Construction and Building Materials 369 (2023) 130489

FI. SEVIER

Contents lists available at ScienceDirect

Construction and Building Materials

onstruction
and Building

MATERIALS

journal homepage: www.elsevier.com/locate/conbuildmat
Review :.)
A review of concrete properties under the combined effect of fatigue and = | %&

corrosion from a material perspective

Dongyun Liu®, Chao Wang ", Jaime Gonzalez-Libreros*, Tong Guo ", Jie Cao?,

Yongming Tu ™", Lennart Elfgren”, Gabriel Sas **

2 Division of Structural and Fire Engineering, Department of Civil, Environmental and Natural Resources Engineering, Luled University of Technology, 97187 Luled,

Sweden

Y Key Laboratory of Concrete and Prestressed Concrete Structures of Ministry of Education, National Engineering Research Center for Prestressing Technology, School of

Civil Engineering, Southeast University, 211189 Nanjing, P.R. China
¢ SINTEF Narvik AS, Narvik 8517, Norway

ARTICLE INFO ABSTRACT

Keywords:
Concrete
Fatigue load
Corrosion
Combined action
Carbonation
Chloride attack
Freeze-thaw cycles
Sulphate attack
Deterioration
Modelling

When in use, reinforced concrete bridge structures not only experience high-frequency fatigue loading caused by
passing vehicles, but also suffer from the effects of a corrosive environment. In addition to fatigue damage to
reinforcement, long-term fatigue loading also causes concrete cracking and deterioration of pore structures,
thereby accelerating the ingress of external corrosive substances and reducing concrete durability. Long-term
exposure to a corrosive environment also reduces the performance of concrete and causes corrosion of rein-
forcement materials, affecting the fatigue performance of the structure. Therefore, there is a combined effect
between fatigue loads and corrosion on concrete. This paper is a review of the current literature from a material
perspective on the performance degradation of concrete under the combined action of fatigue loading and
corrosion, that is, carbonation, chloride ion attack, freeze-thaw cycles, and sulphate attack. The paper includes
(1) a description of a test method for examining the combined action of fatigue loading and corrosion, (2) a
summary of performance degradation of concrete under the combined effect of fatigue loading and corrosion,
and (3) an introduction to durability deterioration models considering fatigue damage, and fatigue models that
can account for corrosion. Finally, potential future research on concrete under the combined effect of fatigue

loading and corrosion is described.

1. Introduction

As the world’s most widely used and important building material,
concrete has many advantages, including high compressive strength,
easily available and easy to shape [1]. Reinforced concrete structures
can be formed by combining concrete with reinforcement materials, as
both have similar thermal expansion coefficients [2]. Such techniques
have been extensively used in houses, bridges, dams, and for some
infrastructure. However, during long-term use, reinforced concrete
structures often suffer corrosion from various harsh environments, and
have several durability issues, including carbonation, chloride attack,
freeze-thaw cycle (FTC) damage and sulphate corrosion. Both carbon-
ation and chloride attack have little effect on the properties of the
concrete itself, and the strength and compactness of carbonated concrete
can even increase due to the generation of carbonate salt [3]. However,
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the internal alkalinity of concrete due to carbonate ingress decreases,
causing the destruction of the passive film on reinforcement surfaces
[4,5]. Then, under the combined action of external moisture, oxygen or
chloride ions, corrosion of the reinforcement materials occurs, which
seriously threatens the service life of the structure [6]. Unlike carbon-
ation and chloride attack, FTCs and sulphate corrosion mainly damage
the concrete itself, resulting in cracking and microstructure loosening,
along with a reduction in strength and stiffness of the structure [7,8].
Importantly, reinforced concrete is usually subjected to the com-
bined actions of two or more corrosion factors rather than only a single
action. These factors tend to amplify each other, causing even more
serious damage to the reinforced concrete. For example, carbonation can
increase the concentration of free chloride ions inside the concrete since
carbon dioxide can react with Friedel’s salt to convert bound chlorides
to free chlorides [9,10]. The microcracks caused by FTCs or sulphate
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attack can exacerbate the ingress of external carbon dioxide or chloride
ions [11,12]. Addit,ionally, along with corrosion, over its lifetime, the
reinforced concrete structure will also be subjected to various loads.
Durability issues caused by corrosion can lead to a reduction in the
strength of concrete and corrosion of reinforcement materials, all of
which can adversely affect the load-bearing capacity of the structure.
Damage to the structure under long-term loading, mainly cracks, also
exacerbates the ingress of external corrosive substances, resulting in
more serious durability problems [13]. Therefore, there is a combined
effect for concrete structures subjected to loading and corrosion, with
these two actions exacerbating each other to cause the failure of the
structure.

There have already been some studies into the combined action of
static loading and corrosion. Sustained loading action, from a micro-
scopic perspective, changes the distribution of pore size and porosity
inside the concrete. Under compressive stress with a low stress level, the
change in pore structure is small, and some microcracks can even close
due to the compression, thus hindering the transmission of external
corrosive substances [14]. However, microcracks occur when the stress
level reaches a threshold value, causing an increase in the transport rate
of external corrosive substances [15]. For tensile stress, once the level of
tensile stress acting on the concrete is greater than the tensile strength of
concrete, cracking occurs, accelerating the transport of external corro-
sive substances. The transport rate increases as the tensile stress level
increases [16]. Under the action of bending loads, the compression and
tension zones in concrete members exhibit different transport behav-
iours, and the transport rate of carbon dioxide or chloride ions in the
latter is significantly greater than in the former [17]. With an increase in
bending load level, the transport rate of substances in the tension zone
increases nonlinearly while decreasing in the compression zone [18].

Some reinforced concrete structures, such as highway and railway
bridges, are mainly subjected to high-frequency fatigue loadings
induced by vehicles or trains instead of static loading. The stress level of
fatigue loading is generally low compared to that of static loading.
However, repeated fatigue loading leads to the fatigue growth of
microcracks and pores inside the concrete, intensifying the ingress of
external corrosive substances [19,20]. In addition, due to the complexity
of designing a loading test device to measure the coupled actions of
corrosion and fatigue load, at present, there are relatively few studies on
this compared with studies on the coupling effect of static loading and
corrosion. Most studies use one-time or multiple alternating test
methods and other indirect methods to study the combined effect of
fatigue loading and corrosion. Therefore, in this review, in addition to
the introduction of the research background about this topic in this
section, the development in fatigue studies and models of concrete is
briefly described in Section 2. Then, test methods for the combined ef-
fect of fatigue loading and corrosion are described in Section 3. After
this, experimental results, and simulation studies of the combined effect
of fatigue loading and corrosion from extant literature are summarized
in Sections 4 to 7, including the combined effect of fatigue loading and
carbonation, chloride ion attack, FTCs, and sulphate corrosion. Finally,
the potential for experimental and simulation studies on this topic are
discussed, and important conclusions drawn.

2. Brief introduction to concrete fatigue
2.1. Fatigue research and model

Fatigue is the deterioration of a material subjected to repeated
loading and unloading, that is, cyclic loading, resulting in progressive
and localized damage [21]. Studies of fatigue properties in engineering
materials began in the 19th century, but mainly focused on the fatigue of
metal materials, such as mine hoist chains, and railway axles. [22,23].
At the beginning of the 20th century, fatigue studies into concrete ma-
terials began, including compressive fatigue and flexural fatigue
[24-26]. The Wohler curve [23], or S—N curve, was the first fatigue
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model, and was used for metallic materials in the crack initiation phase.
It reflects the relationship between the maximum stress level and the
number of ultimate fatigue cycles. As with metal materials, the S—N
curve of concrete can be obtained by fitting experimental data. In 1973,
an S—N curve for concrete under compressive fatigue load was proposed
by Aas-Jakobsen [27], and then was modified by Tepfers et al. [28], as
shown in Eq. (1). This equation is considered to be definitive and widely
used and applied in design codes such as fib B52 (2010) [29] and EC2
(2004-2006) [30]. Subsequently, based on this model, some S—N
models for concrete that accounted for various factors such as the
minimum stress level [31], concrete strength [32] and loading rate [33]
have also been established, including fatigue life models that account for
environment corrosion (described in subsequent Sections in this
review).

Smax = U}“ax =1-p(1—R)logN @

where Spax is the maximum applied stress level, that is, the ratio of
maximum concrete stress o, and the concrete strength f, R is the ratio
between the minimum stress o, and maximum stress omax, N is the
number of fatigue cycles to failure, and f is a constant which depends on
the materials and is approximately 0.0685.

Due to the complexity of test implementation, it is difficult to carry
out tensile fatigue tests of concrete [34]. Initial studies of concrete
tensile fatigue are often replaced by measuring splitting strength [35]. In
1984, Cornelissen et al. [36] performed the uniaxial repeated tension
tests of plain concretes by means of a direct tensile method to obtain the
tension fatigue life of the concrete and found that the dispersion of
concrete tensile strength would lead to the dispersion of fatigue life
results, and established a fatigue S—N curve accounting for tensile
strength, as shown in Eq. (2).
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where f; max, fi, min, and f; are maximum tensile stress, minimum
tensile stress, and tensile strength of concrete, respectively.

logN = 14.81 — 14.52

2.2. Fatigue damage of concrete

The response of concrete under fatigue loading types such as residual
strain or residual deformation, has three phases. There is an increase in
the number of loading cycles, the rapid development stage, which ac-
counts for about 10 % of the whole response. There is a slow develop-
ment phase, which accounts for about 80 % of the whole response, and
then accelerated development to failure, accounting for only 10 %, as
shown in Fig. 1 [37]. Based on the evolution law of fatigue deformation,
a deformation-based criterion of fatigue failure was proposed by Balazs
[38] and tested by Thun [39], who found that the deformation at peak
load during a static test, i.e. 8(fpeak) in Fig. 1, corresponds the defor-
mation, 5 3, where the failure process begins in a fatigue test i.e. at the
changeover point between phases two and three.
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Fig. 1. Deformation fatigue process under repeated loading [37].
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In addition, the cumulative fatigue damage theory, the Palmgren-
Miner failure hypothesis [40], was developed and applied to gauge fa-
tigue failure of concrete. The hypothesis assumes that the fatigue dam-
age is linearly accumulated with an increase in the number of fatigue
cycles. Therefore, the fatigue damage can be defined as shown in Eq. (3).

=34 3)

where, D is the degree of fatigue damage, i is a specific stress level, n;
is the number of loading cycles at a specific stress level i, and Nj is the
number of load cycles that results in failure at stress level i. When total
damage D = 1, it is considered that fatigue failure of concrete has
occurred. To account for the effect of loading history on fatigue damage
accumulation, some modified and nonlinear Palmgren-Miner models
have also been developed [41,42]. Since this review mainly focuses on
studies of the performance degradation of concrete under the combined
effects of fatigue loading and corrosion, there is only a brief introduction
to concrete fatigue. Further reviews of fatigue studies into concrete
materials/structures can be found in other literature [21,34,43].

3. Test methods to measure combined effect of fatigue loading
and corrosion

In real-world conditions, the development of fatigue and durability
damage in concrete structures is very slow. Laboratory loading and rapid
durability tests are often used to simulate natural usage conditions in
order to study the behaviour of concrete under mechanical loading in a
corrosive environment. Common laboratory concrete durability tests
include rapid carbonation tests, accelerated salt immersion tests, drying-
wetting cycle tests and rapid FTC tests. Studies into the performance
deterioration of concrete under the combined action of mechanical
loading and a corrosive environment suffer from the lack of existing
standard test methods, so the following three test methods are generally
used. The first is the one-time alternating simulation test, so carrying out
durability tests following loading or loading tests after environmental
exposure. The second is the multiple alternated simulation test, where
the mechanical loading and durability tests are alternately carried out
many times. The third method involves the simultaneous test of me-
chanical loading and environmental exposure. A test method to deter-
mine the effect of compressive and tensile stress on chloride ion
diffusion was recommended by RILEM TC 246-TDC [44], and the
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schematic diagram of the test setup is shown in Fig. 2. The test design
can simulate the transport of chloride ions in concrete under constant
compressive or tensile stress. After the concrete specimen is mechani-
cally loaded with the designed tensile or compressive load, the container
containing the chloride salt solution is then fixed to the surface of
specimen so that the concrete is subjected to the ingress of chloride ions.
Specific test instructions and details can be found in the literature [44].

