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Abstract: The cracks in concrete are a fast transport path for chlorides and influence the service life of
concrete structures in chloride environments. This study aimed to reveal the effect of crack geometry
on chloride diffusion in cracked concrete. The chloride diffusion process in cracked concrete was
simulated with the finite difference method by solving Fick’s law. The results showed that the
apparent chloride diffusivity was lower in more tortuous cracks, and the cracks with more narrow
points also showed lower apparent chloride diffusivity. For tortuous cracks, a higher crack width
meant relatively more straight cracks, and consequently, higher apparent chloride diffusivity, while a
lower crack width resulted in more tortuous cracks and lower apparent chloride diffusivity. The crack
depth showed a more significant influence on the chloride penetration depth in cracked concrete
than crack geometry did. Compared with rectangular and V-shaped cracks, the chloride diffusion
process in cracked concrete with a tortuous crack was slower at the early immersion age. At the same
crack depth, the crack geometry showed a marginal influence on the chloride penetration depth in

cracked concrete during long-term immersion.

Keywords: cracked concrete; crack width; crack depth; tortuosity; numerical simulation

1. Introduction

In chloride environments such as marine areas, the chloride diffusivity of concrete
is considered to be the key point that determines the service life of reinforced concrete
structures [1-3]. The chloride concentration threshold value that initiates the corrosion
process is designated as the critical chloride concentration with respect to the binder
content [4]. This value is usually taken in the range of 0.5-0.9% for tidal and splash zones,
and 1.6-2.3% for submerged structures [5]. Normally, cracks always exist in concrete due
to shrinkage, external load or other reasons [6,7]. The crack in concrete could act as a path
for the fast transport of chlorides, thus accelerating the chloride transport in concrete [8].

Numerous experimental studies have shown that the chloride diffusivity in cracked
concrete is significantly influenced by the crack geometry [9,10]. Crack width is regarded
as the most important factor that influences the chloride diffusivity in cracked concrete [8].
General findings on this topic have been obtained [11-13]. The chloride diffusivity in a
concrete crack is not influenced by the crack width when the crack width is very small
(smaller than a low threshold). Under this circumstance, the cracks do not act as a fast
transport path for chlorides, and the chloride diffusivity in concrete cracks is close to that
in sound concrete. When the crack width is very large (bigger than a high threshold),
the chloride diffusivity in a concrete crack is also independent of the crack width. The
chlorides could be transported very quickly in the cracks, and the chloride diffusivity in
concrete cracks is considered to be equal to the chloride diffusivity in bulk crack solution.
When the crack width is between the low and high thresholds, the chloride diffusivity
is obviously influenced by the crack width. However, the values for the low and high
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thresholds, and the relationships between the chloride diffusivity in a concrete crack and
crack width, varied in previous studies [8].

Djerbi et al. [14] adopted a steady-state migration test to study the influence of crack
width on chloride diffusivity in cracked concrete. The chloride diffusivity in concrete cracks
was also calculated in their study, and the relationship between the chloride diffusivity
in concrete cracks and crack width was established. The low and high thresholds in
their study were 30 pm and 80 um, respectively, and the calculated chloride diffusivity in
concrete cracks increased linearly with the crack width when the crack width was between
30 pm and 80 um. Non-steady-state migration and diffusion methods were adopted by
several researchers to study the effect of crack width on the chloride diffusivity in concrete
crack [15,16]. The low threshold ranged from 30 um to 120 pm, and the high threshold
was between 80 um and 680 um. There is still no consensus on the exact values of the low
and high thresholds. The different concrete compositions, crack generation methods and
chloride diffusion test methods may be the reasons for the different results.

In addition to the crack width, the crack depth, tortuosity, connectivity and surface
roughness could also influence the chloride transport process [17-21]. Marsavina et al. [22]
found that the chloride penetration depth increased with an increasing (artificial) crack
depth. This effect was more pronounced for longer test durations. Similar results were
also found by Audenaert [13]. The chloride diffusivity in real concrete cracks was lower
than that in artificial rectangular cracks and V-shaped cracks, and the chloride diffusivity
in C30 cracks was higher than that in C80 cracks [11]. This was mainly because the
cracks in concrete with a low water-to-binder ratio may be blocked due to the self-healing
phenomenon, thus hampering the chloride transport process [23].

