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Abstract

Chloride-induced reinforcement corrosion primarily contributes to the deterioration of
concrete structures. Cracks provide natural pathways for chloride ions, which accelerate the
corrosion process and shorten the service life of structures. In this study, the morphologies
of flexural cracks in the pure bending section are extracted through destructive testing,
and a crack database containing 51 samples is established. These samples are defined as
four crack morphologies as follows: equal-width, wedge-shaped, two-step, and three-step
cracks. Subsequently, cracked concrete models were constructed, followed by a full factorial
design containing 144 operating conditions to investigate the effects of crack morphology,
width, depth, and their interactions on chloride diffusion. The results show that crack
morphology significantly affects chloride diffusion behavior. The equal-width crack model
exhibits the highest chloride diffusion rate, whereas the wedge-shaped crack model exhibits
the lowest. At a crack width of 0.15 mm and a depth of 35 mm, the maximum relative error
in chloride concentration between the two models is 94.5%. As the crack depth increases,
the effect of crack morphology on chloride diffusion becomes increasingly significant,
whereas increasing crack width tends to diminish this effect. Additionally, a rebar corrosion
initiation assessment method based on the guarantee rate is proposed, and the effect of
crack morphology on the corrosion initiation time is analyzed via a case study.

Keywords: bridge engineering; crack morphology; chloride diffusion; cracked concrete;
corrosion initiation assessment

1. Introduction
Bridges encounter various durability issues during their service life. The resulting

degradation significantly reduces their lifespan, compromises the safety of vehicles and
pedestrians, and causes substantial economic losses [1,2]. Among these issues, chloride-
induced corrosion of steel reinforcement contributes primarily to the deterioration of
concrete durability [3–5]. During service, bridges are inevitably subjected to combined
loads and environmental factors that can result in cracking. Cracks shorten the path of
aggressive media to the reinforcement surface and accelerate the corrosion process [6].
Disregarding the effect of cracks on chloride diffusion may result in an overestimated
durability for structures [7]. Therefore, the chloride diffusion behavior in cracked concrete
warrants detailed investigation.

In recent years, researchers have investigated chloride diffusion behavior in cracked
concrete. Two methods are primarily used in experimental studies to create cracks: non-
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destructive and destructive methods. Marsavina et al. [8] prefabricated cracks by inserting
copper sheets and found that chloride penetration depth increased with crack depth. Wang
et al. [9] used steel plates of varying thicknesses to investigate the effects of crack width,
depth, and spacing on chloride diffusion. The results showed that crack width and spacing
were key factors affecting the diffusion rate. However, cracks generated by non-destructive
methods differ significantly from the actual morphologies. To mimic the actual crack
morphology, researchers have adopted destructive methods, such as splitting [10–13],
bending loading [14] and expansive core methods [15]. The crack morphology obtained
using these methods is more realistic than those yielded by non-destructive methods.
However, the crack parameters cannot be controlled precisely, and internal damage to
concrete during crack formation is inevitable. Therefore, accurately characterizing realistic
crack morphology and examining its effect on chloride diffusion remain critical challenges
for durability assessment of cracked concrete structures.

In cracked concrete, the crack parameters interact with each other, and the experimen-
tal research methods present some limitations. Thus, numerical simulations have been
performed to address this issue, which not only reduce the time cost but also facilitate
the independent analysis of crack parameters [16–19]. Some studies treat crack surfaces
as concentration boundaries in simulations. However, this simplification disregards the
initial diffusion and accumulation of chloride ions within cracks, making it fail to capture
early-stage diffusion behavior and more suitable for later stages of chloride ingress. To
address this limitation, cracks can be modeled as a diffusion medium with diffusion coeffi-
cients assigned based on the transport characteristics within cracks, enabling more realistic
simulation of chloride transport. The relationship between the diffusion coefficient within
the crack and its width has been investigated extensively. Jang et al. [7], Djerbi et al. [20],
and Park et al. [21] discovered a critical crack width; below this value, the crack minimally
affected chloride diffusion, whereas above it, the diffusion coefficient within the crack
increased with its width. The approach of defining a crack as a diffusion medium has been
widely applied in numerical studies of chloride diffusion.

Investigating chloride diffusion in cracked concrete from a mesoscopic perspective
improves the accuracy of durability assessment. Sun et al. [22] considered concrete as a four-
phase composite material and predicted its chloride diffusion coefficient. Peng et al. [23]
treated cracked concrete as a five-phase material and investigated the effects of the chloride
diffusion zone as well as the width and length of cracks on chloride permeability. Model-
ing at the mesoscopic scale is crucial, since aggregate geometry and heterogeneity affect
chloride transport. Yang et al. [24] revealed that circular aggregates provide more direct
and permeable pathways, whereas convex polygonal aggregates lead to more tortuous
paths with reduced diffusion. The development of Computed Tomography (CT) scanning
technology enables the actual distribution of aggregates to be obtained through scanning
and then applied to numerical simulations, thus improving simulation accuracy.

