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Abstract: In marine environments, reinforced concrete bridge structures are subjected to cyclic loads and chloride ingress, which results in corrosion of the reinforcing bars, early deterioration, durability loss, and a considerable reduction in
the fatigue strength. Owing to the complexity of the problem and the difﬁculty
of testing, there are few studies on the fatigue performance of concrete structures
under the combined action of corrosion environment and cyclic load. Therefore, a
coupling test device for corrosion and cyclic load is designed and fatigue tests of
reinforced concrete beams in air environments and chlorine salt corrosive environments are carried out. The fatigue corrosion process, damage mode, and corrosion features of the test beams as well as chloride ion content in concrete are
analyzed. The relationships of deﬂection, crack, and number of cycles in the different environments are given. Results show that the fatigue life of the beam is
greatly reduced under coupled effects of the cyclic load and corrosive environment, the failure form of the beam is corrosion fatigue damage. The deﬂection
and crack keeps growing with the increase in loading cycles. Under the coupling
of cyclic load and corrosion environment, the content of chloride ion in concrete
is low and there is less variety along the direction of penetration.
Keywords: Reinforced concrete; cyclic load; corrosion fatigue; coupled effect;
fatigue life; chloride ion content

1 Introduction
Despite the rapid development of new materials, reinforced concrete is still widely used in offshore
engineering. In recent years, the collapses of cross-sea bridges and railways have shown that serious
durability problems exist in offshore reinforced concrete structures [1,2]. During their service life, Coastal
concrete structures, like roads, railways, and bridges, are subjected to dynamic loading from vehicles and
the atmospheric marine environment at the same time. The failure mode is a kind of fatigue failure that is
induced by the coupled action of cyclic loads and a corrosive environment [3–5]. Series of research
works have been carried out to investigate the durability of concrete structures under the combination of
constant loads and a corrosive environment [6–12]. However, previous studies mainly investigated the
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effects of simultaneous load and steel corrosion on the corrosion rates and the mechanical behaviour of RC
structures. Previous study show that the simultaneous corrosion and load may signiﬁcantly increase
deﬂections of RC beams. But due to the different test details, contrasting results of the coupled effects on
the corrosion rate and the crack widths may got.
Studies on the interaction of cyclic load and corrosive environment have mostly focused on the fatigue
properties of reinforced concrete beams with different corrosion degrees of steel bars based on a accelerated
corrosion method. The steel bars were accelerated to corrode before loading [13–19]. From these studies, the
main problems are: ﬁrstly, reinforcement corrosion in RC structures was accelerated by electric current,
which is a different phenomenon from that of the corrosion of steel in an actual engineering corrosion
environment. In general, steel corroded by electricity is evenly rusted, whereas that corroded in natural
environments is pitting [20]; secondly, in practical engineering, corrosion and load were taken place in
the same time. The behavior of beams that are corroded under simultaneous cyclic load and steel
corrosion is expected to be different to the behavior of beams based in sequential corrosion and cyclic
load application. Whereas studies coupling a corrosive environment and fatigue coupling are relatively
few [21–24]. Although the coupling of corrosion and fatigue tests can be achieved by artiﬁcial simulated
conditions of climate, the cost is high.
The coupling of corrosion and fatigue tests in this study were designed and achieved by spraying
chloride solution and applying the cyclic load at the same time. The test of ﬂexural reinforced concrete
beams was carried out, and the deformation properties and fatigue life of the concrete beam as well as
chloride ion content in concrete were studied, which provide insights for the evaluation of fatigue damage
and life prediction of reinforced concrete structures in corrosive environments.
2 Test Program
Five prismatic reinforced concrete beams were designed and cast in this test. The reinforcement
conﬁguration is shown in Fig. 1. Longitudinal tensile steel bars were of 12-mm diameter and had yield
strengths of 420 MPa and ultimate strengths of 583 MPa. Compression steel bars were of 10-mm
diameter. Stirrups were steel bars of 8-mm diameter spaced at 100-mm intervals within the shear span of
700 mm. In the moment span of 500 mm, neither stirrups nor compression steel bars was used. The cover
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Figure 1: Geometry and reinforcement information of test specimens (mm)
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of the reinforcing steel was 23 mm in thickness. The 28-day average cubic (100 mm × 100 mm × 100 mm)
compressive strength was tested to be 36.7 MPa, and increased during the curing process, reaching 50 MPa at
70 d. The strength remained constant until the specimens were loaded. All test specimens were loaded under
four-point bending.
The test plan is shown in Tab. 1. Specimen C-0 is a static load damage beam to determine the ultimate
bearing capacity. Specimen C-1 is a comparison beam for fatigue damage to determine the fatigue life of the
beam in atmospheric environment. Specimens C-2, C-3, and C-4 are the test beams for the coupling of cyclic
load and corrosive environment.
Table 1: Test plan
Specimen number