Due to the uncertainties during experimental studies, especially the geometry of
the induced cracks in concrete, the influence of crack geometry on chloride diffusivity
in concrete cracks has not been clearly revealed yet. In experimental studies, the crack
geometry cannot be controlled when introducing real cracks in concrete, and human
influences always exist when experiments are performed. For example, when studying the
effect of crack width, cracks with the same width at the concrete surface could be created,
but the crack geometry will vary in different concrete specimens. Hence, it is difficult to
systemically study the effect of geometry on chloride diffusion in cracked concrete with
experiments. Under this circumstance, numerical methods could provide a more promising
solution to this question [8]. With simulation studies, experimental errors can be eliminated,
and cracks with desired geometries can be implemented in the simulations. In this study;,
the chloride diffusion process in cracked concrete was simulated. The apparent chloride
diffusivity in concrete cracks with different geometries was calculated, and the effect of
crack geometry on the chloride diffusion in cracked concrete was discussed.

2. Simulation Methods
2.1. Numerical Method

The chloride diffusion process in cracked concrete follows the mass conservation
equation and Fick’s diffusion law [1]. In general, the chloride diffusion process in cracked
concrete can be described as follows:

oC ,
Fri div(D - gradC) 1)
where C is the chloride concentration, t is time and D is the chloride diffusivity in sound
concrete or crack solution.

To overcome the computational limitations, the chloride transport process in concrete
can be simulated with simplified 2D elements [24]. For the case of 2D, Equation (1) becomes:

oC dC,_dC oC,_dC
g—g(Dg)‘F@(D@) 2
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The Crank-Nicholson finite difference method was used to solve Equation (2). The
finite difference approximation of Equation (2) can be written as follows:

CLt = Cl Dy /2,iClyaj — (D(i+1)/2,j + D(i—l)/ZJ) Cli = Dii-1)2,iCita

At 2 x (Ax)?
1 1 1
| DGty (D112 D12 ) Gl = Doy 2, G0
2 x (Ax)? )
D (j+1)/2CT 1 — (Di,(j+1)/2 + Di,(j—l)/Z) Cii = Di(i-1)2Ci 1
2 x (Ay)®
1 1 1
. Dyj1)2C1h = (Digiy/a + Digio1yr2) €l = Digjony oClihy
2 x (Ay)®

where C"4 is the chloride concentration at nod (i,j) at time step n; D;; is the chloride
d1ffus1v1ty at nod (1, j); Dix1)/2,is Dii-1)/2,, Di, (,+1 )72 and D; (i1, are the harmonic means of
Dj;1jand D;j, D; 1 and D;j, D; 11 and D;j, D; ;1 and D; j, respectively [25]. By solving the
1mphc1t d1fference equatlons, the chloride concentratlon distribution in cracked concrete at
different times, i.e., the chloride diffusion process, can be obtained. A self-written MATLAB
(MathWorks, Natick, MA, United States) program was used to solve the diffusion equation.
The Crank-Nicholson difference scheme is stable unconditionally, therefore, the numerical
solutions are always convergent [26].

2.2. Simulation of the Steady-State Chloride Diffusion Process

In order to reveal the influence of crack geometry on the chloride transport in cracked
concrete, steady-state diffusion in cracked concrete with different crack geometries was
simulated. The flux through the outlet surface at a steady state can be determined and can
then be used to calculate the chloride diffusivity in the specimen.

For a cracked concrete specimen, this method can be used to determine the chloride
diffusivity in the cracks. This calculated chloride diffusivity is regarded as the apparent
chloride diffusivity in crack D", which is influenced by the crack geometry [11]. On the
other hand, the chloride diffusivity in crack solution D, is independent of crack geometry
but is determined, instead, by the characteristic of the crack solution [27].