Since it is easy to apply a constant load, there are many devices for
testing concrete under the coupling action of static loading in a corrosive
environment [13,45,46], as shown in Fig. 3, Fig. 4 and Fig. 5. Compared
with static loading, the actual operation and application of fatigue
loading to concrete are more complicated. At present, research into
concrete under the combined action of fatigue loading in a corrosive
environment mostly uses the one-time alternating simulation test, as
shown in Table 1, Table 3, Table 5, and Table 7 in the subsequent Sec-
tions in this review. The one-time alternating simulation test is simple to
operate, and the loading stress level is easy to control. It is assumed for
this test method that the concrete is not subject to environmental
corrosion until a certain degree of fatigue damage occurs or does not
suffer from fatigue loading until exposed to a corrosive environment for
a certain period. Obviously, it does not reflect the real-world conditions
of concrete structures. From the beginning of usage, fatigue loading and
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Fig. 3. Combined test of flexural loading and chemical reactions from [45].
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Fig. 2. Test equipment of chloride diffusion test under compression and tensile stresses from [44].
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Fig. 5. Test design of combined action of loading and salt corrosion from [46].

corrosion exposure to the concrete are continuous, and it is by no means
the case that the concrete is subjected to one action after suffering from
another. Therefore, the test results obtained by using this test method
may overestimate the resistance to fatigue and corrosion of concrete.
However, at present, studies into achieving real simultaneous testing
of fatigue loading and corrosion are very limited. Compared with
chloride or sulphate attack, the simultaneous test of carbonation and
fatigue loading is more difficult to carry out, because the corrosive
medium of carbonation is carbon dioxide gas and a carbonated envi-
ronment must be closed. Furthermore, for a carbonation test, it is very
important to maintain the specified temperature and humidity.

Therefore, it is very difficult to place the fatigue testing machine in the
carbonation environment and maintain a constant carbon dioxide con-
centration, temperature, and humidity. For chloride and sulphate at-
tacks, because the corrosion medium is salt solution, a simultaneous test
can be achieved by fatigue loading of concrete specimens in the salt
solution container [47,48], as shown in Fig. 6 and Fig. 7. At present, only
Li et al. [49] and Qiao et al. [50] have achieved a simultaneous test of
FTCs and fatigue loading, by combining a fatigue testing machine with a
temperature chamber, as shown in Fig. 8. However, the freeze-thaw
environment is closed air FTCs into which no moisture should be
allowed to enter, which is somewhat different from water or salt FTCs

ﬂ Fatigue load

Concrete
specimen

Fig. 6. Design for simultaneous testing of fatigue loading and chloride attack [47].
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Fig. 7. Design for simultaneous testing of fatigue loading and sulphate attack [48].
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Fig. 8. Simultaneous testing of fatigue loading and freeze-thaw cycles in a temperature chamber [49].

that occur in real life. It is considered that, in addition, the corrosion
process is slow, and the fatigue loading is intermittent, so a multiple
alternated simulation test has been suggested by some studies [51-53],
including in the alternating testing of fatigue loading and freeze-thaw
cycles or sulphate attack, one of which is as shown in Fig. 9. However,
there are limited studies used multiple alternated simulation tests of
fatigue loading in corrosive environments at present. Compared with the
simultaneous test, this test method is more flexible, suitable for different
corrosive environments, and even the coupling of multiple environ-
mental factors and fatigue loading.

4. Combined effect of fatigue loading and carbonation
4.1. Concrete carbonation

Carbonation is one of the main factors that cause a deterioration in
the performance of reinforced concrete structures and happens more
often than chloride attack and FTCs [54]. Carbon dioxide in the atmo-
spheric can diffuse into the concrete through connected pores and de-
fects, such as microcracks caused by autogenous shrinkage or drying

shrinkage, and dissolve in the pore solution to form carbonate and bi-
carbonate ions [55]. Subsequently, these substances can react with main
hydration products, such as calcium hydroxide, C—S—H gels, and even
unhydrated tricalcium silicate and dicalcium silicate, to form calcium
carbonate and other salts, thus resulting in a decrease in alkalinity of the
concrete [56]. Therefore, concrete carbonation is also referred to as the
neutralization reaction of concrete. Generally, the carbonation process
has little effect on the properties of the concrete material itself, and even
improves the internal pore structures and increases the density due to
the generation of carbonation salts [3]. However, when the carbonation
is close to the surface of reinforcement material embedded in the con-
crete, the pore solution with a low pH value can make the passivation
film on its surface unstable, eventually destroying it and causing
corrosion of the reinforcement material. Different from chloride-
induced steel corrosion, the concrete carbonation leads to the uniform
corrosion of reinforcement surface [57]. The corrosion mechanism
caused by carbonation is shown in Fig. 10. In addition, expansion in the
corrosion products will cause cracking of the concrete matrix [58],
further accelerating the ingress of external corrosive substances and
threatening the overall bearing capacity of the concrete structure.
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There are many factors that affect concrete carbonation, including
the cement type, curing condition, concentration of carbon dioxide,
environment temperature and relative humidity. The better resistance to
penetration, the greater the compactness, and the lower the diffusion
rate of carbon dioxide and degree of carbonation. As the ambient tem-
perature increases, the carbonation rate increases [59]. It first increases
and then decreases with increases in ambient relative humidity. This is
because when the relative humidity is low, the interior of the concrete is

Water and oxygen Cal
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very dry, meaning that carbon dioxide has difficultly in dissolving thus
hindering carbonation. When the relative humidity is high, the saturated
moisture inside the concrete may inhibit the diffusion of carbon dioxide.
Studies have shown that when the relative humidity is 60-65 %, the
degree of carbonation in concrete can reach the maximum value [3].
The concentration of carbon dioxide is the main factor driving the
diffusion of carbon dioxide into concrete. A higher concentration of
carbon dioxide results in both a higher rate and a higher degree of
carbonation. With the increase in global concentrations of carbon di-
oxide in the atmosphere, the carbonation of concrete cannot be ignored
[60]. Furthermore, cracks in concrete caused by autogenous shrinkage,
drying shrinkage, external loading and other factors also accelerate
concrete carbonation. However, when the crack width is less than 9 pm,
the cracks have little effect on concrete carbonation [61]. The stress
state of concrete is also an important influencing factor affecting con-
crete carbonation. Compressive stress at low stress levels has a positive
effect on carbonation resistance, but tensile stress can increase the de-
gree of concrete carbonation [17].

4.2. Effect of fatigue loads on concrete carbonation

Concrete structures used in offshore and marine environments, such
as bridges, not only carry the dead load from their own weight, but also
mostly bear the low/high-frequency fatigue loading created by vehicles
or trains. Therefore, it is necessary to study the combined effect of fa-
tigue loading and carbonation, especially when trying to understand the
effect of fatigue loading on concrete carbonation. However, because
there is the obvious difference between the fatigue loading frequency
and carbonation time, that is, fatigue is a high-frequency action while
concrete carbonation is a slow process, it is difficult to devise a simul-
taneous coupling test for these two effects. Therefore, existing studies
into the effect of fatigue loading on concrete carbonation all use an
experimental design where the carbonation test is carried out after
applying a fatigue load for a certain number of cycles to the concrete, as
indicated in Table 1. Jiang [70] pointed out that, however, this alter-
nating test design, where the concrete specimen is first subjected to fa-
tigue loading and then carbonation corrosion, ignores the influence of
the elastic deformation of the concrete on the diffusion of carbon di-
oxide. After completing the fatigue loading, elastic deformation of the
concrete can recover and the corresponding elastic cracks may be closed,
which can reduce the degree of carbonation of the concrete. Based on
this, a test design where the static loading and carbonation are carried
out simultaneously after fatigue loading has been proposed in order to
retain the cracks caused by fatigue loading [70]. Song et al. [69] also

rbon dioxide (CO,) Water and oxygen

Carbonation reaction: Carboﬁated zone
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Fig. 10. Corrosion mechanism caused by concrete carbonation.
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Table 1
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Experimental studies into the effect of fatigue loading on carbonation of concrete from the literature.

Literature Year Specimen size Combined test methods*

(mm)

Fatigue loading type

Max. stress level Loading frequency

(Hz)

Fatigue damage index

Tanaka et al. [62] 1999 100 x 100 x 400 F+C

Four-point flexural

0.3, 0.4, 0.5, 0.6, 0.7 5 Dynamic modulus

Pore structures

Jiang et al. [63] 2006 100 x 100 x 300 F+C Uniaxial compressive 0.65 10 Number of fatigue cycles
100 x 100 x 400 F+S+C flexural

Wang [64] 2008 100 x 100 x 400 F+C Four-point flexural 0.65 10 Residual strain

Jiang et al. [65] 2015 150 x 150 x 600 F+C Four-point flexural 0.8 10 Residual strain

Zhou et al. [66] 2016 150 x 150 x 550 F+C Four-point flexural 0.5 4 Residual strain

Jiang et al. [67] 2017 100 x 100 x 300 F+C Uniaxial compressive 0.6, 0.7, 0.8 10 Residual strain
Eccentric compressive

Han et al. [68] 2017 100 x 100 x 400 F+C Four-point flexural 0.55, 0.6, 0.7, 0.8 80 Number of fatigue cycles

Miao et al. [71] 2019 150 x 150 x 550 F+C Four-point flexural 0.65, 0.7, 0.75 4 Residual strain

Song et al. [69] 2020 150 x 200 x 1500 F+S+C Four-point flexural 0.4 4 Number of fatigue cycles

Pore structures

* In this table, “F + C” denotes that concrete specimens were first subjected to fatigue loading and then carbonation erosion; “F + S + C” denotes that concrete
specimens were first subjected to fatigue loading and then the combined action of static loading and carbonation.

used this updated test method to show that the bridge structure was not
subjected to fatigue loading all the time, and the duration of fatigue
loading was much shorter than that of carbonation. Therefore, the effect
of carbonation on fatigue loading can be ignored. However, static
loading and carbonation always coexist. So, in laboratory simulations,
static loading and carbonation need to be carried out simultaneously.

It can be expected that the resistance to carbonation of the concrete
decreases after being subjected to fatigue damage, and the depth and
rate of carbonation increase with the increase in degree of fatigue
damage. Residual strain [64-67], dynamic elastic modulus [62], num-
ber of fatigue cycles [63,68 69], and pore microstructure [62,69] are the
main indicators that characterize fatigue damage of concrete in the
extant literature, as shown in Table 1. Wang [64] found that, with the
increase of degree of fatigue damage, the carbonation depth continued
to increase, particularly when the ratio of residual strain to ultimate
residual strain exceeded 0.4, at which point the resistance to carbon-
ation decreased significantly. Miao et al. [71] came to a similar
conclusion through experimentation. Jiang et al. [67] pointed out that
when the residual strain increases from 0 to 0.002, the carbonation rate
increases by 75 %. In addition to promoting the formation and propa-
gation of microcracks, fatigue loading also significantly affects the pore
structure inside the concrete. With an increase in the number of fatigue
cycles, the volume of capillary pores with a diameter less than 50 nm
decreases, and the volume of macropores with a diameter greater than
50 nm increases. At this point, the porosity is linearly positively corre-
lated with the degree of fatigue damage which is expressed as the ratio of
the number of applied fatigue cycles and ultimate fatigue cycles [69], as
shown in Fig. 11. Tanaka et al. [62] found that the dynamic elastic
modulus exhibits little change while its pore structure changes signifi-
cantly after fatigue loading; even with a low-level fatigue stress, the
number of pores with the diameters of 10-100 nm and 0.1-5.68 pm
increase significantly, which is the main reason for the decrease in
resistance to carbonation of the concrete in the stress-damaged zone.
Therefore, when studying the effect of fatigue loading on concrete
carbonation, in addition to considering the effect of microcracks
generated by that loading, it is essential to investigate the change in the
internal pore structures after fatigue loading.

The type of fatigue loading also significantly affects the carbonation
depth of fatigue-damaged concrete. Fatigue damage caused by axial
tensile fatigue and compression fatigue loading in the concrete is rela-
tively uniform [67], therefore, the degrees of carbonation in different
parts can be regarded as the same. However, flexural fatigue loading and
eccentric compressive fatigue loading [72] can both cause different
degrees of damage in different parts [62]. Since the tensile strength of
concrete is much lower than its compressive strength, the carbonation
depth of concrete in the tension zone is often higher than that in the
compression zone [62,67]. When the number of fatigue cycles is low, the

0.12
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Fatigue damage ratio

Fig. 11. Porosity of fatigue-damaged concrete [69].

compressive stress may suppress microcracking or micropores in the
compression zone and inhibit the carbonation process [14]. However,
once the compression fatigue damage reaches a certain level, the
carbonation process also increases significantly. Therefore, the non-
uniformity of internal damage of concrete specimens caused by eccen-
tric or bending fatigue loading should also be considered in the study of
the effect of fatigue loading on concrete carbonation.

4.3. Carbonation model accounting for fatigue load

Fick’s first law of diffusion can be used to describe the diffusion of
carbon dioxide inside concrete [73,74]. There is a positive proportional
relationship between the carbonation depth of concrete and the square
root of the carbonation time, as shown in Eq. (4). In addition, existing
studies have shown that, for the fatigue-damaged concrete, the
carbonation depth also varies linearly with the square root of carbon-
ation duration [67], as shown in Fig. 12.

Xe = kv/1 4

where x. is the carbonation depth of concrete, k is carbonation co-
efficient, and t is carbonation time.