Test method

Loading amplitude

Loading frequency/Hz

C-0
C-1
C-2
C-3
C-4

Static load until damaged
Cyclic load + Air environment
Cyclic load + Corrosive environment
Cyclic load + Corrosive environment
Cyclic load + Corrosive environment

–
7%–70%Pu
7%–70%Pu
7%–70%Pu
5%–50%Pu

–
2
1
1
1

A schematic of the coupling of corrosion and fatigue test setup is shown in Fig. 2. The device has many
advantages such as simple, easy production and high cost performance. The loads were applied by the
electro-hydraulic servo loading actuator (6), which could be adjusted to meet different load requirements.
A plexiglas tank (3) was positioned on the bottom of the moment span, while the PVC pipes were
installed to pump the chloride solution from the tank and spray on continuously during the process of
fatigue. When spraying continuously or discontinuously, the device can simulate different marine
environments such as underwater zone, splash zone, ﬂuctuating water level zone or wet-dry cycling zone.
The rust of the steel bars in concrete caused in the simulated marine environment was similar to that of in
a natural environment.
6
5
4

2

3
1

2

1- Strong floor 2- Simple-supported support 3 - Plexiglas tank; 4- RC test beam 5- Load distributor 6 - Loading
actuators

Figure 2: Loading system for coupling of corrosion and fatigue tests
The corrosion and cyclic load coupling test is shown in Fig. 3. At the bottom of moment span, the PVC
pipes were installed to pump the chloride solution of 3.5% from the tank and spray on continuously during
the process of fatigue. The fatigue test load was equal amplitude repeated loading controlled by the electrohydraulic servo system. The ultimate bearing capacity of the beam was Pu = 30 kN, measured in the static
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Figure 3: Corrosion fatigue coupling test method
load test. The fatigue test process began with three static loads, starting from 0 kN and loading to the upper
limit. Then the cyclic load was applied and the load varied in sine. The fatigue damage was marked by the
break of the longitudinal bar or the width of the crack exceeding 2 mm. The process was stopped when the
cyclic load cycle reached a certain number of times, after which the data collecting of static load cycle and
observation recording deﬂection and fracture were performed.
As shown in Fig. 4, the dial indicators were arranged in the span, the supporting position and the loading
point. The strain gauges were pasted across the middle of the beam. The clip extensometers were arranged to
measure the width of the crack at the loading point of the beam. The data was automatically collected by
DH3820 with a frequency of 50 Hz.
Displacement meter

P

P

Displacement meter

Concrete strain gauge

Crack extensometer

Displacement meter

Figure 4: Location of measuring points
3 Test Results and Analysis
3.1 Fatigue Life and Failure Form
Tab. 2 summarizes the fatigue test result of specimens. When the cyclic load level was σmax /σu = 0.7, the
fatigue life of specimen C-1 in air environment was 418,012 times, while the fatigue lives of specimens C-2
and C-3 under corrosion and fatigue coupling were 198,023 times and 166,054 times, respectively. Thus, the
fatigue lives of specimens C-2 and C-3 were reduced by 53% and 60%, respectively, compared to the fatigue
life of specimen C-1. The result shows that chlorine corrosion and cyclic load coupling had a great inﬂuence
on the fatigue life of beam. When the cyclic load level was σmax/σu = 0.5, the fatigue life of specimen C-4
under the corrosion and fatigue coupling was 1,268,145 times.
Fig. 5 presents the failure form of each specimen. The failure form of static load specimen C-0 was a
typical damage of reinforced beam, and other fatigue test specimens were damaged with bars broken.
When the cyclic load reached 418,012 times, a tensile steel bar of specimen C-1 broke at one of the
loading points, and the concrete was completely crushed and dislocated, indicating the test beam was
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Table 2: Results of corrosion fatigue test
Specimen
number