Figure 1 shows a schematic illustration of the simulated steady-state diffusion in
concrete with a crack in 2D. A 1 cm X 1 cm square is used to represent the cracked
concrete specimen. The whole domain was digitized into a 1000 x 1000 mesh when
performing the finite difference analysis. The initial chloride concentration at every nod
was 0 mol/L. Dirichlet boundary conditions [25] were applied in the simulations. The
chloride concentrations at the inlet surface (x = 0 mm) and outlet surface (x = 10 mm)
were set to be 1 mol/L and 0 mol/L, respectively. The upper and lower surfaces were
considered to be impermeable, which meant that chloride flux through these two surfaces
was zero. A crack existed at the center of the specimen, and the chloride diffusivity in the
crack solution D, was assumed to be 1.61 x 10~? m?/s, which is the chloride diffusivity
in dilute NaCl solution at 25 °C [28]. In order to study the effect of crack geometry on the
chloride diffusion in the crack, the chloride diffusivity in the sound concrete (D) was set
to be zero for simplicity. The time-step was set to be 10~ years.

The simulation in MATLAB program stopped when the chloride concentration in
concrete stopped changing, which meant that steady-state diffusion had been achieved.
Consequently, the chloride concentration distribution in this cracked concrete and the flux
J through the outlet surface at a steady state could be determined through simulation.

The chloride diffusivity of the whole specimen D can be calculated according to

Fick’s law:
_J L

= AAC @
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where A is the area of the outlet surface, L is the length of the specimen and AC is the
chloride concentration difference between the inlet and outlet surfaces. Assuming that the
sound concrete is impermeable, the chloride only diffuses through the crack. Therefore,

]cr = ] (5)

where ], is the flux through the crack at a steady state and it can be calculated as follows:
aC,

Jor = _Dch;r |x=outlet Acr (6)

where A, is the area of the crack at the outlet surface. The flux ], and chloride concentration
distribution can be obtained with the simulation. Based on Fick’s law, the apparent chloride
diffusivity in the crack D,” can be determined as follows:

/ ]CV L
== — 7
cr Acr AC ( )
By substituting Equation (4) into Equation (5), the relationship between D.," and D,
can be described as follows:

oC L
Dér = _DCVT;|x:outlet R

®)

It should be pointed out that, D.;" may be equal to D when the crack is a straight
rectangle with parallel crack surfaces, which is almost impossible for cracks in real concrete
structures. In other cases, D.,” is lower than D, and the difference between them is
dependent on the crack geometry.

Icm

D,=0 m%s

Cl- g Pure
1 mol/L = water
D, =1.61x10"° m%/s

Figure 1. Illustration of the simulated steady-state diffusion in cracked concrete.

2.3. Simulation of Non-Steady-State Chloride Diffusion in Cracked Concrete

The chloride diffusion process in cracked concrete actually determines the service
life of concrete structures in chloride environments. Assuming that a cracked concrete
specimen is immersed in NaCl solution, an illustration of the simulation settings is shown
in Figure 2. The whole domain was digitized into a 1000 x 500 mesh when performing
the finite difference analysis. The initial and boundary conditions included the following:
the chloride concentrations at the left surface and right surface were 0.555 mol/L and
0 mol/L, respectively, while other surfaces were sealed; the initial chloride concentration
in the crack was considered to be 0.555 mol/L since the solution would enter into the
crack due to capillary suction, and the initial chloride concentration in the concrete was
set as 0 mol/L. The chloride diffusion process was also simulated by solving Equation
(1) with the finite difference method. The chloride diffusivity in the sound concrete
was set as 1.0 x 10711 m?/s, which is a typical value for widely used concrete with a
water-to-binder ratio of over 0.45 [29]. The chloride diffusivity in crack solution D, was
set to be 1.61 x 107" m?/s [28]. The time-step was 10~ years. The crack width at the
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concrete surface was 0.6 mm. Rectangular, V-shaped and real cracks were investigated in
the simulation.

—_—

cl- 0.6 mm
0.555 mol/L
—_—

‘ 50 mm

| |
: 100 mm l

Figure 2. Illustration of the simulation settings for the non-steady-state chloride diffusion simulation
in cracked concrete.