This study focuses on flexural cracks in bridge superstructures exposed to marine
environments and induced by loading, aiming to clarify their effects on chloride diffusion
for durability assessment. A crack database is established by extracting dimensional
information of flexural cracks in the pure bending section of destructive tests, and four
typical crack morphologies are categorized based on the variation in the crack width with
depth. Subsequently, a chloride diffusion model is constructed and validated against
long-term exposure test data, providing a reliable foundation for further simulations. On
this basis, the four crack morphologies are incorporated into the validated model, and a full
factorial analysis is performed to investigate the effects of crack morphology, width, depth,
and their interactions on chloride ingress. Finally, a corrosion initiation assessment method
based on the guarantee rate is proposed and applied in a case study. This work establishes
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a systematic framework to quantify the influence of crack geometry on chloride transport,
offering new insights for durability evaluation and service-life prediction of reinforced
concrete structures in marine environments.

2. Extraction of Typical Flexural Crack Morphologies
2.1. Specimen Design

P·I 52·5 cement was used during the casting of the test beam due to its high early
strength and stable long-term performance, and its composition is shown in Table 1 [25].
Class I fly ash generated by a power plant was selected, with a 45 µm sieve residue of 9.7%,
with its composition listed in Table 2 [26]. The specific surface area of the slag powder
used was 368 m2/kg. The fine aggregate comprised river sand with an apparent density of
2600 kg/m3, a fineness modulus of 2.9, and a mud content of 1.0%. The coarse aggregate
used was continuously graded limestone crushed stone with a particle size of 5–20 mm,
an apparent density of 2700 kg/m3, and a bulk density of 1480 kg/m3. A RHEOPLUS326
water-reducing agent and a MICRO AIR202 air-entraining agent were used. The concrete
mix proportion is presented in Table 3.

Table 1. Composition of cement.

Composition Alkali Content Free CaO SiO2 MgO SO3 Chloride Ions Loss on Ignition

(%) 0.77 2.16 0.79 1.92 2.05 0.019 1.94

Table 2. Composition of fly ash.

Composition Free CaO CaO Al2O3 MgO SO3 Fe2O3 SiO2 Loss on Ignition

(%) 0.62 3.03 24.12 0.55 0.63 5.76 60.81 2.59

Table 3. Concrete mix proportion.

Water-to-
Binder Ratio

Cement
(kg)

Fly Ash
(kg)

Slag
(kg)

Fine Aggregate
(kg)

Coarse Aggregate
(kg)

Water
(kg)

Water Reducer
(kg)

0.31 240 50 185 730 1015 146 4.98

In total, two beam specimens were fabricated and tested in this study. The length,
width, and height of the test beam were 2000 mm, 180 mm, and 200 mm, respectively,
with the dimensions determined based on the cross-sectional data collected in a previously
established database of 630 destructive tests on concrete beams [27]. The lower section of the
girder contained a bundle comprising 7ϕs15.2 high-strength prestressed steel strands [28].
The main reinforcements were HRB400 ribbed steel bars, whereas the frame and hoop
reinforcements were HPB300 round steel bars [29]. The bottom of the beam was reinforced
with three longitudinal tensile bars with a diameter of 16 mm, whereas the top was
equipped with two frame bars with a diameter of 8 mm. The hoop bars, which were
distributed along the beam span, had a diameter of 6 mm and a spacing of 100 mm. The
concrete strength grade was C50, and the protective layer thickness was 30 mm. The specific
dimensions and reinforcement details of the specimen are shown in Figure 1. Prestressing
was applied to the test beam via the post-tensioning method. The specimen preparation
process, including casting and curing, was carried out in accordance with the Chinese
standards [30–32]. After casting, all beams were cured for 28 days at a temperature of
20 ± 2 ◦C and relative humidity above 95%.
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Figure 1. Elevation and cross-sectional reinforcement details of the test beam.

2.2. Testing Procedure

The calculated span of the test beam was 1600 mm, and the length of the midspan
pure bending section was 500 mm to ensure bending failure of the test beam. The test
was conducted using a microcomputer-controlled electro-hydraulic servo universal testing
machine (Shandong Bangce Testing Machine Co., Ltd., Jinan, China) according to GB/T
50152-2012 [31]. A loading frame and a distribution beam were employed to distribute
the applied load evenly into two loading points, while two supports were installed at
the bottom, thereby forming a standard four-point bending configuration. Specifically,
one end was supported by a hinged support and the other end was supported by a
sliding support. The schematic illustration of the loading is shown in Figure 2. Strain
gauges were attached to the concrete surface to measure strain. Displacement gauges were
arranged at the supports on the top of the specimen to measure support displacements, and
additional gauges were installed beneath the beam at the loading points and at midspan to
record deflection.

 

Figure 2. Schematic of loading device.