Test
environment

Load
amplitude
(kN)

Frequency
(Hz)

Fatigue
life
(times)

Corrosion
fatigue
time (h)

Failure
form

C-1
C-2

Air environment
Corrosion
environment
Corrosion
environment
Corrosion
environment

7%–70%Pu
7%–70%Pu

2
1

418012
198023

116
55

1 bar broken
2 bars broken

7%–70%Pu

1

166054

46

1 bar broken

5%–50%Pu

1

1268145

352

1 bar broken

C-3
C-4

damaged. When the cyclic load reached 198,023 times, the specimen C-2 was suddenly broken into two parts
from one of the loading points, with both of two tensile steel bars broken. When the cyclic load of specimen
C-3 reached 166,054 times, a large fracture occurred at the bottom of a loading point, with the deﬂection
increasing greatly, indicating the fracture of a steel bar. After the beam was removed, the crack smashed
and the tensile reinforcement was exposed broken. When the cyclic load reached 1,268,145 times, the
concrete in the bottom of the beam was cracked, indicating the fracture of a steel bar. After the beam was
removed, the crack was smashed, and the tensile reinforcement was observed to be broken.
3.2 Deﬂection-Load Curves and Deﬂection-Load Cycle Times Curves
Fig. 6 shows the deﬂection-load curves and midspan deﬂection-load cycle times curves of specimens.
During the fatigue process, the deﬂection of the beam increased along with the loading and unloading,
indicating that the fatigue damage was a cumulative process. The residual deformation mainly occurred in
the previous load cycle, but the residual deformation of the same load cycle decreased gradually as the
number of load cycles increased. After the initial static load of three times, the maximum deﬂection of
specimen C-1 was 9.77 mm. With the increase of the load cycles, the maximum deﬂection was also
increasing. The maximum deﬂection increased by 1.81 mm after the cycle of 360,000. Before the
specimen was damaged, the maximum deﬂection was 11.60 mm. The maximum deﬂection of specimen
C-3 was 8.34 mm after the initial static load of three times, and the maximum deﬂection increased by
1.55 mm after the cycle of 130,000. Before the fracture, the crack width and the deﬂection increased a
lot. The maximum deﬂection of specimen C-4 was 6.08 mm after the initial static load of three times, and
the maximum deﬂection increased by 0.75 mm after the cycle of 1,300,000. Before the specimen was
broken, the maximum deﬂection was 6.83 mm.
The midspan deﬂection-load cycle times (lgN) curves show that, the front and back sections of slowdeﬂection-growth are short, while the middle section of rapid-deﬂection-growth is relatively long.
Although the fatigue life of each specimen is different, the deﬂection development laws corresponding to
different load levels are basically the same. Under the cyclic load, the midspan deﬂection increased with
the increase of the number of load cycles, and the growth rate under different load levels and
environment varied.
Compared with the maximum midspan-deﬂection of the specimen after 1,000 times load cycles, the
relationship between the growth rate of deﬂection and the number of load cycle times was obtained, as
shown in Fig. 7. Due to the large dispersion of the fatigue test, the deﬂection growth rate of specimens
was different. Fig. 7a shows that the deﬂection growth curve of specimens in corrosive environment was
steeper than the specimens in air environment, indicating that the corrosive environment accelerated the
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Figure 5: Failure form of each tested beam (a) Failure form of C-1 (b) Failure form of C-2 (c) Failure form
of C-3 (d) Failure form of C-4
accumulation and development of corrosion fatigue damage. Fig. 7b presents the deﬂection-load cycle times
curves of specimens in corrosive environment. The deﬂection growth rate of specimens with high stress level
(σmax/σu = 0.7) was higher, whereas the fatigue life was longer for the specimens with lower stress level
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Figure 6: Deﬂection-load curves and midspan deﬂection-load cycle times curves (a) Specimen C-1 (b)
Specimen C-3 (c) Specimen C-4
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Figure 7: Deﬂection growth rate-load cycle times curves (a) Specimens of σmax/σu = 0.7 (b) Specimens in