3. Results and Discussion
3.1. Effect of Crack Geometry on the Apparent Chloride Diffusivity in the Crack

In order to reveal the effect of crack geometry on the chloride diffusivity in concrete cracks,
the chloride diffusion process in cracks with different widths and geometries was simulated.
The input crack geometries are shown in Figure 3. Crack 1 was a straight crack with parallel
crack surfaces. Crack 2 was a V-shaped crack with different widths at the chloride inlet and
outlet surfaces. Cracks 3, 4 and 5 were tortuous cracks with folding lines as the crack surfaces.
The tortuosity of these cracks followed the order of crack 5 > crack 4 > crack 3 > crack 1. Crack
6 was a real crack in C30 concrete from [30]. The crack width d ranged from 30 pm to 5 mm,
and the width of crack 2 at the outlet end (d;) was set to be 100 um.

a]

Crack 1

Crack 5 Crack 6

Figure 3. Crack geometries adopted in the simulation.

The apparent chloride diffusivity of the different cracks is shown in Figure 4. For
the straight crack, the apparent chloride diffusivity in the crack was constant and equal
to the chloride diffusivity in the crack solution. This means that the crack width did not
influence the apparent chloride diffusivity in the straight crack. For the V-shaped crack,
the apparent chloride diffusivity in the crack increased with the crack width at the inlet
surface. It became a straight crack when the crack width at the inlet surface became 100 pm,
which was equal to the width at the outlet surface. The apparent chloride diffusivity in
the V-shaped crack kept increasing and exceeded the chloride diffusivity in crack solution
when the crack width at the inlet surface was higher than 100 um. This was because the
higher crack width at the inlet surface led to higher chloride flux through the inlet and
outlet surfaces, resulting in higher apparent chloride diffusivity in the crack.



Crystals 2021, 11, 742

60f 11

25L T Crack 1
—e— Crack 2

Crack 3
20F  —s—Crack 4
——Crack 5

é‘S 15k —*—Crack6
Qo
1.0
05
0.0 . .
10 100 1000

Crack width at the inlet surface/um

Figure 4. The effect of crack width on the apparent chloride diffusivity of concrete crack.

For tortuous cracks, the apparent chloride diffusivity in the cracks also increased with
crack width, but it did not exceed the chloride diffusivity in crack solution. When the width
of a tortuous crack was large enough (i.e., 5 mm), the apparent chloride diffusivity of the
crack became close to the chloride diffusivity in crack solution. The large crack width made
the tortuous crack similar to the straight crack with parallel crack surfaces. The apparent
chloride diffusivity in the crack decreased with the increase in crack tortuosity. No matter
how large the crack width was, the apparent chloride diffusivity in the cracks followed
the order of crack 1 > crack 3 > crack 4 > crack 5. The results are in good agreement with
findings obtained from experimental studies [11]. When the crack width was very small, the
crack became more tortuous, and the apparent chloride diffusivity in the crack decreased.
When the crack width was 30 um, the apparent chloride diffusivities in cracks 3, 4 and 5
were 78%, 39% and 14% of the chloride diffusivity in crack solution, respectively. Hence,
when the crack width is very small (e.g., <30 um) and the crack geometry is complex, the
chloride cannot diffuse quickly in the crack. The apparent chloride diffusivity in the crack
would be close to that in sound concrete.

The real crack was also tortuous, and the apparent chloride diffusivity in the real
crack was close to that of crack 4, which implies that real cracks could be simplified as
fold-line cracks when simulating the chloride diffusion process. The detailed geometry of
this fold-line necessitates further study to assure better agreement with reality. Moreover,
the apparent chloride diffusivity in rectangular cracks was obviously higher than that
in real cracks, especially when the crack width was under 1 mm. The apparent chloride
diffusivity D, in rectangular cracks is width-independent, while D" in real cracks is
governed by crack width.

When simulating the chloride diffusion process in cracked concrete, determination of
the crack geometry and the chloride diffusivity in the crack is the most important aspect.
Normally, in simulations, the crack geometry could be set as rectangular, V-shaped or
real-shaped. If a real tortuous crack is simplified to be a rectangular crack, the chloride
diffusivity in the crack should be width-dependent to reflect the effect of crack geometry
on the chloride diffusivity [31].