Prior to the experiment, the test beam was preloaded by applying a 10 kN load,
which was maintained for 2 min and then removed to verify the stability of the beam and
the operating conditions of instruments. After confirming normal conditions, monotonic
displacement-controlled loading was applied using the built-in servo-hydraulic closed-loop
control system, with a displacement increment of 1 mm per step and a control accuracy of
±0.001 mm. Once the target displacement was achieved, the development of cracks in the
test beam was observed. During this process, the load level was recorded, and images of
the flexural cracks in the pure bending section were captured for further analysis.

To improve the accuracy of the test and compensate for the disadvantages of conven-
tional observation methods, the digital image correlation (DIC) technology was introduced
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to comprehensively monitor the full-field deformation and crack propagation of the test
beam [33]. Random speckle images were arranged at the back of the test beam, and a 12 mil-
lion pixels Hikvision industrial camera (model MV-CU120-10UM, Hikvision, Hangzhou,
China) with a resolution of 4024 × 3036 was used to continuously capture images of the
speckle area. This resolution was maintained consistently throughout the entire testing
process, ensuring sufficient pixel accuracy. By comparing the speckle images before and
after loading, the full-field deformation distributions of the test beam under different loads
and the local crack propagation were accurately extracted [34]. The noncontact nature
of the DIC method effectively avoids the interference of the conventional displacement
gauge with the surface of the specimen while providing detailed quantitative data pertain-
ing to the crack regions and overall deformation. Combining DIC with the conventional
crack observation method enables the comprehensive monitoring of crack locations and
their propagation.

At the initial loading stage, the surface of the test beam had no visible cracks and
remained elastic. When the displacement of the beam reached 2 mm, which corresponded
to a load of 30 kN, a small crack appeared in the pure bending section. As the load in-
creased, the initial crack propagated, and several new cracks developed at a relatively high
crack-propagation rate. When the load reached 160 kN, the beam experienced a significant
loss in stiffness, and crack propagation decelerated as the neutral-axis position changed.
After the reinforcement yielded, some of the stress originally borne by the reinforcement
was transferred to the concrete, thus causing the crack width to increase rapidly. During the
subsequent loading, the compressed concrete zone diminished gradually and the compres-
sive stress continued to increase. As the displacement increased, the load–displacement
curve started to descend, indicating that the beam had failed, and the loading was stopped.
The failure was characterized by crushing of the concrete in the compression zone, observed
as blocky spalling, as shown in Figure 3a. The crack distribution during the failure stage of
the test beam is shown in Figure 3b. Simultaneously, the principal strain cloud diagram
generated from the DIC data at the critical failure stage of the test beam, as shown in
Figure 3c, aligned closely with the actual crack distribution.

 
(a) 

 
(b) 

 
(c) 

Figure 3. Failure of the test beam: (a) failure mode of the test beam; (b) crack distribution; (c) principal
strain cloud diagram.
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2.3. Method for Extracting Crack Morphology

To establish a crack database, images of flexural cracks in the pure bending section at
each load stage were obtained. First, the captured crack image was imported into image-
processing software for initial processing to remove interference, as shown in Figure 4b.
Next, the gray-level thresholding method, which has been widely applied in digital image
processing to separate crack regions from the background, was employed to binarize
the image [35]. In this step, crack and background pixels were represented as 0 and 1,
respectively, as shown in Equation (1). After binarization, Gaussian filtering was applied to
remove noise and residual interference. The refined image is shown in Figure 4c.

I(x, y) =

{
1, F(x, y) ≥ T
0, F(x, y) < T

(1)

where F(x, y) is the gray value of any pixel in the original image, I(x, y) is the gray value
of the pixel after gray threshold segmentation, and T is the gray threshold, which was set
to 128.

 

Figure 4. Crack dimensions extraction: (a) original image; (b) image after preprocessing; (c) binarized
image; (d) simplified image; (e) crack dimension data.

To obtain complete crack information and analyze the variation in the crack width
with depth, a ruler was used in the images for calibration. Since the structural measurement
plane was kept parallel to the imaging plane, the scaling factor method could be applied, as
shown in Equation (2). MATLAB 2023 was used to extract information from the processed
images. To improve computational efficiency without compromising accuracy, a 2-pixel in-
terval sampling method was adopted based on its high consistency with the original image,
as shown in Figure 4d. The crack width at any depth was calculated using Equation (3). To
account for the 2-pixel interval sampling, the width was corrected by a factor of 2 to obtain
the actual crack width. The final extracted crack dimensions are presented in Figure 4e.

a =
lr
lp

(2)
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wi = (
m

∑
j=1

δ(imgij, 0)) · a · 2 (3)

where lr is the actual crack length, lp is the pixel length, and a is the scale factor. m is the
number of columns in the image, wi is the crack width at row i, and imgij is the pixel value
at row i and column j. The indicator function δ(imgij, 0) = 1 when imgij = 0, indicating a
cracked region; otherwise δ(imgij, 0) = 0.

