficult for them to reveal effect of
crack width on chloride migration in concrete because the
self-healing of cracks leads to uncontrollable artificial crack
widths [30, 31]. Also, qualities of specimens used in ex-
periments are different, so the results of experimental studies
are discrete and not compelling. To avoid the issues dis-
cussed above, numerical simulation is used to further an-
alyze the effect of crack width on chloride migration in
concrete in this section. Figure 11 shows the simulation
results of the concentration distribution profiles of the
chloride ions in concrete with different crack widths and
crack quantities at 0.1 year.

As can be seen from Figure 11, it can be concluded that
the areas of chloride migration (concentration distribution
profile) are increasing with the increase of crack width and
crack quantity. From Figure 11(a-i), (b-i), and (c-1), it can be
seen that the concentration distribution profiles do not
change much with the different quantity of 0.05 mm crack,
which means that the effect of crack narrower than 0.05 mm
on chlorine migration in concrete is not significant.
Meanwhile, it can be seen from Figure 11(a-ii) and (b-ii),
(a-iii) and (b-iii), and (a-iv) and (b-iv) that concentration
distribution profiles of chloride ions are obviously enhanced,
which means that a crack wider than 0.5mm can signifi-
cantly increase the concentration of chloride ions penetration
into concrete. In addition, as can be seen obviously from
Figure 11(b-iii) and (b-iv), concentration of the chloride ions at
the tips of cracks and surrounding areas of cracks is increased
with the increase of crack width, which shows that the increase
of crack width leads to the expansion of chloride ions diffusion
flux in concrete. Also, it can be inferred that the internal
boundary of the crack will approximately equal to the concrete
exposed boundary along with the increase of crack width. In
this situation, chloride concentration internal of the crack is not
determined by the process of chloride diffusion, and it directly
equals to the concentration of chloride source on the surface of
concrete. So a wide width of the crack can greatly accelerate the
diffusion process of the chloride ions in concrete, and the
influence of cracks on chloride ions diffusion will be more
significant along with the increase of chloride ions erosion time.

At the same time, in order to further intuitively judge
and quantify the impact of crack width on chloride mi-
gration in concrete, the average chloride concentration
(diffusion flux) in the whole concrete cross section with
different crack widths and crack quantities is calculated in
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Figure 9: Concentration distribution profiles of chloride ions in concrete with different crack quantities within 1 year. (a) Uncracked
concrete and concrete with (b) 1x 0.2 mm crack, (c) 2x0.2mm crack, and (d) 3 x 0.2 mm crack.

the numerical model within 1 year in different time, and the
results are shown in Figure 12.

As can be seen from Figure 12, the average chloride
diffusion flux is increased with the increase of crack width
and crack quantity. Comparing with change of crack width
from 0 mm to 0.05 mm, 0.10 mm to 0.15 mm, and 0.15 mm to
0.20 mm, the increment of the chloride ions diffusion flux is
the most significant as the crack width increases from
0.05 mm to 0.10 mm. It shows that the chloride ions get more
diffusion power for migrating into cracked concrete when
the crack width reaches 0.05mm and the acceleration

process and influence scopes are obviously increased with
the increase of the crack width.

4.4. Influence of Cracking on Reinforcement Corrosion.
The rebar embedded in concrete is not prone to corrosion
within a short time in sound concrete due to the high and
stable alkalinity of concrete solution. From previous work in
this study, cracks lead to a higher chloride diffusion coefficient
of concrete under the action of the higher osmotic pressure in
cracked concrete. Moreover, cracks of concrete cover often
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FIGURE 10: Average chloride concentration in concrete influenced by crack quantity.
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Ficure 11: Concentration distribution profiles of chloride ions in concrete with (a) 1 crack, (b) 2 cracks, and (c) 3 cracks with different crack
widths and crack quantities at 0.1 year.

provide a more easy access for ingress water and oxygen in The depth of the concrete cover is the main factor af-
concrete to the surface of the rebar, which results in accel-  fecting the steel corrosion; that is, the position of the rebar is
erating corrosion of the rebar. Therefore, investigations on  affected by different concentrations of chloride ions. It
concentration of chloride ions on the surface of the rebar  should be noted that the depth of the concrete cover of
under the different crack and time conditions of chloride =~ 30mm is used to interpret the influence of cracking on
penetration are important to be pursued. reinforcement corrosion in the numerical model of the
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Figure 12: Comparisons of average chloride concentration on the surface of the rebar between models (different crack widths and

quantities). Crack quantity: (a) 1, (b) 2, and (c) 3.

study. The concentrations of the chloride ions for the lines at
the distance of 30 mm from the bottom edges of concrete
models are calculated to establish the prediction model
under different crack conditions. The other thicknesses of
concrete cover can be studied by the proposed method, but
they are not studied to save space.