In addition to the cracks shown in Figure 3, the chloride diffusion process in cracks
with other geometries (as shown in Figure 5) was simulated. Cracks 7, 8 and 9 were
tortuous cracks with narrow points. The width at the narrow points (d;) was smaller than
the crack width at the surface (d). In the simulation of chloride diffusion, d was set to
be 100 pm, while the d, values were set as 20 um, 40 pm, 60 pm and 80 um, respectively,
to investigate the effect of narrow points” width on the chloride diffusion in the cracks.
The calculated apparent chloride diffusivities in the cracks with narrow points are shown
in Figure 6.
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B W
o] 1

Crack 9

Figure 5. Geometries of tortuous cracks with narrow points adopted in the simulation.

1.0 = s = n
09F
Q 08}
/A —a— Crack 1
0.7 —e—Crack 7
—&— Crack 8
0.6 | —v— Crack 9
0.5 L

20 40 60 80 100
Width at the narrow points (d,)/pm

Figure 6. The apparent chloride diffusivity in cracks with narrow points.

For cracks with narrow points, the apparent chloride diffusivity decreased with the
reduced width at the narrow points. For example, in crack 7, when the narrow point was
80 um wide, the apparent chloride diffusivity in the crack was slightly lower than the
chloride diffusivity in crack solution, whereas when the width of the narrow point was
20 pum, the apparent chloride diffusivity in the crack reduced to about 85% of the chloride
diffusivity in crack solution. In addition, with more narrow points existing in the crack,
the reduction in apparent chloride diffusivity with the reduced width at the narrow points
was more significant. As for crack 8, the apparent chloride diffusivity in the crack was
lower than that in crack 7; it decreased to 74% of chloride diffusivity in crack solution when
the narrow points were 20 um wide. The apparent chloride diffusivity in crack 9 was 59%
of chloride diffusivity in crack solution when the width of the narrow points was 20 um.
It was, therefore, obvious that the narrow points in the cracks also showed a significant
influence on the apparent chloride diffusivity in cracks.

Based on the simulations of the steady-state diffusion process, it can be concluded
that the crack geometry, including the crack width, tortuosity and narrow points, showed
a great impact on the apparent chloride diffusivity in cracks. When the chlorides enter
the narrow points, the interaction between the crack surface and the chloride will be more
pronounced and will hinder the fast diffusion of chlorides [32].

When the width of a real crack is small, the crack is generally more tortuous and has
more narrow points. Therefore, the apparent chloride diffusivity in the crack will be very
small, and may be close to the chloride diffusivity in sound concrete. When the crack width
is large enough, the crack is more like a straight crack, whose apparent chloride diffusivity
is close to the chloride diffusivity in crack solution.
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3.2. Effect of Crack Geometry on the Chloride Diffusion Process in Cracked Concrete

The non-steady-state chloride diffusion process in cracked concrete was simulated
using the finite difference method. Rectangular, V-shaped and real cracks were adopted
in the simulations. The detailed geometries of these cracks are shown in Figure 7. The
rectangular cracks had different crack depths (i.e., 25 mm, 35 mm and 45 mm). The depth of
the V-shaped and real cracks was set to be 45 mm. The geometry of real crack was adopted
from [33]. All of the cracks had a crack width of 0.6 mm at the left surface of the specimen.

V-shaped crack

I 35 mm ! M

Rectangle crack Real crack

Figure 7. The crack geometries used in non-steady-state diffusion simulation (crack width at the left
surface: 0.6 mm).

The simulated chloride concentration distributions in concrete with rectangular cracks
after one year of immersion in NaCl solution are shown in Figure 8. The chloride penetrated
the concrete specimen quickly through the crack, and the chloride penetration depth was
largely dependent on the crack depth. A higher crack depth led to a deeper chloride
penetration depth. Hence, the crack depth is the key factor that influences the service life
of concrete structures in chloride environments. The chlorides also penetrated concrete
through the crack surfaces; hence, the chloride concentration in concrete near the crack
surfaces was also increased due to the presence of cracks.