There have been studies into a prediction model for the carbonation
depth of concrete in the atmospheric environment, and some empirical
models and numerical models examining the influence of various factors
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Fig. 12. Carbonation depth of fatigue-damaged concrete with square root of exposure duration.

have been created, including concentration of carbon dioxide [75],
temperature and relative humidity of environment [76], cement content
[77], and curing conditions [78]. In addition, in recent years, the effect
of loading on concrete carbonation has attracted more attention, with
some concrete carbonation models that account for different stress states
being developed, including axial tensile stress, axial compressive stress,
and bending stress [79,80]. Compared with static loading, there are
limited studies on the effect of fatigue loading on concrete carbonation
and related carbonation models accounting for the fatigue damage.
Table 2 lists the concrete carbonation depth models that account for

fatigue damage in the extant literature, including both mathematical
and numerical models. Based on the classical carbonation model from
literature [81], Jiang et al. [63,70] modified the diffusion coefficient of
carbon dioxide by introducing a factor that modelled the influence of
fatigue loading and created a concrete carbonation depth model using
residual strain as the fatigue damage index. In this model, the total
diffusive flux of carbon dioxide in the fatigue-damaged concrete is
considered to provide coupling of the diffusive flux of carbon dioxide
between the uncracked concrete matrix and the interior of the cracks
[82,83]. To simplify the analysis, a conical crack induced by the bending

Table 2
Carbonation models of fatigue-damaged concrete from the literature.
Literature Year Model Annotation Note
Jiang et al. 2006, 0.785¢"D, X = carbonation depth of concrete e Residual strain as the flexural fatigue damage
[6370] 2008 Xe = v/2Cco, KikniikrkeuingDov/tke =1 + (e + 23D0 "= Cegy = ambient coz index . ¢
15, U/ 1 1 B concentration Diffusion of CO, in fatigue-damaged concrete
5.45(1 — RH)(RH) “kr = exp [E <ﬁ - T) ]kc“"“g - k¢ = influencing factor of fatigue is treated as a coupling between diffusion in
5433%‘-“1‘)‘.1; load undamaged concrete and diffusion in fatigue
kry = influencing factor of relative cracks
humidity Cone-shaped cracks are treated as cylindrical
kr = influencing factor of cracks of constant width
temperature CO,, diffusivity in cracks D, is treated as the
Kcuring = influencing factor of average of its diffusion coefficient in air and
curing environment water
Do = Benchmark CO,, diffusivity of
undamaged concrete when Ccoz
=20%
t = carbonation time
e} = residual strain at n fatigue
loading cycles
D, = CO,, diffusivity in cracks,
8.85 x 10 m?/s theoretically
U = activity energy of CO,
R = ideal gas constant
RH = relative humidity
T = environment temperature
teuring = curing time
Jiang et al. 2015 Numerical model: D4 = CO,, diffusivity in cracks in e Suitable for the tensile zone of beams
[65] /] d[CO, J fatigue-damaged concrete Residual strain as the fatigue flexural damage
ox (Dd [Bx ]) - 5t<¢(1 —9)[Co]) +Q [COgg] = molagr concentration of index s ¢

X

D4 = Deon Hl%)(lf@

) “€rm Dair

Deon = 1.64 x 10~6¢!8(1 — RH)*?(0.02T + 0.6)

CO; in the exposed environment
¢ = porosity of concrete

S = pore saturation of concrete

Q = total consumption rate of
carbonation reaction of concrete
Don = CO,, diffusivity in
uncracked concrete

A = proportion of aggregate at
concrete

h = total depth of sample along the

Accounts for the non-uniformity of residual
strain along the direction of corrosion

Accounts for the effect of coarse aggregates
bridging two sides of the crack on the CO,
diffusivity

It is assumed that carbonation occurs after
fatigue damage

Assuming the reduction factor « is a constant

(continued on next page)
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Table 2 (continued)
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Literature Year Model Annotation Note
Simplified model: erosion direction
Xe = /2Dconot + ay/2(1 — 2)ermDaiemot &m = maximum residual strain at
tensile zone
D,ir = CO, diffusivity in air
mp = initial concentration factor
a = a reduction factor, 0.25
simplistically
Miao et al. 2019 ks = adjustment coefficient e Degree of fatigue damage is treated as the ratio
[71] 1 W/C = Water/cement ratio of residual strain to ultimate residual strain
Xe = ksk839(1 — RH) Ceo, Vitks = 0.519 + 7. = coefficient for cement type There is an exponential relationship between
n 7up = coefficient of degree of the influencing coefficient of fatigue load and
1255 cement hydration degree of fatigue damage
0.455e & C= ceme};lt content ¢ ¢ ¢
e = ultimate residual strain at N
fatigue loading cycles
Jiang et al. 2018 Numerical model: &(x) = residual strain at any o Accounts for the difference in the distribution of
[72] a 0[CO, a corrosion depth x residual strain on corrosion depth of different
ox (Dd [Bx ]) - Ft(¢(1 -9)[coal) +Q 21 (x) = area fractions of fatigue damage patterns, i.e. uniform
Dy = Deon + |r(x) [(1 — nd1(x) )Dair aggregates along corrosion depth compressive, gradient compressive and gradient
For ordinary Portland cement-based concrete: x tensile damage
Deon = 1.64 x 1076¢'8(1 — RH)*?(0.02T + 0.6) n = areduction factor, 0 for tensile
For concrete containing SCMs: zone, and 0.5 for compressive
Deon = 610 x 10-5¢0(1 — RH)*%(0.02T + 0.6) zone, empirically
Dair =1.03x 1077T + 1.3557 x 1075
Song et al. 2020 Numerical model: Dagg = CO, diffusivity in aggregate e Accounts for the effect of porosity coarsening
[69] d d[CO, d wy, = average crack width under and cracking caused by fatigue loading on the
ox (Dd [dx ]> - d?wa -9)lCoa]) +Q fatigue load%ng CO, diffusivgity v ¢
Dy = Deon + ﬂl’_m (1 = 2)Dair + ADagg ) In = averagf: crack spacing under
m fatigue loading

Deon = 1.64 x 1075(¢p(1 + 0.311d) )**(1 — RH)*?ky

d = degree of fatigue damage, i.e.,
the ratio of the number of applied
fatigue cycles and ultimate fatigue
cycles

fatigue load in the tensile zone of the concrete specimen is treated as a
cylindrical crack with a constant width, and the crack spacing factor is
used to describe the crack distribution in the concrete surface. In fact,
however, the residual strains and crack widths in the tensile zone of the
concrete specimen are not uniformly distributed under bending fatigue
loads. Jiang et al. [67] found, through experimental study, that the re-
sidual strain of concrete in the tensile zone exhibits a linear decay trend
from the surface to the middle of the specimen. Therefore, a numerical
model of concrete carbonation depth allowing for the inhomogeneity of
residual strain was created [65]. In addition, the way coarse aggregates
obstruct the diffusion of carbon dioxide was also considered [72]. Based
on this research, a numerical model of concrete carbonation depth ac-
counting for different degrees of fatigue damage was created. Based on
the parametric analysis of the results of this model, a simplified
carbonation mathematical model that can be directly applied to prac-
tical engineering issues where fatigue damage occurs was developed
[65]. In addition, Miao et al., [71] found, through experimentation, that
there is an exponential relationship between the factor that models the
influence of fatigue loading and the degree of fatigue damage charac-
terized by residual strain, and thus developed an empirical model of
concrete carbonation depth accounting for the effect of fatigue damage.
Song et al. [69] measured the distribution of cracks on the concrete
surface and the change of porosity inside the concrete after fatigue
loading, and by considering the increase in porosity and the effect of
cracking on the diffusion coefficient of carbon dioxide, developed a
numerical model of concrete carbonation.

However, the above models all assume that concrete carbonation
starts after fatigue damage, which may be inconsistent with real-world
conditions. In use, although the carbonation process is slow, it is al-
ways occurring. In fact, fatigue loading does not cause obvious damage
to the concrete at the initial stage of loading, and only when the damage
reaches a certain level can carbonation be significantly accelerated by
fatigue loading. Therefore, when considering the coupling effect of

fatigue loading and carbonation, the carbonation of concrete can be
divided into two stages: the carbonation can be considered as not being
affected by fatigue loading in the early stage, but at a later stage, the
acceleration effect of fatigue damage on concrete carbonation needs to
be accounted for. Therefore, it is important to determine when fatigue
damage significantly accelerates concrete carbonation, something
which requires further research.

5. Combined effect of fatigue loading and chloride ion attack
5.1. Chloride corrosion of concrete

Chloride ion ingress is one of the main causes of corrosion of the
reinforcement materials inside reinforced concrete structures [84];
another is concrete carbonation as mentioned above. Inside the con-
crete, cement hydration products with high alkalinity can form a dense
oxide film on the surface of reinforcement materials, which prevent
corrosion of those materials [84]. As chloride ions have a strong
depassivation property, when enough chloride ions reach the oxide film
through the connected pores and cracks of the concrete, the pH of the
surrounding pore solution decreases and the protective film is destroyed,
allowing corrosion of reinforcement material to occur [5]. Furthermore,
importantly, chloride ions can act as catalysts, driving the corrosion
reaction without being consumed themselves [86]. Therefore, chloride
ions entering the concrete can continuously damage the concrete
structure, which is the main characteristic of chloride corrosion. In
addition, different from the uniform corrosion caused by concrete
carbonation, the chloride-induced steel corrosion is pitting corrosion
[85], and the schematic representation of chloride-induce corrosion is
shown in Fig. 13.

The transmission of chloride ions through microcracks and pores
inside the concrete is a very complex process, and includes at least six
types of action: diffusion, convection, adsorption, electromigration,
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Fig. 13. Schematic representation of chloride-induce corrosion of steel in the concrete.

penetration and capillary [87]. Diffusion, penetration, and capillary
action are the common transmission processes, with diffusion being the
main process for chloride transport in saturated concrete. Collepardi
et al. [88] first established a model for chloride diffusion inside concrete
based on Fick’s second law of diffusion and based on the assumption that
the chloride ion diffusion coefficient is a constant. An analytical solution
to this model is shown in Eq. (5).

C(x, t) = CO + (Cs - Co) (1 - erf( (5)

X
2\/137))

where C(x, t) is the chloride ion concentration at time t at distance x
from the concrete surface, Cj is the initial chloride ion concentration
before exposure, C; is the chloride ion concentration on the concrete
surface, D, is the chloride ion diffusion coefficient, and erf is an error
function. Subsequently, some modified chloride diffusion models based
on this model and accounting for the influence of various factors have
been proposed. These include factors such as the time dependence of the
chloride diffusion coefficient [89], the binding capacity of chloride ions
[90], time-varying surface chloride ion concentration [5], the water-
cement ratio [91], the aggregate volume fraction of concrete [92], and
environmental factors [93]. The chloride diffusion coefficient is an
important factor affecting the transmission of chloride ions in concrete.
With an increase in the corrosion time, the hydration process of concrete
is gradually completed, so the chloride diffusion coefficient gradually
decreases [89]. Due to the physical adsorption and chemical binding of
cement hydration products to the chloride ions, chloride ions that
penetrate the concrete interior can be classified as either free chlorides
or bound chlorides, but only the former cause rebar corrosion [94].
Therefore, the effect of the chloride ion binding capacity on the chloride
ingress process cannot be ignored.

In addition to the aforementioned influencing factors, concrete
structures in offshore and marine environments suffer from the com-
bined effect of loading and chloride attack during their lifetimes.
Recently, the effect of loading on chloride ion transmission in concrete
has received more attention. Previous studies show that chloride diffu-
sion coefficient first decreases and then increases with an increase in
compressive stress [95], and critical compressive stress that can signif-
icantly increase chloride diffusion varies from 0.3 to 0.9, depending on
the materials, curing, and environment. For a concrete member sub-
jected to flexural loading, as the bending stress level increases, the
chloride diffusion coefficient in the tension zone increases, while the
chloride diffusion coefficient in the compression zone does not change
appreciably [17].

10

5.2. Effect of fatigue loading on chloride corrosion

Similar to the effect it has on carbonation, fatigue loading also ac-
celerates the transmission of chloride ions by deteriorating the pore
structure and generating microcracks in the concrete. In addition, it is
easy to produce a simultaneous test simulation of static loading and
chloride corrosion, while there are fewer studies that describe a simul-
taneous test of fatigue loading and chloride corrosion. Most experiments
carry out a chloride corrosion test after fatigue loading. The relevant
studies into the effect of fatigue loading on the chloride corrosion of
concrete are shown in Table 3.