corrosive environment
(σmax/σu = 0.5) and the growth rate of the deﬂection was relatively gentle, which shows that the fatigue stress
level has a great inﬂuence on fatigue life and fatigue performance in corrosive environment.
3.3 Relationship between Fracture Development and Load Cycle Times
The ﬁrst crack of each specimen appeared when the load reached about 3–4 kN. There were about
7 cracks in the moment span of each specimen, and the spacing of each crack was 60–100 mm. The
crack width increased gradually during the fatigue process, but the increase was small before the beam
was broken thoroughly, with no new crack appearing. Before specimen C-3 was broken, longitudinal
cracks began to appear at the end of transverse cracks, indicating that the bond between the reinforced
concrete and the concrete was damaged due to the coupling effect of corrosion fatigue. Fig. 8 shows the
relationship between the width of a crack near the loading point and the load cycles. With the increase of
the number of load cycles, the crack width in upper and lower limits of load increased slowly, and the
width of overall increase was small, with an average increase about 0.04 mm. The crack had a residual
width after the fatigue test.
3.4 Relationship between Concrete Strain and Load Cycle Times
Fig. 9 presents the relationship of the concrete maximum compressive strain in the compression zone
and load cycle. Before specimen C-1 was damaged, the maximum strain was −763 με and the maximum
residual strain was −190 με. Before specimen C-3 was damaged, the maximum strain was −885 με and
the maximum residual strain was −185 με. Before the failure, the initial strain was increased. Compared
with the concrete strain of specimens C-1 and C-3, the specimen in chlorine environment had the
maximum strain. The curve of concrete strain-load cycle times was steady, indicating that the
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Figure 8: Crack development-load cycle times curves (a) Specimen C-1 (b) Specimen C-3
accumulation of concrete damage in the process of cyclic load was slow. Damage of a specimen was mainly
caused by the fatigue fracture of steel bars.
3.5 Analysis and Comparison of Chloride Content in Concrete
After the fatigue testing, the free chloride ion content at crack sections and sections between cracks were
tested. The results are shown in Figs. 10 and 11. The chloride ion content in the ﬁgure is the percentage of
free chloride ion in concrete mass. Meanwhile, a batch of reinforced concrete beams were cast to carry out the
experiment under a sustained load in a chloride salt corrosive environment. The sustained loads were 52%
and 67% of Pu, respectively, and the loading time was 240 d and 360 d. The tested beams were unloaded and
removed after reaching the designed loading time. Then, the free chloride ion content of the concrete at crack
section and at sections between cracks was tested with the same method [25]. The test results were also
shown in Figs. 10 and 11.
Fig. 10 shows the results of beams under 50% Pu loading. It can be seen that for the beams under
sustained load, 50% Pu-360 d and 50% Pu-240 d, the free chloride content was the largest on the concrete
surface. As the distance from the surface increases, the content decreases gradually. The free chloride
content of the beam of loading time 360 d was greater than that of 240 d at the same depth, which
indicated that the chloride content increased with the test time. However, due to the short test time for the
beam in a corrosion environment with cyclic load (352 h), the free chloride content is relatively low at all
depths and is almost unchanged in the depth direction. Comparing Figs. 10a, 10b, the free chloride ion
content in each layer of concrete at crack section is larger than that at sections between cracks for the
beam under sustained load and corrosion environment, which indicated that the cracking can accelerate
the penetration of chloride ions. Whereas, the free chloride ion content at crack section and at sections
between cracks is not much different for beam C4 under cyclic load and corrosion environment. Fig. 11
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Figure 9: Concrete strain-load cycle times curves (a) Beam C-1 (b) Beam C-3