Key geometric parameters of each crack were obtained by piecewise fitting the ex-
tracted crack data, and a database with 51 crack samples was established. The fitting results
showed significant differences in the variation patterns of crack width with depth. Based
on these variation patterns, the cracks can be defined as the following categories: (1) cracks
with minimal fluctuations in width with depth, such as Figure 5a, which are relatively
constant and defined as equal-width cracks; (2) cracks with larger fluctuations in width
with depth that decrease approximately linearly, such as Figure 5b, which are defined as
wedge-shaped cracks; and (3) cracks with stepwise variation in width with depth, which
exhibit distinct geometric segmentation characteristics, as shown in Figure 5c,d. These
cracks can be further classified into two-step and three-step cracks. Since the width was
extracted at the pixel level, errors may occur for fine cracks. The piecewise-fitting method
reduced such errors and showed good agreement, as indicated by the high R2 values for
each crack morphology.

  
(a) (b) 

  
(c) (d) 

Figure 5. Crack width-depth relationship fitting: (a) equal-width crack; (b) wedge-shaped crack;
(c) two-step crack; (d) three-step crack.

2.4. Crack Morphology Models

Based on the fitting results of each sample, the key parameters were extracted to
develop parametric models of the four typical crack morphologies. Figure 6 presents
both the parametric models and their corresponding geometric schematics. The detailed
parameters are summarized in Table 4, where w0 and d0 denote the initial crack width
and the crack depth. Owing to the limited representation of wedge-shaped crack, the
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geometric model was based on the traditional wedge-shaped crack characteristics to ensure
applicability and validity.

  
(a) (b) 

 
(c) (d) 

Figure 6. Parametric models and corresponding geometric schematics of typical flexural cracks:
(a) equal-width crack; (b) wedge-shaped crack; (c) two-step crack; (d) three-step crack.

Table 4. Key geometric parameters of typical flexural cracks.

Parameter Symbol Mean Standard Deviation Coefficient of
Variation

Linear slope of crack width
along crack depth αs −0.00873 0 0

Ratio of the second step width to w0
(two-step) α1 0.387 0.107 0.276

Ratio of the second step width to w0
(three-step) α2 0.613 0.060 0.098

Ratio of the third step width to w0
(three-step) α3 0.254 0.028 0.110

Ratio of the first step depth to d0
(two-step) β1 0.385 0.082 0.213

Ratio of the depth where the second
step begins to d0 (two-step) β2 0.462 0.099 0.214

Ratio of the first step depth to d0
(three-step) β3 0.256 0.075 0.293

Ratio of the depth where the second
step begins to d0 (three-step) β4 0.313 0.081 0.259

Ratio of the second step depth to d0
(three-step) β5 0.639 0.099 0.155

Ratio of the depth where the third
step begins to d0 (three-step) β6 0.690 0.098 0.142
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3. Chloride Diffusion Model Based on Long-Term Exposure Testing
3.1. Long-Term Exposure Test Results

An exposure test station located in northern China experiences harsh environmental
conditions characterized by (1) significant temperature fluctuations ranging from −16.9 ◦C
to 38.9 ◦C; (2) a long ice period lasting approximately 60 days annually, with 47 to 52
freeze–thaw cycles; and (3) high seawater salinity between 29.4‰ and 32.9‰. Thus, it is
suitable for long-term exposure testing.

Cubic specimens with 100 mm sides were prepared and placed at the exposure test
station in October 2009. Each specimen was coated with epoxy resin on four sides, leaving
two opposite faces exposed, and was oriented vertically at the test station. The station
consists of four zones corresponding to different marine environments: the atmospheric
zone (+6.0 m), the splash zone (+2.0 m), the tidal zone (+0.1 m), and the submerged
zone. The details of the exposure test station can be found in the previous study [19].
This study focuses on chloride diffusion in bridge superstructures, with emphasis on
specimens from the splash and atmospheric zones. Chloride concentration tests were
conducted on splash zone specimens after 1, 2, 3, 5, 8, 12, and 13.7 years of exposure, and
on atmospheric zone specimens after 1, 3, 12, and 13.7 years. The testing method was as
follows: First, the specimen was ground in layers within a depth range of 0–30 mm. Then,
the chloride concentration at different depths was measured using the silver nitrate titration
method. Finally, fitting analysis based on Fick’s second law was performed to calculate the
surface chloride concentration and the chloride diffusion coefficient. Their time-dependent
variations are shown in Figure 7. The concrete age reduction factor was obtained by fitting
the diffusion coefficients of the splash zone specimens. Because the same materials were
used for the splash zone and atmospheric zone specimens and the age-reduction factor
depends on the concrete composition, the result is applicable to the atmospheric zone
specimens [36]. After 1-year exposure, the diffusion coefficients in the atmospheric and
splash zones were 0.2119 × 10−12 m2/s and 0.4013 × 10−12 m2/s, respectively. Therefore,
the function of the diffusion coefficients was shown in Equation (4).