Applied loading deteriorates the pore structure inside the concrete
and promotes the formation and propagation of microcracks. At the
same stress level, fatigue loading can induce more and longer cracks in
the concrete than static loading [96], chloride ions can be transported
quicker, and internal chloride ion concentration is higher. Saito et al.
[97] evaluated the chloride ion permeability of concrete after static and
fatigue compressive loading and found that, even when static
compressive loads reached 90 % of ultimate load, the chloride perme-
ability of the concrete did not significantly increase. However, when the
maximum stress level of fatigue loading reached 60 % of ultimate load,
the chloride permeability clearly increased. By studying the durability of
reinforced concrete beam under the combined effect of loads and sea
water corrosion, and applying constant current to accelerate the corro-
sion of reinforcement materials, Ahn et al. [96] found that under fatigue
loading, corrosion of reinforcement material occurred faster, and the
ultimate bearing capacity of beam was lower than that under static
loading.

The types of fatigue loading and stress levels significantly affect
chloride diffusion in concrete. Under uniaxial fatigue compressive
loading, stress levels below 0.5 do not cause a significant increase in the
chloride permeability of concrete, but when the stress levels exceed a
certain critical value, about 0.6, the chloride diffusion coefficient in-
creases significantly [97]. The results of experiments by Song et al. [98]
showed that when the stress level increases to 0.75, the chloride diffu-
sion coefficient of concrete increases very rapidly with the increase of
fatigue cycles, as shown in Fig. 14. Similar results were also obtained by
Li et al. [99], who pointed out that a critical stress level of 0.7 signifi-
cantly increases chloride diffusion and found that, when the stress level
was 0.5, the chloride diffusion coefficient first decreased and then
increased with fatigue cycles as the compressive load closed the internal
microcracks at the initial loading stage. From above studies, the critical
compressive stress level causing the significant increase of chloride
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Table 3

Experimental studies into the effect of fatigue loading on chloride diffusion in concrete from the literature.
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Literature Year Specimen size Combined Fatigue loading Maximum stress Loading Chloride diffusion test Fatigue damage
(mm x mm x test type level frequency method index
mm) methods* (Hz)
Saito et al. [97] 1995 100 x 100 x F+CL Uniaxial 0.5, 0.6, 0.7, 0.8 5 Chloride electric flux Residual strain
400 compressive test
Wang [64] 2008 100 x 100 x F+CL Four-point 0.65 10 Chloride salt wet-dry Residual strain
400 flexural cycles
Chloride electric flux
test
Wang et al. [109] 2012 70 x 70 x 280 FCL Four-point 0.3, 0.4, 0.5 10 Chloride salt Acoustic emission
(Mortar) flexural immersion detection
Ren et al. [47] 2015 150 x 250 x FCL Four-point 0.34, 0.47, 0.62 1 Chloride salt Load level
1800 flexural immersion
(RC specimen)
Song et al. [98] 2016 100 x 100 x F+ CL Uniaxial 0.5,0.6,0.7,0.75 5 Rapid chloride Electrical impedance
400 compressive migration (RCM) test parameter
Niu et al. [105] 2015 150 x 150 x F+ CL Four-point 0.5 4 Chloride salt spray test ~ Residual strain
550 flexural
Liuetal. [103] 2015 100 x 150 x F + CL Four-point 0.16, 0.24, 0.32, 4 Chloride salt wet-dry Crack width
700 flexural 0.40 cycles
(RC specimen)
Fuetal. [104] 2016 120 x 120 x F + CL Uniaxial tension 0.25, 0.3, 0.35, 5 Chloride salt Residual strain
1200 0.4, 0.45 immersion
(RC specimen) Chloride salt wet-dry
cycles
Jiang et al. [111] 2017 100 x 100 x F+CL Uniaxial tension 0.5,0.6,0.7,0.75 10/5 Modified RCM test Residual strain
515 Fractal damage
index factor
Responsive variable
resistance
Yu [100] 2017 100 x 100 x FCL Four-point 0.2, 0.4, 0.6 0.01, 0.02 Chloride salt
400 flexural immersion
Chloride salt wet-dry
cycles
Wu et al. [108] 2018 100 x 150 x F+CL Four-point 0.2,0.3 Chloride salt wet-dry Load level
800 flexural cycles
(RC specimen)
Wang et al. [110] 2015 120 x 300 x F+CL Three-point 0.3 ~0.35 Chloride salt wet-dry Crack pattern
1500 flexural cycles
(RC specimen)
Wu et al. 2019, 150 x 250 x F+CL Four-point 0.2, 0.3,0.4,0.5 4.1 Chloride salt wet-dry Load level
[101,106,107] 2020, 2021 1800 flexural cycles Fatigue loading
(RC specimen) cycles
Jiang et al. [112] 2020 150 x 150 x FCL Uniaxial 0.75 0.5 Chloride salt
300 compressive immersion
Li et al. [99] 2022 100 x 100 x F + CL Uniaxial 0.5, 0.7 RCM test
400 compressive

*In this table, “F + CL” denotes that concrete specimens were first subjected to fatigue loading and then a chloride ingress test. “FCL” denotes that concrete specimens
were subjected to fatigue loading and chloride ingress simultaneously.

Dy (x1072m?/s)

Fig. 14. Chloride diffusion coefficient with different fatigue stress level (0.5, 0.6, 0.7, and 0.75) in two concretes [98].
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diffusion is about 0.6-0.75. Saito et al. [97] obtained that a great
number of microcracks will be generated when the compressive fatigue
level is more than 0.67, which is the main reason that accelerating
chloride ion penetration in the range of such compressive stress level.
Studies on the effect of fatigue loads on the diffusion of chloride ions in
concrete have mostly focused on bending fatigue load. With the increase
of fatigue bending stress level, the diffusion coefficient of chloride ions
increases, and the concentration of chloride ions inside the concrete also
increases significantly [100]. Wu et al. [101] discussed how the resis-
tance to chloride attack of concrete damaged by high cycle bending
fatigue changed, and pointed out that, when the fatigue stress level was
greater than 0.3, the chloride ion concentration in the concrete
increased significantly. As mentioned in Section 2, the development of
cracks and strains in concrete is slow during the second stage of the
fatigue damage curve while cracking and damage develop quickly in the
first and third stages. Therefore, the initial fatigue loading cycles (first
fatigue stage) significantly increase the chloride diffusivity i.e. the
chloride concentration increases from 0.002 % to 0.029 % as the fatigue
loading increases from 0 to 0.2 million cycles, while the loading cycles
(~0.4-1.2 million cycles) in the second fatigue stage have little effect on
fatigue life and the diffusion of chloride ions [102]. In addition, Ren
et al. [47] found there is an exponential relationship between the
chloride diffusion coefficient and the stress level of fatigue bending load,
as shown in Fig. 15. But, compared with the static load, the chloride
diffusion coefficient under fatigue load increases faster. Concerning the
effect of axial fatigue tensile loading on chloride ion permeability, Fu
et al. [104] found, using a series of tests where the stress level varied
from 0.25 to 0.40, that the chloride diffusion coefficient of fatigue-
damaged concrete subjected to axial tensile fatigue loading increased
by ~ 1.5-3.0 times.

Residual strain is often used as an indicator characterizing the degree
of fatigue damage. Saito et al. [97] pointed out that, compared with the
stress level and the number of fatigue cycles, there is a good relationship
between fatigue residual strain and chloride ion permeability. The de-
gree of fatigue damage can be treated as the ratio of residual strain
caused by a fatigue loading with a certain number of cycles and ultimate
residual strain, as shown in Eq. (6).

En

p_ ®)

Emax

where P is the degree of fatigue damage (%), ¢, is the residual strain
after n fatigue cycles loading, and epay is the ultimate residual strain
when fatigue failure occurs. Wang [64] carried out chloride diffusion
tests on concrete with different degrees of fatigue damage and found
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Fig. 15. Relationship between chloride diffusion coefficient and fatigue stress
level [47].
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that, when the degree of fatigue damage reached 20 %, the chloride
diffusion coefficient started to increase. They also found that the chlo-
ride electric flux value of concrete with 50 % damage was 2.6 times that
of undamaged concrete. Under flexural fatigue loading, the degree of
damage in the tension and compression zones is different, and the crit-
ical degree of fatigue damage when the chloride diffusion coefficient
increases significantly in the two zones becomes 0.4 and 0.6, respec-
tively [105]. The quantitative relationship between fatigue damage and
chloride diffusion coefficient is shown in Eq. (7) and Eq. (8).

Bending fatigue tension zone: D = Dg(0.6249 + 0.3557e!3854)
).

Bending  fatigue
0.0270e3606%) (8).

where D is the chloride diffusion coefficient of fatigue-damaged
concrete, and Dy is the chloride diffusion coefficient of undamaged
concrete. For fatigue-damaged concrete under uniaxial tensile fatigue
loads, Fu et al. [104] indicated that the increase in apparent chloride
diffusivity was linearly correlated to residual strain.

In recent years, concrete damage detection techniques, such as
acoustic emission and electrical impedance spectroscopy, have been
gradually applied to fatigue damage detection in concrete. Wang et al.
[113] used acoustic emission technology to detect the damage distri-
bution inside a mortar specimen under the coupling action of bending
fatigue loading and chloride corrosion in real time. Wang et al. [109]
also described the acceleration mechanism of chloride ion permeability
in mortar under fatigue loading from a mesoscopic view, showing that
adding slag into the cement mortar can effectively improve resistance to
chloride ion penetration under fatigue loading. Using the electrical
resistance obtained by electrical impedance spectroscopy to charac-
terize the degree of fatigue damage, Song et al. [98] and Jiang et al.
[111] evaluated the effect of axial fatigue loading on chloride diffu-
sivity. Under axial compressive fatigue stress, the electrical resistance is
linearly negatively correlated with the chloride diffusion coefficient
while, under axial tensile fatigue stress, the electrical resistance, like
residual tensile strain, has an exponential relationship with the chloride
diffusion coefficient.

In summary, current studies on chloride corrosion under fatigue
loading mostly focus on bending fatigue loading, and there are few
studies of axial compressive and tensile fatigue loading. In addition,
methods of quantitative characterization of the degree of fatigue dam-
age of concrete and establishing the relationship between fatigue dam-
age and chloride diffusion performance of concrete are still the focus of
ongoing research, for example, by using some advanced damage
detection technologies such as acoustic emission.

compression  zone: D = Dy(0.9566 +

5.3. Chloride ingress model accounting for fatigue loading

As mentioned above, the diffusion of chloride ions in concrete fol-
lows Fick’s second law of diffusion. Since Collepardi et al. [88] first
applied Fick’s second law to build a chloride diffusion model, some
modified diffusion models, that allowed for the effects of various factors,
have been gradually established. Applying fatigue loads to concrete
causes the generation and development of microcracks, accelerating the
transmission of chloride ions into the concrete.

Gerard et al. [114] proposed a diffusion model accounting for me-
chanical loading, as shown in Eq. (9).

D(j/) :D0+Dlnax<1 ©

1
L+ (r/ n;)")
where D(y) is the diffusion coefficient accounting for mechanical
damage, 7 is the fatigue damage parameter, Dy is the diffusion coeffi-
cient for undamaged concrete, Dy is the diffusion coefficient in
completely cracked concrete, and n and y. are model parameters.
Although this model mainly focuses on the chemical corrosion caused by
the leaching of pore solution ions, it can be used as a basis for modelling
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Table 4

Chloride ingress models of fatigue-damaged concrete from the literature.
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Literature

Year

Model

Annotation for main
parameters

Note

Xiang et al.

[115]

Jiang et al.

[116]

Ren et al.
[47]

Yang et al.

[117]

Wu et al.
[107]1

2007

2010

2015

2019

2021
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C (x, t) = chloride ion
concentration at time t at
distance x from the concrete
surface

x = concrete depth

t = action time

Dy = chloride diffusion
coefficient in fatigue-
damaged concrete

Dy = chloride diffusion
coefficient in undamaged
concrete

Dpax = chloride diffusion
coefficient in completely
damaged concrete

y = fatigue damage
parameter

Co = initial chloride ion
concentration

Cs = surface chloride ion
concentration

erf = an error function

D,¢ = apparent chloride
diffusion coefficient under
fatigue loading

&, = residual strain after n
fatigue cycles

n = fatigue loading cycles
ep = ultimate residual strain
a, b = test constants related
to materials

Smax = Maximum stress level

D = initial chloride diffusion
coefficient in concrete

D. = maximum chloride
diffusion coefficient of in
concrete cracks

pe = initial microcrack area
density of concrete

f = frequency of the fatigue
loading

Cs, ax = chloride ion
concentration at the depth of
convection zone Ax

Ax = depth of convection
zone

K, K, K1, Ky = influential
factor of fatigue cracks,
fatigue damage,
temperature, relative
humidity

Dy, = chloride diffusion
coefficient on average within
time t

® = main crack width

T = environment
temperature

RH = relative humidity
Fiaxs Fiin, Fu = maximum,
minimum fatigue load and
ultimate load

D¢ = chloride diffusion
coefficient at tef

tref = reference time

tg = critical time after which
the D, keeps constant

m = coefficient related to
materials

e As a numerical model
Chloride diffusion coefficient
considering fatigue damage is time
and depth dependent

e Residual strain as a way of
characterizing the fatigue damage

Chloride diffusion coefficient
accounting for fatigue damage is
related to the maximum fatigue
stress level
Diffusion of chloride ions in fatigue
damaged concrete is treated as a
coupling between diffusion in
undamaged concrete and diffusion in
cracks

Diffusion coefficient varies over
duration of action

This chloride ingress model can be
applied to wet-dry cycled
environments
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chloride diffusion in load-damaged concrete, as shown in Table 4 which
summarizes the chloride ingress models of fatigue-damaged concrete in
existing literature. Using this model and introducing parameters that
describe the damage of compressive fatigue and tensile fatigue, Xiang
et al. [115] created a chloride corrosion model for concrete that
accounted for the non-uniform distribution of fatigue damage and stress
in the concrete section, with fatigue damage parameters as a function of
loading time. Therefore, the chloride diffusion coefficient in fatigue-
damaged concrete has time and space dependence. However, this
model is a numerical model involving complex calculations, and is
difficult to use. Wu et al. [107] also established a chloride ingress model
based on Eq. (9), allowing for fatigue damage and the effects of ambient
temperature and relative humidity. In addition, in this model, the effect
of cracks generated by fatigue loading on chloride diffusion are treated
separately, so this model is more suitable for the simulation of chloride
diffusion in concrete after fatigue damage, where the coupling effect of
fatigue loads and chloride corrosion is not accounted for.

