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Abstract. Reinforced concrete structures are widely used in construction due to their strength and
durability. However, in corrosive environments, corrosion-induced degradation can reduce the cross-
sectional area and strength of the reinforcement, ultimately resulting in structural failure. Corro-
sion pits in the reinforcement bar can act as stress amplifiers, causing localised stress concentration,
thereby initiating the growth of fatigue cracks when subjected to cyclic loading. The Paris law is
widely used to model fatigue crack propagation in metallic materials. It relates the crack growth rate
under cyclic loading to the stress intensity factor range through the material constants C and m. The
fatigue crack growth rate is typically divided into three stages, where the Paris law is valid in the
second stage. In this work, stage-I and stage-II are modelled using a linear and power law (Paris
law) relationship respectively. Existing studies have shown that the commonly accepted value of the
Paris law constants significantly underestimates the fatigue life of reinforced concrete structures in
corrosive environments. In this study, the crack growth coefficients for both stage-I and stage-II are
ascertained in an inert environment and a corrosive medium under varying stress ratios. An empirical
relationship between the constants for inert and corrosive environments is obtained. Thus knowing
the crack growth constants of the material in air, fatigue crack growth rate in corrosive environments
can be predicted.

1 INTRODUCTION

Chloride contamination is the primary cause
of corrosion in reinforced concrete (RC) struc-
tures, significantly reducing their durability [1].
Persistent erosion from the environment and re-
peated vehicle loads result in corrosion fatigue
damage in RC bridges for highways and rail-
ways [2, 3]. The combination of corrosion and
fatigue drastically reduces the expected lifes-
pan of these important structures [5–7]. Under-
standing the interaction between corrosion and
fatigue is essential for maintaining and repair-
ing these structures [8–10]. Fatigue cracks tend

to initiate at relatively low cyclic stress levels,
often at pre-existing surface defects, the roots
of rebar ribs, and corrosion-induced pits [4].
The progression of these cracks, known as cor-
rosion fatigue crack propagation (CFCP), sig-
nificantly influences the interplay between ma-
terial degradation caused by corrosion and fa-
tigue [11]. The fact that fatigue cracks can read-
ily initiate at weak points such as corrosion-
induced pits is noteworthy. The sudden failure
of tension reinforcement, which is the leading
cause of fatigue failure under corrosion fatigue,
is one manifestation of this detrimental com-
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bination [12]. In fact, the majority of the fa-
tigue life of a material is focused on the initia-
tion and growth of fatigue cracks [13]. In addi-
tion, the corrosion surrounding steel bars affects
the fatigue crack growth rate [14]. The man-
ner in which reinforced and pre-stressed con-
crete columns fail due to fatigue is also related
to how the reinforcing bars fail [15]. The devel-
opment of small and large cracks within rein-
forcing bars has a significant contribution to the
effects of fatigue on concrete structures [16].
The growth of fatigue cracks is influenced by a
number of factors, including how frequently the
stress changes and the surrounding environment
of the crack. These changes can be both exter-
nal (such as the size of the crack) and internal
(such as the composition of the material) [17].
Since the 1960s, researchers have investigated
the relationship between the lowest and highest
stress (stress ratio) and the rate at which cracks
develop. Corrosion of the steel bars in concrete
bridges is one of the most common causes of
their failure [1]. To build robust concrete struc-
tures, it is essential to understand how steel re-
inforcement deteriorates due to fatigue, particu-
larly from corrosion. The ongoing effort to un-
derstand the effects of corrosion on steel bars is
essential because it can significantly impact the
durability of concrete bridges over time [15].

The fatigue crack propagation (FCP) can be
dicivded into three stages: near-threshold FCP
(I stage), stable FCP (II stage), and unstable
FCP (III stage) as illustrated in Fig. 1(a). Be-
cause the unstable period frequently lasts for
few fatigue loading cycles, it is commonly ne-
glected in fatigue studies. As a result, research
has focused on the first two stages [17]. When
the failure occurs prematurely at a lower stress
level and a smaller number of load cycles, under
the combined action of fatigue loading and cor-
rosion, than that would be expected in the ab-
sence of the corrosive environment is referred to
as coupled corrosion fatigue phenomenon [18].
The threshold stress intensity factor for CFCP,
denoted as Kthcf , is observed to be smaller
compared to the threshold stress intensity, de-
noted as Kth, governing FCP in a chemically in-

ert environment, particularly evident in cases of
true corrosion fatigue as illustrated in Fig. 1(b).
This is because the corrosive medium reduces
the material’s resistance to FCP. The CFCP rate
is remarkably higher than it would be in an in-
ert environment once the applied stress intensity
range reaches Kthcf . The CFCP rate gradually
approaches the FCP rate in an inert environment
as ∆K rises.