For quantitatively analyzing this issue, concentration
boundary (y = 0) is set to 1 (mol/m?) and crack frequency is
used to represent the quantity of cracks per meter. Hence,
the values of crack frequency for 1, 2, and 3 cracks in
concrete models used in this study are 10, 20, and 30 per
meter in the models of this study. The location of the line
for calculating the average chloride concentration in the

FiGure 13: Calculation line for average chloride concentration.
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TABLE 5: Values of the undetermined coefficients.

Coefficient a b c d

e f g h i j

Value

501x1072 —841x1072 —3.28x107° —-418x10" 3.96x107° 1.91x 1072 6.67x107"

8.03x1072 2.82x10™° 5.35x1072

0.14 0.20
% mg
=012 35
£ £ 0.15
5010 g
£ 0.08 g
] § 0.10 |
o
S 0.06 S
-l -
— -
o ]
= 0.04 S
S 5 0.05 |
o &
£ 0.02 g
[
z . z
0.00 = - 0.00¢
00 01 02 03 04 05 06 07 08 09 1.0 0.0
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Average chloride concentration (mol/ m?)

Time (a)
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-v- 0.10 mm crack

(c)

FiGure 14: Comparisons of average chloride concentration on the surface of the rebar between models (different crack widths and

frequency). . Crack frequency: (a) 10, (b) 20, and (c) 30.

numerical model is the blue one shown in Figure 13. The
calculated results of average chloride concentrations on the
simulated surface of the rebar under different conditions
(erosion time, crack frequency, and crack width) are listed in
Table 5. Based on Table 5, the curves of average chloride
concentration on the simulated surface of the rebar related
to different crack widths and frequencies are shown in
Figure 14 to understand the tendency for the influences of
cracks on rebar corrosion.

From Figure 14, it can be seen that the tendency of
chloride concentration on the simulated surface of the rebar

is increasing, which is as the same as that of chloride
concentration in the whole concrete cross section. In ad-
dition, the increasing rate of chloride concentration on the
simulated surface of the rebar is greater than that of chloride
concentration in the whole concrete cross section along with
the erosion time, and it can be indicated that the chloride ion
can affect the corrosion behavior of the rebar in a short time.
Moreover, from Figure 14, it can be concluded that, for the
same crack width and crack frequency, chloride concentration
increases linearly with the increase of erosion time. For the
same erosion time and crack width, chloride concentration
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TABLE 6: Statistical parameters.
R? F P
0.974 646.994 4.16x107""®

R? is the coefficient of association. The value approaching 1 represents
a good correlation between data and regression equation. The larger the F
value is, the more significant the regression equation is; P is the probability
value of F value. The smaller the P value is, the more reliable the regression
equation is. In summary, the regression equation is reliable for predicting
concentration of chloride in concrete.

increases linearly with the increase of crack frequency. For the
same crack frequency and erosion time, chloride concen-
tration increases linearly with the increase of crack width.
Therefore, considering the computational accuracy and
convergence rate of the prediction model, a quadratic mul-
tivariate linear regression equation is established as the
prediction model to quantitatively evaluate the concentration
of chloride ions on the simulated surface of the rebar under
the effect of erosion time, crack frequency, and crack width.
The established regression equation is as follows:

Cor=a+bxT+cxM+dxD+exTxM
+fXMXxD+gxTxD+hxT*+ix M+ jxD?,
(9)

where a ~ j are undetermined coeflicients of the regres-
sion equation, Cgr is the chloride concentration on the
surface of the rebar embedded in concrete (mol/m?), T is the
time of chloride penetration (a), M is the crack frequency
(quantity/m), and D is the crack width (mm). The least
squares method is used for the regression analysis to fit the
regression equation with simulated data, and the values of
undetermined coeflicients are listed in Table 5.

The statistical parameters of the regression equation is
calculated and listed in Table 6.