The effect of fatigue loading on the diffusion of chloride ions in
concrete is because repeated fatigue loading can generate microcracks.
Therefore, the diffusion of chloride ions in fatigue-damaged concrete
can be treated as a coupling effect between diffusion in the uncracked
concrete matrix and in the cracks. Based on this hypothesis, Yang et al.
[117] established a time-varying diffusion model of chloride ions ac-
counting for fatigue damage, based on the theoretical equation of con-
crete fatigue damage, which links material properties, fatigue stress
level and loading frequency. However, neither the deterioration of
porosity in concrete nor the inhomogeneity of the crack width along the
height axis in the flexural-tension zone of the concrete flexural member
are considered in this model. In addition, Jiang et al. [116] used the
residual strain as an index to measure the degree of fatigue damage.
Based on experimental data, the relationship between the apparent
chloride diffusion coefficient and residual strain, along with a model for
chloride diffusion under fatigue loading, were established. In this model,
the development of the residual strain during fatigue loading is kept
consistent with the change in the relative cycle life ratio, i.e., the ratio
between number of applied numbers of fatigue cycles and fatigue life, it
is assumed that the residual strain starts at the second stage of the fa-
tigue damage curve, and the assumption is that the ultimate residual
strain is the corresponding residual strain at the end of the second stage.
Therefore, the model can directly produce the change in chloride
diffusion coefficient according to the number of fatigue loading cycles
and the maximum stress level in the actual concrete structure. Ren et al.
[47] also determined the relationship between the apparent chloride
diffusion coefficient and the maximum fatigue stress level based on
experimental data from a coupled test of fatigue loading and chloride
corrosion. However, most parameters in these two models are obtained
by fitting experimental data, and the applicability of fitting parameters
needs to be verified by further experiments.

From the above description, we can see that the existing chloride

Pore channel
Cement paste/Mortar
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ingress models that consider fatigue damage still have some shortcom-
ings. During the process of fatigue loading, pore structures inside the
concrete continuously deteriorate, and the number, width, and length of
microcracks also gradually increase. Therefore, the effect of time-
varying fatigue damage on the chloride diffusion cannot be ignored.
In addition, the damage to concrete caused by different fatigue loading
states is different. The damage to concrete caused by axial compressive
fatigue loading and tensile fatigue loading can often be regarded as
uniform damage along the section’s height or width. However, under
bending fatigue loading, the stress distribution of the concrete section is
not uniform, resulting in non-uniformity of fatigue damage. Therefore,
the chloride diffusion coefficient from the concrete surface to the inte-
rior is depth dependent. Better chloride ingress models that account for
fatigue damage need to be further studied in the future.

6. Combined effect of fatigue loading and FTCs
6.1. FTC effect on concrete

In a cold environment, the effect of FTCs is one of the main causes of
performance degradation of concrete materials and structures. With
FTCs, the concrete mainly suffers from physical damage, including
cracking, surface peeling, an increase in internal porosity and a decrease
in density [118], resulting in a significant reduction in its strength,
dynamic elastic modulus and other mechanical properties [7].
Furthermore, this physical damage also exacerbates the transmission of
corrosive substances from the external environment [119], such as
carbon dioxide, chloride ions, sulphate ions, and moisture, which
accelerate the corrosion rate of reinforcement material embedded in the
concrete structure, reducing the safety of the structure.

The degree of saturation of the pores inside the concrete is the main
factor affecting the frost resistance of concrete. Fagerlund [120] pointed
out that only when the degree of saturation reaches a certain critical
value can clear freeze-thaw damage in the concrete appear. There has
been extensive research into the mechanism of freeze-thaw damage of
concrete. Hydraulic pressure theory was first proposed by Powers [121]
to explain the damage mechanism of concrete subjected to water FTCs,
leading to the discovery that osmotic pressure was the driving force
behind frost damage when the concrete was in a freeze-thaw environ-
ment with salts [122]. The water frost damage mechanism of the con-
crete is shown in Fig. 16. Under the negative temperature condition, the
temperature gradually decrease from the surface to interior of the con-
crete, and the pore water on the surface of the concrete is first frozen to
form the ice. The volume increase from water to ice in pores leads to the
migration of liquid water and the generation of hydraulic pressure.
When coupling action of crystallization pressure of ice and hydraulic
pressure exceeds the tensile strength of concrete, microcracks will occur
[123,124]. However, there is no consensus on the salt frost damage of
concrete [125]. In addition to ice crystallization pressure and the

—> Flow of water — Hydraulic pressure

— Crystallization pressure of ice

Fig. 16. Hydraulic pressure damage of the concrete in water FTCs.
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Fig. 17. Frost damage mechanism of the concrete in salt FTCs [128].

generated osmotic pressure caused by the difference in solution con-
centration between unfrozen and frozen pores, the expansion stress
caused by salt crystallization also damage the concrete [128], as shown
in Fig. 17. In addition, the forms of damage that concrete undergoes in
water freeze—thaw and salt freeze-thaw environments are also different,
with the former mainly generating microcracks inside the concrete and
the latter mainly causing peeling of the surface matrix [118]. Moreover,
the air content inside the concrete is a major factor influencing the frost
resistance. Adding an air-entraining agent into concrete can create tiny
evenly-distributed pores inside the concrete, which can release the hy-
drostatic pressure generated by the conversion of water into ice and thus
reduce freeze-thaw damage [12].

FTCs are often accompanied by coupling with some chemical attacks,
including carbonation, chloride ion attack and sulphate corrosion. These
chemical attacks have both positive and negative effects on the resis-
tance to freeze-thaw of concrete. On the one hand, the presence of
chloride or sulphate ions can reduce the freezing point of the pore so-
lution in concrete, delaying freeze-thaw damage [126,127], while the
carbonate salts formed by carbonation can improve the compactness of

Table 5

concrete which reduces the penetration of external moisture, enhancing
frost resistance [3]. However, the beneficial effects of these chemical
attacks on resistance to freeze-thawing of concrete mainly occur in the
initial stage of FTCs. With extended exposure duration, on the other
hand, the crystallization of chloride salts [128], formation of ettringite
and gypsum from sulphate corrosion [129], and accumulation of car-
bonate salts [127], can all generate high crystallization pressures and
expansion forces in concrete, coupled with the hydrostatic pressure
caused by FTCs, to accelerate the deterioration of concrete.

6.2. Concrete damage under the combined effects of fatigue loading and
FTCs

In addition to chemical attacks, the combined effect of FTCs and
mechanical loading also accelerates the deterioration of concrete and
shortens the service life of the structure. This is especially true of con-
crete structures such as bridges in cold regions, which usually suffer
from the combined effect of fatigue loading and FTCs. The damage
mechanisms for both FTCs and fatigue loading on concrete are similar,

Experimental studies into the concrete under the combined effect of fatigue loading and FTCs.

Literature Year Specimen Test Fatigue Max. stress Loading Condition of Fatigue damage index
size methods* loading type level frequency FTC action
(mm x mm (Hz)
X mm)
Forgeron et al. 2004 100 x 100 x  FT +F Four- point 0.4, 0.45 300 cycles Residual flexural strength,
[132] 350 flexural residual flexural stiffness.
Hasan et al. [133] 2008 $100 x 200 FT+F Uniaxial 0.6, 0.75 5 0, 50, 100, 300 Fatigue strength, Fatigue loading
compressive cycles cycles
Lietal. [134,135] 2011, 2012 70 x 70 x FFT Four-point 0.6, 0.65, 10 Closed air FTC Residual strain
280 flexural 0.7, 0.75,
0.8
Liu et al. [136] 2011 100 x 100 x F +FT Four-point 0.7 5 Rapid water Number of FTCs
515 flexural FTC
(PC
specimen)
Hong et al. [137] 2012 100 x 100 x FT +F Four-point 0.556 10 Water/Salt FTC Fatigue life
400 flexural
Jang et al. [138] 2014 100 x 100 x FT+F Flexural 0.5~ 0.9 1 Rapid water Fatigue life
400 FTC, 150 cycles
Liu et al. [139] 2015 100 x 150 x F +FT Four-point 0.2,0.3 5 Rapid water Residual strain
800 flexural FTC, 300 cycles
(RC
specimen)
Qiao et al. 2015, 2018 70 x 70 x FFT Four-point 0.65 10 Closed air FTC Strain
[50,143] 280 flexural
Guo et al., 2016, 2016, 100 x 100 x Alternating F Four-point 0.5,0.8 10 Rapid water Pore structure, cracking, strength
[140,141] 2018, 2018 400 +FT flexural FTC
Yang et al.,
[142] Shen et al.
[51]
Luetal. [144] 2017 100 x 100 x FT+F Uniaxial 0.5 5 Rapid water Dynamic elastic modulus,
300 F+FT compressive FTC strength
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Table 5 (continued)
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Literature Year Specimen Test Fatigue Max. stress Loading Condition of Fatigue damage index
size methods* loading type level frequency FTC action
(mm x mm (Hz)
X mm)

Lietal. [145] 2018 100 x 100 x F+FT Four-point 0.6, 0.65, 10 Rapid water Strength, dynamic elastic
400 flexural 0.7, 0.75, FTC modulus

0.8
Boyd et al. [146] 2019 100 x 200 FT+F Uniaxial 0.6, 0.8 0, 25, 50 cycles Strength, fatigue life
tensile
Haghnejad et al. 2021 100 x 100 x  FT+F Three-point 0.6, 0.7, Salt FTC Fatigue life
[147] 500 flexural 0.8

Yang et al. [148] 2020 100 x 100 x FT +F Four-point 0.65 5 Water/Salt FTC Residual crack width, dynamic
400 flexural elastic modulus, maximum
(RC residual deflection
specimen)

Zheng et al. [149] 2020 320 x 500 x FT +F Four-point 0.8 5 50, 75, 100 Crack development
2000 flexural cycles
(PC
specimen)

Chen et al. [150] 2021 100 x 100 x FT+F Four-point 0.7, 0.75, 5 Rapid water Fatigue life
400 flexural 0.8, 0.85 FTC

Lietal [151] 2022 100 x 100 x Alternating F Four-point 0.5, 0.7 Rapid water Pore structure, dynamic elastic
400 +FT flexural FTC modulus, crack patterns

* In this table, “FT + F” denotes that concrete specimens were first subjected to FTCs and then fatigue loading; “F + FT” denotes that concrete specimens were first
subjected to fatigue loading and then FTCs; “FFT” denotes that concrete specimens were subjected to fatigue loading and FTCs simultaneously.

and both can be regarded as the accumulation of internal damage of
concrete under repeated action [130]. Although both fatigue loading
and FTCs can promote formation and development of microcracks in the
concrete, fatigue loading mainly increases the number of cracks, while
FTCs cause the propagation of cracks and less tortuous of microcracks
[131]. Furthermore, compared with fatigue loading, the alternating
frequency of FTCs is much smaller. Therefore, it is not easy to realize a
simultaneous coupling test of these two effects. Most existing studies
have used an interaction test method to study the combined damage of
the two effects, that is, carrying out the fatigue loading test after a
certain number of FTCs or carrying out the FTC test after fatigue loading,
as shown in the Table 5.