Figure 10: Free chloride content proﬁles with depth under 50% Pu loading (a) crack section (b) Section
between cracks
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Figure 11: Free chloride content proﬁles with depth under 70% Pu loading (a) crack section (b) Section
between cracks
shows the results of beams under 70% Pu loading. The chloride ion permeation law was the same as the beam
under 50% Pu as shown in Fig. 10.
3.6 Analysis of Corrosion Fatigue Characteristics of Reinforced Concrete Beams
Compared with the specimen C-1 in air environment, the fatigue life of specimens C-2 and C-3 were
greatly reduced, which indicated that the corrosion medium had a great inﬂuence on the fatigue
performance of components. The fatigue failure characteristics of the reinforced concrete components
under the coupling of corrosion and cyclic load were different from the fatigue characteristics in the air.
In the fatigue test, the crack opened and closed with the cyclic load cycle. For specimens in corrosive
environment, as shown in Fig. 12, since the NaCl solution was continuously ﬂowing into the beam
through the crack, the crack was formed into a negative pressure vacuum during the opening and closing,
so that the NaCl solution was drawn and extruded from the crack, and the extruded NaCl solution was
mixed with bubbles. After a certain number of cycles, there were white substances around the cracks.
After a period of fatigue, the surface of the white substances appeared with rust, indicating that the rebar
was corroded and the rust was precipitated out from the crack with the chloride solution.
As the concrete in the tension region was cracked, the crack width was large at the loading point
especially, where the stress concentration was more likely to appear, leading to the fatigue crack of the
steel. The rebar and chlorine salt solution were in direct contact during the fatigue process, which is more
likely to create pits and increase the defects of steel, contributing to the formation of fatigue cracks. The
ultimate fatigue fracture of specimen appeared at the position of cracks near the loading point, and the
fatigue life was greatly reduced.
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Figure 12: Phenomenon of cracks in corrosion fatigue specimen (a) Crack opening (b) Crack closing (c)
The formation of white rust material
4 Conclusions
(1) The fatigue damage process of all specimens was basically consistent, and the modes of fatigue failure
were the same, but the rates of damage development varied. The fatigue damage occurred at the crack position
of the loading point, indicating that the fracture under the cyclic load was related to stress concentration and the
degree of corrosion of the rebar. The life of the two fatigue specimens in the corrosive environment decreased
by 60% and 57.3% compared with the specimen in the air environment. Load level, a corrosive environment
and the coupling between them are the main factors affecting fatigue life.
(2) When the cyclic load level was 7%–70%Pu, the deﬂection growth rate of the specimen in the
corrosive environment was higher than that of the specimen in the air environment, indicating that the
damage accumulation and development of the specimen were accelerated by chlorine corrosion. When
the corrosive environment was the same, the deﬂection growth rate of the specimen under 7%–70%Pu
was higher than that of the specimen under 5%–50%Pu, indicating that the stress level increase can also
accelerate the damage accumulation and development of the specimen. The width of the cracks widened
as the load cycle number increased.
(3) A negative pressure vacuum area existed in the beam under the coupled effect of cyclic loading and
corrosion environment. The vacuum area were caused by the extrusion of a mixture of gas and water on the
crack surface and will lead to the corrosion of the salt and steel. The results show that the spraying equipment
used in this research is feasible to simulate the ocean environment The fatigue fracture of the specimen was
caused by the coupling of the cyclic load and a corrosive environment, and the coupling mechanism needs to
be further studied.
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(4) Under the coupling of cyclic load and corrosion environment, the content of chloride ion in concrete
is low, and there was less variety along the direction of penetration. While under the coupling of sustained
load and corrosive environment, the chloride ion content in concrete was relatively high and gradually
decreased along the direction of penetration. The chloride ion in the concrete at crack section was higher
than that at section between cracks, indicating that the crack accelerated the diffusion rate of chloride ion
in the concrete.
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