Dt =

{
Dt,s = 0.4013 · (1/t)0.6129, for splash zone
Dt,a = 0.2119 · (1/t)0.6129, for atmospheric zone

(4)

where Dt,s and Dt,a represent the diffusion coefficients for the splash zone and the atmo-
spheric zone, respectively. t is the diffusion time.

  
(a) (b) 

Figure 7. Long-term exposure test results: (a) surface chloride concentration; (b) concrete age
reduction factor.
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3.2. Corrected Chloride Diffusion Model

In recent years, researchers have introduced multiple correction factors into the con-
ventional diffusion model to adjust the diffusion coefficient, thereby establishing a modified
model that accounts for environmental temperature, humidity, and chloride binding ca-
pacity. This model enables a more accurate description of chloride diffusion in concrete.
When test data are insufficient, it can be used to model the chloride diffusion in uncracked
concrete. The model is expressed as follows: C(x, t) = C0 + (Cs − C0)

[
1 − er f

(
x

2
√

D·t0m
1−m t1−m

)]
D = D0 · kT · kh · k f

(5)

where C(x, t) is the chloride concentration at depth x at time t, C0 is the initial chloride
concentration within concrete, Cs is the surface chloride concentration, x is the depth, and
D0 is the chloride diffusion coefficient at the reference time t0. kT , kh, and k f represent the
correction factors for temperature, humidity, and chloride binding capacity, respectively.
The concrete age reduction factor m is determined to be 0.6129 based on the exposure test
results. The error function is expressed as er f (u) = 2√

π

∫ u
0 e−t2

dt.
The correction factors are given as follows [37,38]:

kT = ( T2
T1
) · exp

[
q
(

1
T1

− 1
T2

)]
kh =

[
1 + (1−h)4

(1−hc)
4

]−1

k f =
1

1+ α

ω(1+βC f )
2

(6)

where T1 is the reference temperature, typically set to 293 K; T2 is the ambient temperature.
q is the water-cement ratio influence coefficient, which can be set as 6000, 5450, and 3850 for
water-cement ratios of 0.4, 0.5, and 0.6, respectively. h is the relative humidity, and hc is the
critical humidity, typically set to 75%. ω is the water content of the cementitious material,
and C f is the free chloride concentration. α and β are Langmuir constants, whose values are
11.8 and 4.0 for ordinary concrete, according to Ishida et al. [39].

As the exposure test data account for environmental factors and material properties,
the chloride diffusion model for undamaged concrete in this study can be simplified as:

C(x, t) = C0 + (Cs − C0)

1 − er f

 x

2
√

D0·t0
m

1−m t1−m

 (7)

3.3. Chloride Diffusion Model in Cracked Concrete

To describe chloride diffusion in cracked concrete, the transport in undamaged con-
crete and cracks should be calculated separately. The diffusion in undamaged concrete
is expressed in Equation (7). Experimental and numerical studies demonstrated that the
effects of cracks on the diffusion coefficient can be classified into three stages. Jin et al. [40]
improved the three-stage diffusion coefficient model by transforming it into a smooth curve
for more convenient application:

Dcr =


Dc, w < w1
Dcl+Dc

2 + Dcl−Dc
2 sin

[
π

(w2−w1)

(
w − w1+w2

2

)]
, w1 ≤ w ≤ w2

Dcl , w > w2

(8)
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where w is the crack width; w1 and w2 are the critical crack widths, with experimental
measurements indicating w1 = 0.03 mm, w2 = 0.12 mm; Dc denotes the chloride diffusion
coefficient in concrete; and Dcl is the chloride diffusion coefficient in free solution, which is
taken as 1.5 × 10−9 m2/s [41].

When the chloride mass fractions at the crack surface and in undamaged concrete at
the same depth are equal, the chloride in the crack undergo two-dimensional diffusion.
The two-dimensional diffusion equation is expressed as shown in Equation (9):

∂C
∂t

= Dc(
∂2C
∂x2 +

∂2C
∂y2 ) (9)

where x and y represent the diffusion depths along the x-direction and y-direction, respectively.

4. Chloride Diffusion Simulation Method in Cracked State
4.1. Simulation Method and Validation of Uncracked State

Chloride diffusion in concrete was simulated using COMSOL Multiphysics 6.1 [42].
Square models with side lengths of 100 mm were established based on the specimen dimen-
sions from the exposure tests. Concrete was assumed to be a homogeneous material. Only
chloride diffusion was considered, whereas convection and shear effects were disregarded.