Forgeron et al. [132] found that the residual performance of concrete
under the interaction of FTC and fatigue loading is approximately equal
to, or even higher than that under a single action and there is no obvious
synergistic effect between the two actions. However, most related
studies suggested that the combined effect of fatigue loading and FTCs
can exacerbate the deterioration of concrete performance. By using
flexural fatigue loading on concrete specimens in an environment
chamber in which liquid nitrogen was used as a cryogen to produce a
closed freeze-thaw environment without water uptake, as shown in
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Fig. 8, Li et al. [134,135] monitored the damage process of a concrete
sample under the coupling effect of fatigue loading and FTCs by using
acoustic emission technology. The residual strain of concrete under this
coupling action was greater than that under a single action. The main
effect of fatigue loading is to produce new microcracks in the matrix and
propagate existing cracks which are distributed in the interface transi-
tion zone (ITZ) [131,134]. Furthermore, microcracks which are dia-
metrical around the pores and caused by ice forming during FTCs, can
bridge between the pores and ITZ, both of which are areas where most
damage occurs [134,152]. This indicates that both fatigue loading and
FTCs contribute to the damage. In addition, the coupling strains,
including the minimum strain and maximum strain as shown the red and
blue lines in Fig. 18 respectively, have the property of periodicity, that
is, an acceleration period during the freezing stage and an induction
period during the thawing stage [50]. During the freezing stage, the
formation of ice due to phase transition is the main factor that con-
tributes to crack propagation. Although the degree of coupled damage
during the thawing period is lower than for the freezing period, the
moisture inside the concrete is redistributed [153], which can quicken
the damage in the next freezing period. Considering that, in real life,
traffic loads are transient, and the FTCs are also periodic, Guo et al.
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Fig. 18. Coupling strain versus time and temperature (a) minimum strain (b) maximum strain [50].
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Fig. 19. Microhardness test results for ITZ under fatigue alone and combined action of FTCs and fatigue loading [142] (Here, from I to IV, the action time (fatigue

times or combined action cycles) increases)).

[140,141] simulated the combined effect of fatigue loading and FTCs by
alternating the two actions multiple times and analysing the damage
evolution process from a microscopic perspective. FTCs promote the
propagation of cracks but inhibit the widening of the cracks. At the same
time, FTCs cause the formation of micropores and edge microcracks,
leading to an increase in the fractal dimension of the cracks, that is, an
increase in the complexity of the crack distribution [140]. Fatigue
loading is the main reason for the deterioration of pore structures inside
the concrete, and FTCs can cause significant damage to the pore struc-
ture in the later stage of the combined action [141]. Using a micro-
hardness test, as shown in Fig. 19, it was seen that alternating fatigue
loading and FTCs deteriorated the ITZ significantly compared with the
fatigue loading alone. Its width increased over time, and the deteriora-
tion rate was faster than if there was just fatigue loading [142]. It is also
demonstrated that there is a coupling damage action between fatigue
load and FTCs.

6.3. Concrete properties under the combined effect of fatigue loading and
FTCs

Concrete exposed to the combined action of fatigue loading and FTCs
suffers more mechanical damage than concrete exposed to just one.
Alternating between flexural fatigue loading and FTCs, the flexural
strength of concrete exhibits a parabolic decay trend, so the strength
decays slowly in the early stage of the alternating actions and decreases
quickly in the later stage. There is a good linear correlation between the
flexural strength and pore structure parameters of the concrete
including the most probable pore diameter, less harmful pores, and
specific surface area [51]. Based on the response surface method, Li et al.
[145] showed that, under the combined action of FTCs and fatigue
loads, the number of fatigue cycles significantly affects the flexural
strength of concrete, while the number of FTCs influences compressive
strength. However, the related mechanism is not described. How the
order of fatigue loading and FTCs affects the compressive properties of
concrete has also been studied [144]. For concrete first subjected to
compressive fatigue loading and then FTCs, the initial damage caused by
fatigue loading can significantly increase the subsequent freeze-thaw
damage [133]. For concrete first subjected to FTCs and then fatigue
loading, although the initial FTCs produce microcracks, the subsequent
compression fatigue loading can compact those cracks and temporarily
increase the strength of the concrete [154]. However, with increasing
numbers of fatigue cycles and FTCs, the microcracks further develop,
resulting in a reduction in strength. In addition, this phenomenon can
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also be explained by the damage evolution of concrete during fatigue
loading or FTCs. Fatigue damage of concrete is a process where the rate
of damage occurring accelerates first, then develops smoothly and
finally accelerates again [37]. Therefore, the initial damage can increase
the amount of subsequent freeze-thaw damage. The amount of freeze-
—~thaw damage in concrete increases slowly and then more quickly,
therefore, fewer FTCs do not significantly impact the development of
damage. Therefore, the degree of damage of concrete after being sub-
jected to FTCs followed by fatigue loading is lower than that of concrete
having been subjected to fatigue loading followed by FTCs. Regardless of
the damage modes, with the increase of the number of freeze-thaw
cycles and fatigue cycles, the combined effect of fatigue loading and
freeze-thaw cycles will cause more serious damage to concrete than the
simple sum of any single factor [144]. For concrete experiencing the
combined effect of uniaxial tensile fatigue loads and FTCs, fewer FTCs
do not significantly affect the ultimate static tensile strength, but
considerably deteriorate residual fatigue performance [146]. Yuan et al.
[155] also found that FTCs reduce the elastic deformation capacity of
concrete, which greatly reduces its fatigue resistance.

Adding appropriate fibres into the concrete can improve the frost
resistance and fatigue of concrete, with the addition of 1 % and 3 %
polypropylene fibres by mass making freeze-thaw damaged concrete
exhibit a high bending fatigue life [147]. Li et al. [151] experimentally
discovered that fibre-reinforced concrete with basalt fibres with a
similar elastic modulus as aggregate has a higher residual performance
than ordinary concrete under the alternating action of fatigue loading
and FTCs. With an increase in fatigue stress level, the anti-cracking effect
of basalt fibre and the enhancement effect on the frost resistance of
concrete are more apparent. Under the same cyclic mechanical loading
and FTCs, the residual performance of recycled aggregate concrete is
better than that of natural aggregate concrete, and the ITZ of the latter
deteriorated significantly faster than that of the former, as measured
using microhardness and SEM tests [156]. It can be explained in two
ways. Firstly, the high porosity of recycled aggregate can release the ice
expansion effect at freezing period. Secondly, the recycled aggregate
concrete has an internal curing effect during the freeze-thaw cycle
which enhances the microstructure of the concrete by further hydration
with the water released by the saturated recycled aggregate [157].

There are currently only a few studies at the component level into
reinforced/prestressed concrete structures experiencing a combined
action of fatigue loading and FTCs. Liu et al. [158] evaluated the fatigue
performance of prestressed concrete beams that had been subjected to
FTCs and found that the prestressed tension level and the number of
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Fig. 20. Residual deflection development when subjected to water FTCs or salt FTCs [148] (Here, S = 0.65 means the applied stress level, i.e., the ratio of the

maximum fatigue load to ultimate bearing capacity, is 0.65).

FTCs were the main factors affecting fatigue life. FTCs can accelerate the
development of member deflection and speed up the point of crack
failure of prestressed concrete beams under fatigue loads [149]. For
reinforced concrete beams subjected to FTCs, the residual crack width,
relative dynamic modulus, residual stiffness, and residual deflection all
exhibit obvious three-stage development with a rapid, then slow and
finally accelerated failure [148]. As shown in Fig. 20, regardless of water
FTCs and salt FTCs, the residual deflection development is similar;
whereas with the number of FTCs increases, the salt FTCs condition will
advance the failure point of specimen fatigue. The presence of chloride
salt can reduce the freezing point of the pore solution to reduce the
negative effect of FTCs on fatigue damage in the initial stage [148].
However, because the permeability of salt solution to concrete is much
greater than that of water, therefore, with the number of FTCs increases,
the saturation degree of concrete increases. The concrete will accelerate
deterioration under osmotic pressure and salt crystallization pressure.
So, with an increasing number of fatigue cycles, the acceleration effect
of salt freeze-thaw on fatigue failure increases.

6.4. Concrete deterioration models accounting for the interaction of
fatigue loading and FTCs

Freeze-thaw damage occurs when the maximum stress caused by the
FTCs somewhere inside the concrete exceeds the tensile strength of the
concrete. Damage to concrete caused by repeated FTCs is irreversible

Aas-Jakobsen S5-Nequation

§=Tmx _1_B(1-R)log N

Initial stress level

=1-plogN S,

10 n

o-max

Stress level after n FTC

=%=]—ﬁlog(N—n) |

and gradually accumulative. The action of FTCs in concrete can be
regarded as being fatigue loading with very low loading frequency
[130]. Therefore, the classical Aas-Jakobsen fatigue equation [27], as
shown in Eq. (1) in Section 2, can also be used to characterize freeze-
—~thaw damage in concrete. The derivation of the freeze-thaw fatigue
damage equation for concrete is shown in Fig. 21.

In addition, because fatigue loading can reduce the tensile strength
of concrete and then gradually increase the initial stress level Sy, /S in
this equation is related to the number of initial fatigue cycles. Based on
this theory, Liu et al. [136] proposed a freeze-thaw deterioration model
of concrete accounting for fatigue loads, as shown in Eq. (10).

1

D, =1-
1 — (0.3067 — 0.2365exp( — 0.1088m) )1og(1 - N—f)

10)

where m is the number of initial fatigue cycles, n is the number of
FTCs, and D is the degree of freeze-thaw damage. Usually, the relative
dynamic elastic modulus can be used to reflect the damage inside the
concrete caused by FTCs [159], including the formation of microcracks
or the coarsening of the pore structure.

Relating to the fatigue life model of freeze-thaw damaged concrete,
as shown in Table 6, both Hong et al. [137] and Jong et al. [138]
established corresponding models based on the Aas-Jakobsen fatigue
equation and introduced a freeze-thaw damage parameter. In addition,
regardless of whether the concrete suffers freeze-thaw damage, when
the true fatigue stress level is the same, the fatigue life is basically the

| S=stress level

S, = initial stress level

S, = stress level after » FTCs
‘ = maximum stress

: Omax

Gmin = Minimum stress
[ = materials parameter
R = stress ratio

| N= fatigue life

! Ny= ultimate numbers of FTCs

i

S, 1

/= tensile strength
| /o= initial tensile strength
| /., = tensile strength after n FTCs

B N N 0
! E, 1- Blog(N, —n)

0

Freeze-thaw fatigue damage model

g n
1-log| 1 -—
5 2

v

f

D, = damage degree after n FTCs
E, = initial dynamic elastic modulus
| E, = dynamic elastic modulus after » FTCs |

Fig. 21. Derivation of the freeze-thaw fatigue damage model.
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Table 6
Fatigue damage model accounting for FTCs.
Literature Year Model Annotation for main parameters Note
Hong et al. 2012 P =S, /e PP =1.0 —0-0572'13N}75ﬁax = Gmax/fr - FIDSmax = Smax = Mmaximum stress level of e Dynamic elastic modulus as the index of
[137] Oman/f:D =1 —Eq/Eqo undamaged concrete degree of freeze-thaw damage
SP . = maximum stress level of
freeze-thaw damaged concrete
+.Frp = the static flexural strength
of freeze-thaw damaged concrete
+ = the static flexural strength of
undamaged concrete
D = degree of freeze-thaw
damage
p = fitting coefficient
NP = fatigue life of freeze-thaw
damaged concrete
E4 = dynamic elastic modulus of
freeze-thaw damaged concrete
Eg4o = dynamic elastic modulus of
undamaged concrete
Jang et al. 2014  For Portland cement concrete e Loss of flexural strength as the index of
[138] 8P < = Smax/ (fr - 0 /f) degree of freeze-thaw damage
=1.1054 + 0.5650-1g(f; - rro /f:) — 0.1365-1gN?
For fibre-reinforced concrete
Shax = Sax/ (Fr - F10 /fr)
=1.1717 + 0.5945-1g(f; - o /f;) — 0.1206-1gN?
Liu et al. 2009 N}J = (Der — Do) /kerpkpskDy = 0.2671-0.11-09418kmm ey — D, = degree of critical damage e Dynamic elastic modulus as the index of
[158] when the concrete experiences degree of fatigue damage

0.6625¢2

1-4.6x107°m + 8 x 107°m? -5 x 10 "m%kps = 1 —0.89945q +

fatigue failure, D, = 0.34 in this
reference

D, = degree of initial damage
when the fatigue cycle life ration/
N}’ is 0.1

kerp = the effect factor allowing
for freeze—thaw action

kpc = the effect factor of
prestressing stress level

k = reduce rate of dynamic elastic
modulus, which is obtained by
testing

n = the number of fatigue cycles
m = the number of FTC

q = prepressing stress level

It is assumed that when the fatigue cycle
life ratio is larger than 0.1, the degree of
fatigue damage is linearly related to the
number of fatigue cycles

same [137]. FTCs reduce concrete strength and then increase the true
fatigue stress level of the concrete. Liu et al. [158] used the cumulative
damage theory to establish a fatigue life equation for prestressed con-
crete beams with freeze-thaw damage. In this model, the effects of
initial FTCs and prestress level on fatigue life were accounted for.