Rebar corrosion is an electrochemical process. The
corrosion current density (i.,,,) of the rebar during the rebar
corrosion process can be used to monitor the corrosion
behavior such as corrosion rate. Qu [32] established an
empirical model for i, of the rebar embedded in concrete
related to climate and external environment by performing
a controlled climate experiment for reinforced concrete. The
model is as follows:

RE 16072 / 77\ 0.3879 1)/ 04447
i =2486(02) () (oss)
45 10 0.35
4\ e (10)
. <E> (k)1.7376,
where i, is the corrosion density (uA/cm?), d is the depth

of concrete cover (mm), w/c is the water cement ratio, and k
is the content of chloride ions on the surface of rebar (%).
RH is the relative humidity (%) and T is temperature (°C).
Considering the control conditions of the models in this
study and the most advantageous migration conditions for
chloride ions, the value of RH, T, w/c, and d can be de-
termined as 100%, 25°C, 0.45, and 30 mm, respectively.
Hence, (10) can be rewrite as follows:

Advances in Materials Science and Engineering

i =10.567 x kK"77°, (11)

ICOIT

Base on (9) and (11), corrosion current density of the
rebar under the effect of chloride migration is determined as
follows:

(12)

lcorr

1.7376
oore = 10.567 x (—Cf X Cor MCI)

Pcr

where Cgy is the chloride concentration on the surface of the
rebar embedded in concrete (mol/m*); C; is the concentration
of diffusion source on the surface of concrete (mol/m?); M-
is the molar mass of the chloride ion, 35.5 g/mol; and pg- is
the density of chloride solution (g/m?). In general, it is be-
lieved that when the corrosion current density of the rebar
reaches 0.1 (uA/cm?), the rebar begins to rust.

Therefore, based on (9) and (11), corrosion behavior of
the rebar embedded in concrete considered cracking situ-
ations, external environment conditions can be predicted,
and corrosion time can be predicted by considering
0.1 yA/cm? as critical corrosion current density of rebar.

Besides, it is also suggested by researches that the du-
rability of RC structures is seriously degraded when the
corrosion depth of the rebar reaches more than 0.1 mm.
Therefore, 0.1 mm can be treated as the critical corrosion
depth of the rebar for predicting the service life of RC
structures. The relationship between corrosion depth and
corrosion current density of metal can be described by
Faraday’s law:

6t — Alcorrt’ (13)
psnF

where &, is the corrosion depth of metal (mm); A is molar
mass of iron ion, 56 g/mol; i, is the corrosion current
density (yA/cmz); t is the time of corrosion (a); n is the
number of electrons of iron ion, n=2; F is the Faraday
constant, 9.65 x 10* C/mol; and p, is the density of the rebar,
7.86 g/cm’. Therefore, the prediction model for corrosion
depth of the rebar can be established as follows by con-
sidering the nonuniformity of the corrosion current density
under the conditions discussed in this study from time t, to
t, based on (12) and (13):

4
8, =227x107° L (C, x Cgr) " dt,
0

Cor = 5.01 X 102 =8.41 x 10 °T =328 x 10 °M —4.18
x10'D+3.96x10°T-M+191x 10 °M-D
+6.67x107'T-D+8.03x107°T% +2.82 x 10 M?*

+5.35x%x 1072D?.
(14)

4. Conclusions

In this paper, based on the NSSCM test for concrete
specimens, a numerical study is presented for investigating
the mechanism of chloride ions in cracked concrete theo-
retically by establishing two-dimensional four-phase finite
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element models of cracked concrete with different crack
widths and crack quantities. Based on the concrete finite
element models, influences of saturability, crack width, crack
quantity, and erosion time on chloride migration behavior
and characteristics are studied:

(i) The increase of crack quantity and crack width leads
to a greater depth and diffusion flux of chloride
penetration in concrete. That is, with the increase of
crack width and crack quantity, chloride migration
will aggravate.

(ii) The influence of relative humidity on the action of
chloride diftfusion is significant. Hence, chloride
solution wetting-drying cycles will increase the
concentration of chloride penetration sources in the
superficial layer of the concrete cover, which is
serious for the durability of RC structures.

(iii) Moreover, a regression equation for predicting
chloride concentration is established based on the
simulation results in this study, and two methods
for predicting service life of RC structures are
discussed in this study, which can be used by en-
gineers to estimate the migration behavior of
chloride and rebar corrosion degree in RC struc-
tures in a short time and evaluate duration of RC
structures after knowing the status of cracks and
chloride migration sources.
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