In the model, Cs and Dc were determined from the exposure test results presented
in Section 3.1. The initial chloride concentration was 0.0029%. A concentration boundary
was applied to the concrete bottom. Triangular elements were used to mesh the model.
The simulation results were compared with experimental data from specimens exposed for
13.7 years, as shown in Figure 8. Quantitative evaluation using mean relative error (MRE)
and root mean square error (RMSE) showed that in the splash zone, the MRE and RMSE
were 29% and 0.064, respectively, whereas in the atmospheric zone, they were 49% and
0.028. Focusing on the upper 0–15 mm depth in the atmospheric zone, the MRE decreased
to 26%, indicating better agreement in shallow layers. The discrepancy at greater depths
is mainly due to the relatively low chloride concentration in the atmospheric zone, which
reduces the measurement accuracy of powdered samples in deeper regions. Overall, these
results confirm the validity of the numerical method. The validated uncracked model
serves as a baseline for the cracked state simulations, providing a reliable reference for
investigating the influence of flexural cracks on chloride diffusion.

  
(a) (b) 

Figure 8. Simulation results validation: (a) atmospheric zone; (b) splash zone.

4.2. Simulation Method of Cracked State

This study assumes that chloride initially diffuses separately in undamaged concrete
and crack region. When concentrations were equal at the same depth, two-dimensional
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diffusion commenced on the crack surface. Cracked concrete was simulated following
the method in Section 4.1, with crack geometries based on the four morphologies defined
in Section 2.4. The diffusion coefficient in crack region was determined according to
Equation (7), with values varying along the depth to match the corresponding crack width at
each position.

A triangular mesh was employed, with a mesh size of 1 mm in the bulk concrete,
whereas a refined mesh with an average size of 0.2 mm was applied near cracks to improve
the accuracy of the simulation. Figure 9 illustrates how cracks with different morphologies
were modeled in the simulation domain and provides detailed views of the crack regions
for each morphology.

 

Figure 9. Modeling of crack morphologies and mesh refinement.

To evaluate the effects of crack morphology, width, depth and their interactions on
chloride diffusion, a full factorial design with four crack morphologies, six crack widths,
and six crack depths was conducted, resulting in 144 simulation conditions. Parameter
settings are listed in Table 5.

Table 5. Simulation parameter settings.

Parameter 1:
Crack Morphology

Parameter 2:
Crack Width (mm)

Parameter 3:
Crack Depth (mm)

Equal-width 0.15 10
Wedge-shaped 0.20 15

Two-step 0.25 20
Three-step 0.30 25

/ 0.35 30
/ 0.40 35

4.3. Effect of Crack Morphology on Chloride Diffusion Behavior

Considering the splash zone as an example, Figure 10 shows 50-year chloride
diffusion results for four crack morphology models under two crack parameters sets:
w = 0.15 mm, d = 10 mm and w = 0.40 mm, d = 35 mm. The analysis focused on the maxi-
mum chloride concentration at a depth of 40 mm (rebar location) to examine the effect of
crack morphology.
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Figure 10. Simulation results of chloride diffusion. Figure 10. Simulation results of chloride diffusion.

To quantify the effect of crack morphology on chloride diffusion, the equal-width
crack model was used as the baseline, and the dynamic errors of the other three crack
morphology models relative to it were calculated. The results indicated that crack mor-
phology significantly affects the relative errors. Among the models, the wedge-shaped
crack model (Wedge) exhibited the largest errors, followed by the three-step crack model
(Three), whereas the two-step crack model (Two) exhibited the smallest. When the crack
width was 0.15 mm and the crack depth was 35 mm, the maximum relative error between
the equal-width and wedge-shaped models reached 94.5%.

Figure 11 shows the variation in relative errors under a constant crack width. The
results revealed that the relative errors increased with the crack depth at a constant crack
width. When the depth was less than 35 mm, the relative errors first increased and
then decreased. For wide cracks with a depth of 35 mm, the relative errors reached the
maximum at the very beginning of diffusion and then gradually decreased over time. The
phenomenon can be explained by the fact that cracks act as preferential pathways for
chloride. For shallow cracks, different crack morphologies amplify transport differences,
resulting in larger relative errors initially, which decrease as the chloride distribution
stabilizes. For wide and deep cracks, the larger crack space allows the peak relative errors
to occur earlier.

The relative errors between different crack morphologies and equal-width crack de-
creased with increasing crack width. Meanwhile, the error gaps between the two-step and
three-step models reduced gradually. This occurred because, at smaller crack widths, the
complexity of the crack morphology affected the diffusion path more significantly, thus
amplifying its influence on the diffusion behavior.

Additionally, the effect of the crack morphology on relative errors was analyzed while
keeping the crack depth constant. Figure 12 presents the dynamic variation in relative
errors for different crack morphologies at three crack depths. The results show that as crack
depth increased, the effect of crack morphology intensified, and the peak relative errors
exhibited significant dynamic variation. Further analysis indicated that increasing the
crack depth significantly affected the timing of peak relative errors. As the depth increased
from 10 to 35 mm, the average time for peak relative errors shifted from 28.2 to 2.0 years.
Moreover, the crack depth affected the sensitivity of the diffusion behavior to the crack
morphology, with peak relative errors exhibiting a wider range of dynamic variations at
greater depths.
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(a) (b) 
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Figure 11. Dynamic relative errors at constant crack widths: (a) crack width = 0.15 mm; (b) crack
width = 0.25 mm; (c) crack width = 0.40 mm.