However, some of the parameters in the aforementioned concrete
deterioration model for the interaction of fatigue loading and FTCs were
obtained by fitting experimental data, and so their applicability needs to
be verified further experimentally. In addition, for real life concrete
structures, the FTCs and fatigue loading either act simultaneously or
alternately on the concrete, whereas the aforementioned models only
consider one-time alternating action of the two effects. Further research
is needed to study the deterioration process and establish a corre-
sponding damage model of concrete performance after repeated alter-
nating actions of fatigue loading and FTCs.

7. Combined effect of fatigue loading and sulphate corrosion
7.1. Sulphate corrosion of concrete

Sulphate attack on concrete is a complex physicochemical process.
Sulphate ions transported from the external corrosive environment to
the interior of the concrete can react with cement hydrates such as tri-
calcium aluminate, and hydration products including calcium mono-
sulfoaluminate (Afm) and calcium hydroxide, to generate expansive
products such as ettringite and gypsum [8]. It is worth noting that some
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sulphate ions are also released to the pore solution due to high tem-
peratures inside the concrete mainly caused by cement hydration,
resulting in the generation of ettringite crystallization at ambient tem-
peratures [160]. This process is a delayed ettringite reaction in the form
of internal sulphate attack which is different from external sulphate
attack. Here, we will mainly focus on external sulphate attack.

Expansive corrosion products, in the initial stage of sulphate attack,
can fill the pores and compact the microcracks inside the concrete,
improving its compactness and strength [161]. However, once the
concentration of expansive products reaches a critical value, the
expansion force can exceed the tensile strength of concrete, resulting in
the matrix cracking and a loss of strength and stiffness of the concrete
[129,162]. Both the water-cement ratio and the composition of cement-
based materials significantly affect the resistance to sulphate attack of
concrete. Reducing the water-cement ratio of concrete and using cement
with a low concentration of tricalcium aluminate is an effective way to
improve sulphate attack resistance [163]. In addition, the corrosive
environmental conditions are also the main factors affecting sulphate
corrosion of concrete. When there is a high concentration of sulphate
salt, gypsum is the main expansive product, because ettringite is not
stable and decomposes to gypsum when the pH value of pore water falls
below about 11.5 [164]. The presence of magnesium ions can convert
the C—S—H gel into M—S—H without cohesive force, especially in
corrosion by magnesium sulphate solution, thereby loosening the
structure and reducing its strength [165,166].

There have been extensive studies of the expansion mechanism and
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performance deterioration of concrete subjected to sulphate attack.
However, concrete structures are constantly subjected to the action of
various loads over their lifetime. Under mechanical loading, unlike the
unstressed state, the cracks created by loading can accelerate sulphate
attack. In turn, the physical damage caused by sulphate attack to con-
crete can also affect its bearing capacity [167]. Under the action of static
compressive loading, the degree of sulphate attack is related to the
applied compressive stress level. A compressive level below about 0.275
can slow down the process of sulphate attack by compacting the
microcracks and pore inside the concrete, while a compressive level
greater than 0.65 can accelerate the sulphate attack significantly due to
generation of more cracks caused by high stress [168]. For tensile stress,
sulphate attack is accelerated regardless of the stress level [167].

7.2. Concrete properties under the combined effect of fatigue loading and
sulphate corrosion

In addition to being subjected to static loading, some reinforced
concrete structures, such as bridges, are often subjected to fatigue
loading caused by vehicles, trains, or wind. Compared with static
loading, there are limited studies on concrete under the combined action
of fatigue loading and sulphate corrosion. A summary of relevant
research is shown in Table 7.

Using the experimental setup shown in Fig. 7, the mechanical
properties of concrete under simultaneous bending fatigue loading and
sulphate attack were investigated [48]. Sulphate attack of concrete is
mainly divided into two stages. As shown in Fig. 22, in the first stage,
due to the formation of expansive products such as ettringite and gyp-
sum, the compactness of the concrete increases, resulting in an increase
in its strength [161]. In the second stage, the crystallization pressure of
ettringite and gypsum increases as corrosion continues and then causes
the generation of microcracks inside the concrete, resulting in a gradual
decrease in its strength [162]. However, under the combined action of
fatigue loading and sulphate attack, the phenomenon where formation
of expansion products increases concrete strength weakens and even
disappears at the initial stage [48]. As shown in Fig. 23, when the fatigue
stress level is 0.6, the concrete strength decreases continuously with the
increase of corrosion time. This is because the reinforcement effect on
concrete strength given by the formation of expansion products is offset
by the fatigue damage. A higher sulphate concentration makes the
compensation effect of sulphate corrosion on the strength of concrete at
the initial state and the deterioration effect at later stages more
noticeable [48] i.e., the strength of concrete at the initial corrosion stage
with 10 % sulphate concentration is slightly higher than that with 5 %
sulphate concentration. In the later stages of corrosion, 10 % sulphate

Table 7
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concentration makes concrete strength deteriorate more rapidly than
with 5 % sulphate concentration. Based on this, Yu et al. [48] described
the degradation process of concrete under sulphate attack alone and
under coupled action with fatigue loading, as shown in Fig. 22. The
difference with sulphate attack alone is that, under the coupling action,
the expansion and cracking stage begins immediately after sulphate ion
diffusion occurs. In addition to the fact that fatigue loading can cause
earlier cracking of the concrete and thus make it easier for sulphate ions
to enter the interior of concrete earlier, a high stress level can also
accelerate chemical reactions in the pore solution [173], thereby
accelerating the expansion damage by sulphate attack. The addition of
mineral admixtures, such as low calcium fly ash, can improve the
corrosion fatigue resistance of concrete [162], because the pozzolanic
reaction of fly ash can consume lime [174], thereby reducing the
amount of gypsum formed by the chemical reaction between sulphate
ions and lime. In addition, the partial replacement of cement with fly ash
can reduce the content of tricalcium aluminate [175], thereby weak-
ening the reaction between tricalcium aluminate and gypsum. However,
incorporating high concentrations of calcium fly ash makes the concrete
more susceptible to sulphate attack due to the generation of calcium
aluminate hydrates and monosulfate [176]. In addition, concrete
structures in tidal zones often suffer from sulphate corrosion due to
wetting—drying action, rather than due to being fully underwater.
Compared with full immersion, the concentration gradient inside and
outside the concrete under wetting-drying cycles can accelerate the
transmission of sulphate ions to the interior of the concrete, exacer-
bating the fatigue corrosion of the concrete [162].

By subjecting concrete first to fatigue loading and then sulphate
corrosion, Yan et al. [171] investigated the effect of steam curing on
fatigue resistance and corrosion, and found that, compared with stan-
dard curing, the fatigue-damaged steam cured concrete lost more
strength during sulphate attack. They suggested that compressive fa-
tigue loading with a stress level of 0.5 was sufficient to cause
compression cracking and then to accelerate sulphate attack. In addi-
tion, the concrete containing slag had lower fatigue resistance and larger
strength reduction than that of concrete without slag after the combined
action of fatigue loading and sulphate attack. Investigating the influence
of sulphate corrosion on the fatigue performance of concrete, both Long
et al. [170] and Ting et al. [172] evaluated the fatigue behaviour of
concrete by first carrying out the sulphate attack test and then fatigue
loading, as shown in Fig. 24. Compared with the uncorroded concrete,
the fatigue life of sulphate-corroded concrete is significant lower under
the same fatigue load level. This is because that sulphate attack causes
severe damage inside the concrete and increases the actual fatigue stress
level, resulting in a reduction of fatigue life. Carrying out the alternating

Experimental studies into concrete under the combined effect of fatigue loading and sulphate attack.

Literature Year Specimen Test Fatigue loading Max. stress Loading Condition of sulphate attack Damage index
size methods* type level frequency
(mm) (Hz)
Zhao et al. 2014 100 x 100 x FS Four-point 0.6 Immersion, 5 % or 10 % Flexural strength, relative
[169] 400 flexural magnesium sulphate solution dynamic modulus
Yu et al. 2016 100 x 100 x FS Four-point 0.2, 0.4, 0.6 Immersion, 5 % or 10 % NaySO4 Flexural strength, relative
[48] 400 flexural solution dynamic modulus
Long et al. 2018 100 x 100 x S+F Four-point 0.6, 0.7, 0.8 10 Mixed sulphate solution Fatigue life
[170] 400 flexural
Yan et al. 2019 100 x 100 x F+S Uniaxial 0.5, 0.6, 0.7 5 Immersion, 5 % NaySO,4 solution Relative dynamic modulus
[171] 300 compressive
Liu et al. 2020 100 x 100 x FS Four-point 0.2, 0.35, 0.5 Drying-wetting cycles, 10 % Mass loss, relative dynamic
[162] 400 flexural NaySO4 solution modulus
Zhang et al. 2021 »50 x 100 Altered F Uniaxial 0.6 Drying-wetting cycles, 5 %, 10 %  Residual deformation,
[53] +S compressive or 15 % Na,SO, solution elastic modulus
Ting et al. 2021 50 x 50 x 50 S+F Uniaxial 0.3, 0.4, 0.45, 0.6, 0.8, 1.0 Drying-wetting cycles, 5 % or 20 Fatigue life, residual strain,
[172] compressive 0.8, 0.85, 0.9 % NaySO4 solution strength

* In this table, “S + F” denotes that concrete specimens were first subjected to sulphate attack and then fatigue loading; “F + S” denotes that concrete specimens were
first subjected to fatigue loading and then sulphate attack; “FS” denotes that concrete specimens were subjected to fatigue loading and sulphate attack simultaneously.
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Fig. 22. Damage process of concrete under sulphate attack alone and under the combined action of fatigue loading and sulphate attack [48].
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test of fatigue loading and sulphate attack in the laboratory can also
simulate the actual real-world conditions of concrete. Using 120 cycles
of cyclic loading and five wetting—drying cycles of sulphate attack as a
major cycle, Zhang et al. [53] evaluated the fatigue behaviour of con-
crete under the combined effect of fatigue loading and sulphate corro-
sion. As the number of major cycles increased, the fatigue properties first
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increased and then decreased. The number of major cycles has a more
significant influence on the fatigue behaviour of concrete than does the
concentration of sulphate salt.

7.3. Deterioration models that account for the interaction between fatigue
loading and sulphate corrosion

There are few studies into models of concrete deterioration under the
combined effect of fatigue loading and sulphate attack. Guan etal. [177]
treated the transmission of sulphate ions in concrete as a coupling be-
tween the transmission in the concrete matrix and that in cracks and
established the relationship between the crack factor and the residual
deformation during fatigue loading. Finally, they deduced the equation
that describes the diffusion coefficient of sulphate ions in fatigue-
damaged concrete, as shown in Table 8. On this basis, the sulphate
corrosion life model under fatigue loading is established by taking the
reaction time when the substances in concrete that can chemically react
with sulphate ions are completely consumed as the sulphate corrosion
life [177].

However, the aforementioned sulphate ion diffusion coefficient and
corrosion life models do not consider the effect of expansion damage due
to sulphate corrosion. Compared with chloride ions and carbon dioxide,
the transmission of sulphate ions inside the concrete is more complex. In
the early stages of corrosion, sulphate attack generates some expansive
products such as ettringite and gypsum inside the concrete which fill the
internal pores and cracks [161], effectively reducing the transmission of
sulphate ions and the diffusion coefficient of sulphate ions. However,
with an increase in corrosion duration, the expansion force caused by
sulphate attack can cause internal damage to the concrete [162], which
accelerates the transmission of external sulphate ions, that is, the
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Table 8
Deterioration model under the combined effect of fatigue loading and sulphate attack.
Literature Year Model Annotation for main parameters Note
Guan et al. 2012  Corrosion-fatigue numerical model: U = concentration of sulphate ions e The residual strain at the end of the second stage of the
[177] au_4d ou X, t = depth and time of corrosion fatigue damage process is the same as the ultimate
ot ox [Dl(x’ Y &] —kuc Dy, Dy, and D, = diffusion coefficients of residual strain
aC kUC sulphate ions in the fatigue-damaged The diffusion coefficient of sulphate ions in the
i concrete, concrete matrix, and cracks. concrete matrix is related to the porosity of the concrete,
Dy = Dy + 24 x 0.785n,¢% (D — Din) k = constant of reaction rate of sulphate ions water-cement ratio, the degree of hydration, and so on
b (S—a)/p(1—) C = concentration of calcium ion in the pore Reaction time when the substances in concrete that can
x1/ (24nh€5 +2x09x10 ) solution chemically react with sulphate ions are completely
2 = coefficient of reaction of gypsum consumed is defined as the sulphate corrosion life
n, = number of fatigue cycles per hour
Fatigue-corrosion life model: &} = ultimate residual strain during fatigue
T = 2.2450f + 31,5635 — 0.00141612 loading evel dusine fati
—0.01564f-S + 0.02354f-Us i);dglllemum stress level during fatigue
—5.0734f w/c — 0.310665 a, § = test constants related to materials
—0.0328725-Ur — 0.080207U% v = stress ratio of fatigue loading
T = fatigue-corrosion life of concrete
f = frequency of fatigue loading
Ug = concentration of external sulphate ions
w/c = water-cement ratio
Long et al. 2018  Fatigue model accounting for sulphate Pax = maximum load maximum load e Loss of static strength after sulphate corrosion is the same
[170] corrosion: Dy = strength degradation factor after as the damage index to characterize the damage caused by

Prax
S = Do, = 1.09935 —0.081061gN;

stu

sulphate corrosion

P, = static flexural load of uncorroded
concrete

N, = fatigue life of the sulphate-corroded

sulphate attack

concrete

diffusion coefficient of sulphate ions increases. When coupled with fa-
tigue loads, the transmission and damage process during sulphate
corrosion is more complex still. Therefore, a method to measure the
effects of sulphate corrosion damage and fatigue damage on sulphate ion
diffusion simultaneously is the focus of future research. In addition,
Long et al. [170] found that the fatigue life of concrete corroded by
sulphate attack can be described using the two-parameter Weibull dis-
tribution function and obtained the fatigue life model of concrete after
sulphate corrosion based on experimental data, as shown in Table 8.
However, the experimental data used in the model establishment were
limited, and the application of model needs further verification.