558
500

Rectangular crack - 25 mm - 1 year

400

300

Rectangular crack - 35 mm - 1 year 200

100

mmol/L

Rectangular crack - 45 mm - 1 year

Figure 8. The simulated chloride concentration in cracked concrete with rectangular cracks after one

year of immersion in NaCl solution.

The chloride concentration distributions in cracked concrete with different crack ge-
ometries are shown in Figure 9. At the immersion age of 0.01 years, it was quite obvious
that the chloride concentration in the real tortuous crack was lower than that in the rect-
angular and V-shaped cracks. The tortuous crack inhibited the fast chlorides’ diffusion in
concrete cracks. When the immersion age increased, the chloride concentration distribu-
tions in different cracked concretes were close to each other. The chloride concentrations
at the height of 25 mm in cracked concrete (i.e., at the center of the cracked concrete in
the vertical direction) are shown in Figure 10. At the immersion age of 0.01 years, the
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Chloride concentration/ mol/L

600

500

400

300

200

100

chloride concentration at the real crack tip was much lower than that in the rectangular
and V-shaped cracks, and for the real crack, the chloride concentration beyond the crack tip
was also lower than that in the other two. At the immersion age of one year, the chloride
concentration distributions in cracked concrete with rectangular and V-shaped cracks were
almost the same. The chloride concentration in the real crack was only slightly lower
than that in the rectangular and V-shaped cracks. This suggested that the crack geome-
try influenced the chloride diffusion process in cracked concrete soon after the chloride
penetrated the crack. However, for a long-term immersion with a given crack depth, the
crack geometry did not show much influence on the chloride penetration depth in cracked
concrete. In comparison, the influence of crack depth was more significant than that of
crack geometry on the chloride penetration depth in cracked concrete in the long term.

333
500
400
300
200
100
0

mmol/L

V-shaped crack - 0.01 year Real crack - 0.01 year

Rectangular crack - 0.01 year

Rectangular crack - 0.1 year V-shaped crack - 0.1 year Real crack - 0.1 year

| Rectangular crack - 1 year V-shaped crack - 1 year Real crack - 1 year

Figure 9. The chloride concentration distribution in concrete with different crack geometries.

600
Rectangular crack - 0.01 years i
~ — V-shaped crack - 0.01 years T e W
Real crack - 0.01 years S
=
T L e X
g
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr S 300 AN\
Q
=)
S
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, QO 200 }F
(]
e
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777 S ol Rectangular crack - 1 year
5 —— V-shaped crack - 1 year
0 Real crack - 1 year
40 60 80 100 0 20 40 60 80 100
Depth/mm Depth/mm
(a) (b)

Figure 10. The chloride concentrations at the height of 25 mm in cracked concrete: (a) at the immersion age of 0.01 years;

(b) at the immersion age of one year.

Generally, in cracked concrete, the crack width influences the short-term chloride
diffusion process, but for long-term chloride diffusion, the influence of crack depth is more
significant. That is, the crack depth is the main factor that influences the residual service
life of a cracked concrete structure in chloride environments. Moreover, when predicting
the residual service life of cracked concrete structures with numerical methods, the real
crack could be simplified as rectangular (or other shaped) crack in the simulations.
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4. Conclusions

Based on the simulations of steady and non-steady states of chloride diffusion in
cracked concrete, the effects of crack geometry on the chloride diffusion behavior in
cracked concrete were discussed. The following conclusions can be drawn.

(1) The apparent chloride diffusivity was lower in more tortuous concrete cracks. In ad-
dition, the narrow points in the cracks also showed a significant influence on the
apparent chloride diffusivity in the cracks.

(2) When the crack width was very large, the apparent chloride diffusivity in tortuous
cracks became almost equal to that in crack solution. When the crack width was
small and the crack was more tortuous, the apparent chloride diffusivity in the crack
reduced remarkably.

(3) The crack depth showed a more significant influence on the chloride penetration
depth in cracked concrete than crack geometry did.

(4) Compared with rectangular and V-shaped cracks, the chloride diffusion process
in cracked concrete with a tortuous crack was slower at the early immersion age,
whereas with the same crack depth for a long term, the crack geometry showed a
marginal influence on the chloride penetration depth in cracked concrete.
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