  
(a) (b) 

 
(c) 

Figure 12. Dynamic relative errors at constant crack depths: (a) crack depth = 10 mm; (b) crack
depth = 20 mm; (c) crack depth = 35 mm.
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To further analyze the effect of crack morphology on chloride diffusion, the peak
relative errors between the three crack morphology models and the equal-width crack
model were compared, as shown in Figure 13. Results showed that peak errors increased
with crack depth but decreased with crack width. This is primarily because greater depth
extends the diffusion path, amplifying the influence of crack morphology, while greater
width expands the diffusion region, reducing its impact.

  
(a) (b) 

Figure 13. Peak relative errors of different crack morphologies: (a) variation with crack depth at
different widths; (b) variation with crack width at different depths.

Among the three crack morphologies, the wedge-shaped model showed the largest
peak error, whereas the two-step model showed the smallest. Compared to the equal-width
model, the difference in peak relative errors between them increased by 7.9%, 41.9%, and
49.0% as the depth increased from 10 to 35 mm at widths of 0.15, 0.25, and 0.40 mm,
respectively. As the width increased from 0.15 mm to 0.40 mm, this difference decreased by
6.2% and 4.7% at depths of 10 mm and 20 mm, but increased by 34.9% at 35 mm.

5. Corrosion Initiation Assessment Method
5.1. Development of Assessment Method

When the chloride concentration on the rebar surface reaches a critical threshold, the
rebar loses passivation and begins to corrode. To predict the corrosion initiation time, re-
searchers define a limit state function [43], such as Equation (10). However, the chloride
threshold value is set randomly and no consensus exists. Some researchers have proposed
probabilistic methods that account for the randomness of chloride diffusion [44–46]; however,
the implementation process of this method is rather complex. Therefore, a guarantee-rate-
based assessment method is proposed that considers the randomness of the chloride threshold
to provide guidance for bridge maintenance under different conditions.

g(t) = Cth − C(t) (10)

where g(t) is the limit state function, when g(t) ≤ 0, the rebar is considered corroded; Cth

is the chloride threshold concentration; and C(t) is the total chloride concentration on the
rebar surface.

5.2. Chloride Concentration Threshold

The chloride concentration threshold is typically expressed as the percentage of total
chloride content relative to the unhydrated cement mass, due to its ease of measurement
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procedure [47]. It is occasionally defined based on free chloride content, though this
approach has several limitations. Additionally, the chloride concentration threshold can be
expressed as [Cl−]/[OH−] [48].

Based on the data from Zhu et al. [49] and Angst et al. [50], the current data were con-
verted using Equation (11) to convert the chloride concentration threshold to be expressed
in terms of the total chloride content as a percentage of concrete mass:

CTcem

CTcon
=

Wtot

Wcem
(11)

where CTcem and CTcon are the chloride concentration thresholds defined using the un-
hydrated cement mass and concrete mass as the denominator, respectively; Wtot is the
concrete mass; and Wcem is the cement content.

The conversion results in the distribution pattern of chloride concentration threshold
as shown in Figure 14. In engineering applications, different quantiles can be selected based
on bridge maintenance conditions. For sufficient maintenance resources, a lower quantile
can be selected for a more conservative evaluation, thus ensuring higher reliability.

 

Figure 14. Distribution of chloride concentration threshold and its quantiles.

6. Case Study
6.1. Overview of the Prototype Bridge

The prototype bridge is a prestressed concrete structure with a 40 mm protective layer,
located in a marine environment in northern China; furthermore, this bridge is located close
to the exposure test station. To study the effect of crack morphology on rebar corrosion
initiation, different crack morphologies obtained from previous studies were applied in
numerical simulations. Concrete specimens from the exposure test station were scanned
using a GE V|tome|x S micro-CT system (Waygate Technologies, Boston, MA, USA) to
capture the actual internal aggregate distribution, owing to the proximity of the bridge
to the test station. The scanning device is shown in Figure 15. Scanning was performed
with an accelerating voltage of 220 kV, tube current of 200 µA, and an effective voxel
resolution of 71.15 µm. Prior to scanning, the system was calibrated using the standard
geometric and detector calibration procedures provided by the manufacturer to ensure
accurate representation of the internal structure. The scan results were binarized, and
the aggregate shapes served as the geometric basis for numerical modeling, as shown in
Figure 16.
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Figure 15. Micro-CT device for scanning concrete specimens.

 
Figure 16. CT scan-based aggregate geometric modeling.

6.2. Numerical Simulation

This section extends the chloride diffusion simulation in cracked concrete (Section 4.2)
by incorporating CT-derived aggregates. The numerical model comprises three phases:
mortar, aggregates, and crack. Crack propagation is assumed to bypass aggregates without
penetration. During the simulation, Boolean operations were used to subtract aggregates
from the geometric layers, ensuring chloride could not diffuse through the aggregates.