In this study, the fatigue crack growth rate
curve of the reinforcing bar under a corrosive
environment is predicted based on the fatigue
crack growth rate rate curve of the reinforcing
bar in an inert environment. The stage-I and
stage-II of the fatigue crack growth rate curve of
the rebar in air and corrosive medium are mod-
elled using linear and power law relations re-
spectively. A correlation between constants in
the air and those from the corrosive medium is
developed using the empirical fitting, after ob-
serving trends in the coefficients across differ-
ent stress ratios. This enables predicting fatigue
crack growth in corrosive environment based on
inert medium crack propagation data, establish-
ing a connection between fatigue crack growth
and corrosion. The proposed model offers a
means to quantify fatigue crack evolution in re-
inforced concrete structures that are affected by
corrosion in aggressive environments.

2 ANALYSIS OF CORROSION FATIGUE
CRACK GROWTH RATE

The literature [19] presents experimental
CFCP plots of hot-rolled ribbed bar, with a
nominal yield strength of 400 MPa (HRB400),
characterised as a form of low-carbon steel.
This particular steel variant corresponds to the
Grade 60 ribbed rebar classification in ASTM
A615 (ASTM 2009). HRB400 finds extensive
application in concrete bridges, making it a fit-
ting choice for our research context and hence
was used for the analysis of crack propagation
in the current study.
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Figure 1: Corrosion fatigue Crack growth (a) three stages
of the FCP (b) True CFCP [19]

The test employed specially processed
single-edge notched bending SEN(B) speci-
men obtained from the reinforcing bar through
milling and wire cutting with the design of
the test specimen adhering to the specifications
outlined in ASTM E647 (ASTM 2013) and is
shown in Fig. 2.

Figure 2: Single-edge notched bending specimen geome-
tries (millimetres) [19]

The FCP tests were conducted following
ASTM E647 (ASTM 2013) specifications, with
two key factors: the environment (air, 3.5 %
NaCl solution) and load ratio (0.1, 0.2, 0.3, 0.5,
and 0.7). Tests were done on a fatigue machine
using a sinusoidal load at 10 Hz [19].

The FCP (da/dN versus ∆K) curve was di-
vided into two distinct parts; the initial part is
called the near-threshold FCP (Stage I) and the
second part is termed stable FCP (Stage II).
The minimum slope criterion successfully de-
marcates the two parts, as the slope changes
abruptly between the two regions and can be
easily visualised in Fig. 1b.

The plots for stress ratios 0.1, 0.2 and 0.3
were selected for fitting constants separately for
the two regions of the curve in an inert (air) and

corrosive medium (3.5% NaCl solution) [19].
The curve fitting for the first two stages is de-
scribed below.

Stage-I(
da

dN

)(I)

air
= mair

1 ∆K + Cair
1 (1)

(
da

dN

)(I)

NaCl
= mNaCl

1 ∆K + CNaCl
1 (2)

Stage-II(
da

dN

)(II)

air
= Cair

2 ∆Kmair
2 (3)

(
da

dN

)(II)

NaCl
= CNaCl

2 ∆KmNaCl
2 (4)

The constants for both the stages and envi-
ronments are given in Table 1 and Table 2 for
the different stress ratios.

3 MODELLING OF FATIGUE CRACK
GROWTH RATE

Upon comparing the constants of the FCP of
corrosive and inert environments, under differ-
ent stress ratios, both in Stage I and Stage II as
tabulated in Table 1 and Table 2, respectively, a
trend is observed. This relationship between the
constants in inert and corrosive evironments as
a function of the stress ratio are plotted in Figs.
3-6.