8. Discussion and research perspectives

Over the past decade, there has been a good deal of interest in the
combined effect of fatigue loading and corrosive environments on the
performance of concrete materials or structures. From a concrete ma-
terial perspective, extant studies on this topic mainly include the effect
of fatigue loading on concrete carbonation and chloride transmission,
and the damage to concrete under the combined effect of fatigue loading
and FTCs or sulphate attack. In addition, some models for carbonation
and chloride ingress which incorporate the effect of fatigue loading,
along with freeze-thaw damage models, sulphate corrosion models and
fatigue life models that include environmental factors have also been
created. However, there are still some directions for further exploration
and research on this topic.

(1) Most current research about concrete under the combined action
of fatigue loading and a corrosive environment uses the one-time
alternation simulation test method. In real life applications, however,
fatigue loading and corrosion occur simultaneously. Taking the com-
bined action of fatigue loading and carbonation as an example, the
damage process for concrete under these actions combined can be
divided into the following phases. In the initial stage, low-cycle fatigue
loading does not cause significant damage to the concrete, and the
carbonation process can be regarded as unaffected by fatigue loading.
With an increase in the number of fatigue loading cycles, the damage to
the concrete increases with the resulting deterioration of micropores and
microcracks significantly accelerating the carbonation process, that is,
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speeding up the diffusion of carbon dioxide. Furthermore, this damage is
time dependent, and therefore, causes the diffusion coefficient of carbon
dioxide to become time-dependent also. At the structural level, accel-
erated carbonation due to fatigue damage can cause the corrosion of
reinforcement embedded in the concrete to worsen. Rust will reduce the
cross-section of reinforcement material and then reduce the fatigue
resistance. Therefore, the reinforcement will deteriorate faster under the
combined effect of fatigue loading and corrosion, thereby significantly
shortening the service life of the reinforced concrete structure. There-
fore, considering the aforementioned deterioration process in concrete
structures, it is very important to determine the threshold of the degree
of fatigue damage that significantly accelerates the deterioration in
concrete durability. Advanced testing techniques should be used in
future research to determine, quantitatively and accurately, the degree
of damage caused by fatigue loading, such as the change in pore struc-
ture, crack width, crack length and distribution of cracks. This can help
produce a comprehensive quantitative index to link the damage index
and durability indexes, such as the carbonization or chloride diffusion
coefficient, and to establish a more accurate durability model that in-
corporates fatigue damage.

When simulating the combined effect of fatigue loading and corro-
sion, the best test method is to carry out the fatigue loading and
corrosion test simultaneously. However, as mentioned earlier, this test
method is complicated to design and operate. A simultaneous test of
fatigue loading and chloride or sulphate salt immersion is relatively easy
to implement and can be achieved by combining the fatigue loading
machine with an immersion tank. However, this test method is difficult
to realize when measuring the coupling action of FTCs or carbonation
and fatigue loading. In the laboratory, the fatigue loading frequency is
generally 5-10 Hz, with the rapid FTC test generally taking 3—4 h for one
FTC. Therefore, how to match these two actions is an important issue.
Although there are existing test devices that can carry out fatigue
loading and FTCs simultaneously, the freeze-thaw environment is a
closed air FTCs and does not allow for the transmission of moisture into
the concrete [49,50]. In real-world conditions, however, the most
serious freeze-thaw damage seen in concrete is often in an environment
where there is moisture or salt solution. Therefore, it is very difficult to
incorporate moisture or a salt solution in a fatigue loading and FTC



D. Liu et al.

testing environment with large temperature changes. For the carbon-
ation test, because the corrosive medium is carbon dioxide gas, it is also
difficult to ensure a constant concentration of carbon dioxide, ambient
humidity or temperature in the carbonation box when combined with
the fatigue loading machine. An artificial climate simulation room is a
good choice to realize the simultaneous test of fatigue loading and
corrosion [178], but the influence of temperature change on the fatigue
loading and other test equipment needs to be considered; the cost of such
testing is also high. Another method that can experimentally simulate
the combined effect of fatigue loading and corrosion is a multiple
alternated simulation test, as mentioned in Section 3, but current related
research is limited. This test method may be considered for future
research to simulate the combined action of fatigue loading and corro-
sion, to determine a reasonable alternating process which can match the
real-world conditions of concrete structures.

(2) The type of fatigue loading has a significant effect on the dura-
bility of concrete. For concrete subjected to axial compressive/tension
fatigue loading, the internal fatigue damage can be regarded as uniform,
while the damage caused by flexural fatigue loading is not uniform for
concrete beams and other flexural members. Since the tensile strength of
concrete is much lower than its compressive strength, the fatigue dam-
age in the tension zone is the most serious. In addition, along the height
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10 mm crack length

(¢) 10years

20 mm crack length

20 mm crack length
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axis, the damage to the pore structure produced by fatigue loading is not
uniform, and the width of cracks is also gradually reduced. Taking the
coupling effect of fatigue loading and chloride attack as an example,
fatigue damage with uneven spatial distribution will cause in-
homogeneity of the chloride ion diffusion coefficient along the depth
axis. Considering the time dependence of fatigue damage, the chloride
diffusion coefficient has both time and depth dependency under bending
fatigue loading. Therefore, the spatial distribution inhomogeneity of
fatigue damage should be further investigated in future studies and its
impact on durability should be assessed.

(3) Based on the accelerated effect of fatigue damage on the diffusion
of chloride ion or carbon dioxide diffusion, some numerical models of
chloride diffusion or carbonation allowing for fatigue loading have been
created by existing studies, which treat the diffusion flux of chloride ions
or carbon dioxide under fatigue loading as a coupling of the diffusion
flux between the concrete matrix and fatigue cracks. However, fatigue
loading not only causes the development of cracks, but also damages the
pore structure of concrete. The effect of the deterioration of the micro-
scopic pore structure caused by fatigue loading on the durability of
concrete should also be studied in the future. In recent years, numerical
models of concrete with random aggregates have been gradually
developed, and the transmission process of chloride ions or carbon
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Fig. 25. Relative carbonate content in a numerical model of concrete after carbonation for 1, 5, 10 years [179].
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dioxide in concrete has also been simulated [179-181], including nu-
merical models that account for the existence of cracks. One such model
is shown in Fig. 25. Compared with static loading, fatigue loading pro-
duces more cracks and wider crack distribution in concrete. How to treat
fatigue cracks in numerical models of concrete and to simulate the
transmission of chloride ions or carbon dioxide are subjects for future
research.

For simulation of the coupling between fatigue loading and FTCs, Li
et al. [49] proposed an interactive model based on the relationship be-
tween the fatigue crack width and permeability coefficient, by
combining ABAQUS and HYDRUS-2D finite element software. The
propagation of fatigue cracks is simulated and calculated by using the
cohesive element in ABAQUS, then the relationship between the
cracking and water permeability coefficient is used to calculate the
water saturation distribution near the fatigue cracks in HYDRUS-2D.
Finally, the degree of local freeze-thaw damage near the cracking is
obtained using the relationship between degree of saturation and
freeze-thaw damage. However, the inhomogeneity of concrete material
has not been incorporated in this model, and the simulation of freeze-
—thaw cycles to the concrete has not been adequately realized. Qin [182]
established a mesoscopic concrete model with random pores and applied
radial displacement loading to the pores using the ABAQUS system to
simulate freeze-thaw damage at the mesoscopic level. The restart
analysis technique is used to simulate the compression of concrete after
freeze-thaw damage, and the strength loss obtained agrees with test
results [124]. Based on this simulation method, microcracks and
coarsened pore structures caused by fatigue loading can be incorpo-
rated. Restart technology can also be used to alternately carry out fa-
tigue loading simulation and freeze-thaw damage simulation using a
numerical model of concrete, which is a way to realize the numerical
simulation of the coupled action of FTCs and fatigue loading. However,
whether the restart technique can realize the alternate simulation of
fatigue loading and freeze-thaw damage, and how to model the meso-
scopic level freeze-thaw damage in the cracked area using a finite
element model, both need further research.

(4) There are many corrosive environmental factors that concrete
structures suffer from in real-world applications, and often there is more
than one at work. Common pairs of such factors include a combination
of carbonation and chloride ions, of chloride ions and FTCs, or of
chloride attack and sulphate attack. There needs to be more research
into the performance degradation of concrete structures under the
combined effect of multiple environmental factors and fatigue loading.
In addition, there needs to be more research into the performance
improvement of concrete under the combined action of fatigue loading
and corrosion, for example, the improvement given by the use of fibres
on the anti-cracking performance of concrete [183], and the improve-
ment of supplementary cementitious materials on concrete compactness
[184].

9. Conclusions

Studies of the performance deterioration of concrete under the
combined effect of fatigue loading and corrosive environment factors in
the extant literature were reviewed for this paper. From the concrete
material perspective, the effect of fatigue loading on carbonation and
chloride attack in concrete was described. The deterioration character-
istics of concrete under the combined action of fatigue loading and FTCs
or sulphate attack were also reviewed. In addition, some carbonation
and chloride ingress models accounting for fatigue loading, and damage
models of concrete under the combined action of fatigue loading and
FTCs or sulphate attack were detailed. The main conclusions drawn from
this literature review are as follows:

(1) Due to the complexity of operating and controlling fatigue
loading simulation test equipment, it is not easy to carry out a simul-
taneous test of fatigue loading and corrosion in concrete specimens,
especially experiments of the coupling of carbonation or FTCs, and
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fatigue loading. Most current research used the one-time alternating test
method, that is, carried out durability tests after fatigue loading or
carried out fatigue loading after exposure to corrosive environments.
However, this test method is quite different from the real-world envi-
ronment of concrete structures. A multiple alternated experiment, that
is, where fatigue loading and corrosion are alternately carried out many
times, is a potential and controllable test method to simulate the
coupling effect of fatigue loads and corrosion on concrete.

(2) Compared with static loading, the deterioration in the durability
of concrete under fatigue loading is more severe. Microcracks and
coarsened pore structure induced by fatigue loading can accelerate the
transmission of corrosive substances from the external environment to
the interior of the concrete, resulting in the exacerbation of the degree of
carbonation, chloride salt corrosion and freeze-thaw damage. A low
compressive stress level can inhibit the transmission of external corro-
sive substances, while the transmission rate significantly accelerates
with an increase in fatigue tensile stress level. Under flexural fatigue
loading, the durability deterioration of concrete in the tensile zone is
more serious than that in the compression zone.

(3) Fatigue loading and FTCs combine and damage concrete. The
cracks generated by the two actions not only develop around the ITZ, but
also tend to distribute diametrically around the pores. Coupling damage
from the two actions mainly occurs during the freezing phase, with the
redistribution of moisture caused by the thawing phase worsening the
damage caused by the next freezing phase. Fatigue damage can weaken
or offset the increase in concrete strength due to sulphate attack in the
initial stage of corrosion, resulting in a gradual decline in strength with
an increase in fatigue-corrosion duration. The damage produced by FTCs
and sulphate attack increases the true stress level of concrete under fa-
tigue loading and significantly reduces the fatigue life.

(4) The total transmission flux of gases or ions in the fatigue-
damaged concrete can be considered as the coupling between the
transmission flux in the uncracked concrete matrix and in fatigue cracks.
Based on this hypothesis, some carbonation models, chloride ion ingress
models and sulphate corrosion models accounting for fatigue damage
have been created, in which residual strain is a commonly used indicator
that characterizes fatigue damage and can be quantitatively related to
the durability indicators of concrete, such as the diffusion coefficients of
carbon dioxide, chloride ions and sulphate ions. However, the effect of
damage to micropores caused by fatigue loading on the accelerated
deterioration of durability cannot be ignored. In addition, the assump-
tion in most models that the transport of external corrosive substances
occurs after fatigue damage, is not actually true in real life. Further
research is also required into the time-dependence of fatigue damage
with loading cycles causing time dependence in the transmission rate of
corrosive substances.
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