For the simulation conditions, the full-factorial experiment was not applied. The rela-
tionship between crack initiation width and depth was analyzed using the crack database.
Figure 17a shows that when the crack initiation width w < 0.5 mm, the relationship was
approximately linear, whereas for w > 0.5 mm, the increase in crack depth became less
significant as the width increased. Since cracks in service bridges are smaller than those
in destructive tests, samples with w < 0.5 mm were selected for analysis. The results
indicated a significant linear relationship between the crack initiation width and crack
depth within this range, as shown in Figure 17b.

Based on the above analysis, the parameter combinations listed in Table 6 were selected,
covering four crack morphologies and a total of 28 conditions. Taking the splash zone as
an example, Figure 18 presents the simulation results of chloride diffusion after 50 years
under two sets of parameters: w = 0.100 mm, d = 5 mm and w = 0.250 mm, d = 36 mm.
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(a) (b) 

Figure 17. Correlation analysis of crack dimensions: (a) sample observation data; (b) fitting analysis.

Table 6. Parameter combination setting.

Parameter Combination Crack Initiation Width (mm) Crack Depth (mm)

1 0.100 5
2 0.125 10
3 0.150 15
4 0.170 20
5 0.200 25
6 0.220 30
7 0.250 36

Figure 18. Simulation results of chloride diffusion for case study.

6.3. Results Discussion

The maximum chloride concentration at a depth of 40 mm was extracted for each
condition, and the corrosion initiation time was predicted using the method in Section 5.
For the atmospheric zone components, using parameter combination 7 as an example, the
corrosion initiation time is shown in Figure 19a. When the chloride concentration threshold
was set to the 0.1 quantile value (corresponding to a 90% guarantee rate), the corrosion
initiation times for equal-width, two-step, three-step, and wedge-shaped crack models
were 5.8, 6.5, 7.0, and 31.6 years, respectively. The difference in initiation time between the
wedge-shaped crack and the other three cracks was approximately 29 years. Figure 19b
shows the corrosion initiation times for the rebar in the splash zone under parameter
combination 7. For equal-width, two-step, three-step, and wedge-shaped crack models, the
corrosion initiation times were 0.8, 1.0, 1.1, and 3.3 years, respectively, with a difference of
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2.0 years between the wedge-shaped crack and the other three cracks. In both zones, the
equal-width model exhibited the highest growth rate, whereas the wedge-shaped model
exhibited the slowest. Therefore, as the quantile value increased, the difference between
the wedge-shaped crack model and the other models increased. Under identical crack
parameters, the corrosion initiation time in the atmospheric zone occurred much later than
that in the splash zone.

  
(a) (b) 

Figure 19. Assessment of rebar corrosion initiation based on guarantee rate: (a) atmospheric zone;
(b) splash zone.

7. Conclusions
In this study, the chloride diffusion behavior of cracked concrete in marine envi-

ronments was investigated through exposure tests, destructive test, and finite element
simulations. A corrosion initiation assessment method for rebar based on guarantee rate
was proposed. The main conclusions are as follows:

(1) A crack database containing 51 samples was established. The samples were catego-
rized into four typical crack morphologies: equal-width, wedge-shaped, two-step,
and three-step cracks.

(2) A numerical simulation for chloride diffusion in cracked concrete was performed,
and a full factorial experiment with varying parameters was conducted. With the
equal-width crack model as a reference, the wedge-shaped crack model exhibited the
largest relative error, whereas the two-step crack model exhibited the smallest. The
maximum relative error between the equal-width and wedge-shaped crack models
was 94.5%.

(3) An increase in the crack width prolongs the diffusion path of chloride ions, thereby
enhancing the effect of crack morphology on chloride diffusion behavior. In contrast,
an increase in crack depth expands the diffusion region and weakens this effect.

(4) When the crack initiation width of the flexural crack in the pure bending section
extracted from the destructive test was less than 0.5 mm, a clear linear relationship
was observed between the crack-initiation width and crack depth.

(5) A corrosion initiation assessment method for rebars based on the guarantee rate
was proposed, and a case analysis was conducted. The equal-width crack model
exhibited the earliest corrosion initiation time, whereas the wedge-shaped crack
model exhibited the latest. When the chloride threshold concentration was set to
0.1 quantile, the differences in the corrosion initiation time between the equal-width
and wedge-shaped crack models in the atmospheric and splash zones were 25.8 and
2.5 years, respectively.

(6) Equal-width cracks should be prioritized for monitoring and timely repair, while
wide or deep cracks also require focused inspection and protective measures to
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mitigate chloride ingress. Furthermore, the proposed methodology, when combined
with monitoring data from in-service bridges, enables a more accurate estimation
of reinforcement corrosion initiation time. Future research should focus on coupled
deterioration mechanisms and incorporating probabilistic or data-driven approaches
to improve corrosion initiation assessment of cracked concrete structures.
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