0.1 0.15 0.2 0.25 0.3

Stress ratio

4.5

5

5.5

6

m
1N

a
C

l +
  
m

1a
ir

10
-9 Stage-I

Figure 3: Trend observed in the constant m of Stage-I
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Table 1: Constants for Stage I of the Curve in Air and NaCl solution.

mair
1 mNaCl

1 mair
1 +mNaCl

1 Cair
1 CNaCl

1 Cair
1 + CNaCl

1

2.71E-09 3.23E-09 5.94E-09 -2.56E-08 -2.51E-08 -5.07E-08
2.54E-09 2.62E-09 5.16E-09 -2.07E-08 -1.73E-08 -3.80E-08
2.00E-09 2.40E-09 4.40E-09 -1.44E-08 -1.34E-08 -2.78E-08

Table 2: Constants for the Stage II of the Curve in Air and NaCl solution.

mair
2 mNaCl

2 mNaCl
2 −mair

2 Cair
2 CNaCl

2 CNaCl
2 − Cair

2

3.1 2.535 -0.565 3.40E-12 2.22E-11 1.88E-11
3 2.4 -0.6 3.56E-12 4.00E-11 3.64E-11

2.965 2.35 -0.615 4.47E-12 6.00E-11 5.55E-11

0.1 0.15 0.2 0.25 0.3

Stress ratio

-6

-5.5

-5

-4.5

-4

-3.5

-3

-2.5

C
1N

a
C

l +
  
C

1a
ir

10
-8 Stage-I

Figure 4: Trend observed in the constant C of Stage-I
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Figure 5: Trend observed in the constant m of Stage-II
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Figure 6: Trend observed in the constant C of Stage-II

The observation from Figs.3-6 shows the in-
fluence of environmental conditions on crack
propagation behaviour. Subsequently, a correla-
tion was fitted between the constants in air and
the corrosive medium for the two distinct seg-
ments of the crack growth curve. These corre-
lations reveal how materials and their surround-
ings interact, helping us understand the pro-
cesses governing crack growth. The resulting
relationships are given by Eqs. 5-8

For stage-I, we have

mNaCl
1 = 9.059× 10−9R2 − 1.096× 10−8R

+6.947× 10−9mair
1

(5)
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CNaCl
1 = −1.33× 10−7R2 + 1.562× 10−7R

−6.45× 10−8 − Cair
1

(6)

Similarly, for the stage-II, we have

mNaCl
2 = 0.2876R2 − 0.3885R− 0.623 +mair

2

(7)

CNaCl
2 = −1.244× 10−10R2 + 2.1632× 10−10R

−1.096× 10−12 + Cair
2

(8)
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Figure 7: Crack growth rate (da/dN versus ∆K) rela-
tionships in NaCl at a load ratio of 0.1

The crack growth rate in NaCl is given by
Eq. 2 and Eq. 4 for Stage-I and Stage-
II respectively. Substituting the values of
m1,m2, C1andC2 from Eqs. 5-8 respectively in

Eq. 2 and 4 therefore we get

(
da

dN

)(I)

NaCl
= (9.059× 10−9R2

−1.096× 10−8R

+6.947× 10−9 −mair
1 )∆K

+(−1.33× 10−7R2 + 1.562× 10−7R

−6.45× 10−8 − Cair
1 )

(9)

(
da

dN

)(II)

NaCl
= (−1.244× 10−10R2

+2.1632× 10−10R

−1.096× 10−12 + Cair
2 )

∆K(0.2876R2−0.3885R−0.623+mair
2 )

(10)
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Figure 8: Crack growth rate (da/dN versus ∆K) rela-
tionships in NaCl at a load ratio of 0.2
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Figure 9: Crack growth rate (da/dN versus ∆K) rela-
tionships in NaCl at a load ratio of 0.3

The crack growth rate curves were calibrated
for the stress ratios 0.1, 0.2 and 0.3, and are
shown in Figs. 5-9. These are the same stress
ratios for which the constants were fitted as
well.

4 VALIDATION OF THE PROPOSED
MODEL

The proposed model is used to predict crack
growth rate in corrosive environment for stress
ratios 0.5 and 0.7 and compared with the re-
spective experimental fatigue crack growth rate
curves [19] to validate the model. Figs.10-11
show the predicted curves depicting CFCP rates
along with experimental observations. The
comparison distinctly highlights a strong agree-
ment between the CFCP rates projected by the
proposed model and the observed experimental
results.
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Figure 10: Crack growth rate (da/dN versus ∆K) rela-
tionships in NaCl at a load ratio of 0.5
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Figure 11: Crack growth rate (da/dN versus ∆K) rela-
tionships in NaCl at a load ratio of 0.7

5 CONCLUSIONS
An empirical model to predict the CFCP rate

of reinforcing bars is proposed. The model
considers the effect of stress ratio and corro-
sive environment on the behaviour of the fatigue
crack growth rate curve. The variation of crack
growth constants with stress ratio in the corro-
sive environment and inert environment are re-
lated. Results showed that the constants dis-
played differing trends in Stage I and Stage II
of the FCP curve. The model may be further
refined considering additional experimental ob-
servations.
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